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Abstract 
 

The high incidence of stroke worldwide as well as the poor efficacy of neuroprotective drugs has 

shifted the focus of research towards therapies targeting stroke recovery and rehabilitation. VGF 

(non-acronym), a secreted protein that is processed into several neuropeptides, has been identified 

as a post-stroke repair molecule playing a role in neurogenesis and the modulation of 

neuroinflammation. In the present study, we assess the requirement for VGF and its specific 

peptides during post‐stroke neurogenesis and behavioural recovery. Using a photothrombotic 

stroke model we induced stroke in the left frontal cortex of wild type and VGF cKO mice. 

Following stroke, behavioral tests were performed to measure sensorimotor deficits over a four-

week period. Finally, mice were sacrificed and used to assess the levels of neurogenesis and 

neuroinflammation at timepoints ranging from 1‐28 days post‐stroke. We have used gain‐ and loss‐

of‐function experiments to demonstrate that VGF and its derived peptides can improve recovery 

following photothrombotic stroke in the sensorimotor cortex. Preliminary results indicate that 

VGF peptides increase mobilization of NSCs from the ventricular zone. Further investigation is 

required to define the precise mechanism underlying the functional recovery and to fully determine 

the effectiveness of VGF as a relevant therapeutic for post‐stroke recovery in the future.  
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1. Introduction 

1.1   Neuropeptides 

Neuropeptides are small, hormone-like proteins that are produced or secreted by neuronal cells 

after cleavage of full-length proteins, that participate in regulated pathways in the central nervous 

system (CNS) of most mammalian species1. In homo sapiens, there are over 100 neuropeptides 

synthesized in the soma, processed and packaged into dense core vesicles to be transported down 

the axon and dendrites. The signalling molecules are released in a calcium-dependent fashion 

and bind to G-protein coupled receptors (GPCR) to induce further cell signalling2,3. This class of 

peptides are among one of the most diverse groups of signalling molecules and play a major role 

in a variety of physiological processes throughout the body1.  

 

 

1.2   VGF 

1.2.1   Discovery and expression patterns 

VGF, also known as ‘Plate 5 Nerve Growth Factor Inducible gene’ was discovered in 1985 by 

Levi et al. in a study of rat pheochromocytoma PC12 cells examined for transcriptional 

responses after treatment with nerve growth factor (NGF)4. The gene sequence previously 

classified as vgf8a was upregulated 50-fold in cultured PC12 cells after prolonged exposure to 

NGF. The VGF gene was later shown to be present on chromosome 7, containing 3 exons and 

encoding a 615 amino acid protein (homo sapiens) that was part of the 

secretogranin/chromogranin family5,6 (Figure 1). Upon further investigation, VGF was shown to 

be secreted by neuroendocrine cells throughout the central nervous system with highest 

expression in brain tissue7. Later studies showed that other growth factors including 
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neurotrophin-3 (NT-3) and brain-derived neurotrophic factor (BDNF) could also influence VGF 

expression7,8. The growth factor BDNF has been shown to support the production and survival of 

newborn neurons within the hippocampus during periods of exercise9. BDNF also participates in 

a positive-feedback loop with VGF, intrinsically regulating their expression in an activity 

dependent manner10. VGF expression has also been shown to be expressed in an activity 

dependent manner in mouse models of cerebellar ataxia and depression11,12.  

 

1.2.2  Peptides 

Upon its secretion, VGF is enzymatically cleaved by prohormone convertases 1/3 and 2 into 

multiple smaller, biologically active peptides13 (Figure 2). These peptides have been shown to 

play major roles in a variety of biological processes, the most notable being reproduction, brain 

repair, metabolism and energy maintenance. Arguably the most well characterized peptides, 

TLQP-62 and TLQP-21 have previously been shown to be involved in neurological processes 

such as neurogenesis and cell survival respectively14,15. Other well characterized peptides NERP-

1 and 2 (Neuroendrocrine regulatory peptide) have been shown to influence body fluid 

homeostasis in rats through the regulation of vasopressin release16.   

 

1.2.3  VGF receptors 

Fundamentally, neuropeptides such as VGF signal through GPCRs to activate cell signalling 

pathways and downstream targets. Two GPCRs identified for VGF peptides are complement 

receptors C3aR and gC1qR17,18. The C-terminal VGF peptide TLQP-21 was shown to bind to 

adipocyte membranes through a single class of binding sites and a cell-  
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Figure 1. Schematic of VGF gene. The 615 amino acid protein (617 in mice) encoded by the 

VGF gene before cleavage into smaller peptides. Untranslated sequence of VGF is interrupted by 

two introns, with exon three encoding the VGF protein.  
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Figure 2. Diagrammatic view of VGF-derived peptides. Prohormone convertases 1/3 and 2 

convert full-length VGF peptide into smaller, biologically active peptides. C-terminal peptides are 

known to be more biologically active. Total number of derived peptides is unknown.  
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surface receptor19,20.  Further investigation showed that TLQP-21 is structurally similar to 

complement protein C3a, allowing it to bind through its’ cell-surface receptor C3aR17. It is 

proposed that TLQP-21 also signals through the globular head of the C1q receptor, although no 

proposed mechanism or structural similarity has been shown18,71. 

 

1.3   VGF mouse models 

 

1.3.1   Knockout models 

 

To delineate the role of VGF in multiple biological processes investigators have utilized a 

number of different knockout mouse models which have displayed very distinct phenotypes. One 

of the earliest homozygous knockout mouse models of VGF used a phosphoglycerate kinase- 

(PGK-) driven neomycin resistance cassette to replace the entire VGF coding sequence. These 

mice displayed a hypermetabolic phenotype and were resistant to lesion-, diet- and genetically 

induced obesity21. Similarly, later studies also using a homozygous transgenic model resulted in 

infertile, hypermetabolic and excessively lean mice with very little fat storage capacity22. 

Additional findings showed that heterozygous VGF knockout mice presented with decreased 

adiposity, increased energy expenditure and resistance to obesity22. These findings supported the 

notion that VGF is imperative for the proper functioning of metabolism and energy maintenance. 

Upon closer examination of the neurological effects of VGF ablation, knockout mouse 

models have demonstrated that VGF also plays a significant role in hippocampal development 

and function. Both heterozygous and homozygous knockout mice generated from the same PGK- 

transgene as previously mentioned displayed impaired spatial learning, memory and contextual 

fear conditioning tasks23. These findings suggested that VGF could modulate synaptic 

transmission via a BDNF-dependant mechanism23.  



6 

 

 

 

 

 

 

 

 

Figure 3. TLQP-21 is structurally similar to C3a. The C-terminal VGF peptide has similar 

structural properties to complement proteins C3 and are conserved among species.  
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1.3.2   Overexpression models 

Overexpression models of VGF have provided support for a role for VGF in several biological 

processes. A model of exogenous overexpression of VGF administered C-terminal peptide 

TLQP-21 to Siberian hamsters through intracerebroventricular infusion24. These mice 

demonstrated a slight increase in energy expenditures and body temperature, along with a 

significant decrease in body weight comparable to knockout models previously mentioned7,25. A 

more traditional model of overexpression using a VGF transgene under the control of a 

ubiquitous promoter resulted in no significant changes in body weight, contrary to the exogenous 

model of overexpression26. This difference observed between these two models might suggest 

that there is a difference in the effects of systemic and resident overexpression patterns. These 

mice did, however, have a slight difference in their brain weight attributed to enlarged lateral 

ventricles and a reduction in striatal volume, not attributed to cell death26. Further 

characterization of these mice showed that they demonstrated depressive tendencies, impaired 

memory as well as hyperactivity.  

 

1.4   Functional Roles of VGF 

 

VGF and its secreted peptides have consistently been shown to be important mediators of a 

variety of biological mechanisms and processes, playing a functional role in their execution and 

regulation. VGF-derived peptides have been shown to be involved in the regulation of energy 

homeostasis, metabolism and fat storage in mouse models along with the pathology of multiple 

neurological disorders and processes such as neuroprotection, neuroinflammation and 

nociception. Determining the scope of VGF-derived peptides and their involvement in the 
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mediation of these processes has given greater insight into the pathology of several neurological 

disorders.  

 
1.4.1   Metabolism and energy maintenance 

 

One of the earliest discoveries of VGF and its biological effects was that of metabolism and 

energy maintenance. Early studies looking at mice in the fed state, showed normal colocalization 

of VGF mRNA in the ARC nuclei with α-MSH, whereas fasting mice showed increased VGF 

expression and colocalization21,27. More recent evidence demonstrates that VGF expression is 

altered in the ARC nuclei of Siberian hamsters after altering their circadian pacemaker, affecting 

metabolism and body weight28,29. Early VGF knockout models, although appearing normal at 

birth, showed a significantly reduced growth curve and weighed 40-60% less than wildtype 

littermates at weaning21. In fact, these mice were also shown to be hypermetabolic, consuming 

50% more O2, while daily intake of food was equivalent to wildtype littermates30,31.  

 More recent mouse models assessed VGF and its effect on diet-induced obesity27.  

Ablation of the VGF gene prevented the metabolic effects typically induced by a high-fat diet on 

the body weight and circulating leptin levels in mice31. Alternatively, using a gold thioglucose 

(GTG) model of obesity in VGF knockout and wildtype mice, the targeted deletion of VGF 

prevented the increase in obesity seen in the wildtype mice32,33. These findings led to the 

conclusion that VGF is a key mediator of nutrition, metabolism and energy homeostasis. 

 

 

1.4.2   Reproduction 

The hypermetabolic effects seen in mice with altered VGF expression have also been closely 

associated with delayed sexual maturation and infertility. It has also been suggested that altered 

VGF expression resulting in reduced fat storage and altered metabolism may have the ability to 
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cause a deficiency in the production and secretion of gonadotropic releasing hormone (GnRH), a 

key mediator of the reproductive process34,35. GnRH is one of the most crucial hormones 

secreted as part of the hypothalamic-pituitary-gonadal axis which typically allows for the release 

of follicle-stimulating hormone and luteinizing hormone from the anterior pituitary36. The 

disruption of this process can prevent successful production of both sperm and eggs, resulting in 

decreased fertility37.  

 

1.4.3   Anti-depressant  

Analysis of CSF and serum from patients with depression have showed a significant decrease in 

VGF peptide levels, generating new interest into VGF and its secreted peptides and their 

functionality in the pathology of depression38,39. Complementary evidence has shown that after 

anti-depressant treatment with escitalopram and duloxetine, two common antidepressants, VGF 

levels were recovered38. The restoration of VGF expression post-treatment suggested that VGF 

and its derived peptides play a functional role in the mechanisms underlying the action of 

antidepressants and their effects.  

 One hypothesized mechanism for altered VGF expression upon antidepressant 

administration suggests that activity-dependent genes like VGF and BDNF have ant-/agonist 

effects on glutamate receptors such as NMDAR and are upregulated upon antidepressant 

treatment in a bidirectional manner40. Sequentially, upon upregulation of VGF levels in patients 

with depression, there is a rapid phosphorylation of TrkB and mTOR signaling pathways, 

allowing for the insertion of GluA1 into the AMPA receptor, which results in downstream 

antidepressant effects along with secretion of BDNF and VGF, participating in an autoregulatory 

feedback loop40,41,42.  
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1.4.4   Neuroprotection 

 

Biological processes aimed at protecting the nervous system from damage and degeneration, 

whether it be due to acute or chronic health conditions provide neuroprotection43. A large 

number of signalling pathways are involved in these processes in an attempt to reduce 

inflammation, apoptosis, and endoplasmic reticulum and oxidative stress44,45,46. Some 

neuroprotective agents have the ability to control these processes, which can reduce the amount 

of damage inflicted on the nervous system. The poor translational ability of previous 

neuroprotective agents to transition between animal models and humans suggests that more 

investigation into promising targets is necessary47. 

Throughout periods of brain damage and dysfunction, such as the progressive course of 

amyotrophic lateral sclerosis (ALS), it has been shown that VGF expression is also altered 

suggesting that it could play a role in neurological function and repair48. A common source of 

neurological dysregulation is endoplasmic reticulum (ER) stress, when the ER is unable to 

properly package proteins due to oversaturation49,50. Recent in vitro studies looking into ER 

stress and possible neuroprotective agents has identified VGF as a potential candidate51. The 

small molecule SUN N8075, a known-inducer of VGF expression was used in the Sod1-ALS 

mouse model. The Sod1-ALS mice are under constant ER-stress resulting in muscle 

deterioration and early postnatal lethality. Peripheral blood and tissue samples from these mutant 

mice showed significantly reduced levels of VGF compared to wildtype mice. Upon 

administration of SUN N8075, the levels of VGF increased in SOD1-ALS mutants and disease 

progression slowed significantly, prolonging their survival51.  

