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Abstract 

 

Stroke is a leading cause of neurological disability, often resulting in long-term motor 

impairments due to damage to the striatum and/or motor cortex. While both humans and animals 

show spontaneous recovery following stroke, little is known about how the injury location 

affects recovery and what causes recovery to plateau. This information is essential in order to 

improve current rehabilitation practice and develop new therapies to enhance recovery.  

In this thesis, we used endothelin-1 (ET-1), a potent vasoconstrictor, to produce focal 

infarcts in the forelimb motor cortex (FMC), the dorsolateral striatum (DLS) or both the FMC 

and DLS in male Sprague-Dawley rats. In the first experiment, the spontaneous recovery profile 

of animals was followed over an 8-week period using multiple behavioural tasks assessing motor 

function and limb preference to identify how recovery varies depending on injury location. 

Infarct volumes were measured to determine the association between injury and behavioural 

outcome.  

All three groups had significant functional impairments on the Montoya staircase, beam 

traversal, and cylinder tests following stroke, with the combined group having the largest and 

most persistent impairments. Importantly, spontaneous recovery was not simply dependent on 

lesion volume but on the lesion location and the behavioural test employed. 

In the second experiment, we focused on a potential cellular mechanism thought to 

underlie post-stroke plasticity and functional recovery. In a separate cohort of animals, we 

assessed how plasticity-limiting perineuronal nets (PNNs) and associated parvalbumin-positive 

(PV) GABAergic interneurons change following similar ET-1 strokes as in the prior experiment. 

 A significant reduction in the density of PNNs was observed in the perilesional cortex of 

animals that received a cortical-only or combined stroke but not a striatal-only injury. Although 
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there were no significant differences in the density of PV interneurons between sham and stroked 

groups, a significant negative correlation existed between cortical infarct volume and the density 

of PV interneurons in the perilesional cortex.  

Taken together these results demonstrate that lesion location influences motor recovery 

and neuroplastic changes following stroke. This supports the idea that a “one size fits all” 

approach for stroke rehabilitation may not be effective and treatment needs to be individualized 

to the patient.  
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Introduction 

 

1.1 Stroke: Epidemiology and Pathophysiology 

In Canada, over 62,000 strokes occur each year making it a leading cause of death and 

neurological disability [1]. With improvement in stroke prevention and acute stroke care, more 

individuals are surviving strokes; however, this has resulted in more living with long-term 

stroke-induced disabilities. Currently, over 405,000 Canadians are living with the after effects of 

stroke, and with an aging population this number is projected to double in the next two decades 

[2]. As a result, stroke imposes a major financial burden on patients, their families, and the health 

care system. It is estimated that the average cost of treating a stroke patient in Canada in the first 

year alone is $75,000 with an annual national cost of over $3.0 billion dollars [3]. Thus, these 

statistics demonstrate the urgent need for novel and effective treatment strategies to further 

improve independence and quality of life of stroke survivors. 

There are two main types of strokes: hemorrhagic and ischemic. A hemorrhagic stroke 

results from weakened blood vessels rupturing and leaking in the brain, whereas ischemic strokes 

are caused by blockages (e.g. clots) of blood vessels in the brain. While hemorrhagic strokes are 

more likely to result in death [4], ischemic strokes are far more common and represent ~87% of 

all strokes [5]. This thesis focuses specifically on ischemic stroke. 

Following a stroke, neurons become dysfunctional if deprived of oxygen for more than a 

few seconds, with structural damage occurring within minutes [6]. A lack of oxygen and glucose 

results in impaired ATP production, leading to the failure of energy-dependent processes that 

maintain ionic gradients across the cell membrane and are crucial for neuronal survival. This 

triggers a series of cell death cascades involving both apoptosis and necrosis, resulting in tissue 

loss and ultimately functional impairments [7, 8]. Surrounding the ischemic core is a region with 
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reduced blood flow, called the penumbra, which is supplied by collateral circulation. In contrast 

to the ischemic core, where neurons are rapidly lost, neurons in the penumbra remain structurally 

intact and are therefore potentially salvageable if blood flow is restored promptly [7, 9].  

In the acute phase, ischemic stroke treatment focuses on restoring blood flow to the 

deprived brain regions to minimize the extent of tissue damage. Currently, treatment is limited to 

the use of the thrombolytic drug, tissue plasminogen activator (t-PA) and 

mechanical thrombectomy. Although effective, the narrow time window (3-4.5 hours after stroke 

onset) limits the use of t-PA to less than 10% of the stroke population [10, 11]. Similarly, 

mechanical thrombectomy must be performed within  6-7 hours after stroke onset in order for it 

to be beneficial, thereby restricting its use [12]. Therefore, for most stroke survivors, 

rehabilitation offers the greatest hope for improved functional outcome [13]. 

 

1.2 Stroke Location and Functional Outcome 

Stroke can result in impairments to a wide range of neural systems; including motor, 

somatosensory, visual, linguistic, and cognitive domains. Stroke survivors often display more 

than one type of deficit [14]. The occurrence of a particular impairment is dependent on the 

region of the brain that has been affected. Motor impairments, including upper limb hemiparesis, 

are the most common deficits affecting ~80%-85% of all stroke patient [14, 15]. These 

impairments result from damage to specific cortical regions (e.g. primary motor cortex, primary 

somatosensory cortex, secondary sensorimotor cortical areas), subcortical structures (e.g. basal 

ganglia, thalamus, internal capsule), and/or the corticospinal tract [16]. This thesis focuses on 

post-stroke recovery of motor function.  
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Although several studies have attempted to examine the association between location of 

stroke injury and functional outcome of motor function, very few have directly compared 

recovery following a cortical and subcortical stroke. Some studies have shown that location of 

lesion does matter, and that patients with a cortical-only injury respond better to rehabilitation 

and show better motor recovery than those with a purely subcortical stroke (basal ganglia, 

internal capsule and/or thalamus) [17, 18]. Surprisingly, in one of the studies, stroke patients with 

a mixed cortico-subcortical injury showed better motor outcomes than those with purely 

subcortical stroke, despite having a larger total infarct volume [18]. This suggests that lesion 

location may be a more important predictor of recovery than the lesion size. The location of 

lesion has also been shown to influence the time course of recovery. Patients with subcortical 

strokes tend to take longer to recover than those with a cortical injury [19, 20]. Since subcortical 

strokes often affect both the primary and secondary motor pathways, they are thought to result in 

worsened outcomes compared to strokes isolated to the cortex [17]. In contrast to these studies, 

others have reported that the location of lesion (cortical/subcortical) does not affect functional 

outcome [21, 22]. Clearly, further research is needed to clarify the effect of lesion location on 

motor recovery following stroke. 

Evidence from multiple large-scale prospective clinical studies indicate that strokes 

primarily affect subcortical structures such as the basal ganglia, white matter and/or the thalamus 

[23–25]. In these studies, cortical-only strokes accounted for less than ~15% of the total number 

of strokes (Table 1). The region of infarct (cortical, subcortical or cortico-subcortical) is 

dependent on the vascular territory that has been occluded. Occlusion of the middle cerebral 

artery (MCA) is the most common form of stroke in humans [26]. Occlusion of the distal 

branches of the MCA results in damage limited to cortical regions (e.g. sensory and motor  
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cortex) whereas occlusion of the proximal branches result in larger strokes affecting both cortical 

and subcortical regions. Isolated subcortical strokes (e.g. striatum or internal capsule) typically 

result from occlusion of the small perforating lenticulostriate branches that arise from the MCA 

[27].  

