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Abstract 

Ischemic stroke is the leading cause of disability and third leading cause of death in Canada, 

exerting a serious burden on stroke survivors, their families, and healthcare resources. 

Characterized by brain damage due to loss of blood flow and oxygen supply, ischemic stroke is 

characterized by damage to brain tissue and chronic disability that most commonly affects 

sensation and movement of the upper limb. With rehabilitation, recovery from stroke is improved 

but is rarely complete. Current efforts focus on enhancing the extent of recovery following stroke 

to minimize the burden of disability on stroke survivors. This improvement in recovery could be 

achieved by improving the survival and regenerative capabilities of brain tissue following stroke. 

Pleiotrophin (PTN) is a protein that is abundantly expressed in utero and is associated with brain 

development by its diverse actions on different cell types existing in the brain. PTN has been 

documented to modulate the immune response, neuronal development, and myelination. In the 

present study, we sought to administer PTN to the cortical regions surrounding a stroke to 

investigate its effects on recovery from stroke-related functional deficits and brain responses to 

ischemic injury. Animals were administered an ischemic stroke affecting the forelimb and 

hindlimb sensorimotor cortex, followed by a delayed cortical injection of PTN. Functional deficits 

were assessed using two behavioural assays, the Tapered Beam task and String Pull task, which 

focused on measures of forelimb and hindlimb motor function. Brain tissue at varying timepoints 

post-stroke was investigated for PTN protein availability, markers of microglia (immune cells of 

the brain), astrocytes (multifunctional glial cells that form a protective scar following brain injury), 

and oligodendrocytes (brain cells necessary for myelination). Following stroke, only mild 

impairments in two sensorimotor tasks were detected. Performance in these behavioural assays 

was related to stroke size but unaffected by PTN treatment. Similarly, expression of the cell-
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specific markers was related to timepoint following stroke, but not PTN treatment. The data 

presented in this study cannot clearly conclude the effects of PTN treatment on functional recovery 

and glial responses post-stroke. Tasks more sensitive to this stroke model and investigation of cell 

signaling related to PTN injection in tissue are needed in future studies investigating PTN as a 

therapeutic target in stroke recovery. 
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Preface 

This thesis is an original work by Celestina Stefana Tanase. All animal research was 

conducted in accordance with the Canadian Council on Animal Care guidelines. All animal use 
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1. Introduction 

 

1.1 Ischemic Stroke Pathophysiology 

Ischemic stroke results from a transient or permanent reduction of blood flow to either the 

entire brain, which is known as global ischemia, or a specific region of the brain, known as focal 

ischemia (Winship & Murphy, 2009). Without sufficient blood flow to the affected region, oxygen 

supply is greatly diminished, setting off a cascade of pathological events that contribute to cell 

death and loss of function (Carmichael, 2006; Winship & Murphy, 2009; Xing et al., 2012). 

Following this pronounced cell death, the affected region is no longer able to execute its usual 

functions. This contributes to the motor and sensory deficits that are commonly seen in stroke 

patients. In Canada, stroke is the leading cause of disability and the third leading cause of death 

(Government of Canada, 2017) . The burden of stroke on survivors, their families, and the 

healthcare system is also substantial, which has been evidenced by an increased number of annual 

visits to the family doctor to address the increased prevalence of multiple impairments and 

conditions (Obembe et al., 2019). Globally, the prevalence of stroke as a cause of both death and 

disability is rapidly increasing, with a 70% increase in incident strokes and 102% increase in 

prevalent strokes in from 1990 to 2019 (Feigin et al., 2022). 

Ischemic stroke is a complex brain injury with a core region and penumbra. The core region 

is characterized by severe ischemia, which leads to anoxic depolarization and necrosis (Emsley et 

al., 2008). Early in the ischemic timeline, there is an area surrounding the lesion core known as 

the penumbra, which is made up of neurons that are functionally silent but are still viable, with an 

upregulation of both anti-apoptotic and pro-apoptotic proteins. (Demyanenko & Uzdensky, 2017; 

Emsley et al., 2008; Endres et al., 2008; Hossmann, 2006; Murphy & Corbett, 2009; Uzdensky, 
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2019). Over time, however, the core can expand because of the overproduction of reactive oxygen 

species, excitotoxicity, and cytoskeleton disruption processes that trigger neuronal death 

pathways, thus transforming viable penumbra tissue into infarct (Demyanenko & Uzdensky, 2017; 

Endres et al., 2008; Xing et al., 2012). In response to injury, glial cells surrounding the infarct 

become reactive to form the glial scar, primarily composed of rapidly proliferating astrocytes. The 

glial scar functions to contain the infarct core, but is also made up of growth-inhibitory molecules 

such as chondroitin sulphate proteoglycans (CSPG) that act as a barrier to axon sprouting and 

remyelination via their glycosaminoglycan (GAG) side chains (Fawcett & Asher, 1999; Silver & 

Miller, 2004; N. R. Sims & Yew, 2017).  

Additionally, cerebral ischemia triggers a robust microglial and immune response. 

Enhanced activation of microglia has been observed to occur within minutes of ischemic injury in 

animal models, and can last for several weeks (Benakis et al., 2015; J. Huang et al., 2006; Ito et 

al., 2001; Tonchev, 2011; Xing et al., 2012; Xu et al., 2020). In the acute stages following stroke, 

microglial activation produces a strong inflammatory response that can be detrimental to central 

nervous system (CNS) tissue; however, chronically, microglia have been observed to produce 

protective molecules and play a phagocytic role in the damaged cortex (Benakis et al., 2015; Xu 

et al., 2020). A peripheral inflammatory response has also been observed following both transient 

ischemic attacks (TIA) and stroke, which is closely linked to activation of the hypothalamic-

pituitary-adrenal axis (HPAA) and sympathetic nervous system (SNS) (Adiguzel et al., 2021; 

Emsley et al., 2008; Ross et al., 2007). Peripheral inflammation can contribute to an increased risk 

of developing systemic infection following stroke, which may worsen stroke outcome (Emsley et 

al., 2008). Further, modulating peripheral inflammation has been shown to affect lesion volume 

and inflammation in the cortex (Kolosowska et al., 2019). 
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The physiology of the ischemic brain is characterized by several processes that can promote 

recovery and provide neuroprotection, as well as degenerative processes including excitotoxicity, 

oxidative stress, and inflammation (Carmichael, 2003, 2006; Chamorro et al., 2016; Kerr et al., 

2011; Rothman & Olney, 1986; Winship & Murphy, 2009). Together, these processes define the 

extent of injury and neuroplasticity present in the post-stroke brain, and thereby determine the 

extent of functional recovery. 

 

1.2 Plasticity in Ischemic Stroke 

In the ischemic cortex, there are both opportunities for and barriers to plasticity. Expression 

of growth-promoting genes in the perilesional area can promote axonal sprouting is significantly 

altered following ischemic stroke in rat models (Carmichael, 2003; Carmichael et al., 2005; Gorup 

et al., 2015; Stroemer et al., 1993, 1995). Trophic factors that promote neurite outgrowth and cell 

survival are elevated in the perilesional cortex after ischemic stroke, such as brain-derived 

neurotrophic factor (BDNF), nerve growth factor (NGF), and neurotrophin-3 (NT-3). (Barde, 

1989; T.-H. Lee et al., 1998). Endogenous and enhanced expression of BDNF and NGF post-stroke 

are associated with reduction in infarct volume in stroke, neuroprotection, and the promotion of 

an anti-inflammatory response in other animal models of brain injury (Greenberg & Jin, 2006; 

Saito, 2004; S.-K. Sims et al., 2022; Uzdensky, 2018; Zou et al., 1999). In stroke survivors, high 

serum NGF is associated with good functional outcomes 3 months post-stroke and is higher in 

stroke patients than in control subjects (Luan et al., 2019). These trophic factors induce 

phosphorylation of downstream factors such as Growth-Associated Protein 43 (GAP43), which 

plays an important role in neurite formation and is elevated in the growth cones of growing neurites 

(Carmichael, 2003; Fournier et al., 1997; Geremia et al., 2010; Kobayashi et al., n.d.; Ng et al., 
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1988; Stroemer et al., 1993, 1995). In mouse and rat models of ischemic stroke, GAP43 expression 

is elevated early after injury in the ipsilesional cortex, and this was also found to be true in post-

mortem human brain tissue that after ischemic stroke (Gorup et al., 2015; Ng et al., 1988; Stroemer 

et al., 1993, 1995). GAP43 levels have also been observed to be elevated in both the cortex and 

spinal cord in a photothrombotic rat model (Sist et al., 2014). This upregulation of GAP43 was 

most pronounced at 14 days post-stroke and returned to control levels by 28 days post-stroke (Sist 

et al., 2014). Interestingly, GAP43 levels were correlated with upregulated expression of tumor 

necrosis factor- (TNF-) and interleukin-6 (IL-6), two pro-inflammatory markers that have been 

previously associated with plasticity (Hakkoum et al., 2007; Oshima et al., 2009; Parish et al., 

2002; Saleh et al., 2011; Sist et al., 2014; Suzuki et al., 2009). The ischemic brain also generates 

plasticity-inhibiting molecules. The glial scar, though serving a protective function by containing 

necrotic tissue, contains CSPGs and other growth-inhibitory molecules that have been identified 

as barriers to plasticity and remyelination following ischemic stroke (Alia et al., 2017; Cua et al., 

2013; Silver & Miller, 2004). The balance of plasticity-promoting and -inhibiting factors 

determines the extent of rewiring. 

Neuroplasticity after stroke also includes the unmasking, or disinhibition, of previously 

latent neuron networks, which could be a result of homeostatic mechanisms including the 

downregulation of -aminobutyric acid (GABA) signalling (Jacobs & Donoghue, 1991; Kreisel et 

al., 2006; Wenner, 2011). Homeostatic plasticity refers to neurons aiming to function at a set level 

of electrical activity through negative feedback mediation (Murphy & Corbett, 2009; Takeuchi & 

Izumi, 2015; Wenner, 2011). Stroke induces injury to tissue, depriving connected regions of 

excitatory drive, and homeostatic mechanisms could reduce GABA signalling to compensate. 

Further, animal models of ischemic stroke have shown alterations in membrane properties of 
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neurons in the periinfarct regions that make them less excitable and demonstrated an impairment 

of synaptic transmission in the penumbra (Bolay et al., 2002; Gao et al., 1999). Stroke leads to 

diaschisis in regions functionally connected to the site of injury, typically manifested as a reduction 

in blood flow and metabolism (Bolay et al., 2002; Carmichael et al., 2004; Gao et al., 1999) in 

these regions. Physiological mechanisms could trigger structural neuroplasticity including axonal 

sprouting after ischemic injury, as synchronous activity of neurons has been observed in periinfarct 

tissue exhibiting axonal sprouting in an ischemic lesion, suggesting a link between neuronal 

electrical activity and post-stroke plasticity (Carmichael & Chesselet, 2002). In the 

photothrombotic mouse model, increased formation of dendritic spines in the perilesional cortex 

has been observed as early as 1 week post-injury, with new spines persisting for up to 6 weeks 

post-injury (Brown et al., 2007). Further, neurogenesis occurring after stroke in a mouse model 

has been shown to migrate towards the perilesional area, and is specifically associated with newly 

remodeled vasculature (Ohab et al., 2006). 