Although inducing full-length VGF expression has resulted in neuroprotective effects in a 

model of ER stress, the proteolytic nature of VGF begs the question of which peptide is 
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responsible. Further investigation demonstrated that the C-terminal VGF peptide LQEQ-19 

provided neuroprotective effects52. In this study, a mouse motor neuron cell line (NSC34) was 

serum deprived to induce cell death. Pre-treatment of the cells with different VGF peptides was 

used to assess their neuroprotective capability. In this way, NSC34 cells pre-treated with LQEQ-

19 showed significantly less cell death, than those treated with other VGF peptides. Investigation 

into the mechanism behind these neuroprotective effects highlighted cell survival pathways 

Akt/PI3K and ERK/MAPK53. Inhibition of these pathways in vitro, prevented any 

neuroprotective effects seen upon LQEQ-19 exposure, making it plausible that the VGF-peptide 

signals through this pathway. Collectively, these findings suggest that VGF and its derived 

peptides play a significant role in neuroprotection and the subsequent biological responses. 

 

1.4.5   Neuroinflammation 

 

Inflammatory responses that occur within the central nervous system are typically classified as 

‘neuroinflammation’54. Innate immune cells, microglia and astrocytes, are key mediators of 

neuroinflammation and participate in both beneficial and damaging inflammatory responses55. 

Often, neuroinflammation is also a mediator of repair processes such as pathogen clearance after 

a brain injury, facilitating improved functional recovery56,57. The delicate balance between the 

beneficial and detrimental effects of neuroinflammation along with its context-specific nature is 

crucial to neurological recovery and repair. Identifying key influencers of these processes and 

optimizing the beneficial effects of neuroinflammation while preventing the detrimental 

consequences during times of injury and disease is necessary.  

 One key mediator of neuroinflammatory processes is the complement system and its 

signalling pathways58,59. The complement system is comprised of complement proteins and their 
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receptors that are capable of altering nervous system pathologies such as recovery after post-

traumatic brain injury. C3a, a key mediator of the complement system, signals through its 

receptor C3aR leading to the activation, survival, and chemotaxis of T-cells and 

macrophages60,61. Recent evidence suggests that C3aR expression on neuronal cells, microglia 

and macrophages increases during times of neurological stress, such as multiple sclerosis or 

following stroke. However, the C3a/C3aR signalling pathway has been associated with both 

beneficial and detrimental effects62 and previous attempts to control the activation/inhibition of 

the C3a pathway and its effects have been unsuccessful. In a mouse model of stroke, C3a derived 

therapeutics were administered during the post-stroke acute phase, resulting in unexpected side 

effects such as post-reperfusion secondary injury, likely due to the anaphylatoxin properties of 

C3a63. However, when administered after the acute-phase, C3a promotes the clearance of 

pathogens and debris from the damaged portion of the brain thereby facilitating a faster 

recovery58,63.  

As discussed above, TLQP-21 signals through C3aR, and participates in complement 

signaling pathways. However, current evidence has not shown any association between TLQP-

21 signaling and the negative anaphylatoxic effects typical of C3a signaling, suggesting that it 

may be a good candidate for modulating the complement signaling cascade. Recent findings 

have assessed C3aR signaling and its ability to promote damage and repair in a Smarca5 mutant 

mouse model of developmental brain damage64. Transcriptomic and histological analysis has 

shown that VGF may be a key mediator of pathogen clearance, through the TLQP-21/C3aR 

signaling pathway on microglia, the resident macrophage population of the central nervous 

system65. It is believed that this response activates the merTK pathway, commonly known for its 

role in the clearance of apoptotic cells64. Through the promotion of pathogen clearance and 
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removal of damaged cells, neuroinflammation can be regulated during times of nervous system 

damage.  

The ability of TLQP-21 to modulate microglial activity in murine models, has been 

shown to function similarly in human models66. When treated with TLQP-21, the murine 

microglial cell line, BV2, demonstrates increased phagocytic activity and motility, while C3aR1-

null murine microglia show impaired phagocytic capacity. Transcriptomic analysis shows 

overlapping changes induced by both TLQP-21 and C3a super agonist treatment, mainly linked 

to proliferation and cell migration. Similar activation of phagocytic activity and increased 

motility is seen in the human microglial cell line, HMC3, upon treatment with TLQP-21, 

indicating that the biological effects of VGF-derived peptide TLQP-21 is highly conserved 

among species66.  

 

 

1.4.6   Neuropathic pain 

 

Neuropathic pain, a common condition affecting ~8% of the population, often caused by a lesion 

or disease that affects the somatosensory system, resulting in nerve injury67. Alterations in ion 

channels coupled with alterations in excitatory and inhibitory signalling distort the transmission 

and modulation of pain signals to the central nervous system68. Recent microarray evidence 

investigating mouse models of neuropathic pain have identified the VGF-peptide TLQP-21 as a 

major contributor to chronic neuropathic pain69. After peripheral nerve injury, the expression of 

VGF secreted peptides has been shown to increase rapidly in sensory neurons70. Recent evidence 

has also shown that upon intrathecal administration, TLQP-21 has the ability to potentiate neural 

activity, generating an enhanced pain response69. Investigation into the mechanism behind 

TLQP-21 and neuropathic pain has shown that introducing VGF in models of neuropathic pain 



14 

evokes thermal hyperalgesia lasting nearly 120 minutes, while the absence of VGF resulted in a 

significantly lower level of hypersensitivity. It is hypothesized, that these biological effects are a 

result of TLQP-21 signaling through its receptor C3aR on the surface of spinal neurons, 

activating downstream pathways involved in neural signaling69,71.  

 

 

1.5 Identification of VGF as a biomarker 

 

Biological compounds referred to as “biomarkers”, are used as a measurable indicator of a 

previously characterized condition or biological process72. Typically, these molecules are 

classified into several categories such as proteins, hormones, cells, molecules or enzymes that 

indicate a normal or diseased biological state. Biological samples of blood, tissue, exosomes and 

cerebral spinal fluid (CSF) are used to determine the concentration of these markers in patients 

with a suspected condition. Observed concentrations are compared to predetermined reference 

values indicative of a health and/or diseased state. The involvement of VGF in a large variety of 

biological processes, supported by the characteristics seen in gain/loss of function mouse models 

of VGF, and its activity-dependent nature suggest that it could be a good biomarker 

candidate48,73,74. 

 

 

1.5.1   Alzheimer’s disease 

 

Alzheimer’s disease is one of the most common causes of dementia, typically characterized as a 

neurodegenerative disease causing progressive impairment of cognitive function. The cognitive 

decline in memory, language, judgement, reasoning and attention is due to the accumulation of 

amyloid-β and phosphorylated-tau (p-tau) in the brain along with hippocampal atrophy and 

alterations in brain metabolism75. Diagnosis for this condition typically occurs after symptom 
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onset, but current research has identified multiple biomarkers indicative of Alzheimer’s disease. 

These biomarkers may be able to diagnose patients earlier, determine their prognosis and 

properly identify candidates eligible for new treatments and clinical trials. Peripheral samples of 

cerebral spinal fluid and plasma from patients with Alzheimer’s disease have consistently shown 

significantly altered levels of VGF, compared to healthy individuals76. One of the largest 

quantitative proteome studies in patients with Alzheimer’s disease to date, identified several 

altered proteins including VGF in the CSF of Alzheimer’s patients using high resolution mass 

spectrometry. In this regard, VGF was significantly decreased in Alzheimer’s patients when 

compared to healthy controls, identifying it as a novel biomarker for early detection76. 

 Further investigation tested the ability of VGF-derived biomarkers to identify patients 

showing early signs of cognitive impairment, and their ability to predict the conversion from a 

mild cognitive impairment to Alzheimer’s disease74. Typically, mild cognitive impairment (MCI) 

is diagnosed when patients demonstrate measurable levels of cognitive impairment that does not 

yet meet the threshold for dementia77. Patients with this condition are at an increased risk of 

developing Alzheimer’s and current pathophysiology of the MCI to AD transition is poorly 

understood77. Current evidence has identified N-terminal VGF peptide, NSEP-17 (Figure 2), as 

a noteworthy biomarker in MCI patients with suspected AD74. NSEP-17 levels were shown to be 

significantly decreased in the cerebral spinal fluid of these patients, which gives plausible 

indication of this MCI to AD conversion. A combination approach to diagnosing MCI patients 

most likely to develop AD using well-characterized biomarkers amyloid β-42 and p-tau coupled 

with levels of VGF peptides such as NSEP-17, outperformed the conventional biomarkers 

alone77.  
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1.5.2   Amyotrophic Lateral Sclerosis 

 

Amyotrophic lateral sclerosis (ALS) is classified as a progressive neurodegenerative disorder 

that affects motor neurons responsible for voluntary muscle movement and coordination78. There 

are two main types of ALS, sporadic which is attributed to 90% of cases and familial that 

accounts for 10%, occurring in patients with specific mutations in over 20 different causative 

genes. Current evidence suggests that ALS etiology is primarily rooted in oxidative and 

endoplasmic reticulum stress, protein aggregation, neuroinflammation and altered RNA 

metabolism79,80,81. ALS is predominantly diagnosed by a patient’s symptoms and clinical 

presentation, but it is often misdiagnosed due to a wide variety of clinical features82. More recent 

evidence indicates several biomarkers indicative of ALS pathology, greatly improving current 

diagnostic measures. Previous evidence from Pasinetti et al. looking for biomarkers in the 

cerebral spinal fluid of ALS patients identified a significant reduction of VGF derived peptide 

VGF.4.8 (Figure 2) (VGEEDEEAAEAEAEAEEAER) with over 97% specificity, 91% 

sensitivity and 95% accuracy83. This biomarker coupled with clinical presentation, provides a 

more effective diagnosis then any single method alone83.  

Further investigation assessed the ability of VGF to predict ALS before symptom onset 

using transgenic mouse models with a SOD-1 G93A mutation that present with an ALS 

phenotype at postnasal day 90 (P90) and complete paralysis by P13048. The investigators found 

that by P75, 15 days before symptom onset, there was a significant decrease in the amount of 

full-length VGF in the CSF of these mice. Levels of VGF continued to decrease throughout 

disease progression indicated by muscle weakness and poor behavioral performance. VGF shows 

promise as an accurate indicator of disease onset and progression, which allows for an earlier 
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diagnosis and treatment for patients with ALS and it is postulated whether restoring levels of 

VGF in patients back to baseline levels, could slow the progression of muscle weakness48. 

 

 

1.5.3   Neuropsychiatric Disorders 

 

Neuropsychiatric disorders present with patterns of abnormal emotions, behaviours and 

thoughts that disrupt normal daily living and result in functional impairments and distress84. 

Major depressive disorder (MDD), characterized as having a depressed mood, loss of interest 

and impairment of cognitive functioning, is one of the most common neuropsychiatric disorders 

affecting over 264 million people globally85. Diagnosing MDD proves difficult, with clinical 

presentation of symptoms being the main indication, symptoms that overlap significantly with a 

wide variety of other neuropsychiatric disorders. The high prevalence of MDD along with its 

limited response rate to therapeutics results in a success rate of less than 30%38.  

The most common therapeutic treatment for MDD is antidepressants, that function 

through several mechanisms, one of which results in an upregulation of brain-derived 

neurotrophic factor (BDNF), specifically in the hippocampal region86. Variants within the BDNF 

gene, including a missense mutation (p.M66V) at position 66, result in significantly decreased 

activity-dependent secretion of BDNF along with reduced hippocampal volume and increased 

susceptibility to depressive behavior87,88,89. Naturally, the robust influence of BDNF on the 

expression of VGF is greatly impacted in patients and mouse models of depression, with post-

mortem examination indicating a significant decrease of both VGF and BDNF in the 

hippocampal region38. Previous attempts to harness the activity-dependent nature of BDNF-VGF 

have proven successful in mouse models of depression treated with exercise, increasing levels of 

both BDNF and VGF and reducing depressive behaviours90.  
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Due to its similarity to MDD, bipolar disorder (BD) is often misdiagnosed91. MDD and 

BD both present similarly, with extreme fluctuations in energy levels and mood states making it 

hard to distinguish between the two neuropsychiatric disorders91. In an attempt to find biological 

markers distinguishing between the two disorders, enzyme-linked immunosorbent assays 

(ELISAs) detected significantly decreased levels of VGF in MDD patients, while patients with 

BD had slightly higher levels of VGF compared to healthy controls. This distinction between the 

two disorders is highlighted by tissue analysis in murine models of MDD and BD, showing 

reduced levels of VGF in mice with depressive behaviors while mice with BD have slightly 

elevated levels26,42. Although the exact mechanism that distinguished between these two 

neuropsychiatric disorders is not yet known, it is proposed that a decrease in VGF alters synaptic 

plasticity due to a disruption in the TrkB/mTOR/BICC1 signaling pathway, which is heavily 

reliant on BDNF expression14. The involvement of VGF in synaptic plasticity and neuronal 

development coupled with its activity-dependent nature, make it plausible to assume that it is 

involved in the etiology of multiple neuropsychiatric disorders and may have the ability to 

distinguish between them.  

 

 

1.6 Stroke 

 

1.6.1   Etiology and physiological responses 

 

Stroke is one of the largest causes of death and disability world-wide, occurring in 10% of those 

aged 65 years or older making it the third leading cause of death in Canada92. Typically, strokes 

are classified into two main categories, hemorrhagic which is the result of a burst blood vessel 

or, ischemic which is caused by a clot or thrombotic event that impairs blood flow93. When 

normal blood flow is obstructed to a portion of the brain, cell death occurs generating a 
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devastating neural event that initiates a cascade of biological processes such as 

neuroinflammation and oligodendrogenesis94.  