Despite the high prevalence of subcortical strokes, pre-clinical stroke research has 

emphasized and continues to focus on investigating and treating cortical strokes. A recent study 

compared lesion profiles between pre-clinical studies and a clinical trial and found that current 

pre-clinical models result in either too large or superficial strokes and may not be representative 

of the clinical population. This mismatch in lesion characteristics between pre-clinical and 

clinical research could impair translational efforts [28]. 

An aim of this thesis was to capture the heterogeneity of human stroke, and investigate 

whether lesion location influences functional recovery in a rat model of stroke. Focal strokes 

were directed at the forelimb motor cortex (FMC; homologous to the human primary motor 

cortex) and/or the dorsolateral striatum (DLS; homologous to the human caudate and putamen; 

components of the basal ganglia) [29].  

 

1.3 Animal Models of Stroke 

Several animal models of stroke have been developed in order to study the complex 

pathophysiology of ischemia as well as to evaluate new interventions [30]. Rats are one of the 

most commonly used species for investigating neural plasticity and functional recovery after 

brain injury. They have a cerebral vasculature that is very similar to that of humans and their 

small brain size allows for easy histological analysis [31]. Importantly, rats exhibit similar limb 

movements to that of humans and several validated behavioural tests are available for assessing 
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upper limb function [32, 33]. The three most widely used stroke models in rats are middle 

cerebral artery occlusion (MCAO), photothromobosis (PT) and endothelin-1 (ET-1) 

administration. The advantages and disadvantages of each model are summarized below. 

One approach for producing strokes is through the occlusion of the MCA which is a 

common cause of ischemic injury in humans [34]. Several variations of this model exist, 

however the intraluminal suture method is the most widely used model. This technique involves 

insertion of a suture or filament through the internal carotid artery into the MCA. Transient 

occlusion is achieved by retracting the suture after varying durations of time, allowing for 

reperfusion, whereas permanent occlusion is produced by leaving the suture in place 

permanently [35]. This model does not require craniotomy and can produce a combined cortical 

and striatal injury, which is characteristic of human stroke. However, the intraluminal suture 

model frequently produces very large infarcts that are similar to malignant infarctions in humans 

which are untreatable. Moreover, it also affects brain regions not typically affected in humans, 

thereby causing unintended behavioural and physiological effects [35]. For example, 

hypothalamic damage is often seen after long duration occlusions. Damage to the hypothalamus 

results in a hyperthermic response which exacerbates cell death, and therefore could complicate 

studies evaluating neuroprotective interventions [35, 36]. Other models of MCAO were 

developed to produce smaller injuries and avoid damage to the thalamus, hypothalamus and 

hippocampus typically seen with the suture model. However, these models involve invasive 

surgery, require a high degree of technical skill, and risk possible damage to autonomic nerve 

fibres [35, 37].  

In the PT model of stroke, a photosensitive dye is administered and ischemia is induced 

by immediately illuminating the targeted brain region with a light source [38]. Irradiation causes 
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activation of the dye, generating free radicals that cause endothelial damage and platelet 

aggregation. This results in thrombus formation and disruption of local blood flow [39]. This 

model is non-invasive and produces small cortical strokes with well-defined infarct boundaries. 

However, it is difficult to produce subcortical injuries with this model. Another disadvantage of 

the PT model, particularly for neuroprotective studies, is that it lacks an ischemic penumbra 

region as limited reperfusion is observed following stroke [35]. Furthermore, the injury response 

and pattern of edema development observed following PT differs from human stroke and is more 

similar to that seen in traumatic brain injuries [35]. 

Another widely used method for producing focal strokes is the potent vasoconstricting 

agent endothelin-1; a peptide that can be applied topically or stereotaxically injected into specific 

regions of the brain [40–42]. ET-1 causes a rapid reduction in blood flow (~30%-50% of 

baseline level) followed by gradual reperfusion over several hours, modeling the blood flow 

changes seen in human stroke patients [43] and resulting in an ischemic penumbra region. An 

advantage of this model is the ability to produce focal infarcts in deep subcortical regions such as 

the dorsolateral striatum or the internal capsule [44, 45]. Furthermore, the size of injury can be 

easily controlled by changing the volume and concentration of ET-1 [46]. While this model 

works well in the rat, it is difficult to produce consistent injury in mice [47]. This may be due to 

interspecies difference in the distribution of ETA and ETB receptors that favor dilation over 

constriction [48]. Another complicating factor with this model is that ET-1 levels are naturally 

elevated following stroke and therefore could confound studies investigating neuroprotective 

strategies [49, 50]. 

As stroke is a complex and heterogeneous disorder, no single model can completely 

capture all aspects of it. Therefore when selecting a model, researchers need to carefully consider 
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the advantages and limitations of each model, and select one that best addresses their research 

question. This thesis was aimed at evaluating recovery following focal strokes to specific cortical 

and subcortical regions. The ET-1 model was the most suitable as it allowed for strokes to be 

induced in deep subcortical regions. 

 

1.4 Spontaneous Recovery after Stroke 

Spontaneous recovery refers to the amount of functional improvement after stroke that is 

determined by passage of time alone [51]. Both humans and animals demonstrate some degree of 

spontaneous recovery following stroke [8, 52, 53]. Since a vast majority of stroke survivors 

receive rehabilitation therapy it is very difficult to study this in humans. Moreover, due to 

heterogeneity among stroke patients in both severity of impairment and type of functions 

affected, it is challenging to characterize this process in detail. However, several trends in the 

pattern of recovery have been identified [52]. Evidence suggests that spontaneous recovery after 

stroke, follows a non-linear, logarithmic pattern [54] (Figure 1). In humans, most of the recovery 

typically occurs within the first three months following stroke, after which recovery reaches a 

plateau [55]. However, the pattern of recovery is different across functional domains [52]. For 

instance, recovery of language and cognitive function can continue well beyond the first three 

months [56, 57].  

Recovery of motor function has been the most studied of all domains of stroke 

impairments [52]. In stroke patients with hemiplegia, first voluntary movements are observed 

starting from 6 to 33 days post-stroke [58]. Moreover, studies examining motor impairments 

have identified that the biggest gains in motor recovery occur within the first 30 days, although  
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Figure 1: Spontaneous neurological recovery following stroke. Recovery follows a non-

linear, logarithmic pattern. Most recovery occurs in the first three months after stroke. 

Reproduced from: Langhorne et al. (2011) [54]  
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in patients with more severe impairments, recovery may continue up to 90 days post-stroke [59–

61]. Similar patterns of motor recovery have been observed in pre-clinical models of stroke, 

although within shorter time courses [53].  

Interestingly, recent clinical work has shown that upper limb motor impairments in most 

stroke patients resolves by a fixed proportion (~70% of their maximum possible improvement) 

and can be predicted based on the initial level of impairment or corticospinal tract injury [62–

65]. This phenomenon is referred to as the “proportional recovery rule” and has been found to 

also apply to other functional domains including language, visuospatial attention, and 

verbal/spatial memory [14, 66, 67]. Furthermore, the rule has been shown to hold true for 

patients across a range of demographics and even across countries with different rehabilitation 

practices [62, 63, 65, 68]. The existence of this rule implies that post-stroke functional 

improvement may be mostly due to spontaneous recovery and that current rehabilitation might 

not be providing any added benefits [69]. In clinical research, as it is unethical to withhold 

treatment including rehabilitation it is not possible to investigate true spontaneous recovery. 