Structural neuroplasticity and unmasking of latent networks occurring acutely after stroke 

could interact with rehabilitative interventions to contribute to cortical remapping (Kreisel et al., 

2006). In the healthy mature brain, behavioural experience can modulate cortical functional 

representations. Transcranial magnetic stimulation (TMS) studies of humans have demonstrated 

that muscle representation in the motor cortex can be extremely diverse and differ depending on 

repeated use of specific motor skills, such as a larger hand representation among racket players 

(Kerr et al., 2011; Kleim, 2011).  Likewise, after stroke surviving neurons can reorganize as a 

result of adaptive plasticity, supporting functional recovery (Winship & Murphy, 2009). Cortical 

remapping, the process by which sensory or motor signals are transferred to new cortical regions, 

typically an area neighbouring the infarct, occurs in animal models and humans following stroke 
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(Alia et al., 2017; Green, 2003; Levy et al., 2001; Murphy & Corbett, 2009; Overman & 

Carmichael, 2014). In rat models of stroke, new functional sensory representations replacing those 

disrupted by stroke have been observed in response to stimulation of affected limb or whisker 

(Dijkhuizen et al., 2001; Jablonka et al., 2010). Cortical reorganization after stroke has also been 

observed in humans undergoing physical therapy and constraint-induced movement therapy 

(CIMT) (Liepert et al., 1998, 2000). Ischemic stroke patients with good recovery of hand function 

often show increased cortical excitability in the contralesional hemisphere, showing that 

reorganization can occur ipsi- or contralesionally (Bütefisch, 2003). 

 

1.3 Plasticity and Recovery 

Growth-promoting environments in the ischemic brain may contribute to improved 

functional outcomes. Behavioural improvements occurring early after stroke, known as 

spontaneous recovery, are believed to be mediated by plasticity processes in the areas surrounding 

the infarct and the functional remapping of these surviving areas (Kerr et al., 2011; Nudo, 2007). 

Conversely, the adaptation of compensatory behaviours that avoid usage of the affected limb after 

injury has been shown to further reduce the representation of said affected limb in animal models 

(Allred et al., 2010; Nudo, 2007). Thus, the plasticity of cortex is associated with recovery and 

amplifying this plasticity or harnessing it with rehabilitative training may improve recovery. The 

use of enriched environments as a rehabilitative method in animal models has been shown to 

improve recovery and impact the extent of dendritic branching post-stroke (Biernaskie, 2004; 

Murphy & Corbett, 2009; Overman & Carmichael, 2014; Wieloch & Nikolich, 2006). CIMT or 

forced limb use (FLU), a rehabilitative therapy where the good limb is constrained during awake 

hours so that the patient is encouraged to use their paretic limb, has been shown to elicit greater 



 7 

improvements in chronic deficits in humans (Liepert et al., 1998, 2000; Wolf et al., 2006) as well 

as animal models, where enhancements in cortical plasticity have also been observed with this 

therapy (Hosp & Luft, 2011; Hu et al., 2021; C. Zhao et al., 2020; S. Zhao et al., 2013). The use 

of CIMT in humans as a rehabilitative intervention improves functional outcome and is 

accompanied by neural plasticity, which has been evidenced by TMS and functional magnetic 

resonance imaging (fMRI) data (Liepert et al., 1998, 2000; Szaflarski et al., 2006). The process of 

cortical remapping as a result of activity and behavioural intervention occurs within the critical 

period of elevated plasticity following ischemic stroke (Murphy & Corbett, 2009). Modulating this 

critical period using pharmacological interventions, such as reducing GABAA-mediated inhibition 

and inducing the expression of the growth-promoting molecule brain derived neurotrophic factor 

(BDNF), has also been demonstrated to improve functional recovery and contribute to remapping 

of motor areas in a mouse model of ischemic stroke (Alia et al., 2016; Clarkson et al., 2011). 

Enhancing plasticity may therefore promote functional recovery and cortical remapping, and is an 

attractive therapeutic target. 

 

1.4 Post-Stroke Rehabilitation 

Many stroke survivors must cope with functional disabilities, such as weakness or paresis 

of the extremities contralateral to the infarct (Carmichael, 2003, 2006; Nakayama et al., 1994). In 

clinical settings, acute interventions for ischemic stroke focus on reperfusion to rescue penumbral 

tissue. Recombinant tissue plasminogen activator (rtPA) is a pharmacological intervention that 

functions to break down clots that are obstructing blood flow to the brain and reperfuse ischemic 

tissue (Hacke, 1995). More effective recanalization can now be achieved with mechanical 

thrombectomy, which involves the physical removal of a blood clot in a brain artery via customized 
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catheters (W. S. Smith et al., 2008). However, recovery is incomplete for most survivors even with 

successful recanalization. The majority of recovery of upper extremity function, one of the primary 

disabilities of stroke, has been observed to happen within the first 3 months following stroke, after 

which disability persists (Wade et al., 1983). Assessment of upper extremity paresis in the 

Copenhagen Stroke Study found that the best possible outcome for upper extremity function was 

achieved at 9 weeks post-stroke at the latest, and 3 weeks-post stroke at the earliest (Nakayama et 

al., 1994). The importance of early rehabilitative intervention has been emphasized in an animal 

model of stroke, where the delayed introduction of an enriched rehabilitative environment resulted 

in poorer recovery of limb function 5 weeks following middle cerebral artery occlusion 

(Biernaskie, 2004). Training too early, however, can exacerbate neural injury, even in the presence 

of functional recovery (Farrell et al., 2001; Kozlowski et al., 1996; Risedal et al., 1999). 

Immobilizing the good limb to promote usage of the affected limb immediately after stroke 

resulted in larger infarct and less dendritic branching (Kozlowski et al., 1996). Meanwhile, in a 

gerbil model of brain ischemia, placing the animals in enriched environments for rehabilitation 3 

days post-injury improved performance on Open Field and T-Maze tests, measuring willingness 

to explore and spatial learning, respectively (Farrell et al., 2001). However, these animals also 

showed a reduction in CA1 cells, indicating more cell death (Farrell et al., 2001). Delaying 

environmental enrichment as much as 5 days post-stroke in rats, however, still resulted in 

functional improvement in spatial learning while also promoting neurogenesis in the affected 

hippocampus (Tang et al., 2019). In A Very Early Rehabilitation Trial (AVERT) in humans, 

mobilizing as early as 24 hours post-stroke and introducing a higher dose of physical therapy was 

associated with reduced likelihood of favourable outcome at 3 months post-stroke, but did not 

affect quality of life when assessed 12 months post-stroke (Bernhardt et al., 2006; Langhorne et 
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al., 2010, 2017). However, introducing rehabilitation at 72 hours post-stroke in patients that have 

been treated with rtPA was associated with a higher likelihood of functional independence at time 

of discharge when compared to patients that had been treated with rtPA but did not receive early 

rehabilitation (Momosaki et al., 2016). This evidence highlights an early and relatively small 

window for optimal functional recovery following ischemic stroke, while also cautioning against 

intervening too early. 

 Functional disabilities after stroke can continue to persist despite rehabilitative 

interventions. First-time cortical ischemic stroke survivors that were assessed 4 years post-stroke 

as having achieved adequate motor function in the affected arm still reported avoidance of using 

the affected arm and complaints of poor arm function (G. Broeks, et al., 1999). Further, it is 

estimated that over half of ischemic strokes display combined sensorimotor deficits (Kessner et 

al., 2016). Somatosensory input plays an important role in motor control. A study of 207 stroke 

patients found that extremity paresis and disability was more common in patients with 

somatosensory deficits than those with intact sensory inputs (Andersen et al., 1995). This evidence 

suggests that impaired somatosensation can negatively impact motor recovery following stroke, 

and that sensorimotor deficits, while common, may face a more complicated path to recovery. 

While the window of optimal rehabilitation can be difficult to pinpoint, the timecourse of enhanced 

plasticity of surviving brain tissue likely defines these windows for recovery.  

The time course of stroke recovery in both humans and animal models is important to 

consider when developing interventions and studying possible therapeutic targets. In animal 

models, most functional recovery from stroke takes place within the first month following injury 

with significant remodelling of dendritic arbours happening in the first 2 weeks, but changes in 

dendritic branching and cortical maps can be observed to continue up to 8 weeks post-stroke 
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(Brown et al., 2007, 2009; Krakauer et al., 2012). Comparatively, in humans, most functional 

recovery from stroke occurs by 3 months following the injury (Krakauer et al., 2012; Wade et al., 

1983). Furthermore, investigation of changes in Fugl-Meyer Assessment (FMA) scores, the 

standardized test for assessing sensorimotor recovery after stroke, in humans and animals helped 

define the proportional recovery rule (PRR) (Kundert et al., 2019). The PRR states that, with the 

provision of rehabilitative therapy, the extent of functional recovery occurring within the 3 to 6 

months following stroke is approximately 70% of the maximum achievable improvement on the 

FMA (Kundert et al., 2019). The PRR serves as a benchmark for assessing whether a new 

intervention enhances function beyond expected spontaneous recovery (Hawe et al., 2019). 

Therefore, with greater initial impairment, there is also a greater potential for improvement. It is 

important to note that there is a subset of individuals who do not meet this expected recovery, 

known as nonfitters (Hawe et al., 2019). A proposed neuroanatomical explanation for this is that 

nonfitters have been shown to have poor corticospinal tract (CST) integrity (Byblow et al., 2015; 

M.-C. Smith et al., 2017). Therefore, the presence of nonfitters may be greater in disability 

requiring a functional CST for recovery, such as upper limb impairment (M.-C. Smith et al., 2017). 

The importance of spinal plasticity in recovering function after ischemic stroke has also been 

observed in animal models, where expression timelines of growth-promoting molecules in the 

spinal cord occur during periods of recovery and define thereafter (Sist et al., 2014). 

 

1.5 Plasticity-Enhancing Treatments 

Enhancing plasticity after stroke may facilitate a greater degree of functional recovery. 

Noninvasive brain stimulation (NIBS) functions by using tools such as TMS and transcranial direct 

current stimulation (tDCS) to facilitate cortical reorganization (Hara, 2015). Tools like TMS and 
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tDCS can upregulate excitability in the injured cortex, which has been associated with improved 

performance on functional motor tasks (F. C. Hummel & Cohen, 2006; F. Hummel & Cohen, 

2005; Kleim, 2011; Pomeroy et al., 2007; Sandrini & Cohen, 2013). Manipulating behaviour 

through physical and occupational therapy also promotes functional recovery and helps patients 

with chronic deficits to adapt after stroke (Kerr et al., 2011). As noted, CIMT has been shown to 

elicit greater improvements in chronic deficits in humans (Liepert et al., 1998, 2000; Wolf et al., 

2006) as well as animal models, where enhancements in cortical plasticity have also been observed 

with this therapy (Hosp & Luft, 2011; Hu et al., 2021; C. Zhao et al., 2020; S. Zhao et al., 2013). 

While rehabilitative therapies can be effective in achieving functional recovery, maximal 

benefits are only obtained during the short critical period for plasticity that follows stroke. Many 

preclinical interventions therefore focus on reducing barriers to plasticity or enhancing plasticity 

in the injured cortex in order to maximize the period of time in which patients can benefit from 

rehabilitative therapies. CSPGs are significantly increased after stroke and known barriers to 

plasticity (Carmichael et al., 2005; Cua et al., 2013; L. Huang et al., 2014; S. Li & Carmichael, 

2006; Silver & Miller, 2004; Yiu & He, 2006). The use of chondroitinase ABC (ChABC), an 

enzyme that breaks down CSPGs, has been pursued as a therapeutic intervention in neural injury 

(Barritt et al., 2006; Bradbury et al., 2002; Carter et al., 2011; X. Chen et al., 2014; García-Alías 

et al., 2009; H. Lee et al., 2010; Soleman et al., 2012). Intra-infarct perfusions of ChABC in a rat 

model of ischemic stroke rescued perilesional neurons and promoted the expression of GAP43 and 

synaptophysin, which is involved in synaptogenesis (X. Chen et al., 2014). CSPGs and the glial 

scar, however, also play a protective role, and their degradation could harm surviving tissue 

(Gleichman & Carmichael, 2014; Silver & Miller, 2004; N. R. Sims & Yew, 2017). Other studies 

have therefore attempted to enhance spinal plasticity to improve functional recovery after stroke. 
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Spinal delivery of ChABC to break down CSPGs and therefore reduce inhibition of spinal 

plasticity has been shown to improve functional recovery and promote sprouting of CST fibres 

after ischemic stroke affecting forelimb sensorimotor function (Soleman et al., 2012; Wiersma et 

al., 2017). Notably, this promotion of plasticity was also seen when spinal injections of ChABC 

were administered in chronic stroke, after the window for spinal plasticity has closed (Wiersma et 

al., 2017), suggesting it is possible to reopen a window for recovery. The effects of ChABC on 

functional recovery are promising and support investigating other proteins that interact with 

CSPGs as possible therapeutic targets. 