  

 

1.6.2   Current treatments 

 

Present treatment options for stroke are very limited, with the only proven effective therapeutic 

being tissue plasminogen activator (tPA) that functions as an enzyme, promoting the conversion 

of plasminogen to plasmin, a key mediator of clot breakdown95. Although tPA is quite effective, 

it has significant limitations which contribute to its poor efficacy in most stroke cases. Due to the 

inherent nature of tPA to breakdown blood clots, it can be catastrophic if administered to 

someone with a hemorrhagic stroke, resulting in more significant damage and loss of oxygenated 

blood96. The narrow therapeutic time window of tPA is just 4.5 hours, with only ~3.8% of stroke 

patients receiving the drug in time. This poor efficacy of neuroprotective drugs has shifted the 

focus of stroke research towards the post-stroke recovery phase in an attempt to optimize 

neurological processes, promoting repair and regeneration.  

 

 

1.6.3   Post-stroke recovery phase 

 

Immediately after stroke, the brain is in a state of shock and dysregulation with periods of cell 

death and inflammation. In an attempt to help minimize damage, the brain initiates three main 

processes; neurogenesis, the production of newborn neurons; oligodendrogenesis, the production 

of oligodendrocytes; and inflammation. The extent to which these adult-generated neural 

precursor cells are able to repair and/or integrate into the damaged portion of the brain is yet to 

be determined, but early evidence suggests that they may play a supporting functional role97. A 

small subset of these newly generated cells migrate from the subventricular zone towards the 
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infarct region, integrate into the cortex, and have been shown to have GABAergic properties97. 

These cells have the ability to fire action potentials, exhibit voltage-dependant conductances and 

express GABAergic markers, VGAT, GAD65 and GAD67. Although these cells are able to 

integrate into the infarct region, the small number of cells along with their limited ability to 

receive GABAergic synaptic input greatly reduce their impact on post-stroke recovery97.  

The generation of myelin producing cells after stroke is a crucial part of the post-stroke 

recovery phase. After stroke, oligodendrocytes in the infarct region are destroyed and new 

myelin producing cells are required for the brain repair process to begin98,99. A portion of the 

neural progenitor cells in the subventricular zone post-ischemia give rise to non-myelinating 

oligodendrocyte progenitor cells (OPCs) that later turn into myelin-producing 

oligodendrocytes100,101,102,103. Preclinical results have demonstrated the reparative effects of 

promoting oligodendrogenesis and the production of myelin-producing cells post-ischemia using 

pharmacological therapeutics and cell-based therapies104,105,106,107. Oligodendrocytes are 

necessary to coat sprouting axons in myelin sheaths during the post-stroke recovery phase, 

assisting in the repair and reintegration of the neural network104.  

 During times of damage, the body elicits an immune system response, recruiting 

mediators of inflammation in an attempt to rid itself of pathogens and establish homeostasis. The 

immediate inflammatory response post-ischemia is localized to the damaged blood vessels and 

tissues, but is soon propagated through an inflammatory cascade, eliciting a systemic 

response108. This inflammatory response plays an important role in the preservation of neurons 

and overall recovery post-ischemia, while also potentially exacerbating the tissue injury109. The 

effects of inflammation are seen for days, weeks and months after the ischemic event playing a 

dual role of damage and repair. Key mediators of this immune response are microglia, the 
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resident macrophage of the central nervous system110. The activity of these cells is largely 

influenced by signalling cascades from ischemic events, playing both beneficial and detrimental 

roles in brain repair. Regulation of the inflammatory-autophagy pathway post-stroke functions to 

inhibit the negative inflammatory effects caused by ischemic damage and assists in re-

establishing homeostasis109. Upon ischemic stroke, autophagy appears to be activated in glial 

cells and neurons, resulting in clearance of pathogens and damaged cells in the ischemic region 

promoting brain repair and recovery111. Collectively, these processes mediate the post-stroke 

recovery phase, exhibiting both beneficial and detrimental effects on brain repair, ultimately 

setting the stage for long-term recovery.  

 

 

1.6.4.  VGF in the context of stroke 

In the acute stages of the post-stroke recovery phase, a period of reorganization and neural 

regeneration, the brain undergoes many biological processes as previously discussed in section 

1.6.3. with an increase in the expression of many genes responsible for neural differentiation, 

synaptogenesis and plasticity. Photothrombosis utilizes a photosensitive dye (Rose Bengal) that 

promotes platelet aggregation after laser treatment and has been used regularly as a rodent model 

of ischemic stroke. In this way, the generated lesions are more consistent from experiment to 

experiment and can be localized to specific regions of the cerebral cortex (eg. Motor cortex).      

Using a photothrombotic stroke model in adult mice and analyzing RNA expression in 

the cortical region surrounding the lesion at seven days post-stroke, VGF was identified as an 

upregulated transcript112. It was postulated that this acute increase in VGF transcript during this 

period of brain repair could be indicative of its protective and reparative nature112. One proposed 

mechanistic pathway is the cAMP response element in the promoter region of VGF and its 
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ability to activate cell survival pathways. Complementary findings have demonstrated that the 

phosphorylation of the ERK/MAPK and Akt/PI3K cell survival pathways lead to an increase in 

VGF expression, indicative of a mutually-dependent CREB-mediated cycle between VGF and 

these pathways113,114.  

Furthermore, an in vitro model of ischemia in PC12 cells pretreated with full-length VGF 

peptide was used to assess viability under ischemic stress112. Compared to mock controls, VGF-

treated cells showed a significant reduction in cell death upon exposure to ischemic conditions. 

Earlier findings using NGF-treated PC12 cells have demonstrated that VGF is upregulated by a 

wide variety of growth factors, as mentioned in section 1.2.14. Taken together, these findings 

indicate that neurotrophic factors in the post-ischemic brain may upregulate the expression of 

VGF transcript levels, promoting enhanced brain repair and stimulating post-stroke recovery 

processes.  

 

1.7 Rationale, Hypothesis and Specific Aims 

 

Our group has previously demonstrated that the neuropeptide VGF and its derived peptides have 

the ability to influence the proliferation of oligodendrocyte progenitor cells in a model of 

developmental brain damage12. In this model, conditional removal of the chromatin remodelling 

protein, Snf2h, results in massive loss of cerebellar granule neurons leading to a disorganized 

and undersized cerebellum resulting in early lethality. Upon ectopic delivery of adenoviral VGF, 

the mice showed significantly lengthened survival and an increase in the proliferation of 

oligodendrocyte progenitor cells, promoting increased myelination. Overwhelming evidence 

from our group complements previous findings indicating the importance of VGF in neurological 

disorders and proper neurological functioning. These findings along with the acute upregulation 
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of VGF expression post-stroke have allowed us to hypothesize that VGF and its secreted 

peptides may activate neurotrophic factors and cell survival signaling pathways in the peri-

infarct region post-stroke, thus promoting migration of neural stem cells and immune system 

response cells, which ultimately result in the clearance of damaged tissue and improved 

functional recovery. To this end, we have defined three specific aims to explore this hypothesis: 

 

1. Determine the requirement of VGF in post-stroke recovery 

2. Examine the effects of exogenous overexpression of VGF and its influence on post-

stroke recovery.  

3. Determine the effects of VGF on the post-stroke immune response 
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2. Materials and Methods 

 

2.1 General Mouse Work 

 

2.1.1 Animal Husbandry 

Mice were housed at the University of Ottawa’s Animal Care and Veterinary Services facility. 

All experiments and procedures using mice complied with the Ontario Animals for Research Act 

and were approved by the University of Ottawa’s Animal Care Committee and the Canadian 

Council on Animal Care. Mice were housed at 23oC with 28% humidity on a 12-hour light-dark 

cycle with food and water available ad libitum. Breeding pairs were set up with one male and 

two females in each cage and pups were weaned at 21 days post-birth. At 7-weeks, mice were 

singly housed in preparation for subsequent experiments. 7-week old Wildtype C57BL/6J mice 

were purchased from Charles River Labs for use at 10 weeks.  

 

2.1.2 Mouse Models 

VGFflpflox/flpflox (referred to herein as VGFf/f) C57BL/6J mice were generously provided by Dr. L. 

Cao at the Ohio State University (Columbus, OH USA) and originally generated by Dr. Stephen 

Salton’s laboratory at Icahn School of Medicine, Mount Sinai (New York, USA). The entire 

VGF coding region is flanked by loxP sites and homozygous mice maintained on a C57BL/6J 

background displayed no overt phenotype. Nestin-cre mice were generously provided by Ruth 

Slack, University of Ottawa, and were previously characterized in Berube et al. 2005. VGFf/f 

mice were bred to Nestin-cre mice to generate heterozygous VGFf/+;Nestin-cre+/- mice which 

were then used to generate a tissue specific conditional knock-out mouse model herein referred 

to as VGF vKO.  
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2.1.3 Genotyping 

Genotyping was performed using small samples of mouse tissue collected at the time of 

dissection or weaning (21 days postnatal). Genomic DNA (gDNA) was extracted using DNA 

lysis buffer (22.5 mM NaOH, 0.18 mM EDTA pH 8.0) at 90oC for 60 min. The solution was 

then neutralized using neutralization buffer (30 mM Tris pH 8.0) and was kept on ice for 15 min. 

For each sample a PCR reaction was prepared (1X PCR Buffer, 2.5 μL 2.5 mM dNTP, 0.75 μL 

50 mM MgCl2, 0.5 μL primers (Table 1), 0.25 μL Taq and 1 μL of tissue lysate) and cycled 

under the following conditions: 94°C for 3 min, 35 PCR cycles (94°C for 20 sec, 60°C for 20 

sec, 72°C for 30 sec) and a final cycle at 72°C for 5 min. DNA loading dye (6X) was added to 

the PCR reactions which were electrophoresed on a 1% agarose gel prepared by melting 1% 

agarose (Thermo Fisher, cat #16500500) in 125mL 1X TAE using a microwave with 0.01% 

ethidium bromide added prior to solidifying in a gel cast. Samples were electrophoresed at 90V 

for 25 min alongside a DNA ladder (Invitrogen, cat # 10787-026) prior to visualization using 

ultraviolet light (ChemiDoc-It ts2 Imager).  

 

 

Table 1. Primers used for Genotyping Mouse Tissue Samples 

Gene Primer Sequence (5’-3’) Denature Anneal Elong. 

VGF F ACG CCG TCA TCC TTT GGC CG 94oC 

20sec. 

60oC 

20sec. 

72oC 

30sec. 
 R CCG GGG AGT CCT GTG GGG AG 

Cre F ATG CTT CTG TCC GTT TGC CG 94oC 

20sec. 

60oC 

20sec. 

72oC 

30sec. 
 R 5’-GGG CGT AGA CAT CTG GGT AG 

 

 

 

 

 

 



26 

2.1.4 Tissue Collection 

 

Mouse tissue was collected at multiple timepoints for downstream analysis using two methods of 

collection. Brain samples collected for immunofluorescence were generated by euthanizing mice 

through CO2 asphyxiation and dissecting out whole brain tissue which was then saturated in a 

4% paraformaldehyde solution for 24 hours. After brains were preserved in PFA, samples were 

stored in PBS+0.04% sodium azide until utilized. Samples that were obtained for protein or 

transcript analysis were also collected through CO2 asphyxiation and dissection of whole brain 

tissue. Brain samples were then flash frozen in liquid nitrogen and placed in -80oC storage until 

needed for further processing.  

 

 

2.2 Photothrombotic Stroke Model 

2.2.1 Photothrombosis 

Ischemic stroke was induced in the right sensorimotor cortex of mice using a previously 

described protocol for photothrombosis115. Mice were anesthetized with 5% isofluorane and 1%  

oxygen and placed on a heating pad to maintain body temperature at 37oC which was monitored 

using a rectal thermometer (Harvard apparatus). The mice were intraperitoneally injected with 

Rose Bengal Dye (10 mg/ml, 198250-5G; Sigma Aldrich) and were transferred to a stereotaxic 

frame. A small incision was made to expose the skull. The stroke coordinates (+0.7 anterior-

posterior, +1.5 medial-lateral, 3cm laser height) were measured relative to Bregma and five 

minutes post-injection, a green laser (532nm, 20mW, MGM-20; Beta Electronics) was used to 

illuminate the brain for ten minutes. The scalp was then closed with tissue glue and 2% 

transdermal bupivacaine was administered as an analgesic immediately after and again four 

hours post-surgery along with visual wellness checks.   
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2.2.2 Infarct volume quantification 

Magnetic Resonance Imaging (MRI) was performed on a group of mice 24 hours post-

photothrombosis to determine infarct volume. Mice were anesthetized with 4% isofluorane and 

then maintained with 2% isofluorane for 10-15 minutes while scans were generated using a 

small-animal scanner (7T General Electric/Agilent MR901). Cardiovascular and respiratory 

function was monitored throughout the procedure. After the infarct region was located through a 

preliminary scan, T2-weighted structural images were obtained (15 transverse slices; thickness = 

800μm). MRI images were analyzed using the Fiji program116, and cortical damage was 

manually traced and measured individually in each slice. Infarct volume was then calculated by 

multiplying the sum of traced areas in each slice by the slice thickness (0.8mm).  