Therefore, pre-clinical models of stroke provide a valuable tool to study spontaneous recovery of 

motor function. 

 

1.5 Mechanisms of Spontaneous Recovery 

Spontaneous functional recovery is thought to be mediated by the interaction of a number 

of mechanisms including resolution of diaschisis, behavioural compensation and cortical 

reorganization [70].  

Diaschisis, refers to reduced blood flow and metabolism in remote and uninjured brain 

regions that are connected to the injured area [71]. It occurs due to sudden disruption of afferent 
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input from the injured area. Diaschisis begins to resolve as changes in blood flow, edema and 

inflammation improve over time [72]. Evidence suggests that resolution of this phenomenon may 

contribute to functional improvement after stroke [73].  

In addition, behavioural compensation may also explain recovery in the absence of any 

interventions [74]. Both humans and animals often use compensatory movement patterns to 

accomplish tasks in a different manner than they did prior to stroke [75, 76]. Use of such 

strategies allow patients to show improvement on functional outcome measures in the absence of 

true recovery [70]. Kinematic analysis can be used to characterize movement patterns and 

differentiate true recovery from compensation [77].   

Another mechanism that contributes to recovery is neuroplasticity that leads to 

neuroanatomical reorganization [78]. Following stroke, there is evidence for the existence a 

critical period of heightened plasticity that is somewhat analogous to developmental critical 

periods [8, 79]. Research in animal models have demonstrated that stroke triggers unique waves 

of molecular and cellular changes that influence cortical plasticity in the days to weeks following 

injury [80–82]. For example, immediately in the days after stroke, an increase in growth-

promoting genes such as GAP43, MARCKS and CAP23 are observed in the peri-infarct cortex. 

These growth promoting factors induce a permissive environment for processes such as 

synaptogenesis, axonal sprouting and dendritic branching in the injured brain [8, 81]. It is 

thought that most of the spontaneous behavioural recovery occurs during this early repair phase 

[52]. However, with increasing time after stroke, growth-inhibiting factors such as the 

extracellular matrix (ECM) components, neurite outgrowth inhibitor (NOGO) and chondroitin 

sulfate proteoglycans (CSPGs) begin to be gradually upregulated [80]. Developmentally, these 

factors exist to prevent the formation of aberrant connections, however in the adult brain they 
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may limit plasticity and recovery [8]. Thus, this late upregulation and predominance of growth-

inhibiting factors may explain why functional recovery is limited and plateaus in the weeks 

following stroke. 

The second aim of my thesis focuses on investigating post-stroke changes in plasticity-

limiting ECM structures, known as perineuronal nets (PNNs), which are largely composed of 

CSPGs. 

 

1.6 Perineuronal Nets  

Perineuronal nets (PNNs) are condensed, lattice-like, ECM structures that are found 

around cell bodies and proximal dendrites of certain types of neurons in the central nervous 

system (CNS) [83] (Figure 2A). Although their role in the CNS is not fully understood, evidence 

suggests that PNNs may serve several functions including regulation of synaptic plasticity, 

maintenance of ion homeostasis and protection against oxidative stress [83–87].   

 PNNs begin to appear late in development following the closure of different critical 

periods such as formation of ocular dominance columns in the visual cortex  and plasticity in the 

barrel cortex [84, 88]. Their formation and maturation appears to be experience-dependent and 

requires neuronal activity. For example, sensory deprivation of animals through monocular 

deprivation or whisker trimming during these critical periods reduces PNN expression in the 

respective cortical regions and prolongs the critical period [84, 88]. Moreover, reduction of 

PNNs through the use of the bacterial enzyme chondroitinase ABC (chABC) restores juvenile 

states of plasticity in the adult brain [84, 89, 90]. In the visual system, treatment with chABC 

reinstates ocular dominance plasticity in the mature visual cortex of animals that were 

monocularly deprived [84, 91]. Furthermore, in animal models of stroke and spinal cord injury,  
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Figure 2: Structure and composition of PNNs. (A) PNNs are condensed mesh-like structures 

that surround the soma and proximal dendrites of specific neuronal types in the brain. (B) PNNs 

are largely composed of different chondroitin sulfate proteoglycans (e.g. aggrecan, versican, 

neurocan and brevican) that are bound to hyaluronan (the backbone of the matrix that is 

anchored to the neuronal surface). Link proteins and tenascin-R bind and stabilize the interaction 

between hyaluronan and CSPGs. Reproduced from: Winter et al. (2016) [97] and Tsien (2013) 

[98]. 
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digestion of PNNs enhances neuronal plasticity and promotes functional recovery following 

injury [89, 92–94]. Together, these findings suggest that PNNs stabilize synaptic connections 

and restrict plasticity in the adult brain, and that their removal can restore plasticity. 

PNNs are composed of four main components that are synthesized by neurons and glial 

cells: CSPGs, hyaluronan (HA), link proteins and tenascin-R [95] (Figure 2B). CSPGs are a 

family of molecules comprised of a core protein that is covalently attached to chondroitin sulfate 

glycosaminoglycan (CS-GAG) chains of varying lengths [96]. In the adult brain, CSPGs are 

known to inhibit neurite outgrowth as well as limit neuronal repair following injury [99, 100]. 

The link proteins in the ECM tightly bind different CSPGs to HA, the main backbone that is 

anchored to the neuron surface. The component tenascin-R forms crosslinks between CSPGs in 

different HA [95]. Together, these specific interactions between components help stabilize and 

form the dense and highly organized structure of PNNs. 

PNNs have been observed in birds, mice, rats, monkeys and humans [101–105]. They are 

differentially expressed throughout the brain and spinal cord and also show variation in 

expression between species [106]. In the rodent brain, PNNs are found in abundance in motor 

and motor-related cortical regions, and also sensory regions such as the visual and 

somatosensory cortex [83, 104]. Immunohistochemistry studies have identified that PNNs are 

mainly associated with parvalbumin (PV)-positive GABAergic interneurons [107, 108]. 

However, PNNs are also found surrounding a population of glutamatergic excitatory pyramidal 

cells [108].  

The mechanisms through which PNNs act to limit plasticity in the CNS is unclear, 

however several hypotheses have been proposed [109]: 1) PNNs may serve as a physical barrier 

around neurons and prevent formation of new synaptic connections. 2) The CSPG components 
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interact with growth-modulating molecules such as the axon guidance ligand, semaphorin [110]. 

Therefore, PNNs may serve as a scaffold for molecules that restrict plasticity. 3) PNNs limit the 

mobility of receptors such as AMPA on the cell surface, and could therefore influence synaptic 

plasticity (e.g. LTP) [111]. 4) Through their association with PV interneurons, PNNs may 

regulate the excitatory/inhibitory (E/I) balance in the brain.  

 

1.7 Perineuronal Nets and Parvalbumin Interneurons 

As previously mentioned, PNNs are primarily associated with GABAergic interneurons 

which contain the calcium-binding protein, parvalbumin [107]. PV interneurons account for 

approximately 40% of all cortical GABAergic interneurons and can be distinguished from other 

types by their unique fast-spiking activity [112]. In the cortex, there are two main subtypes of PV 

interneurons; basket cells, which synapse onto the soma and proximal dendrites of pyramidal 

cells, and chandelier cells, which target the initial axon segment of pyramidal cells [113]. 