 

1.6 Pleiotrophin 

Pleiotrophin (PTN), or heparin-binding growth-associated molecule (BB-GAM), is an 18-

25 kDa protein that is present in high levels in the developing brain and declines in the progression 

to adulthood (González-Castillo et al., 2015; Kadomatsu & Muramatsu, 2004). During 

development, PTN plays important roles in cell proliferation and neurite outgrowth. In the rat 

nervous system, PTN mRNA has been detected as early as embryogenesis day 9 (E9) in 

multipotent precursor cells that go on to form neurons and glia, with levels peaking between 

postnatal days 7 (P7) and P14 (Wanaka et al., 1993). A similar pattern of expression was found in 

the rat spinal cord (Wanaka et al., 1993). Furthermore, in the neonatal rat brain, PTN expression 

was found to be closely associated with developing fibre tracts (Rauvala et al., 1994). In the mouse 

cerebellum, high levels of PTN mRNA were detected at P0 which then went on to decline towards 

adulthood, while PTN protein levels detected by Western blot analysis were high within the first 

2 postnatal weeks and then rapidly declined between P21 and adulthood (Basille-Dugay et al., 

2013). Cultured embryonic mouse neurons treated with recombinant PTN upregulated GAP43 
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expression via activation of the anaplastic lymphoma kinase (ALK)/glycogen synthase kinase 3  

(GSK3-)/-catenin pathway (Yanagisawa et al., 2010) (see Figure 1). In zebrafish embryos, cell 

transfection with a PTN expression plasmid enhanced neurite outgrowth (Chang et al., 2004). 

Evidence from rat hippocampal culture has also shown that PTN synthesized by glia enhances 

neurite outgrowth, while in the embryonic pig brain PTN binds heparin sulfate (HS) chains of 

syndecan-3 and chondroitin sulfate (CS) chains of phosphacan to mediate neurite extensions and 

neuronal migration (Bao et al., 2005). PTN and two of its known receptors, ALK and receptor 

protein tyrosine phosphatase  (RPTP-), are found in the hippocampus, where they are believed 

to modulate plasticity during learning (González-Castillo et al., 2015). This evidence suggests that 

PTN plays an important role in processes that are observed in the critical period of plasticity for 

the developing brain. 

While its expression is reduced in adulthood, PTN levels have been observed to fluctuate 

in certain contexts. Elevated levels of PTN have been observed in cancer, a disease of uncontrolled 

cell proliferation, and PTN levels are positively correlated with histopathological grade of 

astrocytomas (Kadomatsu & Muramatsu, 2004; Peria et al., 2007). A model of peripheral sciatic 

nerve injury in mice also demonstrated high levels of PTN in the injured nerve, exhibiting a pattern 

of expression that first favoured neurons and new Schwann cells early after injury, then 

macrophages 2 weeks post-injury (Blondet et al., 2005). PTN expression has also been observed 

in CNS disease and injury. In a rat model of Parkinson’s Disease (PD), upregulation of PTN 

mRNA and protein was seen in the striatum up to 3 weeks following lesion induction (Hida et al., 

2003). A model of targeted pericyte loss in mice that produced circulatory failure, as defined by 

cerebral blood flow (CBF), also reported a reduction in PTN mRNA in cortex and protein in 

cerebrospinal fluid (CSF) (Nikolakopoulou et al., 2019). Rapid pericyte loss is observed in several 
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CNS disorders, including the early stages of ischemic stroke (Nikolakopoulou et al., 2019). 

Finally, PTN has also shown a unique pattern of expression following ischemic stroke. In rats that 

underwent middle cerebral artery occlusion (MCAO), PTN mRNA and protein was elevated in 

reactive astrocytes in the perilesional area (Yeh et al., 1998). At day 3 post-stroke, PTN mRNA 

and protein expression was seen in macrophages near vessels within the infarct, and at day 7 this 

expression was also seen in hyperplastic blood vessels and their endothelial cells (Yeh et al., 1998). 

By 14 days post-stroke, PTN immunoreactivity was diminished (Yeh et al., 1998). This evidence 

displays a potential role for PTN in disorders of the CNS. 

As a protein that has been identified to enhance plasticity, modulation of PTN has been 

studied as a means for improving disease outcomes. Oligodendrocytes are essential for myelination 

throughout the CNS, and focal ischemic injury in humans can cause extensive damage to 

myelinated regions known as white matter (Dewar et al., 2003; Wang et al., 2016). Culturing fetal 

human oligodendrocyte precursor cells (OPC) with PTN increased the cytosolic accumulation of 

beta-catenin and maintained proliferative expansion of OPCs (McClain et al., 2012). Importantly, 

it was also shown that inhibition of GSK3-, which is downstream of PTN through the receptor 

ALK, and a lentiviral knock-down of RPTP-/, which is negatively regulated by PTN, had similar 

effects on beta-catenin increased T cell factor (TCF)-dependent transcription, a process that is 

related to the suppressed differentiation of OPCs (McClain et al., 2012) (see Figure 1). PTN can 

also have profound effects on microglia and astrocytes. In rat microglial culture that is subjected 

to the oxygen glucose deprivation (OGD) model, treatment with PTN promotes microglial 

proliferation and the secretion of BDNF and ciliary neurotrophic factor (CNTF) at 8 hours post-

reperfusion (Miao et al., 2012). In transgenic mice overexpressing PTN protein, 

lipopolysaccharide (LPS)-mediated astrocytosis was attenuated, while cytokine expression was 
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upregulated and microglia in this model of neuroinflammation show enhanced hypertrophism 

(Fernández-Calle et al., 2017). There is a positive correlation between mRNA of pro-inflammatory 

markers TNF- and inducible nitric oxide synthase (iNos) with PTN mRNA in the prefrontal 

cortex (PFC) of transgenic mice overexpressing PTN that have been treated with LPS, suggesting 

that PTN may be a mediator of neuroinflammation (Fernández-Calle et al., 2020). Furthermore, 

pharmacological inhibition of the PTN receptor RPTP-/ in LPS-treated mice enhances 

microglial proliferation, suggesting that PTN may be exerting its mediating effects on 

neuroinflammation through its negative regulation of RPTP-/ (Fernández-Calle et al., 2020). 

Exogenous PTN also has promising effects on neural plasticity processes. Treating dopaminergic 

cell cultures with PTN increased their proliferation and promoted survival (Hida et al., 2003). 

Hippocampal cell cultures overexpressing the full-length isoform of RPTP-/ showed a decrease 

in dendritic synapses; however, treatment with PTN reversed this effect  (Asai et al., 2009). PTN 

treatment of neuronal culture has also been shown to reverse the growth-inhibitory effects of 

CSPGs by binding CS side chains and inhibiting binding of protein tyrosine phosphatase  (PTP-

) to CSPGs (Paveliev et al., 2016). Furthermore, cortical PTN injections in a brain prick injury 

resulted in a denser dendritic tuft and a greater number of apical dendrites (Paveliev et al., 2016). 

In a spinal cord injury (SCI) model, PTN injection resulted in an increased number of axons 

traversing the injury site at 14, 21, and 28 days post-injury (Paveliev et al., 2016). This evidence 

suggests that PTN can improve the plasticity of cortical and spinal projections in injury contexts, 

as well as reverse the negative effects of CSPGs without digesting them. 

 PTN is thus a promising target for negating the degenerative effects of the ischemic cascade 

and potentially enhancing the window for plasticity to improve functional outcome in ischemic 

stroke. PTN has been shown to contribute to OPC proliferation, which can aid in the myelination 
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of new neurons and repairing white matter damage. Amplifying microglial responses in 

neuroinflammation has the potential to improve the phagocytic response of microglia following 

stroke. PTN’s close association with microvasculature following ischemic stroke could promote 

the survival of new neurons, as the post-stroke processes of angiogenesis and neurogenesis are 

closely related (Ohab et al., 2006). Furthermore, PTN can regulate plasticity by reversing the 

growth-inhibitory effects of CSPGs, which are abundant in the glial scar, as well as by activating 

ALK to promote downstream upregulation of GAP43 and inhibiting RPTP-/ to improve 

dendritic branching. 
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2. Experimental Objectives 

The objective of this research is to elucidate the effects of exogenous PTN adjacent to the 

infarcted tissue in a photothrombotic stroke in mice. We measured functional recovery from a 

photothrombotic lesion of the right sensorimotor forelimb and hindlimb cortex, as assessed by the 

Tapered Beam Test, which indicates limb function while walking and bilateral motor function, and 

the String Pull Test, which indicates postural function and forelimb function while performing a 

pulling motion. Additionally, we examined tissue-level indices of PTN action including activation 

of astrocytes and microglia, as indicated by glial fibrillary acidic protein (GFAP) and ionized 

calcium-binding adapter molecule 1 (Iba1); and myelination and proliferation of oligodendrocyte 

precursor cells, as indicated by expression of myelin basic protein (MBP) and O-antigen (O4). 
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3. Hypothesis 

 We hypothesized that if animals administered intracortical injections of PTN will exhibit 

greater functional recovery in the String Pull and Tapered Beam tests when compared to vehicle 

controls. We also predicted increased of Iba1 and GFAP and increased expression of O4 and MBP 

near PTN injection sites in the cortex. 
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4. Methods 

 
 
4.1 Animals 

All experimental procedures were performed on male and female C57BL/6J mice, age 24 to 

32 weeks old. Animals were housed in groups of three to five per cage under standard laboratory 

conditions of 12:12 hour light:dark cycles with temperature controlled at 22°C. Mice were fed a 

diet of standard laboratory chow ad libitium. Water was available ad libitium. Animals were 

allowed to acclimatize to the facility for 1 week before commencing any experimental procedures. 

All animal use was approved by The University of Alberta Animal Care and Use Committee and 

all animal protocols were conducted in accordance with Canadian Council on Animal Care 

Guidelines. 

 

4.2 Experimental Groups 

Our aim was to assess whether cortical delivery of PTN during the subacute phase 

following a photothrombotic stroke (2 days post-injury) could enhance adaptive plasticity and 

improve outcomes on tests of functional recovery. We investigated motor and sensory function of 

the forelimbs and hindlimbs, as well as anatomical and physiological changes in the affected and 

spared cortices. Mice were divided into six groups: stroke and sham groups with cortical injections 

of vehicle solution (phosphate buffered saline, PBS), stroke and sham groups with cortical 

injections of low-concentration PTN (250 ug/ml), and stroke and sham groups with cortical 

injections of high-concentration PTN (5 mg/ml). These animals were assessed on behavioural tasks 

for 6 weeks post-stroke. In a separate cohort, brains from animals receiving PBS and high-

concentration PTN were also extracted at the following timepoints after stroke: 3 days, 7 days, 14 
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days, and 28 days. These animals did not undergo behavioural testing. A total of 60 animals will 

be used for the behavioural study and 48 animals for the acute study. See Tables 1 and 2 for details 

on experimental group numbers used in this thesis. 

 

4.3 Behavioural Training and Testing 

For both behavioural tasks, animals were trained in a 2-week period alternating 5 days of 

training and 2 days of rest. Animals were rewarded after each training session with sucrose pellets. 

Stroke induction surgery immediately followed day 14 of the training schedule. After stroke 

induction, animals were assessed at every week post-injury for 6 weeks. Naive animals instead 

had a 7-day rest period following day 14 of their training schedule. See Table 3 for detailed training 

and assessment schedule. 