 

 

2.3 Adenoviral construction and delivery 

 

2.3.1 Adenoviral Construction 

 

The generation of VGF and control Adenoviruses were described previously in Alvarez-

Saavedra et al 201612.  

 

 

2.3.2 Intravenous Delivery of Adenovirus 

 

Adenovirus expressing VGF or an empty control was diluted in PBS to 1 x 1012 viral particles 

per kilogram in a final volume of 100 μL and intravenously injected into mice 48 hours post-

photothrombosis through tail-vein injection.  

 

 

2.4 Behavioural Analysis 

 

Behavioural testing was performed to evaluate sensorimotor function in mice pre- and post-

impairment of the right forelimb after inducing ischemic stroke in the left sensorimotor cortex. 
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The mice were singly housed under normal conditions with a 12-hour light cycle (7am-7pm). 

When appropriate, training for the behavioural test was done prior to the start of the experiment. 

Atleast 10 mice were used for each behavioural experiment, while numbers ranged from 8-15 

mice per group depending on availability.  

 

 

2.4.1 Cylinder Test 

The cylinder test was used to assess spontaneous forelimb function in mice pre- and post-

photothrombosis117,118. The mouse is placed into a 10 x15 cm glass beaker and was observed 

under red light for a minimum of 20 rears [places its forelimbs on the side of the cylinder]. The 

mouse was recorded using Ethovision XT 11 and the videos were scored blind to genotype for 

the amount of time spent on each forelimb and quantified. Percentage of time spent on the right 

forelimb was calculated using the following formula: [(Time on right forelimb)/(Time on right 

forelimb + Time on left forelimb)]*100. 

 

 

2.4.2 Horizontal Ladder 

The horizontal ladder test was performed using a protocol previously established by Farr T. et 

al., 2006119. The test was used to assess forelimb function of mice pre- and post-

photothrombosis. Training for the test was performed several days before photothrombosis and 

baseline performance was established. Mice were trained over two consecutive days, performing 

4-5 training trials per day. The test was performed using a plexiglass ladder (69.5 cm x 15 cm) 

with metal rungs irregularly spaced that was elevated using a clean cage on one side and their 

home cage on the other. Mice were video recorded as they crossed the ladder [unassisted] 3 

consecutive times per timepoint and the last two trials were hand-scored. The recorded videos 
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were blinded to genotype and analyzed at 0.12x speed to examine forelimb placement, noting the 

number of ‘successful steps’, ‘missteps’ (foot faults) where the mouse did not grasp the ladder 

rung, as well as ‘cheats’ where the mouse used the walls of the apparatus for support to cross the 

ladder. Percentage of error was calculated for each subject using the following formula: [(Missed 

steps)/(Sucessful steps + missed steps + cheats)]*100. 

 

 

2.5 Immunostaining and counting 

 

2.5.1 Transcardial Perfusion and Fixation 

Anesthetized adult mice were perfused with 20 mL of phosphate buffered saline (PBS) followed 

by 20mL of 4% paraformaldehyde (PFA, pH 7.4) (P-6148, Sigma) injected transcardially into 

the left ventricle. Brains were then dissected and placed in 4% PFA overnight at 4oC and then 

cryoprotected in 30% sucrose (0.1% sodium azide (NaN3 – S2002, Sigma, in 1X PBS) for at least 

48 hours at 4oC.  

 

 

2.5.2 Immunofluorescence 

After transcardial perfusion and fixation (Section 2.5.1), brains were sectioned using a 

microtome (SM 2010R; Leica) at a thickness of 40μm. Serial sections were placed into nine 

wells of a 12-well plate containing 1X PBS with 0.1% NaN3 and were stored until staining. Free-

floating sections were then removed from the wells and washed three times in 1X sterile PBS 

and then placed into sodium citrate (pH 6) antigen retrieval solution (if deemed necessary) in a 

12-well plate which was then placed in an 80oC incubator (Hybaid Shake n’ Stack, 

ThermoFisher) for 30 minutes and then allowed to cool to room temperature. After antigen 

retrieval, sections were washed 3 times in 1X PBS and placed into a blocking solution (10% 
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horse serum, 0.1% Triton X-100, 0.1% Tween-20 in 1X PBS) for one hour at room temperature. 

Sections were then incubated in primary antibody (Table 2) in a PBS solution (0.04% Triton X-

100, 3 mg/mL bovine serum albumin in 1X PBS) overnight at 4oC. Sections were then washed in 

1X PBS three times before being incubated in the appropriate Alexa Fluor® (Jackson 

Immunoresearch) secondary antibody diluted 1:500 in PBS and incubated for one hour at room 

temperature. Next, sections were then washed in 1X PBS three times, incubated in Hoechst stain 

(62249, ThermoFisher) for 10 min at room temperature and then washed twice in 1X PBS. Free 

floating sections were then mounted onto SuperFrost Plus slides (Fisher, 12-550-15) using 

immunomounting solution (S3023, Agilent Tech.) and coverslips.  

 

 

 Table 2. Primary antibodies used for immunofluorescence and immunoblotting 

 

Antibody Species Manufacturer Immunofluorescence 

dilution 

Immunoblotting 

dilution 

Akt Ms Santa Cruz (sc81434) - 1:250 

p-AKt Ms Santa Cruz (sc-514032) - 1:500 

ERK Rb Santa Cruz (sc154) - 1:2000 

pERK Ms Santa Cruz (sc7383) - 1:250 

GFAP Ms Santa Cruz (sc65343) 1:1000 - 

VGF (R15) Gt Santa Cruz (sc10383) 1:100 - 

VGF Rb Cedarlane (custom Ab) - 1:500 

Iba1 Rb Wako (019-19741) 1:500 - 

Vinculin Rb Abcam (ab129002) - 1:2000 

DCX Gp Millipore (ab2253) 1:1000 - 

Ki67 Rb Abcam (ab16667) 1:500 - 

β-actin Ms Sigma (A1978) - 1:1000 
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Table 3. Secondary antibodies used for immunofluorescence and immunoblotting 

 

Wavelength Species Manufacturer Immunofluorescence 

dilution 

488 Gp Invitrogen (A-11073) 1:500 

555 Rb Invitrogen (A-32794) 1:500 

594 Rb Invitrogen (A-32754) 1:500 

647 Ms Invitrogen (A-32787) 1:500 

    

 

2.5.3 Confocal Microscopy 

Images of immunofluorescent sections were acquired using a Zeiss LSM800 AxioObserverZ1 

confocal microscope with both 10X and 20X objectives. Emission wavelengths of 488, 555 and 

647 were used and images were acquired using optical z-stack sectioning through ZEN 2009 

acquisition software (Zeiss). Images were then exported into Adobe Photoshop for organization 

into final figures. 

 

 

2.5.4 Cell Counts 

Cells in the peri-infarct region were quantified manually using Fiji by an observer blinded to the 

sample identity116. The peri-infarct region was defined by the observer as the area between the 

cortical infarct and the lateral ventricle.  

 

 

2.6 Protein Analysis 

2.6.1 Protein Isolation 

Mice were asphyxiated using CO2 and immediately decapitated using scissors. The brain was 

then isolated and removed prior to being suspended into 1 mL protein lysis buffer (150 mM 

NaCl, 50 mM Tris, 5 mM EDTA, 1% NP40, 0.1% SDS in ddH2O) supplemented with protease 
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inhibitor cocktail (Calbiochem, 539134-1SET) on ice. Tissue was sheared using a 

TissueTearorTM for 45 seconds. For in vitro protein experiments, cells were collected and 

centrifuged to remove any remaining media and were then resuspended in PBS before being 

centrifuged once more. Cells were then resuspended in protein lysis buffer supplemented with 

protease inhibitor cocktail as previously described. Lysates were then placed on ice for 15 

minutes and were then centrifuged for 10 minutes at 4oC at 13,000 RPM (Galaxy 20R 

Microcentrifuge, VWR). Supernatant was then transferred to a new tube and protein 

concentration was spectroscopically quantified using Protein Assay Reagent (Bio-Rad, 

Mississauga, ON) using the manufacturer’s instructions with an Eppendorf BioPhotometer. 4X 

NuPage LDS sample buffer was added to protein lysates (Thermo Fisher, NP0007) and samples 

were heated to 95OC for 5 minutes and then put on ice prior to gel electrophoresis and 

immunoblotting.   

  

 

2.6.2 Gel Electrophoresis and Immunoblotting 

To assess relative protein expression in the adult mouse brain tissue or collected cell lysate 

(Section 2.6.1), gel electrophoresis and immunoblotting was used to separate proteins by their 

molecular weight and identify them with antibody staining. Prepared samples were loaded onto 

4-12% Bis-Tris pre-cast gels (Invitrogen, NP0321BOX) along with 7 μL of Blueye Prestained 

Protein Ladder (FroggaBio Inc, cat # PM007-0500) for sodium-dodecylsulfide polyacrylamide 

gel electrophoresis (SDS-PAGE) at 170V for 80 minutes (XCell, SureLock Mini-Cell, 

ThermoFisher) in 1X MOPS running buffer (Fisher, BP308-500). The protein was then 

transferred onto polyvinylidene difluoride (PVDF) membrane (BioRad, cat # 162- 0177) for 70 

minutes at 100V in 1X transfer buffer (20% MeOH, 50 mM Tris, 40 mM Glycine). Membranes 



33 

were then washed in 1X PBS three times for 10 minutes and blocked with 5% milk and TBS-T 

solution in tris buffered saline with tween (TBS-T) for one hour at room temperature. The 

membrane was then incubated in primary antibody in a 5% milk and TBS-T solution (Table 2) 

overnight at 4oC and then washed in 1X TBS-T three times for 10 minutes each. Subsequently, 

the membranes were placed in HRP-conjugated species-specific secondary antibody in a 5% 

milk solution for one hour at room temperature and then washed in 1X TBS-T three more times 

before being incubated in ClarityTM Western ECL Blotting Substrate (BioRad, cat # 170-5061) 

for 5 min. Protein signals were then detected by exposing membranes to film (Harvard 

Apparatus Canada, DV-E3012). 

 

2.6.3 Protein Quantification 

Films with detected protein signals (Section 2.6.2) were scanned on a tabletop scanner and saved 

as .jpg images. The files were then opened in Fiji116 and measurements of identical areas were 

taken for each band based on the ‘grey mean value’. The relative protein expression was then 

quantified by subtracting the background signal from the detected protein bands and calculating 

expression ratios relative to the loading control. 

 

 

2.7 Cell Migration Assay 

2.7.2 RAW264.7 Cell Cultures 

The microglia cell line Raw264.7 cells (ATCC, TIB-71), were cultured in complete DMEM 

(Multicell, 319-005-CL) with 10% fetal bovine serum (FBS, Life Tech., 12483020) and 1% 

Penn-Strep (Gibco, 15070-063) under incubator conditions of 37oC with 5% CO2. When cells 

reached 75% confluency they were split (3:1) and propagated for a maximum of 6 passages.  



34 

 

 

2.7.3 Boyden Chamber Migration Assay 

Chemotactic properties of VGF were assessed using a 24-well microchemotaxis plate with 

transwell inserts (VWR, 29442-120) with a polycarbonate filter separating the upper and lower 

wells (8 μm pore size). Raw264.7 cells (~5x104 cells) in 100uL of serum-free DMEM were 

seeded in the upper well/layer along with any inhibitors, while the lower well/layer contained 

various peptides diluted in serum-free DMEM. As a gradient control, medium with the same 

concentration of peptide was added to both the upper and lower wells/layers of multiple inserts. 

The chamber was then incubated at 37oC with 5% CO2 for 4 hours. Any remaining cells 

contained in the upper layer were removed using a cotton swap and the cells in the lower layer 

were fixed with MeOH for 10 minutes, stained with cresyl violet dye (Fisher, AC405760100) for 

30 min, and then rinsed with PBS and mounted onto Superfrost slides (Fisher, 12-550-15). 

Migration of cells was quantified by counting cells in 10 fields of view of each insert, obtained 

using a 20X objective on an Axioscope 5 (Zeiss). Images were opened in Fiji116 and cells were 

counted manually by an observer blinded to the experimental conditions. 40-80 fields in 4-8 

wells for each condition were assessed using cells from 4 different Raw264.7 cell culture 

experiments.  

 

 

2.8 RT-qPCR  

2.8.1 RNA isolation 

Peri-infarct regions were dissected from adult mice post-photothrombosis using a Leica MZ95 

stereomicroscope (Meyer). The inner portion of the cortical plug (ischemic lesion) was removed 

and tissue in adjacent areas between the infarct and lateral ventricle were dissected and placed 
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into 1mL TRIzol (Life Technologies, cat # 15596018) and RNA isolation was performed as per 

the manufacturer’s instructions. Briefly, chloroform was added to the TRIzol solution and then 

centrifuged at 12,000 g for 10 minutes at 4oC. The aqueous phase was removed and placed into 

new tubes containing 500μL isopropanol and 1μL glycogen (Ambion, cat # 9510). The solution 

was centrifuged again until RNA pelleted. RNA was then washed in 75% ethanol and allowed to 

air dry at room temperature. Subsequently, 20μL of nuclease-free water was added to the sample 

and the integrity and concentration of the RNA was quantified using a NanoDropTM 

(ThermoFisher, ND-1000) and was then stored at -80oC. 