Although PV interneurons are few in number relative to other inhibitory interneurons, the 

strategic placement of their synapses allows them to tightly control the generation and timing of 

action potentials of nearby pyramidal cells [114]. Moreover, a single PV interneuron can 

innervate large numbers of pyramidal cells, thereby having the ability to synchronize activity and 

generate powerful inhibition [115].  

PV interneurons begin to appear in parallel with the onset of critical periods indicating 

their role in regulating plasticity in the brain [116, 117]. It is hypothesized that PNNs provide a 

stable microenvironment that facilitates the high metabolic demands of the PV interneurons 

[118]. The CSPG components of PNNs are highly anionic and therefore can bind to various 

cations in the microenvironment and serve as an ion buffering system [87]. Indeed, removal of 
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PNNs with chABC has been to shown to make mature PV neurons more susceptible to oxidative 

stress [86]. Moreover, degradation of PNNs around PV interneurons has been shown to reduce 

the excitability of these fast-spiking neurons, suggesting that PNNs help enhance synaptic 

inhibition [119]. Together, these findings suggest that PNNs, along with the PV interneurons 

they surround, play a critical role in regulating the E/I balance in the brain. 

 

1.8 Changes in PNNs and PV following Stroke 

 PNNs are not static structures and can undergo remodeling in adulthood, such as 

following an injury [95]. To date, there have been a limited number of pre-clinical studies that 

have examined temporal changes in PNNs and PV following a permanent MCAO (pMCAO) or 

PT stroke [80, 120–125]. A summary of these findings are presented in Table 2 (changes in 

PNNs) and Table 3 (changes in PV). 

 It is clear that PNNs are permanently reduced in the infarct core [120–122]. However, 

there are conflicting findings as to whether or not PNNs are disrupted in the peri-infarct and 

contralesional cortices. Following pMCAO, striking and sustained reductions in PNNs have been 

observed in the peri-infarct region as late as 35 days post-stroke [121]. In comparison, using a PT 

stroke model, Karetko-Sysa and colleagues demonstrated that although there is a significant 

reduction in PNN density within the peri-infarct region immediately following stroke, they begin 

to re-emerge as early as 7 days post-stroke and continue to increase [122]. Others have reported 

no changes in PNNs in the peri-infarct cortex or only observed changes late (30 days) after 

stroke [120, 123]. 

 As with PNNs, there is inconsistency in the current literature as to whether or not PV 

interneurons are affected in the peri-infarct cortex following stroke. Following pMCAO, an early  
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Table 2: Summary of previous literature examining changes in PNNs following stroke. [80, 

120–123]    

 

 

 
 

Table 3: Summary of previous literature examining changes in PV interneurons following 

stroke. [121, 123–125]  

 

Study/Year
Stroke 

Model
Species

Infarct 

Core

Perilesional Cortex

Contralesional 

CortexDistance

(µm)

Early changes

(<7 days)

Late changes

(>7 days)

Bidmon, 1997 PT Wistar rats ↓ - No changes No changes

Carmichael, 2005 pMCAO F344 rats NA

200-500 ↑
(3 dps)

↓
(14 dps)

NA

2000 ↓
(3 dps)

↑
(28 dps)

Hobohm, 2005 pMCAO SH rats ↓ 400 ↓
(permanent reduction)

No changes

Karetko, 2011 PT Wistar rats ↓ 250 ↓
(24 hrs - 1 dps)

↑
(7-30 dps)

↓

Alia, 2016 PT C57 mice NA 200 No changes

(7 dps)

↓
(30 dps)

No changes

dps = days post stroke; pMCAO = permanent middle cerebral artery; PT = photothrombosis; SH = spontaneously hypertensive 

Study/Year
Stroke 

Model
Species

Infarct 

Core

Perilesional Cortex

Contralesional 

CortexDistance

(µm)

Early changes

(<7 days)

Late changes

(>7 days)

Hobohm, 2005 pMCAO SHR rats ↓ 400 ↓
(permanent reduction)

No changes

Cheatwood, 2008 pMCAO
Long–

Evans rats ↓ - ↓
(7 dps)

↑
(30 dps)

No changes

Zeiler, 2013 PT C57 mice
NA

- No changes NA

Alia, 2016 PT C57 mice
NA

200
No changes

(7 dps)

↓
(30 dps) No changes

dps = days post stroke; pMCAO = permanent middle cerebral artery; PT = photothrombosis; SH = spontaneously hypertensive 
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and significant reduction in PV was observed in the peri-infarct cortex. While one study found 

this reduction to be permanent, the other found the density of PV to return back to control levels 

by 30 days post-stroke [125, 126]. In contrast to pMCAO models, no significant changes in PV 

cells were observed early (<7 days) following PT stroke [123, 124].  

 The discrepancies between studies make it difficult to evaluate changes observed in 

stroke models following different interventions targeting PNNs or PV (e.g. chABC). Previous 

studies have all examined changes in PV and PNNs independently. However, as PNNs are 

tightly associated with PV interneurons, it is important to understand how changes in one affect 

the other. Furthermore, no study to date has examined changes in PNNs following strokes to 

different locations in the brain. An aim of this thesis was to clarify previous findings and provide 

a baseline characterization of post-stroke changes in PNNs and PV interneurons following an 

ET-1 induced stroke to the cortex and/or the striatum.  
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Objective and Hypothesis 

 

Strokes primarily target subcortical regions such as the striatum. However, much of the 

research in stroke recovery has focused on investigating and treating cortical injuries. 

Furthermore, while both humans and animals show spontaneous recovery following stroke, little 

is known about how injury location affects the recovery process. This information is important in 

order to develop new therapies to enhance functional recovery. 

The objective of this thesis was to examine how the location of stroke injury (cortical/ 

subcortical) affects spontaneous recovery of motor function and engages plasticity in the injured 

brain. The following two aims were investigated: 

Aim 1: Determine how lesion location affects spontaneous recovery following cortical and 

striatal stroke (Experiment 1) 

Aim 2: Determine how plasticity-limiting PNNs and associated PV-interneurons change 

following cortical and striatal stroke (Experiment 2) 

 

Hypothesis: I hypothesize that the location of stroke will influence the severity of initial 

impairments and the degree of motor recovery. Furthermore, stroke will trigger neuroplastic 

changes, such as modification of plasticity-limiting PNNs and PV interneurons, which will be 

determined by the stroke location. 
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Materials and Methods 

 

2.1 Animals 

All experimental procedures were approved by the University of Ottawa Animal Care 

Committee and complied with guidelines set by the Canadian Council on Animal Care. A total of 

92 male Sprague-Dawley rats (Charles River Laboratories, Montreal, Canada) weighing between 

200-250g on arrival were used in this study (experiment 1, n=30; experiment 2, n=62). All 

animals were pair-housed in standard Plexiglas cages on a reverse 12-hour light/dark cycle (8 am 

off/8 pm on). Upon arrival, animals were allowed to acclimate to the housing facilities for one 

week and then handled for 5 minutes per day for 5 days to familiarize them with the 

experimenters. Animals had ad libitum access to food and water except during behavioural 

training and testing periods. 