 

4.3.1 Tapered Beam Test 

The Tapered Beam Test was carried out as previously described (Ardesch et al., 2017). An 

automated touch sensor installed on a 100 cm beam that becomes progressively narrower (from 

3.5 cm to 0.5 cm) sensed foot faults as the mouse crossed. During the two-week training period, 

animals walked across the beam for 5 days each week and 5 trials each day. During post-stroke 

assessment, 3 trials were performed for each animal and the mean of these trials was used to 

indicate their performance at the given timepoint. Animals were rewarded with sugar pellets 

throughout training and testing. Analysis of foot faults was automated using capacitive touch 

sensors connected to a Raspberry Pi single-board computer to process and store data using a 

custom Python software. The outcome measures investigated here are total foot faults and left foot 



 21 

faults. This behavioural test has been validated in the photothrombotic stroke model in mice up to 

6 days post-stroke (Ardesch et al., 2017). 

 

4.3.2 String Pull Test 

The String Pull Test was carried out as previously described (Blackwell, Banovetz, et al., 

2018). During the first week of training, mice were trained in home cages where they were allotted 

1 hour to pull different lengths of string, half of which contained a sugar pellet reward. During the 

second week of training, the same style of training was performed in the testing apparatus, a clear 

box with slits at the top allowing for strings to be hung. Finally, for baseline measures pre-stroke 

and post-stroke assessment, 3 trials were filmed, each followed by a sugar pellet reward. Videos 

of mice pulling string were trimmed down to the first four consecutive pulls of each string, and the 

videos were renamed to blind individual conducting analysis. Analysis of these videos was 

performed using a MATLAB analysis package, which characterizes the whole-body motion 

throughout a given videoclip (Inayat et al., 2020). With this analysis, we investigated bimanual 

coordination, body angle, and left-hand reach throughout the string-pulling motion. This 

behavioural test has been validated for use in uninjured C57BL/6J and Swiss Webster Albino mice 

(Blackwell, Banovetz, et al., 2018; Inayat et al., 2020) and in rats with unilateral ischemic injury 

to the forelimb sensorimotor cortex (Blackwell, Widick, et al., 2018). 

 

4.4 Surgical Procedures 

Surgical procedures were performed in animals deeply anesthetized with 1.5-2% isoflurane 

(in 30% nitrogen and 70% oxygen) at a flow rate of 1 L/min. Body temperature was maintained at 

37°C with a rectal temperature probe and heating pad. All animals had incisions sutured and were 
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administered bupivicaine subcutaneously (0.003 mg/g body mass) as post-operative analgesic, 

then recovered in a cage with a heating pad maintained at 37°C. See Figure 1 for coordinates of 

photothrombotic stroke and cortical microinjections. 

 

4.4.1 Photothrombotic Stroke 

Mice were mounted in a stereotaxic frame and the right forelimb and hindlimb 

sensorimotor cortex was located using stereotaxic coordinates (0.75 to 2.75 mm medial/lateral 

[M/L], -1.75 to +1.75 mm anterior/posterior [A/P]; see Figure 2). This region was chosen 

according to mouse motor cortex maps defined by intracortical microstimulation (ICMS) studies 

(C.-X. Li & Waters, 1991; Tennant et al., 2011). A thin window was drilled over the 2 mm x 3.5 

mm area, followed by an intraperitoneal injection of 100 mg/kg Rose Bengal in saline. The area 

around the thinned region was blacked out and, 10 minutes after intraperitoneal injection, the 

thinned skull was illuminated with a collimated beam of green laser light (532 nm, 17 mW; ~ 4.0 

mm in diameter) for 20 minutes to activate the Rose Bengal and occlude all illuminated cortical 

vasculature, creating a focal ischemic lesion. Animals in sham groups were treated the same, with 

the exclusion of illumination of the thinned skull. This model was chosen for its ability to target 

defined areas of the cortex and high reproducibility (H. Li et al., 2014). 

 

4.4.2 Cortical Microinjections 

Mice were mounted in a stereotaxic frame and the target injection regions were located 

using stereotaxic coordinates (3 mm M/L and 0 mm A/P, 1.75 mm M/L and -2 mm A/P, and 1.75 

mm M/L and 2 mm A/P; see Figure 2). Each region was drilled until the skull was thin enough to 

puncture, avoiding injury to blood vessels and brain tissue. At each region, 0.5 uL of either high 
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dose PTN (5 mg/ml in phosphate buffered saline [PBS]), low dose PTN (0.25 mg/ml in PBS), or 

vehicle (PBS) was injected at a depth of 0.75 mm using a Hamilton syringe. Injection sites were 

covered with bone wax. 

 

4.5 Tissue Processing and Immunohistochemistry 

 

4.5.1 Transcardial Perfusion and Tissue Fixation 

Animals were administered 20% urethane intraperitoneally at a dose 0.015 ml/g body mass 

to induce endpoint anesthesia. When pedal reflexes were absent, the thoracic cavity was cut open 

to expose the heart while animal was pinned to 85-degree tray. A blunted needle tip connected to 

a perfusion pump was inserted into the left ventricle. A small incision was made in the right atria, 

and then approximately 5 mL of 0.9% saline solution was flushed through the animal, followed by 

approximately 15 mL of 1:10 formalin solution. Brain was extracted from perfused animal and 

stored in 1:10 formalin for 24 hours at 4°C, followed by 30% sucrose for 3 days at 4°C. 

 

4.5.2 Tissue Freezing and Sectioning 

Prior to freezing, brains were photographed with a dorsal view and these images were used 

for calculating infarct surface area using ImageJ software. Brain tissue was frozen in Optimal 

Cutting Temperature (OCT) Compound in isopentane over dry ice so that it was attached to a filter 

paper by the caudal end. Following freezing, tissue was stored at -20°C. A Leica Cryostat was 

used to section the tissue to collect coronal slices of brain tissue at a thickness of 30 microns over 

8 series. See Figure 3 for anatomical guide of where tissue collection begins and ends. 
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4.5.3 Immunohistochemistry and Imaging 

See Table 4 for detailed dilutions and immunohistochemistry (IHC) antibodies. Brain 

tissue slides were washed in PBS 3 times for 10 minutes each, after which they were incubated 

with a blocking solution of 10% Universal Blocker (UB) and 90% PBS 0.1% Triton X-100 (0.1% 

Triton X-100 in PBS, PBSTx) for 1 hour at room temperature. Slides were then incubated overnight 

with the primary antibody solution, prepared with the appropriate antibody dilutions in 2% UB, 

2% Bovine Serum Albumin (BSA), and 96% PBSTx. Slides were washed in PBS 0.1% TWEEN 

20 (0.1% TWEEN 20 in PBS, PBStween) twice and in PBS once for 10 minutes each wash, then 

incubated for 1 hour with the secondary antibody solution, prepared with the appropriate antibody 

dilutions in 2% UB, 2% Bovine Serum Albumin (BSA), and 96% PBSTx. After this incubation 

period, slides were washed in PBS 0.1% TWEEN 20 (0.1% TWEEN 20 in PBS, PBStween) twice 

and in PBS once for 10 minutes each wash, then mounted with DAPI or FluoroMount and 

coverslipped. Following immunohistochemistry, slides were stored at 4°C. Slides were imaged 

using an epifluorescent microscope. 

 

4.6 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism v9. For Tapered Beam Test, the 

number of total and left foot faults was obtained from the touch sensors and averaged over three 

trials per timepoint for each animal. For String Pull Test, the automated MatLab software was used 

to obtain measures of bimanual coordination (correlation between the vertical distance each hand 

travels during motion), left hand Y-reach (vertical distance travelled by the left hand during 

reaching motion), and posture (the angle of body during string pulling and the height of body 

during string pulling). For epifluorescent images collected of immunohistochemistry slides, 
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ImageJ was used to perform intensity measurements and cell counts to quantify histological 

changes at each timepoint and in each treatment group. Outliers were identified using the ROUT 

method. The Shapiro-Wilk test was used to determine if data sets adhered to normal distribution. 

If normal distribution could be assumed, two-way analysis of variance (ANOVA) was used to 

determine main effect of treatment and time in behavioural data and one-way ANOVA was used 

to determine main effect in histological data. If normal distribution could not be assumed, the 

Kruskal-Wallis test was used to determine main effect. Researcher was blinded during the analysis 

of collected behavioural data and images. 
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5. Results 

 
 
5.1 Stereotaxic placement of photothrombotic strokes produced similar infarcts among treatment 

groups that were still visible 6 weeks post-stroke 

 While infarct volume in a rapidly developing photothrombotic stroke would not be affected 

by delayed PTN administration (and thus infarct volume was not measured), verification of stroke 

location was performed. Formalin-perfused brains were photographed with a millimetre scale, then 

these images were used to verify and measure surface area of visible infarct with the polygon tool 

in ImageJ/FIJI. The infarct was identifiable by an area of scarring surrounded by indented or 

“caved-in” brain tissue. Figure 4 shows the mean surface area of the infarcts in each treatment 

group, with individual values graphed and the error bars displaying standard deviation. No main 

effect of treatment on stroke surface area was observed (P=0.631), suggesting negligible variation 

in stroke size between treatment groups. 

 

5.2 Tapered Beam and String Pull tasks did not reveal deficits in injured groups regardless of 

treatment 

 The experimental timeline for stroke induction and behavioural assays is displayed in 

Figure 5A. Baseline measurements were taken twice before stroke induction, then post-stroke 

measures were taken every week following stroke for both Tapered Beam and String Pull tasks. 

All control groups (Naive, PBS-Sham, Low PTN-Sham, and High PTN-Sham) were pooled to 

form a “Controls” group for comparing against injured animals of different treatments. In Figure 

5B, mean total foot faults of each experimental group per timepoint are shown. Two-way ANOVA 

revealed a main effect of time (P=0.015); however, Šídák’s multiple comparisons test revealed no 
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significance between timepoints for any of the treatment groups. The mean and standard deviation 

of total foot faults for each group at each timepoint can be found in Table 5. In Figure 5C, the 

mean total foot faults have been normalized to baseline measurements. The baseline measurement 

used for normalizing was the mean total foot faults of the two baseline timepoints. Two-way 

ANOVA revealed no main effects for normalized total foot faults. The mean and standard 

deviation of total foot faults normalized to baseline of each group at each timepoint can be found 

in Table 6. Figure 5D shows the mean foot faults performed with the left feet, which is the stroke-

affected side. Though two-way ANOVA revealed a main effect of time (P<0.001), Šídák’s 

multiple comparisons test revealed no significant comparison between timepoints within any of 

the treatment groups. The mean and standard deviation of left foot faults for each group at each 

timepoint can be found in Table 7. In Figure 5E, the mean left foot faults for each group have been 

normalized to baseline using the same method as that used for normalization of total foot faults. 3 

animals in the PBS-Stroke group had a baseline measurement of left foot faults of 0, so they were 

excluded from this measure. Two-way ANOVA revealed a main effect of time (P=0.041) and 

Šídák’s multiple comparisons test revealed a significant difference between mean left foot faults 

at 4 weeks and 6 weeks post-stroke in High PTN/Stroke animals. No other significant comparisons 

were observed. The mean and standard deviation of left foot faults normalized to baseline for each 

group at each timepoint can be found in Table 8. 

 Figures 5F-H display performance on the String Pull task for select animals. Five randomly 

selected animals from the Naive, High PTN-Stroke, and PBS-Stroke groups were analyzed on 

String Pull task measures at the 1 week post-stroke timepoint. Figure 5F shows mean body angle 

during string pulling motion at 1 week post-stroke. The Kruskal-Wallis test revealed no main effect 

(P=0.145). Figure 5G shows mean bimanual coordination, a measure of how well subjects alternate 
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their hand motions during string pulling, at 1 week post-stroke. Ordinary one-way ANOVA 

revealed no main effect (P=0.056). Figure 5H shows the mean Y-Reach of the left hand, or the 

vertical distance travelled by the left hand during the reaching motion of string pulling, at 1 week 

post-stroke. Ordinary one-way ANOVA revealed no main effect (P=0.935). 