 

 

 

 

2.8.2 Reverse Transcription  

To assess transcript levels, qPCR was performed using complementary DNA (cDNA) generated 

from isolated RNA (Section 2.8.1). cDNA was generated using RNA and random hexamer 

primers (Thermo Fisher Scientific #SO142) as per the RevertAid Reverse Transcriptase protocol 

(Thermo Fisher Scientific). Briefly, 5ug of RNA, nuclease-free water and 1μL random hexamer 

primers (300 ng/μL) were combined for a total volume of 16 μL. The solution was incubated at 

70oC for 5 minutes (annealing process) and then placed on ice. Subsequently, 5 μL Revertaid 5X 

buffer, 1 μL dNTPs (25 mM), 1μL Revertaid enzyme, 0.6 μL RNase out (Invitrogen, AM1906) 

and 1.4 μL HPLC H2O were added to each sample. Lastly, the samples were incubated in a 

thermocycler (Eppendorf, 6321000515) for 5 minutes at 25oC, 1 hour at 42oC and then 70oC for 

10 minutes to complete the reverse transcription process and generated cDNA was stored at -

20oC. 
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2.8.3 qPCR 

Previously generated cDNA (Section 2.8.2) was diluted to 1:10 in nuclease-free H2O before 

undergoing qPCR. Reactions for each sample were performed in triplicates and were prepared by 

mixing 2 μL of cDNA, 10 μL of SensiFAST SYBR Lo-ROX Master Mix (FroggaBio Inc, cat # 

BIO-94020), 6.4 μL nuclease-free water and 0.8 μL of both the forward and reverse primers (10 

nM, Table 4). Reactions were loaded into a 96-well plate (Life Technologies, cat # 4346906) 

and run on an Agilent Stratagene Mx3000P using the following parameters: 95oC for 2 minutes, 

40 cycles of (95oC for 5 sec, 60oC for 30 sec, 72oC for 20 sec) and 72oC for 1 minute. The 

relative transcript levels for each sample were determined using a housekeeping gene (GAPDH) 

for reference. The fold-change was then calculated using the double delta CT analysis method120. 

Significance was determined using an unpaired students t-test. 

 

 

Table 4. Primers used for qPCR 

 

Gene Primer Sequence (5’-3’) 

VGF F ACGCCGTCATCCTTTGGCCG 

 R CCGGGGAGTCCTGTGGGGAG 

C3aR F AATGTCCTCACAGCCGCCGTACC 

 R ATCAGCGGTGTCGGCACATGATT 

BDNF F AGCCTCCTCTTCTCTTTCTGCTGGA  

 

 R CTTTTGTTGTCTATGCCCCTGCCTT  

 

Iba1 F AACCTCTCTCAGGGGCTACAG 

 

 R CTGACGAACACAAACCCAAGTC 

 

GFAP F GGTCCCTGTCCTAACCTCCA 

 

 R AGGAACCCTCCGTTGCTTAC 

 



37 

GAPDH F CGGCAAATTCAACGGCACAG 

 

 R TCACAAACATGGGGGCATCG 

 

MerTK F ATCTCACGTGTGGGAAAGCG  

 

 R GACGAGGGTGCGTAATCTACC 

 

 

 

2.9 Statistical Analysis 

2.9.1 Prism 

Statistical analyses were performed using Prism 6 (GraphPad). When two independent variables 

were being analyzed, an unpaired t-test was used while dependent groups were analyzed using a 

paired t-test. Data with two variables were analyzed using a two-way analysis of variance with 

repeated measures (ANOVA).  
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3. Results 

 

3.1. VGF plays a key role in the mediation of the post-stroke recovery 

 

3.1.1 VGF:nestin-cre knockout mice show no significant neurological deficits despite 

decreased body weight. 

 

VGF has been shown to play an interesting role in the maintenance and functioning of the central 

nervous system. To determine the effects of removing VGF from neuronal cells, we generated a 

transgenic knockout mouse using a nestin-cre promoter to conditionally ablate VGF from neural 

progenitor cells (Figure 4). The VGFfl/fl:nestin-Cre+/- conditional knockout (here on called VGF 

cKO) mice showed normal Mendelian ratios and were similar in size to wildtype littermates at 

birth, but showed significant differences in weight at weaning (P21) with VGF cKO mice 

weighing ~40% less than control littermates (Figure 4B). At dissection, adult VGF cKO mice 

had no detectable body fat in their truncal region compared to WT littermates which contributed 

to their significantly leaner profile and was consistent with previous reports of VGF KO mice 

(Figure 1A). Previous studies have demonstrated a difference in brain weight between VGF 

knockout mice and WT26, As such, we compared the brain weight of VGF cKO mice and their 

WT littermates (Figure 4C,D). There was no significant difference in the brain weights of VGF 

cKO and WT mice at weaning and no obvious morphological differences (Figure 4C,D).  

When assessing the brain-to-body weight ratio (Figure 4E), we determined that there 

was a significant difference between VGF cKO mice and their WT counterparts due to the vast 

difference in body weight, consistent with previous reports of VGF knockout mice displaying  

lean, hypermetabolic phenotypes21,22. We did observe a greater variation in the brain-to-body 

weight ratio in the VGF cKO mice compared to WT littermates (Figure 4E), which could 

indicate that these mice are more susceptible to metabolic changes. 
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3.1.2 Absence of VGF in neural progenitors does not impact neurodevelopment of prenatal 

and neonatal mice.  

 

The significant difference in body weight between VGF cKO mice and their wildtype littermates 

with little change in brain weight, led us to investigate the neural development of these mice. 

Over the course of neurodevelopment, the neocortex is generated in an ‘inside-out’ fashion by an 

intrinsic genetic program driving the timed differentiation of progenitor cells into diverse 

neuronal sub-types that migrate to their appropriate layers121. Disruption in the formation of 

these cortical layers can lead to alterations in the growth and functional development of the 

brain.  Using immunohistological analysis in prenatal (E15) and postnatal (P0) transgenic mice, 

cortical layer markers were quantified in both the transgenic and wildtype mice. Antibodies 

specific to Pax6 and Tbr2 were used to assess the generation of neural progenitors in E15 mice, 

identifying the ventricular zone (VZ) and subventricular zone (SVZ) respectively (Figure 5A,D). 

No significant differences were observed in the proportion of neural progenitors in the VZ or 

SVZ of the VGF cKO mice compared to wildtype littermates. We then assessed the development 

of the cortical layers at P0, using antibodies specific to Tbr1, Ctip2, and Satb2 identifying layers 

VI, V, and II-IV, respectively (Figure 5B). Quantification of the proportion of layer marker 

positive cells to the total number of cells within the cortex demonstrated that there was no 

difference between the knockout mice and wildtype littermates (Figure 5C). Altogether, these 

results demonstrate that in the absence of VGF in neural progenitor cells, corticogenesis 

proceeds normally during brain development.  

 

 

 



40 

 
 

 

Figure 4. VGF;Nestin-cre knockout mice weigh significantly less than WT littermates. A. 

Relative size of 21 day old VGFflox/flox;Nestin-cre+/- knockout (VGF cKO) mice (left) compared 

to VGFflox/flox littermates (WT; right). B. Quantification of body weight (t=6.870, df=32, 

p<0.0001) and C. Brain weight (t=1.504, df=33, p=0.1422) of 3-week-old VGF cKO knockout 

mice in comparison to WT littermates. D. Brain to body weight percentage of WT and VGF cKO 

mice. 
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Figure 5. VGF:Nestin-cre knockout mice exhibit normal cortical development. A. Relative 

size of 8-week-old VGF;Nestin-cre knockout mice (left) compared to VGFflox/flox littermates 

(right). B. Quantification of body weight (t=6.870, df=32, p<0.0001) and C. Brain weight (t=1.504, 

df=33, p=0.1422) of 3-week-old VGF;Nestin-cre knockout mice in comparison to VGFflox/flox 

littermates. D.____ (n=7 WT, 6 KO) E. Immunofluorescent staining of P0 cortical sections from 

VGF;Nestin-cre knockout mice and VGFflox/flox littermates (WT) labelled with cortical layer 

markers Tbr1, Satb2, Ctip2, (n=3 WT, 3 KO). Scale bar=10μm. F. Fold Change of VGF and BDNF 

from RNA isolated from VGF;Nestin-cre knockout mice and VGFflox/flox littermates (WT), 

determined through qPCR, normalized to housekeeping gene Gapdh (t=131.36, df=4, p<0.0001), 

(n=3 WT, 3 KO). G. VGF expression assessed using immunoblotting of cortical protein samples 

from VGF;Nestin-cre knockout mice and VGFflox/flox littermates (WT). Error bars represent 

standard deviation. 
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3.1.3 Locomotor analysis of VGF cKO mice show no significant difference compared to 

wildtype littermates.  

 

Prior to assessing stroke deficits within the motor cortex, it was important to determine if there 

were any pre-existing locomotor deficits in the VGF cKO mice that may compound the analysis. 

To assess the baseline functional capabilities of these mice compared to WT littermates, we 

performed a beam break assay, a standard locomotor activity test that measures spontaneous 

activity in the home cage of the mouse over a period of 48 hours122.  

 We determined that the total amount of time the VGF cKO mice spent moving around 

their cage over the 48-hour period mirrored that of WT littermates, except at the 44-hour 

timepoint where the WT mice were more active (Figure 6A). This slight reduction of ambulation 

at a single timepoint when coupled with the rest of the timepoints in the VGF cKO mice 

compared to their WT counterparts is not indicative of gross motor deficits. Similarly, when we 

examined the total movement time, which includes grooming, eating, and drinking, the 

knockout mice showed no significant difference over the 48-hour period compared to WT mice, 

further supporting that they maintain normal gross motor function. 

 

3.1.4 Protein and RNA quantification of VGF cKO mice shows significant ablation of 

VGF in brain tissue.  

 

Nestin-cre transgenic mouse models have historically been used to assess the significance of a 

specific protein in neural development. This model, as previously mentioned (Section 2.2.1), 

was used to determine the requirement of VGF under ischemic conditions. Firstly, it was 

imperative to determine whether the transgenic ablation of VGF in neural stem cells was 

effective using the Nestin-cre driven model. Using cortical tissue from 8-week old VGF cKO 

mice and WT littermates, RNA transcript quantification showed that there was a nearly 100% 
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decrease in VGF knockout mice without a significant change in the levels of BDNF transcripts 

(Figure 7A). This significant reduction of the VGF transcript indicates the successful excision of 

the VGF gene in neural progenitor cells, consistent with the known Cre expression pattern of 

Nestic-cre transgenic mice. Further analysis by immunoblot confirmed the reduction of VGF 

protein in cortical tissue of 8-week old VGF cKO and WT littermates (Figure 7B). We observed 

a complete ablation of VGF protein in the cortical tissue samples of VGF cKO mice while WT 

littermates showed a prominent band at the correct size, thereby confirming the validity of the 

Cre driver.  

 

 

3.1.5 Absence of VGF does not affect infarct size post-photothrombosis induced ischemia 

 

 

Despite that the VGF cKO brain was morphologically normal, we wanted to assess whether loss 

of VGF could impact the size of the infarcted region following phtotothrombotic stroke. 

Following photothrombosis-induced ischemia in adult mice, MRI analysis was used to determine 

the infarct volume 24hr post-ischemia (Figure 8A). We observed no significant difference in 

infarct volumes between the VGF cKO mice compared to wildtype littermates (Figure 8B). We 

did observe a slightly larger variation in the infarct sizes of VGF cKO mice, which was attributed 

to limitations in the accuracy of laser targeting, coupled with the smaller size of the knockout 

mice. The lack of any significant differences in infarct size suggested that further studies 

assessing functional differences could be attributed to the loss of VGF and its effect on the post-

stroke recovery phase rather than being attributed to a difference in infarct size. 
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Figure 6. VGF knockout mice show no significant motor deficits compared to WT 

littermates. A beam break behavioural test on 8-week-old VGF KO mice and WT littermates 

measuring ambulatory (A) and movement (B) time over 48 hours (n=6 WT, 7 KO)  
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Figure 7. Confirmation of VGF ablation in VGF:Nestin-cre knockout mice. A. Fold Change 

of VGF and BDNF from RNA isolated from VGF;Nestin-cre knockout mice and VGFflox/flox 

littermates (WT), determined through qPCR, normalized to housekeeping gene Gapdh (t=131.36, 

df=4, p<0.0001), (n=3 WT, 3 KO). B. VGF expression assessed using immunoblotting of cortical 

protein samples from VGF;Nestin-cre knockout mice and VGFflox/flox littermates (WT). Error bars 

represent standard deviation.  
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Figure 8. VGF:Nestin-cre knockout mice show no significant difference in volume of peri-

infarct region. A. MRI images of VGF;Nestin-cre knockout mice and VGFflox/flox littermates (WT) 

24h after photothrombosis, highlighting infarct tissue in cortical region quantified in B. (t=0.1158, 

df=6, p=0.9116), (n=4 WT, 4 KO). 
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3.1.6 Absence of VGF in neural progenitor cells significantly affects the post-ischemic 

migration of neural stem cells in the peri-infarct region. 