 

2.2 Behaviour Training and Testing 

General Procedures 

Prior to stroke surgeries, animals were trained on a battery of behavioural tests (Montoya 

staircase, cylinder, beam traversal and adhesive strip removal task) over a 2-week period and 

their baseline performance was assessed. Subsequent behavioural testing was conducted at post-

stroke weeks 1, 2, 4, 6 and 8. Testing was done over 3 days at each of these test points. During 

the training and testing days, animals were moved from their housing room to the testing room 

and allowed to habituate for 30 minutes prior to testing. All procedures were conducted during 

the dark cycle. All behaviour testing and analysis was performed by experimenters blinded to 

group identity. 
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Montoya Staircase Test 

The Montoya staircase test was used to assess skilled reaching ability [127]. In this task 

animals use fine motor skills to extend their arm, grasp and retrieve small food pellets. Animals 

were food restricted to ~90% of their body weight during the training period. Rats were placed 

inside a clear box with 7-tiered descending steps on each side (Figure 3). Each step has a food 

well containing 3 small food pellets (45 mg TestDiet; Purified Rodent Tablet; 5TUL). The 

design of the staircase apparatus allows animals to only reach for pellets placed on steps on the 

same side as their paw. Forepaw dexterity was measured by counting the total number of pellets 

retrieved (PR) versus those that were left or dropped. In addition, the lowest step (maximum 

distance) from which the rats were able to retrieve pellets from was recorded.  

Animals were trained on this task twice daily for 2 weeks to reach a minimum criterion of 

at least 14 ± 2 pellets. Each training and testing session was 15 minutes in duration and was 

separated by a 3 hour break. Baseline measure was calculated as the average of all trials over the 

last two days of training. Post-stroke testing was conducted over 3 days; animals were given one 

day to re-familiarize them with the task and their performance was tested on trials across the next 

2 days. Percent improvement at 8 weeks was calculated as follow:  

% improvement = ([PRWeek-8/ PRPre-stroke] - [PRWeek-1/ PRPre-stroke]) 

 

Cylinder Test 

The cylinder test was used to assess asymmetrical limb use for postural support [128]. In 

contrast to the staircase test, this task relies on spontaneous use of the animals forelimb, therefore 

pre-training was not required prior to baseline assessment. Rats were placed inside a tall 

Plexiglas cylinder (20 cm diameter, 30 cm tall) on a glass tabletop and video-taped from below.    
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Figure 3: Montoya staircase test. Animals were placed into the staircase apparatus and the total 

number of pellets retrieved and the maximum step reached were recorded. 

 

 

 
 

Figure 4: Cylinder test. Rats were placed inside a Plexiglas cylinder and filmed from below. 

The number of wall contacts with each forelimb as the animal reared was recorded.  
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Animals were allowed to freely move around and explore the cylinder (Figure 4). A trial 

continued until a rat performed a minimum of 20 independent rears and touched the walls of the 

cylinder using their forelimbs (~5 minutes/rat). One trial was conducted during each testing 

period. The number of independent (ipsilateral and contralateral) and bilateral wall contacts with 

the forelimbs was counted for each animal from recorded videos, and the percent use of their 

impaired forelimb was calculated as follow [128]:  

% use of impaired paw = ([contralateral contacts +1/2 bilateral contacts]/total contacts) × 100% 

 

Adhesive Strip Removal Task 

The adhesive strip removal task was utilized to evaluate sensorimotor impairments 

following stroke [129]. Two rectangular pieces of adhesive tape of equal size (20 mm × 12.5 

mm) were applied with equal pressure on the plantar surface of both forepaws, one per paw, of 

each animal. Animals were then placed in a Plexiglas cylinder and observed by two 

experimenters located on opposite sides of the cylinder (Figure 5). The time to initial contact 

(sensory component) and time to remove tape (motor component) were recorded for each 

forepaw. Each trial continued for 2 minutes or until the animals successfully removed the tape on 

both paws. Animals were trained on this task daily for 5 days and their performance on day 5 

was used as the measure of baseline performance. For post-stroke assessment an average of 2 

trials separated by a 3 hour break was used for each time point. 

 

Tapered Beam Traversal Test 

The beam traversal test was used to assess both forelimb and hindlimb placement 

accuracy [130, 131]. Rats were trained to cross a 160 cm long elevated/tapered beam (6 cm at the  
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Figure 5: Adhesive strip removal test. A small piece of adhesive tape was applied to each 

animal's forepaws and both the time to initially contact and remove the tape was recorded. 

 

 

 
 

Figure 6: Beam traversal test. Rats were trained to cross a tapered beam to reach a goal box. 

The number of foot faults made with both the fore- and hind-limbs were recorded.  
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wide end; 1.5 cm at the narrow end) to gain access to a dark goal box containing food pellets at 

the end (Figure 6). Training consisted of gradually placing the rats at increasing distances from 

the goal box until the animals were able to cross the full length of the beam without any pauses. 

Baseline performance was assessed on the very next day following training. Animals will 

normally cross the beam with very few foot faults and attempt to stay on the top level of the 

beam. However following stroke, animals slip off the top level onto the safety level below with 

increased frequency [131] (Figure 6). Trials were video recorded and the number of slips with 

both the left and right fore- and hindlimbs were assessed from video playback. During each test-

point including baseline assessment, animals were required to cross the beam four times and data 

from all trials was averaged. The percentage of successful steps for each paw was calculated as 

[132]:  

% successful steps = (1 – [foot faults/total steps]) * 100 

 

2.3 Endothelin-1 Stroke Surgeries 

Focal strokes were produced by intracerebral injections of the vasoconstricting peptide 

ET-1 as previously described [45, 132, 133]. After an overnight fast, animals were anesthetized 

with isoflurane (4% induction, in oxygen) and prepped for surgery. Briefly, the heads were 

shaved and cleaned with soap followed by chlorhexidine. To keep the animals hydrated during 

the duration of the surgery, saline was delivered subcutaneously. Tear-gel was applied to prevent 

drying of the eyes and a local anesthetic (Xylocaine) was applied to the ear canals to reduce any 

discomfort caused by ear bars. 

After prepping, animals were secured onto a stereotaxic frame and a small incision was 

made in the scalp. During surgery isoflurane was maintained at 1.5%-2.0%. Body temperature 
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was closely monitored throughout the surgery and maintained at 36.5°C using a heating blanket. 

One (striatal-only), two (cortical-only) or three (combined and sham groups) small, ~1.0 mm 

diameter burr holes were drilled in the skull. In each model, stereotaxic injection coordinates 

targeted the forelimb motor cortex (FMC) and/or dorsolateral striatum (DLS; Table 4). All 

strokes were produced in the hemisphere opposite the animals’ dominant forelimb as determined 

by their baseline performance on the staircase test. 

ET-1 (Abcam, AB120471/Sigma-Aldrich, E7764) was thoroughly dissolved in sterile 

water at a concentration of 400 pmol/μl. At each injection site, a 0.485 mm inner diameter 

syringe (Hamilton, 80366) was slowly lowered into the brain and after a 1 minute delay, 1 μl of 

ET-1 was infused at a rate of 250 nl/min. Following injection, the needle was left in place for 2 

min and then very slowly withdrawn to minimize backflow of ET-1. The sham injection rats 

were treated identically to the combined stroke group, except they received injections of sterile 

water instead of ET-1. Experiment 2, also included an anesthetic control group that consisted of 

anesthesia (isoflurane) for a similar duration of time as the other groups. 

Following injections, the incision was sutured and a topical anesthetic (2% bupivacaine 

cream, Chiron) was applied. Animals were placed in an incubation chamber to recover from 

surgery and administered an analgesic, 0.05 mg/kg sub-cutaneous injection of buprenorphine 

(Chiron) once they woke up. Animals were then moved back to their home cages and monitored 

over the following 24 hours.   
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Table 4: Stereotaxic injection coordinates for ET-1 surgeries. Coordinates were relative to 

Bregma. All injections were 1 μl in volume.* = from brain surface, # = from skull surface.  