 

5.3 Correlations in Tapered Beam and String Pull task measures to infarct surface area 

Due to the lack of clear stroke-related deficits in these tasks, performance was probed 

further and correlated with surface area measurement of stroke size. The animals with the largest 

infarct surface areas were first selected for further investigation into behavioural performance, 

regardless of treatment group. The mean stroke surface area of these 8 animals was 2.09 mm2 with 

a standard deviation of 0.960 mm2.  

Figure 6A shows mean total foot faults at each timepoint for naive animals and the selected 

stroke animals. Two-way ANOVA revealed no main effects. The mean and standard deviation of 

total foot faults for each group at each timepoint can be found in Table 9. In Figure 6B, mean total 

foot faults were normalized to baseline and two-way ANOVA revealed a main effect of time 

(P=0.034), but Šídák’s multiple comparisons test showed no significant differences timepoints 

within any treatment group. The mean and standard deviation of total foot faults normalized to 

baseline for each group at each timepoint can be found in Table 10. In Figure 6C, mean left foot 

faults made at each timepoint are shown. Two-way ANOVA revealed a main effect of time 

(P=0.041), but Šídák’s multiple comparisons test did not show any significant differences 

timepoints within any treatment group. Mean and standard deviation of left foot faults at each 

timepoint are shown in Table 11. When left foot faults were normalized to baseline, as shown in 

Figure 6D, two-way ANOVA revealed no main effects. Mean and standard deviation of left foot 
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faults normalized to baseline for each group at each timepoint are shown in Table 12. In Figure 7, 

we investigated the correlation between stroke surface area at 6 weeks post-stroke and Tapered 

Beam task performance at the earliest recorded timepoint, 1 week post-stroke. No significant 

correlation was found between stroke surface area and total foot faults (Figure 7A, P=0.4941), left 

foot faults (7B, P=0.2983), total foot faults normalized to baseline (7C, P=0.1254), or left foot 

faults normalized to baseline (7D, P=0.3669). 

For the animals from the two stroke groups assessed in the String Pull task, their task 

measured were plotted against stroke surface area to investigate the relationship between stroke 

size and task performance. Figure 8A shows body angle during string pulling at 1 week post-stroke 

versus stroke surface area at 6 weeks post-stroke. A significant bivariate correlation was observed 

between these two variables, with P=0.0338 and R2=0.4498. Figure 8B shows bimanual 

coordination during string pulling at 1 week post-stroke versus stroke surface area at 6 weeks post-

stroke. No significant bivariate correlation was observed (P=0.7315, R2=0.01554). Figure7C 

shows left hand Y-reach during string pulling at 1 week post-stroke versus stroke surface area at 

6 weeks post-stroke. No significant bivariate correlation was observed (P=0.5811, R2=0.03969). 

 

5.4 Visualization of PTN at injection sites 

ImageJ software was used to calculate mean gray value of images of PTN 

immunohistochemistry at regions targeted for cortical microinjection of PTN. These measures 

were normalized against mean gray value of the contralesional cortex to obtain mean fluorescence 

intensity of PTN. The three measures of mean fluorescence intensity were averaged for each 

animal. Immunohistochemistry of PTN was used as an indicator of the presence of PTN protein in 

brain tissue. Figure 9A shows the mean fluorescence intensity of PTN in naive animals and at 3 
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and 14 days post-stroke for both PBS- and PTN-treated animals. Ordinary one-way ANOVA 

revealed no main effect (P=0.313), so posthocs were not performed. Figures 8B-F show 

representative images of PTN (green) and DAPI (blue) images from each investigated 

experimental group. PTN is expressed by cells in peri-infarct cortex, and this may reduce the 

sensitivity of intensity measures. Qualitative assessment of PTN immunohistochemistry suggests 

greater parenchymal (extracellular) labeling in PTN injected animals relative to PBS controls, 

potentially reflecting PTN from injection. 

 

5.5 Iba1 and GFAP fluorescence were pronounced following stroke, but unaffected by treatment 

ImageJ software was used to calculate mean gray value of images of Iba1, a marker of 

reactive microglia, and GFAP, a marker of reactive astrocytes, immunohistochemistry at regions 

targeted for cortical microinjection of PTN. These measures were normalized against mean gray 

value of the contralesional cortex to obtain mean fluorescence intensity of Iba1 and GFAP. The 

three measures of mean fluorescence intensity were averaged for each animal. Figure 10A shows 

the mean fluorescence intensity of Iba1 in naive animals and at 3, 7, and 14 days post-stroke for 

both PBS- and PTN-treated animals. Kruskal-Wallis test revealed a main effect (P<0.001). Dunn’s 

multiple comparisons test showed a significant difference between Naive and 7dps-PBS groups 

(p<0.001) and Naive and 7dps-PTN groups (p=0.001). Figure 10B shows the mean fluorescence 

intensity of GFAP in naive and 3, 7, and 14 days post-stroke for both PBS- and PTN-treated 

animals. Kruskal-Wallis test revealed a main effect (P=0.002). Dunn’s multiple comparisons test 

showed a significant difference between Naive and 3dps-PBS groups (p=0.022), Naive and 3dps-

PTN groups (p=0.025), Naive and 7dps-PBS groups (p=0.046), and Naive and 7dps-PTN groups 
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(p=0.007). Figures 9C-I show representative images of Iba1 (red) and GFAP (green) for each 

investigated experimental group. 

Additionally, ImageJ software was used to conduct cell counts of Iba1-positive (Iba1+) 

cells on randomly selected animals at 7 days post-stroke and naive animals (Figure 11). Cell counts 

in the ipsilesional cortex were normalized to cell counts of the contralesional cortex for all animals, 

and the data points visible in Figure 11A are means of the cell counts at each of the injection sites. 

Kruskal-Wallis test revealed a main effect (P=0.0141). Dunn’s multiple comparisons test showed 

a significant difference between Naive and the PTN treatment group (p=0.0275), but no other 

groups. Figure 11B-D shows representative images of Iba1 fluorescence for each investigated 

experimental group. 

 

5.6 Myelination is not clearly altered by PTN 

 ImageJ software was used to calculate mean gray value of images of MBP and O4 

immunohistochemistry at regions targeted for cortical microinjection of PTN. MBP is commonly 

found in the myelin sheath and expressed by mature oligodendrocytes, while O4 is expressed in 

immature oligodendrocytes. These measures were normalized against mean gray value of the 

contralesional cortex to obtain mean fluorescence intensity of MBP and O4. The three measures 

of mean fluorescence intensity were averaged for each animal. Figure 12A shows the mean 

fluorescence intensity of MBP in naive animals and at 3, 7, and 14 days post-stroke for both PBS- 

and PTN-treated animals. Kruskal-Wallis test revealed no main effect (P=0.218). Figures 12B-H 

show representative images of MBP (green) for each investigated experimental group. Figure 13A 

shows the mean fluorescence intensity of O4 in naive animals and at 3, 7, and 14 days post-stroke 

for both PBS- and PTN-treated animals. Kruskal-Wallis test revealed a main effect (P=0.023). 
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Dunn’s multiple comparisons test showed a significant difference between Naive and 3dps-PBS 

groups (p=0.021). Figures 13B-H show representative images of O4 (green) for each investigated 

experimental group. 
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6. Discussion 

 Most functional recovery from stroke occurs in the first 3 months in humans (Nakayama 

et al., 1994; Wade et al., 1983) and in rodents, much of the recovery occurs within the first few 

weeks (Krakauer et al., 2012). Rodent models of photothrombosis are characterized by a 

pronounced glial response in the first few days following infarct and functional deficits specific to 

the targeted region (Jablonka et al., 2010; H. Li et al., 2014; Shanina et al., 2006; Uzdensky, 2018). 

In this study, we sought to determine if PTN microinjections delivered to the cortex during the 

acute phase of stroke recovery could assist functional recovery of deficits associated with the 

sensorimotor forelimb and hindlimb cortex and influence glial physiology in the ischemic brain.  

 

6.1 Tapered Beam task and String Pull task measures detect minimal functional deficits due to 

photothrombosis targeted via stereotaxic coordinates 

 Investigation of brain tissue post-mortem revealed clear infarcts that remained visible 6 

weeks after stroke induction (Figure 4). No visible injury was observed at cortical microinjection 

sites in stroke or sham groups. Treatment did not affect stroke size at endpoint. Despite the 

presence of clear infarcts, there were no significant functional deficits observed in Tapered Beam 

(Figure 5B-E) or String Pull (Figure 5F-H) task measures. Additionally, there were no significant 

differences in task performance between injured animals of different treatment groups. Selecting 

the animals with the largest strokes and comparing them to naive animals also did not reveal clear 

deficits in Tapered Beam task performance (Figure 6) and plotting task performance against stroke 

surface area (Figure 7) also did not reveal any correlation between infarct size and functional 

performance. Investigating the relationship between stroke size and String Pull task performance, 

however, did reveal a negative correlation between body angle during string pulling and stroke 
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size (Figure 8A), where animals with larger strokes displayed a smaller body angle during string 

pulling motion. Bimanual coordination and the vertical distance travelled by the left hand during 

reaching showed no relation to stroke size (Figure 8B-C). 

This data suggests that the chosen tasks are not sensitive enough for the specific injury 

model used. It is possible that the targeting of forelimb and hindlimb associated sensorimotor 

cortex might influence deficits. Here, stereotaxic coordinates were used to target forelimb and 

hindlimb sensorimotor cortex, and these coordinates may not account for individual subject 

variation in brain mapping. A more specific method of targeting the forelimb and hindlimb 

sensorimotor cortex, such as sensory evoked intrinsic signal mapping, could be better suited to 

these behavioural tests. Unpublished data from the Winship lab identifies transient deficits (1-2 

weeks post-stroke) in the Tapered Beam Task in mice when forelimb sensorimotor cortex was first 

visualized with somatosensory evoked intrinsic imaging and then targeted for infarction (Bandet 

& Winship, unpublished data). Finally, reduced performance on the Tapered Beam task could be 

masked by intact locomotor networks, as subcortical motor networks responsible for this function 

(Darmohray et al., 2019; Han et al., 2013; Muzzu et al., 2018; Saleem et al., 2013) remained 

uninjured in our model. Notably, the use of this Tapered Beam task in photothrombosis has not 

been pursued on a timescale this large, but only up to 7 days post-stroke, with deficits being 

detected in mice with photothrombosis up to 6 days post-stroke (Ardesch et al., 2017). Similarly, 

in rat models of stroke, the Tapered Beam task has elucidated the most notable deficits up to 1 

week post-stroke (Karthikeyan et al., 2019; Obermeyer et al., 2019; Schaar et al., 2010). The String 

Pull task has also been largely explored in rat models of stroke, where measures such as bimanual 

coordination and reaching distance of the injured paw deficits within the first week of injury 

(Blackwell, Köppen, et al., 2018; Blackwell, Widick, et al., 2018). Given the current literature, the 
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results we observed in our mouse subjects reinforce the need for a larger or more focused infarct, 

as well as further characterization of these tasks in mice. In line with the literature, the observed 

significant main effects in Tapered Beam task measures and a significant correlation between body 

angle during string pulling and stroke size suggest that the use of these tasks in assessing stroke 

injury is worth continued investigation. For the purposes of this study, the tasks were not sensitive 

enough to our injury model to conclude whether PTN cortical injection improves functional 

recovery post-stroke. 