 

As previously mentioned (section 1.6.3), during the post-ischemic recovery phase there are 

many processes at work in an effort to re-establish equilibrium and repair the damaged brain. 

The production of neural stem cells originating from the subventricular zone has long been 

associated with post-ischemic repair mechanisms and is hypothesized to play a beneficial role in 

the post-ischemic recovery phase123. We sought to assess the histological properties of neural 

stem cells in the peri-infarct region of mice without the expression of VGF compared to their 

wildtype littermates. Using 8-week old VGF cKO mice and their WT littermates, we induced 

right-sensorimotor cortical ischemia using photothrombosis and monitored the mice throughout 

recovery. Immunofluorescent staining of cortical sections from VGF cKO mice and WT 

littermates using DCX, a marker of newborn neurons, was performed at 14 days post-ischemia 

(Figure 9A). We observed that the migration of newborn neurons towards the damaged region of 

the brain in the VGF cKO mice showed a significant reduction in the number of DCX+ cells 

transiently migrating from the subventricular zone to the outer cortex compared with the WT 

animals. However, the overall number of newborn neurons in the entire cortical section remained 

relatively unchanged (Figure 9B). It seemed that the newborn neurons in the VGF cKO mice 

were sequestered to the subventricular zone suggesting that VGF promotes the migration of these 

cells. This finding clearly highlighted the importance of VGF in the post-stroke recovery brain 

microenvironment.  

 

3.1.7 Mice lacking VGF show significantly reduced behavioural recovery post-stroke 

compared to wildtype littermates.  

 

Next, we assessed the functional recovery of VGF cKO mice and their littermates post-

photothrombosis induced ischemia. Similar to the histological experiments, 8-week old adult 
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mice underwent photothrombosis, inducing ischemia in their left frontal cortex ultimately 

resulting in right forelimb impairment. The motor function of these mice was assessed at 

multiple timepoints and compared to their wildtype littermates using multiple behaviour tests. 

The cylinder test (section 2.4.1) is commonly used to evaluate motor function in models of 

neurological diseases by measuring locomotor asymmetry. Similarly, the horizontal ladder test 

(section 2.4.2) is used to detect changes in motor function in models of neurological disease and 

impairment, making these suitable choices to evaluate post-stroke performance. Upon testing, it 

was apparent that the VGF cKO mice performed significantly worse in both the cylinder and 

horizontal ladder behavioural tests (Figure 10A, B). In the cylinder test, the VGF cKO mice 

spent significantly less time on their right forelimb compared to wildtype littermates, which 

indicated that they were favoring their non-impaired hand 11% more than wildtype littermates 

(Figure 10A). The knockout mice also made significantly more errors while completing the 

horizontal ladder test, with most mice performing close to 9% worse than the wildtype 

littermates, which was indicative of increased behavioural deficit (Figure 10B). The combined 

results from these two motor function assessments have demonstrated that the VGF cKO mice 

performed worse than wildtype littermates at 1, 14, and 28 days post-ischemia. These findings 

suggest that there was a larger behavioural deficit in the VGF cKO mice post-stroke, which is 

maintained throughout the first 4 weeks of recovery. 
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Figure 9. VGF:Nestin-cre knockout mice show reduced migration of neural stem cells post-

stroke compared to wildtype littermates. A. Immunofluorescent staining of cortical sections in 

8-week-old VGF;Nestin-cre knockout mice and VGFflox/flox littermates (WT) labelled with 

newborn neuron marker DCX 14-days post-photothrombosis, quantified in B. (n=3 WT, 3 KO), 

(svz=subventricular zone, lv=lateral ventricle, iz=intermediate zone between lv and infarct). Scale 

bar = 100μm. 
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Figure 10. VGF:Nestin-cre knockout mice show significantly larger behavioural deficits 

post-stroke. A. Quantification of time spent on right forelimb during Cylinder behavioral test pre- 

and post-photothrombosis (1, 14, 28 days) on 8-week-old VGF;Nestin-cre knockout mice and 

VGFflox/flox littermates (WT). Significant effect of time (F(2,34)=10.84, p=0002), interaction 

(F(2,34)=0.1487, p=0.08624) and genotype (F(1,17)=19.30, p=0.0004), (n= 9 WT, 9 KO). B. 

Quantification of % Error in Horizontal Ladder behavioral test pre- and post-photothrombosis (1, 

14, 28 days) on 8-week-old VGF;Nestin-cre knockout mice and VGFflox/flox littermates (WT). 

Significant effect of time (F(3,48)=61.40, p<0001), interaction (F(3,48)=7.902, p=0.0002) and 

genotype (F(1,16)=27.41, p<0.0001), (n= 9 WT, 9 KO). 
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3.2. Overexpression of VGF promotes recovery in post-stroke animals 

 

3.2.1 Increased expression of VGF is present surrounding the lateral ventricles post-

AdVGF injection.  

 

We next sought to determine if the reintroduction of exogenous VGF could influence the post-

stroke recovery process in mice. As previously mentioned (section 2.3.2), an adenoviral vector 

containing full-length VGF was used in a series of in vivo experiments in adult mice post-

ischemia. Preliminary investigation to examine the expression pattern of VGF after exogenous 

delivery has shown that at 14-days post-photothrombosis induced ischemia we observed a 

noticeable increase in VGF expression compared to mice receiving an AdLacZ control virus 

injection. Using immunofluorescence, a VGF-specific antibody demonstrated that this increase 

in expression was mainly concentrated around the lateral ventricles (Figure 11).   

 

 

3.2.2 Upon exogenous delivery of VGF, lateral ventricular areas show increased 

production and migration of newborn neurons.  

 

 

An increase in VGF-expression surrounding the lateral ventricles in mice that were administered 

AdVGF post-ischemia led us to further examine the production of newborn neurons. Using 

immunofluorescent staining of cortical sections, 14 days post-ischemia, we observed significant 

differences in the production of DCX+ newborn neurons. We observed a significant increase 

(~15%) in the quantity of DCX+ cells surrounding the lateral ventricle in VGF cKO mice that 

were administered AdVGF compared to VGF cKO animals with AdLacZ injections (Figure 12). 

Some of the DCX positive newborn neurons in these mice appeared to be migrating away from 

the lateral ventricle areas, compared to knockout mice that received the control adenovirus.  
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3.2.3 Intravenous administration of Adenoviral-VGF increases migration of newborn 

neurons from subventricular zone 

 

As previously mentioned (section 2.3.2), an adenoviral vector containing full-length VGF was 

intravenously administered to VGF cKO mice 24 hours post-photothrombosis induced ischemia. 

After 4-weeks of recovery, cortical sections of the peri-infarct regions from VGF cKO mice were 

labelled with DCX antibodies to identify newborn neurons migrating from the subventricular 

zone. We observed an increase in migration of newborn neurons towards the peri-infarct region 

of VGF cKO mice that received the VGF-adenovirus when compared to the VGF cKO mice that 

received a control adenovirus (Figure 13A, B). We then assessed the behavioural recovery of the 

VGF cKO mice upon Ad-VGF administration and measured behavioural deficits for one-month 

post-stroke. Results from the horizontal ladder test showed that cKO mice that received the 

AdVGF post-stroke reduced their rate of error by 14% (Figure 14A). Concomitantly, the 

cylinder test concluded that these mice spent significantly more time (10%) on their affected 

forelimb (Figure 14B).  

To further investigate the ability of exogenous VGF to influence the migration of newborn 

neurons in the peri-infarct region, we also administered the adenovirus to WT mice, post-

photothrombosis induced ischemia. Similarly, we observed enhanced migration of newborn 

neurons in the peri-infarct region using immunofluorescent labelling of DCX, which showed that 

WT mice that received the VGF-adenovirus saw an increase in the migration of newborn neurons 

to the damaged region of the brain compared to control WT mice (Figure 13C, D). 
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Figure 11. Increased expression of VGF surrounding lateral ventricles in VGF-adenovirus 

treated mice. Immunofluorescent staining of cortical sections labelled with VGF antibody (red) 

in 8-week-old C57BL6 (WT) mice, 14 days post-injection of AdVGF or AdLacZ post-

photothrombosis. Sections are counterstained with DAPI (blue). Scale bar = 100μm. 
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Figure 12. Increased production of newborn neurons surrounding lateral ventricle in VGF 

cKO mice treated with AdVGF. A. Immunofluorescent staining of the lateral ventricle of cortical 

sections from adult mice 14-days post-photothrombosis, labelled with newborn neuron marker 

DCX (green) and counterstained with DAPI (blue). The number of DCX+ cells are quantified in 

B. (t=4.503, df=3, p=0.0459), (n=3 VGF KO, 3 VGF KO+VGF-Ad). Scale bar=100μm. C. 

Coronal section of adult murine brain showing the location (red box) near the subventricular zone 

(SVZ) of the images in panel A. 
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Figure 13. Exogenous delivery of VGF increases migration of neural stem cells in 

VGF;Nestin-cre knockout mice. A-D. Immunofluorescent staining of cortical sections from adult 

mice, 28-days post-adenoviral injection, 30 days post-photothrombosis, labelled with newborn 

neuron marker DCX (green) while cell nuclei are counterstained with DAPI (blue) quantified in E 

(% if cells labelled with DCX within peri-infarct region) White dotted lines indicates the location 

of the peri-infarct region. Scale bar = 100μm. lv=lateral ventricle. 
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Figure 14. VGF cKO Mice treated with VGF-adenovirus post-stroke show decreased 

behavioral deficit. A. Quantification of time spent on right forelimb during Cylinder behavioral 

test pre- and post-photothrombosis and adenoviral injection (2 and 4 weeks) on 8-week-old VGF 

cKO mice. Adenoviral injection of a VGF-adenovirus or control-adenovirus 2-days post-

photothrombosis. Significant effect of time (F(2,60)=49.54, p<0.0001), interaction 

(F(4,60)=1.829, p=0.1350) and genotype (F(2,30)=10.07, p=0.0005), (n=10 VGF cKO, 9 VGF 

cKO+AdVGF). Error bars represent standard deviation. Quantification of % Error in Horizontal 

Ladder behavioral test pre- and post-photothrombosis and adenoviral injection (2 and 4 weeks) 

on 8-week-old VGF cKO mice. Adenoviral injection of a VGF-adenovirus or control-adenovirus 

2-days post-photothrombosis. Significant effect of time (F(2,58)=67.84, p<0.0001), interaction 

(F(4,58)=6.081, p=0.0004) and genotype (F(2,29)=31, p<0.0001). (n=9 VGF cKO, 9 VGF 

cKO+AdVGF). Error bars represent standard deviation. 
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3.2.4 Adenoviral delivery of VGF results in significantly less severe behavioural deficits 

post-ischemia.  

 

To further investigate the effects of exogenous delivery of VGF using an adenoviral delivery 

system (AdVGF), we performed several behavioural tests on mice post-photothrombosis induced 

ischemia to compare behavioural deficits to a control group. Using the horizontal ladder test 

(section 2.4.2), we were able to determine that WT mice who received AdVGF had a 

significantly lower rate of error compared to WT mice that received a control adenovirus 

(AdLacZ; Figure 15A). Concomitantly, the cylinder test concluded that mice who were given 

the AdVGF spent more time on their affected forelimb while completing the test (Figure 15B). 

Additionally, horizontal ladder testing was performed at 2 days post-injection to determine the 

extent of the initial deficit, with no difference between the mice that received AdVGF and 

AdControl (Appendix B). Altogether, these results indicated that WT mice who received 

AdVGF post-ischemia, performed significantly better in the behavioural tests at both 14- and 28-

days post stroke compared to AdLacZ controls, indicative of a less significant behavioural 

deficit.  

 

 

3.3. VGF influences inflammatory processes 

3.3.1 Exogenous delivery of VGF appears to coincide with increased infiltration of 

microglia and macrophages in the peri-infarct region.  

 

The post-ischemic inflammatory response is an incredibly influential step in the mediation of 

both ischemic damage and recovery. The dual role of cellular destruction and pathogen clearance 

make post-stroke neuroinflammation a delicate part of the recovery process. Our earlier findings 

indicated that VGF promotes the migration of newborn neurons towards the peri-infarct region, 

and led us to examine the influence of VGF on the post-stroke inflammatory response.  Using  
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Figure 15. Mice treated with VGF-adenovirus post-stroke show decreased behavioral deficit. 

E. Quantification of % Error in Horizontal Ladder behavioral test pre- and post-photothrombosis 

and adenoviral injection (14 and 28 days) on 8-week-old C57BL6 WT mice. Adenoviral injection 

of a VGF-adenovirus or control-adenovirus 2-days post-photothrombosis. Significant effect of 

time (F(2,54)=44.84, p<0001), interaction (F(2,54)=4.248, p=0.0193) and genotype 

(F(1,27)=21.82, p<0.0001), (n=14 Control-Ad, 16 VGF-Ad). F. Quantification of time spent on 

right forelimb during Cylinder behavioral test pre- and post-photothrombosis and adenoviral 

injection (14 and 28 days) on 8-week-old C57BL6 WT mice. Adenoviral injection of a VGF-

adenovirus or control-adenovirus 2-days post-photothrombosis. Significant effect of time 

(F(2,50)=18.34, p<0.0001), interaction (F(2,50)=5.364, p=0.0078) and genotype (F(1,25)=6.244, 

p=0.0194), (n=11 Cont-Ad, 13 VGF-Ad). Error bars represent standard deviation. 
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WT mice injected with AdVGF or AdLacZ post-photothrombosis, we examined the infiltration 

of inflammatory cells surrounding the damaged portion of the cortex. Immunofluorescent stained  

cortical sections were assessed for inflammatory cells using Iba1 antibodies that specifically 

label microglia and macrophages. At two days post-injection, there was no significant difference 

in the number of Iba1 cells in the peri-infarct region between the groups. At 14 days post-

injection we observed an increase in the quantity of Iba1 positive microglia/macrophages 

surrounding the infarct in the cortex of both groups, however, there was a statistically significant 

increase in the number of microglia/macrophages in the AdVGF-treated animals (Figure 16). 