 

 

 

 

 

 

 

 

Group Injection # AP ML DV

Cortical 1 0.0  3.0 -1.7*

2 +2.3  3.0 -1.7*

Striatal 1 +0.7  3.8 -7.0#

Combined 1 0.0  3.0 -1.7*

2 +2.3  3.0 -1.7*

3 +0.7  3.8 -7.0#
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2.4 Tissue Preparation and Immunohistochemistry 

Perfusion 

Rats were deeply anesthetized by an intraperitoneal injection of euthanyl (149.5 mg/kg, 

Bimeda-MTC Health Inc.). Animals were then transcardially perfused with 120 ml (20 ml/min) 

of cold 1x heparinized saline followed by 120 ml (20 ml/min) of cold 4% paraformaldehyde 

(PFA) in phosphate buffered saline (PBS; pH 7.4). Immediately following perfusion, brains were 

removed and post-fixed in 4% PFA overnight at 4°C and then transferred to a solution of 20% 

sucrose for cryoprotection.  

Tissue samples were embedded in optimal cutting temperature compound (Sakura 

Finetek, 4583) and frozen in cold isopentane (-40°C to -50°C). Brains were sectioned into 20 μm 

thick coronal section at intervals of 1:24 (every 480 μm) using a cryostat (Leica Biosystems, 

CM1850) and were slide mounted onto chrome alum, gelatin-subbed, slides. Multiple series of 

sections was collected for each brain for immunohistochemistry and cresyl violet staining. 

Mounted sections were dried overnight and then stored at -20°C prior to staining. 

 

Immunohistochemical Staining for PNNs and PV 

One series of sections per animal was used to perform double immunofluorescence 

staining for PNNs and PV. To visualize PNNs we used Wisteria floribunda agglutinin (WFA), a 

lectin that binds to N-acetylgalactosamine residues of CSPGs [83, 107]. An anti-parvalbumin 

antibody was used to label PV interneurons. All materials used for staining are listed in 

Supplemental Table 1. 

Prior to staining, slides were thawed at RT for an hour and then hydrated in PBS. To 

improve the detection of antibody, slides underwent heat induced epitope retrieval at 95oC for 20 
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minutes in citric acid (0.01M, pH=6.0). After cooling to RT, slides were washed with PBS and a 

PAP pen (Super PAP Pen, Daido Sangyo Co.) was used to draw a water-repellent barrier around 

the sections. To reduce non-specific binding, sections were blocked in 10% normal donkey 

serum and 10% Carbo-Free blocking solution in PBS+0.3% triton x-100 for 60 min. Sections 

were then incubated in primary antibodies, 1:500 WFA and 1:600 anti-PV in blocking solution 

overnight at 4oC. 

The following day, slides were washed in triplicate with PBS+0.01% tween and then 

incubated with secondary antibodies conjugated to Alexa Fluor 594 (for PV; 1:250) and Alexa 

Fluor 488 (for PNNs; 1:250) in PBS+0.3% triton x-100 at RT for 3 hours.  Finally, slides were 

washed in triplicate with PBS+0.01% tween, and coverslipped with Immu-Mount mounting 

medium (Thermo-Scientific, Shandon, SH9990402). Staining was performed in small batches 

and was randomized. 

 

2.5 Infarct Volume Measurement 

MRI Acquisition and Infarct Measurement 

Magnetic resonance imaging (MRI) was performed at 72 hours following surgery to 

visualize and confirm infarcts in the animals post-stroke. Scans were obtained using a 7T 

General Electric/Agilent MR901 small-animal scanner. Animals were anesthetized with 

isoflurane (4% induction; 2% maintenance) during the 15 minute procedure, and respiratory and 

cardiovascular function was monitored throughout with a SA Instruments Inc. (SAII) 

physiological monitoring system. A localizer scan was first performed, during which routine 

adjustments were made. T2-weighted structural images were obtained using the following 
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parameters: 15 axial (transverse) slices; slice thickness = 800 microns; in-plane resolution = 78 

microns; echo train length = 8; echo time = 27 ms; scan time = 5 minutes.  

MRI image stacks were exported into ImageJ (National Institute of Health, Bethesda 

MD) to assess early infarct volumes in the animals. In each slice, any observable striatal and/or 

cortical damage was manually traced and the infarct area for each region was measured. Infarct 

volumes were calculated by multiplying the sum of infarcted area for all measured slices by the 

MRI slice thickness (0.80 mm). 

 

Infarct Measurement from Cresyl Violet Staining 

One series of sections per animal was stained with cresyl violet (0.25% solution) to 

visualize infarcted tissue and calculate infarct volume. Depending on the extent of damage, a 

minimum of 7 evenly-spaced sections, spanning the lesion was selected for analysis. Sections 

were imaged at 5x (Exp. 1) or 20x magnification (Exp. 2) using a Leica DMRXE microscope 

(Leica Microsystems) or Aperio CS2 digital pathology slide scanner (Leica Biosystems). Infarct 

volumes were calculated as previously described [8, 9]. In each section, the area of intact tissue 

in the striatum and cortex of both hemispheres (ipsilesional and contralesional) was manually 

traced and measured. The total volume of injury (in mm3) was calculated for the cortex and 

striatum separately as follows [9]: 

[(area of contralesional (cortex/striatum) − area of undamaged ipsilesional (cortex/striatum) × 

distance between sections × thickness of sections] 
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2.6 Microscopy and Cellular Quantification 

Stereological Cell Counting  

Unbiased stereological procedures were utilized to estimate the density of PNNs and PV 

cells. Digital images of co-labelled PNN and PV sections were acquired at 10x magnifications 

using a Leica DMR microscope (Leica Microsystems, Germany). Six to eight sections spanning 

the infarct were analyzed for each animal. Cell counting was performed in the lateral perilesional 

cortex, defined as a 1 mm wide profile adjacent to the infarct core, comprising all cortical layers 

(Figure 7A). An adjacent cresyl violet stained series was used to visualize the lesion and trace 

the infarct boundary. Counting was also performed in a 1 mm wide box in the contralesional 

cortex homotopic to the infarct core. The counting areas were manually traced and the 

Fractionator probe (Stereo Investigator V10.0; MicroBrightField Bioscience, Williston, VT) was 

used to estimate cell counts in the regions of interest [134]. All quantification was performed by 

a blinded experimenter. 

A pilot counting study was initially conducted using the resample-oversample probe to 

determine the optimal stereological parameters in order to achieve a desired precision of 

sampling with minimal amount of sampling [135]. Based on this, a 400 μm × 400 μm spaced 

grid was superimposed onto the traced regions of interest, and counting was performed in 

randomly chosen 200 μm × 200 μm counting frames within each grid. An estimate of total 

number of cells per region sampled was extrapolated by multiplying the numbers of cells 

counted by the reciprocal of the volume fraction. The density per mm3 for each marker was 

calculated by dividing the total estimated population by the volume sampled.  
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Figure 7: Stereological counting and locus analysis. (A) Representative image illustrating 

analyzed cortical regions in the ipsilesional and contralesional hemisphere. (B) Measurement of 

distance between counted cells and infarct border using the locus analysis probe. 
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Locus Analysis 

In order to assess if the distribution of PNNs and PV cells varied as a function of 

distance, the locus analysis probe in Neurolucida explorer software (MicroBrightField 

Bioscience) was used.  Briefly, the lateral infarct boundary was traced, and the distance of every 

counted PNN+ and PV+ cell in the perilesional cortex was measured from the infarct border 

(Figure 7B). Due to the complex shapes of the stroke, it was challenging to manually draw a 

peri-infarct box that was precisely 1 mm in width throughout from top to bottom. Therefore to 

account for this we analyzed the distribution of counted cells within the first 800 μm from the 

infarct border. 