 

6.2 Cortical microinjection of PTN resulted in notable extracellular parenchymal expression of 

PTN in the ipsilesional cortex 

 To determine the effectiveness of our PTN administration method, we sought to 

characterize PTN protein expression post-stroke in animals that received PTN treatment and 

animals that received vehicle (PBS) treatment. Immunohistochemistry was used to label PTN 

protein in the cortex and a DAPI stain was used to identify cell nuclei. No statistically significant 

variation in PTN fluorescence intensity was observed among the selected timepoints, though 

images and graphs suggest a larger sample size may have confirmed higher PTN levels injected in 

tissue (Figure 9A). Imaging of PTN showed a cytosolic expression around cell nuclei, especially 

at 3 days post-stroke, in both PBS and PTN animals (Figure 9B, E). Though the mean fluorescence 

intensity was slightly more pronounced in PTN groups at both 3 and 14 days post-stroke, this was 

not a significant difference. An increased fluorescent signal around cells suggests increased PTN 

in the extracellular parenchyma, which could reflect PTN binding to CSPGs. However, the lack of 

a clear PTN signal could suggest that our dosage of PTN is not strong enough or that our antibody 

does not label PTN in tissue. Our highest dosage was 5 mg/ml, whereas some studies have used 
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dosages as large as 10 mg/ml PTN for cortical microinjections (Paveliev et al., 2016). Another 

factor could be the timing of PTN injection. Existing literature supports that the presence of 

endogenous PTN protein and Ptn mRNA following ischemic stroke in a rat model is pronounced 

ay 3 and 7 days post-stroke, but diminished by day 14 (Yeh et al., 1998). Likewise, other 

investigations in our lab have found that post-stroke PTN protein levels are most pronounced at 7 

days post-injury (Munchrath & Winship, unpublished data). Elevated endogenous expression may 

mask PTN signal due to injection. Additionally, a better timepoint for encouraging sustained 

elevation of PTN in the ischemic cortex may be at day 7, when PTN levels start to drop off, instead 

of at day 2, when they are just starting to rise. Finally, a method more suited to quantification, such 

as Western blotting, may more accurately relate injection dose to PTN protein levels in cortical 

tissue. 

  

6.3 Markers of glial reactivity were not significantly altered in the presence of exogenous PTN 

 Microglia and astrocyte activity following ischemic stroke has been widely studied and 

characterized in many injury models, including photothrombosis. Additionally, the effects of PTN 

on microglia have been documented. Notably, in vitro PTN regulates microglial proliferation and 

enhances phagocytic activity in response to LPS-induced inflammation and oxygen deprivation 

(Fernández-Calle et al., 2017; Miao et al., 2012), while transgenic studies show that PTN enhances 

the inflammatory response of microglia by its inhibition of RPTP-beta/zeta (Fernández-Calle et 

al., 2020). The administration of exogenous PTN and its effects on microglia have also been 

investigated, particularly in a mouse model of multiple sclerosis (MS) where PTN increased 

cytokine expression by different microglial subtypes (Miao et al., 2019), and in SCI and brain 

prick injury model in mice, where PTN administration improved neurite outgrowth and dendritic 
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sprouting (Paveliev et al., 2016). Microglia are also known to express PTN in animal models of 

CNS injury (Fernández-Calle et al., 2018; Kaspiris et al., 2016; X. Liu et al., 1998; Yeh et al., 

1998). While the effects of PTN on astrocytes have been less explored, current literature suggests 

that PTN attenuates the reactivity of astrocytes in the presence of inflammation (Fernández-Calle 

et al., 2017) and that astrocyte-derived PTN is an important regulator of inflammation and 

regeneration in CNS injury (Iseki et al., 2002; Linnerbauer et al., 2022).  

Here, at 7 days post-stroke, Iba1 fluorescence was enhanced in both treatment groups when 

compared to naive animals; however, there was no variation in Iba1 fluorescence intensity between 

treatment groups at any timepoint (Figure 10A). In naive brains, Iba1 shows a typical unreactive 

morphology of microglia, with minimal processes and small cell bodies. From 3 to 7 days post-

stroke, Iba1+ cells begin to show a swelled morphology with multiple extensive processes, and by 

14 days post-stroke Iba1+ cells return to a state more similar to the expression seen in naive brains. 

This algins with the acute immune response observed in photothrombosis (H. Li et al., 2014). 

Representative images of this morphology can be seen in Figures 9C-I where Iba1 is shown in red. 

The effects of PTN on astrocytes have not been investigated to the best of our knowledge. At 3 

and 7 days post-stroke, GFAP fluorescence was enhanced in both treatment groups when 

compared to naive animals; however, there was no variation in GFAP fluorescence intensity 

between treatment groups at any timepoint (Figure 10B). GFAP is typically used as a marker of 

reactive astrocytes observed to participate in glial scar formation in ischemic stroke (Silver & 

Miller, 2004). In naive brains, GFAP expression is very minimal with only a few short processes 

appearing. GFAP expression is most pronounced at 3 days post-stroke as the glial scar is forming 

around the damaged brain tissue. Expression is sustained at 7 days post-stroke. At these timepoints, 

GFAP+ cells have visible cell bodies with extensive processes. At 14 days post-stroke, the 
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presence of GFAP+ cells is diminished, though the expression still shows some pronounced cell 

bodies with numerous processes instead of the non-reactive state observed in naive brains. This 

progression of astrocytic morphology was seen in both PBS- and PTN-treated animals, suggesting 

that post-stroke astrogliosis is not affected by our treatment model. 

 This data suggests that typical glial density and morphology are unaffected by our 

administration of PTN, at least in these immunoassays. Given established effects of PTN on glial 

cells in vitro  and in a variety of injury models (Fernández-Calle et al., 2017; Iseki et al., 2002; 

Kaspiris et al., 2016; Linnerbauer et al., 2022; X. Liu et al., 1998; Miao et al., 2012, 2019; Yeh et 

al., 1998), a more sensitive assessment of glial cell activation via transcriptomics on isolated brain 

tissue or in situ hybridization may be warranted. Moreover, PTN alters cytokine release from 

microglia, and this may happen without apparent density or morphological changes (Fernández-

Calle et al., 2017; Miao et al., 2012, 2019). Additionally, neurons are known to widely express 

PTN (Wanaka et al., 1993; Yeh et al., 1998) and exhibit neurite outgrowth and regeneration in the 

presence of PTN (González-Castillo et al., 2015; Gupta et al., 2022; Hida et al., 2003; Taravini et 

al., 2011). Glial cells play a significant role in dictating neuron survival and regeneration in CNS 

injury (Y. Chen et al., 2001; Z. Liu & Chopp, 2016; Oshima et al., 2009; Patterson, 2015; Silver 

& Miller, 2004; Xu et al., 2020); however, it would be of interest to determine whether the trophic 

effects of PTN can directly enhance neuronal outcomes. Investigating measures such as neuron 

density or mature neuron cell counts would serve to elucidate the trophic effects of PTN on neurons 

and their progenitors. 

 



 39 

6.4 Markers of OPCs were elevated after stroke, but myelination markers remained stable 

 PTN has been observed to affect the proliferation of OPCs and myelination (McClain et 

al., 2012; Reyes-Mata et al., 2021). Through increased phosphorylation of RPTP-zeta, PTN is 

associated with an increased number of OPCs available for differentiation (Kuboyama et al., 2015, 

2016; McClain et al., 2012; Tanga et al., 2019). Exogenous administration of PTN is associated 

with increased expression of mature oligodendrocyte markers (Kuboyama et al., 2017) and both 

oligodendrocyte-derived PTN and exogenous PTN promote further oligodendrocyte 

differentiation (Z. Liu et al., 2022). 

 By observing O4 and MBP expression, we can visualize post-stroke oligodendrocyte 

differentiation in the presence of PTN treatment. In the present study, no significant changes in 

mean fluorescence intensity of MBP were observed (Figure 12A). MBP levels remained relatively 

stable and expression patterns appeared similar throughout experimental groups. MBP+ processes 

appear encircle cell body-like structures, which can be seen as circular gaps in MBP expression. 

Representative images of this are available in Figure 12B-H. Furthermore, O4 expression was 

significantly elevated at 3 days post-stroke but not at any other timepoint or between any treatment 

groups (Figure 13A). O4 expression appeared to take on a punctate cytosolic pattern, particularly 

visible in naive brains (Figure 13E). This data suggests that the investigated treatment did not have 

pronounced effects on oligodendrocyte activity or differentiation in the post-stroke brain. Further 

investigating O4 expression through other quantification methods, such as cell counting, would be 

more informative, especially since the role of PTN in OPC proliferation has been well-

documented. Additionally, investigating markers of OPCs, such as platelet-derived growth factor 

receptor alpha (PDGFR-alpha) (Wilson et al., 2006), and mature oligodendrocytes, such as myelin-

oligodendrocyte glycoprotein (MOG) (Scolding et al., 1989), for cell counting could better inform 
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us on oligodendrocyte maturation and differentiation post-stroke and in the presence of PTN. We 

could also pursue in vivo measures of oligodendrocyte myelination, such as spectral confocal 

reflectance microscopy (SCoRe), which is a label-free method that would allow for imaging of 

myelination throughout stroke recovery (Hill et al., 2018; Schain et al., 2014). However, the above 

data could also suggest investigating a more promising timepoint for PTN administration, such as 

7 days post-stroke as mentioned above. 

 

7. Conclusion 

 Stroke is a leading cause of disability and third leading cause of death in Canada, with the 

numbers of people living with stroke-related disability only expected to increase over the next 

decade (Government of Canada, 2017; Krueger et al., 2015). The vast majority of stroke-related 

disability is characterized by hemiparesis and muscle weakness (Carey, 1995; Kessner et al., 

2016). This thesis investigated a therapy with the potential to modulate protective processes in the 

cortex after ischemic injury, as well as improve functional outcomes. 

 In this study, we tested the hypothesis that animals administered intracortical injections of 

PTN would exhibit greater functional recovery in the String Pull and Tapered Beam tests when 

compared to their baseline performance; enhanced microglial and astrocytic reactivity; and 

increased expression of O4 and MBP. The cortical microinjections of PTN were targeted to regions 

surrounding the infarct, which are known to be rich with growth-promoting factors post-stroke and 

important for functional remapping and spontaneous recovery (Carmichael et al., 2005; Nudo, 

2007; Winship & Murphy, 2009). If exogenous PTN can enhance microglial proliferation, 

astrocyte reactivity, and OPC proliferation, then these are all factors that would serve to protect 

and reduce further damage to this growth-permissive region during functional recovery. However, 
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we found that our selected behavioural tests, String Pull and Tapered Beam, did not reveal any 

treatment effects as they were not sensitive enough for this injury model despite previous reports. 

For further study, it would be beneficial to use intrinsic imaging to target specific functional 

regions for infarction and investigate earlier timepoints post-stroke when Tapered Beam and String 

Pull task outcomes have been clearly identified. To test whether indices of PTN activity in tissue 

could be detected, immunofluorescent markers were used to examine glial activation and 

morphology post-stroke. While extracellular parenchymal expression of PTN protein was 

detectable in the brain, its expression was not significantly affected by treatment at any timepoint 

following stroke. Additionally, the characterization of glial cells in PTN-treated animals did not 

significantly vary from that of vehicle-treated animals. There were no clear differences in Iba1 or 

GFAP expression between treatment groups at any timepoint following stroke; however, 

conduction of Iba1+ cell counts revealed enhanced proliferation of microglia in the presence of 

PTN treatment at 7 days post-stroke. Cell counts of remaining timepoints would further elucidate 

the timescale of this effect. Additionally, cell counts of GFAP+ cells could give a clearer view of 

astrocyte response to exogenous PTN, which would help fill an existing gap in the literature 

concerning the effects of PTN on astrocytes in the presence of CNS injury. Further, no clear 

differences in MBP or O4 expression were detected between treatment groups. As the effects of 

PTN on oligodendrocyte differentiation in development and injury have been well-documented, 

more sensitive measures of these markers should be explored. This would include quantifying 

markers of different timepoints of oligodendrocyte development, namely PDGFR-alpha and 

MOG, and using SCoRe imaging to quantify post-stroke myelination in response to PTN treatment 

in vivo. Finally, as this data suggests that our periinfarct injections were not having dramatic effects 

on glial activation in our regions of interest, administering PTN at a later timepoint, such as 7 days 
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post-stroke, may have a greater effect on the availability of PTN as it would align with the natural 

decrease in endogenous PTN expression post-stroke. 