 

3.3.2 Absence of VGF doesn’t result in significant reduction in post-ischemic 

inflammatory response 

 

To complement the analysis showing that exogenous VGF increases the inflammatory cell 

infiltration, we wanted to determine if the absence of VGF results in less microglia/macrophage 

recruitment to the peri-infarct region of the brain. Using Iba1 immunofluorescence staining of 

post-photothrombosis cortical sections from adult VGF cKO and WT mice, we observed a 

similar extent of infiltration in both the VGF cKO mice and the WT littermates at 14 days post 

stroke, suggesting that they have similar levels of post-stroke inflammation (Figure 17). 

 

 

3.3.3 VGF peptide TLQP-21 is most efficient at promoting the migration of Raw267.4 

macrophages 

 

VGF is processed into many secreted peptides that are responsible for a wide variety of 

biological processes. To further investigate the effects of VGF on inflammation, we tested 

several of the most well characterized VGF-derived peptides. C-terminal peptides TLQP-21, 

TLQP-62 and LQEQ-19 were used to treat Raw267.4 cells in a migration assay. Migration was 
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assessed using a chamber style method in which cells could migrate through a membrane 

towards a second chamber containing varying concentrations of peptides, thereby determining 

the chemotaxis properties of individual peptides. It was apparent that both the TLQP-based 

peptides were the most effective at attracting the macrophages as we saw over 126 and 529 cells 

migrating through the membrane per FOV when using TLQP-62 and TLQP-21 respectively, 

compared to just 13 using LQEQ-19 (Figure 18). Optimization of TLQP-21 concentration 

increased the number of migrated cells from 262 cells (1nM) to 529 (10nM), a two-fold increase 

(Figure 18). 

 

 

3.3.4 TLQP-21 peptide influences cell migration via the C3a receptor  

 

As we had previously observed, VGF-derived TLQP-21 proved to be the most effective peptide 

at influencing the migratory activity of macrophages. To further delineate the mechanism behind 

these effects, we investigated two well-known receptors of TLQP-21 to determine which one the 

TLQP-21 peptide was signalling through to stimulate migratory activity. As mentioned (section 

1.2.4), TLQP-21 has been shown to signal through complement receptors C3aR and gC1qR and 

function in a wide variety of biological roles. Using inhibitors for both receptors, we repeated the 

migration assay using Raw264.7 cells treated with TLQP-21 peptide (Figure 19). We observed 

that inhibition of C3a or the gC1q receptors reduced the number of cells that migrated through 

the membrane, while their effectiveness differed greatly. The migratory activity of Raw 264.7 

cells treated with TLQP-21 was reduced by 90% when inhibiting the C3a receptor compared to a 

reduction of only 20% upon gC1qR inhibition, whereas using a C3a agonist showed a similar 

number of migrated cells to the treatment with TLQP-21.  
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Figure 16. Increased infiltration of inflammatory cells in peri-infarct region 14 days post 

injection of AdVGF. Immunofluorescent staining of the peri-infarct region of cortical sections 

from WT adult mice 2 and 14-days post-injection, labelled with microglia/macrophage marker 

Iba1, Quantigied in C and D (p = 0.043). Scale bar=100μm. 
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Figure 17. No significant change in inflammatory response post-ischemia in VGF:Nestin-cre 

knockout mice. A. Immunofluorescent staining of the peri-infarct region of cortical sections from 

adult mice 14-days post-stroke, labelled with microglia/macrophage marker Iba1 quantified in B. 

(WT: n=3, KO: n=3). Scale bar=100μm. 
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Figure 18. C-terminal peptide TLQP-21 influences migration of Raw264.7 macrophages. A. 

Migration assay using RAW264.7 cells demonstrated chemoattractant properties of VGF C-

terminal peptides, quantified in B. B. Significant results were seen in groups treated with 1nM 

TLQP21 (p=0.0144) and 10nM TLQP21 (p<0.001) when compared to control group (no gradient). 

 

 



64 

 
 

Figure 19. C-terminal VGF peptide TLQP-21 signals primarily through C3a receptor. 

Migration assay using inhibitors and agonists of known TLQP-21 receptors using RAW264.7 cells 

treated with 10nM TLQP21 quantified in D. D. Significant results were seen in the C3aR inhibitor 

treatment group (p<0.0001) 
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Figure 20. TLQP-21 activates cell survival pathways in TLQP-21 macrophages. A. 

Immunoblot of RAW264.7 cells treated with TLQP21 or control (DMEM) indicating 

phosphorylation of resident ERK population quantified in B. (t=3.492, df=6, p=0.0129), (n=4 

TLQP-21, 4 WT). Error bars represent standard deviation. 
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3.3.5 Increased activation of cell survival pathway upon treatment with TLQP21 in 

Raw267.4 macrophages 

 

 C3aR signalling is known to activate through the ERK1/2 pathway to mediate cell proliferation, 

migration, inflammation and cell survival124. As such, we used immunoblot assays to assess 

changes in the phosphorylation of ERK, indicative of increased or decreased activation. First, we 

determined the normalized ERK and P-ERK population relative to a control protein (vinculin), 

which allowed us to calculate the percentage of resident ERK that is phosphorylated (Appendix 

C). Compared to untreated cells, the TLQP-21 treated cells showed a significant increase in 

phosphorylation of the resident ERK population, indicative of activation (Figure 20).  
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4. Discussion 

VGF has long been associated with the pathology and etiology of neurological diseases such as 

stroke, however, very little has been done to investigate the detailed mechanisms behind its 

function. These preliminary findings are the first to define the roles of VGF in ischemic 

pathology and its influence on post-ischemic functional recovery and the migration of newborn 

neurons and inflammatory cells.  

4.1 VGF is necessary for ‘typical’ post-stroke recovery  

When an ischemic event occurs, the lack of oxygenated blood initiates a cascade of biological 

processes that have reparative and/or damaging motives. The catastrophic neurological event 

causes a dysregulation in oxidative phosphorylation which ultimately results in a reduction of 

ATP, contributing to cellular death and inflammation. This hypoxia-induced cell death triggers 

the production of downstream cytokines and growth factors that participate in endogenous repair 

mechanisms such as EPO, VEGF, IGF-1 and BDNF125. Although necessary for normal 

functioning of the central nervous system, these factors activate multiple signalling pathways in 

the microenvironment of the peri-infarct region that are involved in the mediation of apoptosis, 

revascularization, inflammation, cell differentiation and proliferation post-ischemia125.  

Consistent with previous evidence from Sakamoto et al.112, VGF and BDNF are 

significantly upregulated in peri-infarct cortical tissue of WT mice 2 days post-ischemia 

(Appendix B). This is consistent with other findings that indicate a positive feedback loop of 

VGF-BDNF in the brain is essential for hippocampal function and synaptic transmission23. The 

significant increase of VGF post-ischemia suggests its importance in the post-stroke recovery 
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processes, similar to its autoregulatory partner BDNF. It is difficult to determine whether the 

increase in VGF expression post-ischemia results in an increase in growth factors such as BDNF, 

or vice versa.  

Upon removal of VGF in a transgenic cKO mouse model, there are no significant 

developmental or behavioural abnormalities compared to WT littermates. Although they display 

a significant reduction in body fat, the size of their brain is unchanged (Figure 4). The cortical 

development of these mice appears normal compared to their WT littermates with no significant 

changes in cortical layer markers (Figure 5). The baseline motor function of VGF cKO mice is 

also normal, suggesting that the removal of VGF doesn’t have any significant motor function 

impairments, allowing for an accurate comparison of post-stroke behavioural deficits (Figure 6).  

Photothrombotic induced ischemia in the left sensorimotor cortex in VGF cKO and WT 

mice resulted in significant functional impairments lasting at least 28-days post-ischemia 

(Figure 10). Behavioural analysis measuring motor function and forelimb asymmetry has shown 

that VGF cKO mice have a significant improvement in behavioural recovery compared to WT 

mice (Figure 10). This discrepancy in motor function is present from the initial behavioural 

testing timepoint, 2 days post-ischemia, suggesting that the absence of VGF augments post-

stroke behavioural deficits. Magnetic resonance imaging of the infarcted region in both VGF 

cKO mice and WT littermates 24 hours post-stroke show similar infarct regions of 

approximately 8mm3 (Figure 8). The absence of any changes in infarct volume between the VGF 

cKO and WT mice indicate that the behavioural deficit observed wasn’t due to the portion of the 

brain that was damaged, suggesting that a change in the post-stroke repair processes is 

responsible.  
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Upon ischemic stroke, a large number of newborn neurons are generated in the 

subventricular zone of the cortical region and have been shown to migrate towards the damaged 

region of the brain126. It has been hypothesized that only a small number of these cells are able to 

integrate into the neural network and function properly, while others could provide trophic 

support to facilitate repair processes97,127. Further investigation into these newborn neurons 

generated through neurogenesis in the subventricular zone of VGF cKO mice showed significant 

differences in their migration toward the infarct (Figure 9). Typically, there is a portion of 

newborn neurons originating from the lateral ventricle that migrate towards the damaged region 

of the brain, proposed to participate in brain recovery processes. The DCX+ newborn neurons in 

the VGF cKO mice were sequestered to the lining of the lateral ventricle while WT mice showed 

nearly 40% more neurons migrating towards the damaged region of the brain (Figure 9).  

Through the absence of VGF in adult mice, the post-ischemic response is significantly 

disrupted on both the functional and cellular levels. The notable difference in post-stroke 

behavioural deficits in VGF cKO mice continues throughout the 28 days of behavioural testing 

(Figure 10), while still maintaining a steady improvement in their recovery. The histological 

findings of significantly reduced migration of newborn neurons suggests that VGF may play a 

role in the migration of these cells towards the damaged portion of the brain. The overall effects 

caused by VGF deletion and the subsequent disruption of growth factor levels in the peri-infarct 

microenvironment (such as BDNF), seem to significantly impair the ability of these mice to 

recover similarly to their WT littermates. Inhibiting the normal migration of neurons as well as 

causing larger motor deficits, highlights the ability of VGF to influence the post-stroke recovery 

phase, as well as it’s necessity for normal post-stroke recovery. 
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4.2 Exogenous delivery of VGF improves post-stroke behavioural recovery and influences 

migration of newborn neurons in peri-infarct region. 

 

While the present study was able to determine that the absence of VGF seems to contribute to 

more significant behavioural deficits and reduced migration of newborn neurons, we sought to 

also examine the effects of reintroducing VGF during the post-stroke recovery phase. During this 

phase, the brain is in a state of shock creating a microenvironment surrounding the damaged 

region of the brain where high concentrations of growth factors and cytokines are present128. A 

modification or disruption of these factors has been shown to influence the normal processes that 

prevent secondary brain damage post-stroke and aid in brain repair128,129. Prior to this study, 

adenoviral delivery of VGF in vivo was used to improve neurodevelopmental deficits, 

specifically in the cerebellum, and ameliorate early post-natal lethality in Snf2h cKO mice.  

Utilizing adenoviral delivery of VGF, we used intravenous administration of adenoviral VGF 

in WT mice and found an increase in histological expression of VGF surrounding the lateral 

ventricles, confirming that there was a change in VGF expression (Figure 11, Appendix A). It 

was noted that the full-length VGF protein is relatively large and may not have the ability to 

cross the blood-brain barrier, but the proteolytic cleavage of VGF into a wide range of peptides 

allows it to function as a group of tiny peptides (predominantly C-terminal), which could explain 

the change in expression. The activity-dependant properties of VGF also could explain the 

change in VGF expression seen upon exogenous delivery, which could elicit a systemic response 

which in turn increases VGF throughout the neuroendocrine system.   

Once we tested the adenoviral delivery of VGF, we introduced it into VGF cKO mice 2 days 

post-photothrombosis. This resulted in an 8% reduction in behavioural deficit at multiple 

timepoints post-stroke, compared to VGF cKO mice that received the control adenovirus (Figure 
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14). In an attempt to further investigate the mechanisms behind this improvement in motor 

function, we then choose to investigate the endogenous mediators of post-stroke recovery in the 

peri-infarct region. Looking closely at the migratory activity of DCX+ newborn neurons upon 

exogenous delivery of VGF, it was clear that there was an increase in the number of cells that 

were migrating from the subventricular zone to the infarct region compared to VGF cKO mice 

that received a control adenovirus (Figure 13). Additionally, there was an increase in the number 

of cells migrating from bottom of the lateral ventricle as well, consistent with our previous 

findings that showed an increase in VGF expression post-exogenous delivery (Figure 12). 