 

 

2.7 Statistical Analysis 

All analyses were performed using IBM SPSS Statistics for Windows, version 24 (IBM 

Corp., Armonk, N.Y., USA). In experiment 1, all behavioural data were analyzed using one-way 

and repeated-measures ANOVA. The length of time that animals remained significantly 

impaired was analyzed using simple contrast comparison at each post-stroke test point using pre-

stroke performance as control. Infarct volumes were analyzed using a one-way ANOVA with 

Ryan-Einot-Gabriel-Welsch (REGW-F) post-hoc. Forward regression analysis was utilized to 

evaluate the association between infarct volumes and functional outcome. In experiment 2, all 

behavioural and histological data was analyzed using a two-way (Surgery type x Time) ANOVA 

with REGW-F post-hoc. Post-hoc power analysis was performed using G*Power 3.1 [136]. 

Significance was set at p≤0.05 for all analyses and post-hoc multiple comparisons were corrected 

to the 0.05 level. All values reported are means ± SEM. 
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2.8 Excluded Animals/Outliers 

In experiment 1, one rat in the combined group died due to surgical complications. A 

total of three animals were excluded; two animals in the striatal-only group had large non-

targeted cortical injuries (~25 mm3 and 47 mm3) and were identified as being extreme outliers by 

SPSS (cortical infarct volumes that were 3 times the interquartile range).  As the aim of this 

study was to characterize the effect of infarct location on functional outcome, it was necessary to 

have animals with a “pure” striatal or cortical injury. In addition, one animal from the cortical-

only group was excluded due to having a small infarct (~3 mm3) and failing to show any 

behavioural impairments following stroke surgery. 

In experiment 2, two animals died due to surgical complications.  In addition a few 

animals had to be removed from analysis due to the presence of a histological artifact known as 

“dark neurons” that affected immunohistochemical staining (Supp. Figure 1). In cresyl stained 

sections, these cells appear shrunken with a darkly stained nucleus [137, 138]. This artifact 

appeared to strongly affect staining for PV interneurons but did not affect PNN staining. In areas 

where “dark neurons” were present there was a clear reduction in immunoreactivity for PV. 

Thus, animals that had large areas of “dark neurons” were excluded from the analysis to avoid 

any confounding effects (n=12).  Animals that had small patches of “dark neurons” were still 

included in the study but with sections containing the “dark neurons” removed from analysis. In 

addition a few animals in this study had irregularly shaped strokes with injury spanning the 

lateral cortex (n=3).  These animals did not have a defined lateral perilesional area to count in, 

therefore analysis was only performed in their intact contralesional hemisphere. 
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Results 

 

Experiment 1: Characterizing Spontaneous Recovery of Motor Function 

In this experiment, animals received focal ET-1 strokes that targeted the FMC alone, the 

DLS alone or both the FMC and DLS. The spontaneous recovery profile of the animals was 

followed over an 8-week period using multiple behavioural tests to evaluate how lesion location 

influenced impairments and functional recovery (Figure 8). Impairments on each behavioural 

task were evaluated by comparing each group’s performance at post-stroke test points with their 

pre-stroke level. Recovery on the tasks for each group was calculated as the difference in 

performance between the first and the last post-stroke time points (week 1 and 8). 

 

3.1 Infarct Volumes 

Quantification from Cresyl Violet Stained Sections 

Following the last behavioural test point, rats were sacrificed and the amount of striatal 

and cortical damage was calculated from cresyl violet stained sections. Figure 9A depicts the 

typical injury profile seen in each of the three groups.  

There was a significant difference in total hemispheric damage between the groups 

(F=7.4, p<0.005; Figure 9B). The combined group had the largest total damage (49.5 ± 10.0 

mm3) compared to the striatal-only (15.1 ± 2.2 mm3) and cortical-only group (23.9 ± 3.8 mm3; 

p<0.05). There was no significant difference in the amount of cortical damage between the 

cortical-only (23.1 ± 3.6 mm3) and combined group (33.6 ± 9.0 mm3). Similarly, there was no 

difference in the amount of striatal damage between the striatal-only (13.2 ± 1.9 mm3) and the 

combined group (15.8 ± 1.7 mm3). The striatal-only group had a small amount of cortical   
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Figure 8: Timeline of experiment 1 to characterize spontaneous recovery of motor function. 
Animals were trained on a battery of behavioural tests over a period of two weeks and baseline 

performance was assessed. Following ET-1 induced strokes, behaviour testing was conducted at 

post-stroke week 1, 2, 4, 6, and 8. MRI imaging was performed at 72 hours post-stroke. Animals 

were perfused at 10 weeks.  
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Figure 9: Infarct volumes following ET-1 induced stroke in the forelimb motor cortex and 

dorsolateral striatum. (A) Representative cresyl violet stained sections showing typical stroke 

lesion seen in the three groups. Quantification of infarct volumes from both (B) cresyl violet 

stained sections (10 weeks post-stroke) and (C) T2-weighted MRI (72 hours post-stroke). Infarct 

volumes estimated from early MRI were larger but correlated with that obtained from cresyl 

violet stained tissue. The combined group had the largest total hemispheric damage. The amount 

of cortical damage was similar in the cortical-only and combined group. There was no difference 

in striatal infarct volume between the striatal-only and combined group. n = 8; striatal-only, n = 

9; cortical-only and n = 9; combined group. Values are means ± SEM. * = p<0.05. Total Hem. = 

total hemispheric infarct volume. 
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damage (1.8 ± 0.5 mm3) that may have resulted from lowering of the needle through the cortex 

and also due to backflow of ET-1. Infarct volumes calculated from cresyl stained sections were 

used for all analyses examining the relationship between infarct volume and functional outcome.  

 

Quantification from T2-Weighted MRI 

T2-weighted MRI images obtained 72 hours post-stroke were used to estimate the extent 

of cortical and striatal injury in all groups. Infarct volumes calculated from MRI were 

significantly larger than those measured from corresponding cresyl violet stained sections 

(t=4.30, p<0.001 for total hemispheric damage; Figure 9C). For example, the amount of cortical 

damage estimated from T2 MRI images was 4.6 ± 1.5 mm3 for the striatal-only, 44.2 ± 6.2 mm3 

for the cortical-only and 47.1 ± 8.8 mm3 for the combined group. In comparison, cortical 

volumes measured from cresyl violet were 1.8 ± 0.5 mm3 for the striatal-only, 23.1 ± 3.6 mm3 for 

cortical-only and 33.6 ± 9.0 mm3 for the combined group. The difference in volume 

measurement obtained from MRI and cresyl is likely due to edema and tissue swelling, which 

occur in the early days following stroke, leading to an overestimate in the MRI measure [139]. 

Despite the difference, the volume of cortical and striatal damage estimated from early MRI 

strongly correlated with cresyl infarct volumes measured from tissue obtained at 10 weeks post-

stroke (r=0.92 and 0.90 for the cortex and striatum respectively, p<0.001 for both regions).  