 In this present study, while our injury model produced visible strokes and animals showed 

typical stroke pathophysiology, we did not observe clear deficits in behaviour or any effect of 

cortical microinjections of PTN on expression of glial markers or quantifiable availability of PTN 

protein. We have identified areas for further investigation and potential improvements upon the 

study design which may help us further elucidate the effects of PTN on sensorimotor functional 

recovery and glial activity in the ischemic brain. 
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Appendix I: Figures 

 

Figure 1. Diagram outlining pathways of interest that PTN acts on. PTN can activate ALK directly 

or indirectly, by inhibiting RPTP-beta/zeta which acts to dephosphorylate ALK. PTN activity 

therefore results in higher levels of phosphorylated ALK, which can activate 2 important pathways. 

Activated ALK can inhibit GSK3-, which prevents the proteasomal degradation of beta-catenin. 

Accumulation of -catenin contributes to the proliferation of OPCs and the upregulation of 

GAP43. Activated ALK also activates phosphoinositide 3-kinase (PI3K), which then 

phosphorylates AKT. Activated AKT promotes pathways of cell survival, anti-apoptosis, cell 

proliferation, and angiogenesis. One way it does this is through the activation of mechanistic target 

of rapamycin (mTOR). 
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Figure 2. Coordinates of infarct area and injection sites. L indicates the left side of the brain and 

R indicates the right side of the brain for the purposes of orientation. The red box indicates the 

area that will be thinned and illuminated to induce photothrombotic stroke. The purple dots 

indicate the injection sites for cortical microinjection of PTN or its vehicle, PBS. 
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Figure 3. Start and end points of tissue collection. A) indicates the start point of tissue collection 

while sectioning and B) indicates the end point. This protocol spans 4800 microns of brain tissue 

rostro-caudally. 
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Figure 4. Surface area of visible infarct on formalin-perfused brains. Indicates the mean surface 

area in each stroke group, with individual values present and error bars displaying standard 

deviation (PBS-Stroke Mean=1.10 mm2, SD=0.361 mm2; Low PTN-Stroke Mean=1.35 mm2, 

SD=0.851 mm2; High PTN-Stroke Mean=0.964 mm2, SD=0.463 mm2). The ROUT method for 

detecting outliers found one outlier in the PBS-Stroke group, which was removed prior to carrying 

out the Shapiro-Wilk test for normality and the consequent Kruskal-Wallis test for main effects. 

With an approximate P=0.631, no main effect of treatment on stroke surface area was observed.  
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Figure 5. Behavioural outcomes following injury and treatment, assessed by the Tapered Beam 

and String Pull Tasks. The abbreviation “wps” indicates “weeks post-stroke.” A) details the 

experimental timeline. B-E) displays results on the Tapered Beam task, with the control groups 

(Naive, PBS-Sham, Low PTN-Sham, and High PTN-Sham) pooled together. Error bars display 

the standard deviation. B) shows the mean total foot faults made per timepoint in each experimental 

group. Though two-way ANOVA revealed a main effect of time (P=0.015), Šídák’s multiple 

comparisons test did not reveal any significance between timepoints within any treatment group. 

C) shows the mean total foot faults made per timepoint in each experimental group, normalized to 

baseline. Two-way ANOVA revealed no main effects in this measure. D) shows mean left foot 

faults made per timepoint in each experimental group. Though two-way ANOVA revealed a main 

effect of time (P<0.001), Šídak’s multiple comparisons test did not reveal any significance between 

timepoints within any treatment group. E) shows mean left foot faults made per timepoint in each 

experimental group, normalized to baseline. Two-way ANOVA revealed a main effect of time 

(P=0.041), though Šídák’s multiple comparisons test did not reveal a significant difference 

between any timepoint within treatment groups. 3 animals were excluded from the PBS-Stroke 

group in this measurement due to their baseline measure of left foot faults being equal to 0. F-H) 

displays results on the String Pull task at 1 week post-stroke for animals selected while researcher 

remained blinded. The animals in the PTN-Stroke group received the 5 mg/ml dosage of PTN. F) 

shows body angle in each experimental group at 1 week post-stroke, where Kruskal-Wallis test 

revealed no main effect (P=0.145). Naive Mean=88.1, SD=1.80; PTN-Stroke Mean=84.2, 

SD=8.78; PBS-Stroke Mean=80.6, SD=4.74. G) shows bimanual coordination in each 

experimental group at 1 week post-stroke, where ordinary one-way ANOVA (cont. overleaf) 

revealed no main effect (P=0.056). Naive Mean=-0.162, SD=0.0130; PTN-Stroke Mean=-0.363, 
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SD=0.333; PBS-Stroke Mean=0.0501, SD=0.249. H) shows the Y-reach of the left hand, or the 

vertical distance travelled by the left hand during reach motion, at 1 week posts-stroke, where 

ordinary one-way ANOVA revealed no main effect (P=0.935). Naive Mean=132 mm, SD=21.9 

mm; PTN-Stroke Mean=135 mm, SD=87.2 mm; PBS-Stroke Mean=120 mm, SD=78.8 mm). 
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Figure 6. Tapered Beam performance when selecting for the largest observed strokes. The 

abbreviation “wps” indicates “weeks post-stroke.” The 8 animals with the largest strokes were 

selected, regardless of treatment, and pooled together as a Stroke group to compare to Naive 

animals. The error bars show standard deviation. A) shows mean total foot faults made by each 

group at each timepoint. Two-way ANOVA revealed no main effects. When total foot fault 

measures were normalized to baseline (B) two-way ANOVA revealed a main effect of time 

(P=0.034), but no significant comparisons between timepoints within treatment groups were 

observed. C) shows mean left foot faults made by each group at each timepoint. Two-way ANOVA 

revealed a main effect of time (P=0.041), but no significant comparisons were observed between 

timepoints within treatment groups. When left foot faults were normalized to baseline (D) two-

way ANOVA revealed no main effects. 
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Figure 7. Correlation between stroke surface area and performance on Tapered Beam task 

measures (caption overleaf).  
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Figure 7. The abbreviation “wps” indicates “weeks post-stroke.” Performance on selected 

measures of Tapered Beam were plotted against the calculated stroke surface area for animals in 

all stroke groups. A) shows total foot faults at 1 week post-stroke plotted against stroke surface 

area at 6 weeks post-stroke (n=26). No significant correlation was found (P=0.4941). B) shows 

left foot faults at 1 week post stroke plotted against stroke surface at 6 weeks post-stroke (n=26). 

No significant correlation was found (P=0.2983). C) shows total foot faults at 1 week post-stroke 

normalized to baseline plotted against stroke surface area at 6 weeks post-stroke (n=25). 1 animal 

was detected as an outlier and excluded. No significant correlation was found (P=0.1254). D) 

shows left foot faults at 1 week post-stroke normalized to baseline plotted against stroke surface 

area at 6 weeks post-stroke (n=21). 2 animals were excluded due to being outliers and 3 animals 

were excluded due to the baseline measurement of left foot faults being equal to zero 

(normalization not possible). No significant correlation was found (P=0.3669). 
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Figure 8. Correlation between stroke surface area and performance on String Pull task measures. 

The abbreviation “wps” indicates “weeks post-stroke.” Performance on selected measures of 

String Pull were plotted against the calculated stroke surface area for the animals in PBS-Stroke 

and PTN-Stroke groups (n=10). A) shows body angle during string pulling motion at 1 week post-

stroke plotted against stroke surface area at 6 weeks post-stroke. A significant correlation was 

observed between these measures (P=0.0338). B) shows bimanual coordination during string 

pulling motion at 1 week post-stroke plotted against stroke surface area at 6 weeks post-stroke. No 

significant correlation was observed between these measures (P=0.7315). C) shows the vertical 

distance travelled by the left hand during reaching (Y-reach of the left hand) at 1 week post-stroke 

plotted against stroke surface area at 6 weeks post-stroke. No significant correlation was observed 

between these measures (P=0.5811). 
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Figure 9. Mean fluorescence intensity of PTN immunohistochemistry at 3 days and 14 days post-

stroke. The abbreviation “dps” indicates “days post-stroke.” A) Mean fluorescence intensity of 

PTN in each experimental group with error bars showing standard deviation (Naive Mean=1.00, 

SD=0.0350; 3dps-PBS Mean=1.06, SD=0.141; 3dps-PTN Mean=1.16, SD=0.113; 14dps-PBS 

Mean=1.04, SD=0.0332; 14dps-PTN Mean=1.10, SD=0.165). Ordinary one-way ANOVA 

revealed no main effect (P=0.313). B-F) show representative images from each experimental 

group, detailed in the bottom right corner of each image. PTN is shown in green and DAPI is 

shown in blue. 
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Figure 10. Mean fluorescence intensity of Iba1 and GFAP to indicate reactivity of microglia and 

astrocytes, respectively, from 3 to 14 days post-stroke (caption overleaf).  
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Figure 10. The abbreviation “dps” indicates “days post-stroke.” A) Mean fluorescence intensity 

of Iba1 in each experimental group with error bars showing standard deviation (Naive 

Mean=0.946, SD=0.173; 3dps-PTN Mean=1.43, SD=0.224; 3dps-PBS Mean=1.43, SD=0.187; 

7dps-PBS Mean=2.48, SD=0.535; 7dps-PTN Mean=2.52, SD=0.722; 14dps-PBS Mean=1.78, 

SD=0.895; 14dps-PTN Mean=1.35, SD=0.200). Kruskal-Wallis test revealed a main effect 

(P<0.001). Dunn’s multiple comparisons test showed a significant difference between Naive and 

7dps-PBS groups (marked as *** above, p<0.001) and Naive and 7dps-PTN groups (marked as 

** above, p=0.001). B) Mean fluorescence intensity of GFAP in each experimental group with 

error bars showing standard deviation (Naive Mean=1.03, SD=0.138; 3dps-PBS Mean=3.08, 

SD=0.662; 3dps-PTN Mean=3.51, SD=1.95; 7dps-PBS Mean=2.61, SD=0.703; 7dps-PTN 

Mean=3.00, SD=0.553; 14dps-PBS Mean=1.69, SD=0.260; 14dps-PTN Mean=1.66, SD=0.249). 