Comparatively, the VGF cKO mice that received AdVGF demonstrated a clear rescue, with 84% 

of cells migrating towards the peri-infarct region when compared to WT mice while their 

behavioural deficits were relatively similar throughout their recovery time (Figure 13).  

The potential for exogenous delivery of VGF to compensate for its absence in the VGF cKO 

mouse model, begged the question of whether VGF was capable of influencing post-stroke 

recovery in WT mice as well. The modified processes that we assessed, demonstrated that VGF 

has the ability to influence migration of endogenous mediators of post-stroke recovery such as 

newborn neuron migration and a reduction in post-stroke behavioural deficit. Additionally, 

exogenous delivery of VGF also elicited a modified post-stroke response, specifically regarding 

the migratory activity of newborn neurons. Similar to the AdVGF-treated VGF cKO mice, there 

was a large influx of DCX+ newborn neurons that migrated from the subventricular zone of WT 

mice treated with Ad-VGF towards the damaged portion of the brain (Figure 13). 

Complementary to these results, the behavioural analysis at multiple timepoints post stroke 

suggested that the mice receiving exogenous VGF performed significantly better and had less of 

a motor function deficit compared to WT mice that received a control virus (Figure 15).  
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Our study has shown that altered levels of VGF in the brain microenvironment, whether 

endogenous or exogenous, results in significant changes in post-stroke recovery. The neuronal 

microenvironment facilitates the post-stroke repair processes such as the proliferation and 

differentiation of neuroprogenitors post-ischemia128. Previous studies have demonstrated that this 

increase in neuronal migration towards damaged regions of the brain is often paralleled with 

improved behavioural recovery130,131. However, it has also been shown that very few newborn 

neurons that migrate towards the infarct region are capable of integrating into the neural 

circuitry, begging the question of how altering the migration of newborn neurons affects 

behavioural recovery and the associated mechanisms97.  

Due to its autoregulatory properties, changes in the expression of VGF specifically in the 

cortical region ultimately modifies the levels of BDNF and possibly other factors and cytokines 

that facilitate brain repair mechanisms such as synaptogenesis and revascularization. Areas 

around the lateral ventricle that were highly saturated with VGF expression, appear to promote 

the proliferation and migration of neuroprogenitors, which have the ability to activate signalling 

pathways and secrete a number of factors, all contributing to an overall repair-positive 

microenvironment at the peri-infarct region132,133.  By increasing the overall number of migrating 

neurons in the peri-infarct region as well as the pace at which they migrate, the post-stroke 

effects of altered VGF expression may enhance the reparative environment and promote 

functional recovery through the secretion of trophic factors and facilitation of repair processes.   

 

4.3 VGF secreted peptides influence inflammatory cell migration in vivo and in vitro 

Ischemia and oxygen deprivation trigger a cascade of neurological events within the peri-infarct 

region including inflammatory responses, oxidative stress and ultimately apoptosis134. The 



73 

inflammatory response plays a significant role in the post-stroke recovery phase and is managed 

by the resident macrophage population of microglia. These cells are responsible for monitoring 

the neural environment for changes and triggering both detrimental and neuroprotective effects 

in response134. VGF receptor C3aR has been shown to be a key mediator of these detrimental and 

neuroprotective processes through its downstream pathways influencing phagocytosis and 

pathogen clearance64,135. Using a Snf2h dKO mouse model where C3aR was also deleted, a 

significant increase in behavioural deficits was observed compared to the Snf2H cKO mice, 

specifically due to a reduction in debris clearance and enhanced gliosis64. The ability of C3aR to 

mediate these responses has also been tested using C3a-ligand based post-stroke therapeutics that 

demonstrated a dual role of damage and repair based of the timing of its administration post-

stroke40,136. The conflicting nature of complement protein C3a and its inability to consistently 

influence positive mediators of post-stroke repair has shifted the focus to other therapeutic 

targets that signal through the C3a receptor, such as VGF-derived peptide TLQP-21.  

Our study has demonstrated that altered levels of VGF expression affects endogenous 

mediators of stroke such as neuroprogenitor cell production and their migration towards the 

damaged region of the brain. This prompted the investigation of VGF and its effect on the post-

stroke inflammatory response, more specifically its effects on inflammatory cells such as 

microglia and macrophages that often play a key role in the clearance of debris from damaged 

regions of the brain137.  

 The exogenous delivery of VGF to WT mice several days post-ischemia led to a 

significant influx of Iba1+ microglia and macrophages in the peri-infarct region after 2-weeks of 

recovery (Figure 16). The WT mice also showed a large immune response, which is to be 

expected after ischemic brain damage. The dual role of inflammatory cells in mediating 
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damaging and reparative effects makes it difficult to determine if the cells in the peri-infarct 

region are exacerbating the injury or participating in pathogen clearance and phagocytosis, 

clearing the damaged region of debris making it easier for the brain to begin repairing and 

reorganizing it’s neural connections and re-establishing blood flow. This significant influx of 

inflammatory cells to the peri-infarct region coupled with the reduced behavioural deficits seen 

in mice that received the VGF adenovirus (Figure 15), suggests that these inflammatory cells 

have a predominantly reparative effect on post-stroke recovery. Further investigation into the 

phenotypic properties of the microglia proved to be a challenge due to the large influx of Iba1+ 

cells in the infarct region, making it difficult to discern morphology of these cells.  

Knowing that VGF has the capability to modify the migration of newborn neurons post-

ischemia, while also being able to influence the population of inflammatory cells in the peri-

infarct environment, it became clear that VGF played an important role in migration. We 

investigated the mechanisms behind the changes in migratory activity seen in inflammatory cell 

populations, as this study is the first of its kind to suggest that VGF plays a role in the migration 

of endogenous mediators of stroke recovery. VGF itself does not typically function as one 

neuropeptide, but rather, a large number of neuropeptide fragments signalling through a wide 

variety of pathways. It was crucial to determine if this chemotactic effect was attributed to a 

single VGF peptide and through which pathway it functioned. The small C-terminal peptide 

TLQP-21 was the most effective peptide at recruiting inflammatory cells and showed significant 

chemotactic properties (Figure 18). As previously mentioned, TLQP-21 is one of the more well 

characterized VGF peptides with two proposed receptors, C3aR and gC1qR (section 1.2.4). Our 

in vitro findings have shown that through the deactivation of the C3a receptor, C3aR, the 

chemotactic influence of TLQP-21 on inflammatory cells was substantially diminished (Figure 
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19). Through the inhibition of this receptor, we were able to determine that TLQP-21 has the 

ability to attract inflammatory cells by signalling through the C3aR receptor. This study is the 

first to propose that a specific VGF-derived peptide is responsible for influencing the migration 

of inflammatory cells through the C3a receptor rather than the alternative gC1q receptor. The 

C3a receptor is present on the surface of both inflammatory cells (microglia/macrophages) as 

well as neural stem cells and neural progenitors, making it plausible that this signalling pathway 

could be responsible for the migratory effects previously shown138.  

Similar to other G-protein coupled receptors, the C3a receptor activates many downstream 

signalling pathways involved in a wider variety of biological processes. One of these pathways, 

the extracellular signal-regulated kinase (ERK/MAPK pathway), has a long history of being 

involved in the morphology and migration of various cell types139. Previous findings using a 

pharmacologic activator of the ERK/MAPK pathway have demonstrated that upon activation, 

there is an increase in expression of cell survival genes (c-Fos, c-Jun) as well as protective 

detoxifying enzymes resulting in survival and protective mechanisms140. Activation of the ERK 

pathway has also been indicated as one of the critical regulators of cell motility along with cell 

proliferation and differentiation, making it a good candidate for further investigation140. We 

discovered, that the resident ERK population in inflammatory cells treated with TLQP-21 

showed a significant increase in phosphorylation compared to untreated cells (Figure 20). This 

increase in phosphorylation is indicative of activation of this pathway and its downstream 

targets, such as pro-survival mechanisms and suppression of apoptosis141. This newly proposed 

mechanism for TLQP-21 signalling via C3aR resulting in an activation of the ERK signalling 

pathway and ultimately affecting cellular motility and survival, could explain the migratory 

phenotypes observed in this study. However, further investigation into the exact downstream 
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mechanisms of the ERK pathway and its influence on reparative vs. destructive inflammatory 

activation is necessary. 

 

 

5.4 Future directions 

This study is the first to define the role of VGF and its derived peptides in the migration of 

endogenous mediators of stroke recovery. However, while we have suggested that the influence 

of VGF on the migration of newborn neurons and inflammatory cells affects the peri-infarct 

microenvironment, further investigation into the participation of these cell types in post-stroke 

recovery is necessary. We are still uncertain as to what role newly generated neurons play in the 

post-ischemic brain and their influence on post-stroke functional recovery. In models of 

endogenous overexpression of VGF, we see a significant increase in the number of cells that 

migrate towards the damaged region, but the effect that these cells have is still undetermined. As 

previously mentioned, findings from Kannagara et al have proposed that the majority of the 

migrated neurons in the peri-infarct region have a very limited capacity to integrate into the 

cortical network, thus limiting their ability to potentially participate in stroke recovery97. Thus, It 

is crucial that we determine to what extent these cells are able to reintegrate into the neural 

network and facilitate brain repair processes and reorganization, or if these cells mainly function 

as more of a supporting role through the secretion of trophic factors and cytokines, creating a 

repair-positive microenvironment.  

 We have shown that VGF plays a role in the post-stroke recovery phase and has the 

ability to attract inflammatory cells and influence their motility. However, it would be interesting 

to determine the exact effects of these cells and if VGF has the ability to modify the activity, 

whether it be reparative or destructive, and to what extent. Co-labelling of M1 and M2 microglia 
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markers in the peri-infarct region of Ad-VGF treated mice could help identify the predominant 

microglial phenotype and their function (e.g. phagocytosis). Taking a closer look at the role of 

TLQP-21 receptor C3aR in stroke, would also provide greater insight into the role that VGF 

plays in the post-stroke inflammatory response. Removing this receptor using a C3aR knockout 

mouse model treated with Ad-VGF and monitoring their behavioural recovery could indicate 

whether this pathway is the sole mechanism for VGF and its ability to alter the motility of 

inflammatory cells. It would be interesting to determine whether these mice would have more 

significant behavioural deficits than VGF cKO mice treated with ad-VGF, or if there is some sort 

of compensatory mechanism that can facilitate VGF’s post-stroke inflammatory response. 

 This study has shown the effects of altered VGF expression, both endogenous and 

exogenous, on functional recovery post-ischemia. The ability of VGF to reduce motor deficits 

post-stroke was apparent, however further investigation into the connection between the 

histological findings of increased newborn neuron migration and an influx of inflammatory cells 

and the improved functional recovery is necessary. While it is clear that VGF and its secreted 

peptides play a wide variety of roles in neurological conditions such as stroke, the investigation 

into exact mechanisms and therapeutic capabilities of VGF is in its infancy.  
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Appendix 
 

 

 

 

 

 

 

 

 
 

Appendix A. Adenoviral-VGF expression in adult WT mice post-intravenous delivery. 

Immunohistological staining of liver tissue sections in C57BL/6J WT mice two days post-

injection. VGF antibody was used to detect VGF expression (green) co-labelled with DAPI. 

FOV = 100X. 
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Appendix B. Behavioural analysis of adenoviral injected mice 2 days post-injection. 

Quantification of % Error in Horizontal Ladder behavioral test pre- and post-photothrombosis and 

injection of VGF-adenovirus on 8-week-old WT mice. (n= 8 WT+ControlAd, 9 WT+VGFAd). 
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Appendix C. Western blot analysis of resident ERK and P-ERK in TLQP-21 treated 

Raw264.7 cells. A. Quantification of Figure 20A, P-ERK compared to vinculin control. P-value 

= 0.0104 (n=3 TLQP21, 3 Control) B. Quantification of Figure 20A, ERK compared to vinculin 

control. No significant difference. (n=3 TLQP21, 3 Control) 
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● Cansbridge Fellowship Recipient                                                                            2015    

● National Loran Scholarship Recipient                                                                    2013 

● University of Ottawa Entrance Scholarship                                                           2013 

● Governor General of Canada Medal for Academic Excellence                            2013 

● Highest Overall Academic Average, Honours with Distinction                            2013 

● Provincial Minister of Justice Award for Leadership in Crime Prevention        2013     

● Lieutenant Governor’s medal                                                                                   2012 

● Featured in ‘The Canadian Press’, (Teen Relationships/Social Networking)      2012 

 

 

SCIENTIFIC CONTRIBUTIONS 

● Participant/Presenter 

○ 18th International Fragile X & Related Neurodevelopmental Disorders Workshop, 

Saint-Alexis-des-Monts, QC (2017) 

○ Stem Cell Symposium, Ottawa Hospital Research Institute (2017,2018) 

○ Stroke Program in Neurorecovery workshop (Calgary, 2017; Ottawa, 2018) 

○ Biochemistry, Microbiology and Immunology Research Day (Ottawa, 2017,2018, 

2019) 

○ Ottawa Hospital Research Institute Day 2019, Speaker (Ottawa – 2019) 

○ Brain Health Research Day (Ottawa 2016, 2017, 2018, 2019) 

 