Kruskal-Wallis test revealed a main effect (P=0.002). Dunn’s multiple comparisons test showed a 

significant difference between Naive and 3dps-PBS groups (marked as * above, p=0.022), Naive 

and 3dps-PTN groups (marked as * above, p=0.025), Naive and 7dps-PBS groups (marked as * 

above, p=0.046), and Naive and 7dps-PTN groups (marked as ** above, p=0.007). C-I) show 

representative images from each experimental group, detailed in the bottom right corner of each 

image. Iba1 is shown in red and GFAP is shown in green. 
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Figure 11. Iba1+ cells counted in the ipsilesional cortex normalized to Iba1+ cell count in the 

contralesional cortex at 7 days post-stroke (caption overleaf).  
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Figure 11. The abbreviation “dps” indicates “days post-stroke.” A) Mean Iba1+ cells in the 

ipsilesional cortex normalized to Iba1+ cell count in the contralesional cortex with error bars 

indicating standard deviation (PTN-STROKE Mean=3.743, SD=0.9440; PBS-STROKE 

Mean=3.628, SD=2.280; NAIVE Mean=0.8267, SD=0.1021). Kruskal-Wallis test revealed a main 

effect (P=0.0141). Dunn’s multiple comparisons test revealed a significant difference in 

ipsilesional/contralesional Iba+ cells between PTN-STROKE animals and NAIVE animals 

(marked as * above, p=0.0275). C-D) show representative images from each experimental group, 

which is detailed in the bottom right corner. Iba1 is shown in green. 
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Figure 12. Mean fluorescence intensity of MBP to indicate presence of myelin from 3 to 14 days 

post-stroke. The abbreviation “dps” indicates “days post-stroke.” A) Mean fluorescence intensity 

in each experimental group with error bars showing standard deviation (Naive Mean=0.935, 

SD=0.0795; 3dps-PBS Mean=1.16, SD=0.195; 3dps-PTN Mean=0.897, SD=0.127; 7dps-PBS 

Mean=1.04, SD=0.116; 7dps-PTN Mean=0.954, SD=0.133; 14dps-PBS Mean=0.979, 

SD=0.0167; 14dps-PTN Mean=1.17, SD=0.289). Kruskal-Wallis test revealed no main effect 

(P=0.218). B-H) show representative images from each experimental group, detailed in the bottom 

right corner. MBP is shown in green. 
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Figure 13. Mean fluorescence intensity of O4 to indicate presence of immature oligodendrocytes 

from 3 to 14 days post-stroke. The abbreviation “dps” indicates “days post-stroke.” A) Mean 

fluorescence intensity in each experimental group with error bars showing standard deviation 

(Naive Mean=0.940, SD=0.114; 3dps-PBS Mean=1.90, SD=0.189; 3dps-PTN Mean=1.97, 

SD=0.181; 7dps-PBS Mean=1.74, SD=0.460; 7dps-PTN Mean=1.81, SD=0.408; 14dps-PBS 

Mean=1.48, SD=0.397; 14dps-PTN Mean=1.52, SD=0.324). Kruskal-Wallis test revealed a main 

effect (P=0.023). Dunn’s multiple comparisons test showed a significant difference between Naive 

and 3dps-PBS groups (marked as * above, p=0.021). B-H) show representative images from each 

experimental group, detailed in the bottom right corner. O4 is shown in green. 
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Appendix II: Tables 

Experimental 
Group 

Male Male Mean 
Age 
(weeks) 

Femal
e 

Female Mean 
Age (weeks) 

Total Total Mean 
Age 
(weeks) 

PBS-STROKE 4 25.93 5 26.29 9 26.13 
LPTN-STROKE 5 32.23 4 26.75 9 29.80 
HPTN-STROKE 5 26.06 4 26.25 9 26.14 
PBS-SHAM 3 30.14 3 25.86 6 28.00 
LPTN-SHAM 4 30.75 4 33.89 8 32.32 
HPTN-SHAM 4 28.40 5 28.40 9 28.40 
NAIVE 5 30.86 5 31.00 10 30.93 
TOTAL 30 30.25 30 28.45 60 29.35 

Table 1. Information regarding animals that were used in the behavioural assay spanning 8 weeks, 

from training to endpoint. The above table details the number of each sex in each experimental 

group, as well as mean age in each experimental group at time of stroke induction. 

IHC 
Series 

PTN/DAPI GFAP/Iba1 MBP/O4 

Animal 
Sex 

Male Female Male Female Male Female 

Naive 3 2 3 4 3 1 
3dps-PBS 2 2 3 1 1 3 
3dps-PTN 2 2 3 2 1 1 
7dps-PBS X X 3 3 3 3 
7dps-PTN X X 3 2 3 2 
14dps-
PBS 

1 2 1 2 1 1 

14dps-
PTN 

2 2 2 X 1 3 

Table 2. Information regarding animals that were used for immunohistochemical analysis. The 

above table details the number of animals of each sex at each timepoint and treatment group for 

the investigated markers. Age of animals at stroke induction was 24 to 32 weeks. 
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 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
Training 
Week 1 

Handling, 
habituation 

Handling, 
habituation 

Train on 
SP and TB 

Train 
on TB 

Train on 
SP and TB 

Rest Rest 

Training 
Week 2 

Train on SP 
and TB 

Train on TB Baseline 
Recording 
for SP and 
TB 

Train 
on TB 

Baseline 
Recording 
for SP and 
TB 

Rest Rest 

Stroke & 
Injections 

Stroke 
Induction 

Rest Cortical 
Injections 

Rest 

1 wps Assessment 
on SP and 
TB 

Rest 

2 wps Assessment 
on SP and 
TB 

Rest 

3 wps Assessment 
on SP and 
TB 

Rest 

4 wps Assessment 
on SP and 
TB 

Rest 

5 wps Assessment 
on SP and 
TB 

Rest 

6 wps Assessment 
on SP and 
TB 

Animals euthanized following last assessment 

Table 3. Training and testing schedule for animals during the behavioural study. The abbreviation 

“wps” indicates “weeks post-stroke.” The column headers indicate the day of the training week, 

and the row headers indicate the main objectives of each week. 
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Series Primary Antibody 
Target 

Marker/What it means 

A Pleiotrophin (PTN) Pleiotrophin protein 
4’6-diamidino-2-
phenylindole (DAPI) 

Fluorescent stain that binds to adenine-thymine rich 
regions of DNA, labelling cell nuclei 

B Glial fibrillary acidic 
protein (GFAP) 

Marker of reactive astrocytes; also used to demarcate the 
stroke core and measure stroke size 

Ionized calcium-binding 
adapter molecule (Iba1) 

Marker of reactive microglia 

C Myelin basic protein 
(MBP) 

Marker of mature oligodendrocytes and the myelin sheath 

O-antigen (O4) Marker of pro-oligodendrocytes 
Table 4. Immunohistochemistry (IHC) plan for antibodies and targets. An outline of how each 

series of collected tissue will be used to visualize target markers and proteins. The series are 

collected in such a way that they are each an approximate representation of the brain. 

 Controls (n=33) PBS-Stroke (n=9) LPTN-Stroke 
(n=9) 

HPTN-Stroke 
(n=9) 

Mean SD Mean SD Mean SD Mean SD 
BL1 4.752 2.686 4.566 1.986 5.000 2.317 4.878 4.103 
BL2 4.182 2.099 4.844 2.148 5.989 2.187 4.211 3.340 
1wps 5.300 2.717 6.333 1.973 6.100 2.102 5.600 3.444 
2wps 5.039 2.135 4.622 2.384 4.622 1.154 5.889 3.388 
3wps 5.142 2.406 5.400 2.552 5.744 2.021 5.189 2.457 
4wps 5.464 1.899 7.189 3.426 5.600 3.035 4.844 1.514 
5wps 5.736 2.232 6.378 1.995 5.733 1.780 5.533 2.573 
6wps 5.785 2.819 6.222 1.827 5.578 1.092 3.933 2.437 

Table 5. Descriptive statistics of total foot faults during Tapered Beam task. Mean and standard 

deviation of total foot faults at each timepoint for each experimental group. 
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 Controls (n=33) PBS-Stroke (n=9) LPTN-Stroke 
(n=9) 

HPTN-Stroke 
(n=9) 

Mean SD Mean SD Mean SD Mean SD 
BL 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 
1wps 1.313 0.740 1.459 0.491 1.132 0.372 1.388 0.339 
2wps 1.317 0.814 1.045 0.401 1.120 0.591 1.578 0.915 
3wps 1.363 0.811 1.160 0.226 1.214 0.431 1.374 0.470 
4wps 1.589 1.445 1.670 0.941 0.972 0.372 1.426 0.770 
5wps 1.570 0.900 1.471 0.849 1.163 0.474 1.559 0.861 
6wps 1.615 1.807 1.459 0.569 1.174 0.510 1.012 0.422 

Table 6. Descriptive statistics of total foot faults normalized to baseline during Tapered Beam 

task. Mean and standard deviation of total foot faults normalized to baseline at each timepoint for 

each experimental group. 

 Controls (n=33) PBS-Stroke (n=9) LPTN-Stroke 
(n=9) 

HPTN-Stroke 
(n=9) 

Mean SD Mean SD Mean SD Mean SD 
BL1 2.494 2.276 2.422 2.504 2.256 1.726 2.256 1.762 
BL2 2.445 2.272 2.189 2.620 2.578 2.245 2.144 1.544 
1wps 3.218 2.557 3.111 2.904 3.556 1.395 2.767 1.664 
2wps 2.745 1.842 1.811 1.489 2.867 2.144 2.667 2.155 
3wps 2.858 1.840 2.256 2.968 4.156 1.715 2.500 1.293 
4wps 3.121 2.302 3.333 3.777 4.022 2.765 2.467 1.473 
5wps 2.788 2.192 2.322 2.572 2.944 2.414 2.611 1.727 
6wps 2.845 2.172 2.200 2.519 2.778 2.255 1.522 1.274 

Table 7. Descriptive statistics of left foot faults during Tapered Beam task. Mean and standard 

deviation of left foot faults at each timepoint for each experimental group. 
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 Controls (n=33) PBS-Stroke (n=9) LPTN-Stroke 
(n=9) 

HPTN-Stroke 
(n=9) 

Mean SD Mean SD Mean SD Mean SD 
BL 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 
1wps 1.888 1.843 1.431 0.879 3.454 4.673 1.297 0.451 
2wps 1.677 1.587 0.792 0.250 1.528 1.025 1.082 0.661 
3wps 2.149 3.583 0.708 0.524 4.709 7.017 1.327 0.731 
4wps 1.803 1.558 1.247 0.778 3.970 6.274 1.175 0.448 
5wps 1.584 1.994 0.937 0.437 1.109 0.791 1.350 0.788 
6wps 1.920 2.952 0.694 0.464 1.684 1.986 0.662 0.354 

Table 8. Descriptive statistics of left foot faults normalized to baseline during Tapered Beam task. 

Mean and standard deviation of left foot faults normalized to baseline at each timepoint for each 

experimental group. 

 Naive (n=10) Stroke (n=8) 
Mean SD Mean SD 

BL 1 5.070 3.283 4.350 2.672 
BL 2 4.010 2.324 4.150 2.437 
1wps 4.740 2.367 6.038 2.270 
2wps 5.580 1.954 4.575 2.861 
3wps 4.550 2.055 4.400 1.552 
4wps 5.300 1.614 5.538 3.258 
5wps 5.540 2.261 5.713 2.105 
6wps 4.190 1.734 5.513 2.377 

Table 9. Descriptive statistics of total foot faults during Tapered Beam task for selected animals. 

Mean and standard deviation of total foot faults at each timepoint for each experimental group. 
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 Naive (n=10) Stroke (n=8) 
Mean SD Mean SD 

BL 1.000 0.000 1.000 0.000 
1wps 1.100 0.297 1.615 0.545 
2wps 1.432 0.674 1.137 0.457 
3wps 1.121 0.473 1.219 0.495 
4wps 1.367 0.606 1.649 1.245 
5wps 1.449 0.808 1.633 0.740 
6wps 1.036 0.395 1.428 0.464 

Table 10. Descriptive statistics of total foot faults normalized to baseline during Tapered Beam 

task for selected animals. Mean and standard deviation of total foot faults normalized to baseline 

at each timepoint for each experimental group. 

 Naive (n=10) Stroke (n=8) 
Mean SD Mean SD 

BL 1 1.970 1.283 1.163 1.124 
BL 2 1.880 1.783 1.738 2.181 
1wps 2.020 1.420 3.000 2.327 
2wps 2.770 1.911 1.575 1.516 
3wps 2.070 1.228 2.463 1.865 
4wps 2.540 1.839 3.150 2.568 
5wps 2.430 1.960 1.738 2.208 
6wps 1.730 1.561 1.863 2.411 

Table 11. Descriptive statistics of left foot faults during Tapered Beam task for selected animals. 

Mean and standard deviation of left foot faults at each timepoint for each experimental group. 

 Naive (n=10) Stroke (n=8) 
Mean SD Mean SD 

BL 1.000 0.000 1.000 0.000 
1wps 1.271 0.749 3.728 4.935 
2wps 1.554 0.815 1.130 0.822 
3wps 1.248 0.552 4.829 7.536 
4wps 1.459 0.934 4.382 6.602 
5wps 1.547 1.357 1.000 0.669 
6wps 0.980 0.768 1.572 2.128 

Table 12. Descriptive statistics of left foot faults normalized to baseline during Tapered Beam 

Task for selected animals. Mean and standard deviation of left foot faults normalized to baseline 

at each timepoint for each experimental group. 

 