 

3.2 Performance on the Montoya Staircase Test  

Pellet Retrieval 

A one-way ANOVA indicated that all groups reached a similar number of pellets (17.1 ± 

0.4 out of 21 pellets) with their dominant paw prior to stroke (Figure 10A). Following ET-1 



 39 

surgeries, all three groups demonstrated a significant reduction in the average number of PR with 

the contralateral forelimb (PR: 14.2 ± 1.0 for striatal-only, 12.4 ± 0.9 for cortical-only and 8.8 ± 

1.0 for the combined group), indicating deficits in the ability to perform skilled reaching 

movements (p<0.005). Repeated-measures ANOVA revealed a significant effect of group 

(F=8.96, p<0.001) and time (F=5.93, p<0.01) for all post-stroke weeks. Animals in all three 

groups remained significantly impaired relative to pre-stroke performance throughout the entire 

8-week duration of the experiment. The combined group was significantly more impaired than 

both the cortical-only and striatal-only group (p<0.05). 

The percentage of improvement was evaluated by taking the difference between 

performance at post-stroke week 8 and week 1. There was no significant difference in the 

amount of improvement in contralateral reaching performance between groups (16.6 ± 5.5% for 

the cortical-only, 13.7 ± 5.5% for the combined and 7.4 ± 6.3% for the striatal-only group; 

Figure 10E). 

Assessment of the non-impaired ipsilateral forelimb revealed a difference in performance 

over time (F=3.53, p<0.05) but no difference between groups (Figure 10B). Animals did not 

exhibit any post-stroke impairments with their ipsilateral forelimbs. Both the striatal-only and 

cortical-only group performed significantly better with their ipsilateral forelimbs at week 6 and 

week 8 compared to their pre-stroke measure. 

 

Lowest Step Reached 

 In addition to the total number of pellets eaten, the maximum reaching distance as 

indicated by the lowest step reached by the animals was examined. Rats from all groups 

performed similarly during baseline assessment, and the majority of animals reached for pellets  
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Figure 10: Post-ischemic performance on the Montoya staircase test for skilled reaching. (A) 

Animals in all three groups retrieved fewer pellets with their contralateral forelimb and remained 

significantly impaired for the entire 8-week period. Significant between-group differences were 

detected between the combined and both striatal- and cortical-only groups. (B) No post-stroke 

impairments in ipsilateral forelimb reaching were detected, and animals continued to improve over 

time. (C) Both the striatal-only and combined group displayed significant impairments in the ability 

to reach for pellets on lower steps up until week 2 and week 8 respectively. (D) Animals did not 

show impairments of the ipsilateral forelimb in the measure of maximum step reached. (E) Percent 

improvement in pellet retrieval with the contralateral limb between post-stroke week 1 and 8. Values 

are means ± SEM. Significance markers for pre-stroke vs. post-stroke within-group differences: a = 

striatal-only, b = cortical-only, c = combined; p<0.05. Between-group differences: * = p<0.05. 
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placed at the lowest step (step 1) with their dominant paw (Figure 10C). Following stroke, both 

the striatal-only and combined group showed a significant deficit in the ability to reach for 

pellets on the lower steps with the contralateral forelimb (p≤0.028). These impairments persisted 

for the duration of the experiment for the combined group, and up until week 2 for the striatal-

only group. There was no significant effect of time or group for post-stroke time points.  

Animals did not show any post-stroke deficits in the use of their non-impaired paw in the 

measure of maximum step reached (Figure 10D).  

 

3.3 Performance on the Cylinder Test  

Prior to stroke induction, animals tended to use both forelimbs equally for postural 

support on the cylinder task, and there were no differences between groups (Figure 11). After 

ET-1 surgery, rats in all three groups significantly reduced their use of the contralateral forelimb 

from ~50% to 28.4 ± 3.8% for the striatal-only, 21.3 ± 3.9%  for the cortical-only and 21.7 ± 

3.1% for the combined groups (p<0.001). Repeated-measures ANOVA verified a main effect of 

time (F=13.26, p<.001) and time by group interaction (F=2.53, p<0.05) for all post-stroke time 

points. On this task both the striatal-only and combined group had significant impairments that 

persisted throughout the 8-week period. In comparison, the cortical-only group remained 

significantly impaired only up until week 4.  

Assessment of the degree of spontaneous recovery between post-stroke week 1 and 8 

indicated a significant difference between groups (F=4.14, p=0.03). The cortical-only group 

demonstrated significantly greater improvement (24.3 ± 4.9%) than the striatal-only (7.8 ± 3.2%) 

and combined group (12.2 ± 3.9%; p<0.05). 
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Figure 11: Post-ischemic performance on the cylinder task for forelimb asymmetry.  (A) 
All groups displayed reduced reliance on their impaired forepaw after stroke. Both the striatal-

only and combined groups were significantly impaired relative to pre-stroke for the entire 8-

week testing period.  The cortical-only group had significant impairments up until 4 weeks post-

stroke. (B) The cortical-only group showed significantly greater recovery than the other groups.  

Values are means ± SEM. Significance markers for pre-stroke vs. post-stroke within-group 

differences: a = striatal-only, b = cortical-only, c = combined; p<0.05. Between-group 

differences: * = p<0.05.  
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3.4 Performance on the Beam Traversal Test  

 In the tapered beam traversal test the percentage of successful steps with the forelimbs 

and hindlimbs was calculated and analyzed. During baseline assessment, animals in all groups 

performed equally well and made few forelimb and hindlimb errors (~94% and ~96% successful 

steps respectively; Figure 12, 13).  

Forelimb Performance  

Following stroke, the cortical-only and combined group made significantly more 

contralateral forelimb foot faults (p≤0.003). Repeated-measures ANOVA revealed a main effect 

of both time (F=5.04, p=0.006) and group (F=5.75, p=0.01) for contralateral forelimb 

performance for all post-stroke time points (Figure 12A). The combined group showed 

significant forelimb impairments throughout the experiment and were significantly more 

impaired than the cortical-only and striatal-only group (p<0.05). The cortical-only group 

displayed significant impairments only on the first week following stroke, whereas the striatal-

only group did not show any post-stroke impairments. There were no significant differences in 

the amount of improvement in contralateral forelimb performance between the groups (Supp. 

Figure 2A). Animals did not show significant deficits in the use of their ipsilateral forelimb 

following stroke (Figure 12B). 

 

Hindlimb Performance  

Analysis of contralateral hindlimb performance indicated that all three groups made 

significantly more hindlimb foot faults following stroke (p≤0.016). Repeated-measures ANOVA 

revealed a main effect of time (F=8.01, p=0.001) but not group for all post-stroke time points. 

The combined and striatal-only group remained significantly impaired throughout the 8-week  
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Figure 12: Post-ischemic performance on the beam-traversal test (forelimb accuracy). (A) 

The cortical group had significant contralateral impairments at week 1 post-stroke while the 

combined group had significant impairments that were apparent as late as 8 weeks post-stroke. 

Significant between-group differences were detected between the combined and both cortical- 

and striatal-only groups. (B) No impairments were observed in the use of the ipsilateral forelimb. 

Values are means ± SEM. Significance markers for pre-stroke vs. post-stroke within-group 

differences: a = striatal-only, b = cortical-only, c = combined; p<0.05. Between-group 

differences: * = p<0.05.  
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Figure 13: Post-ischemic performance on the beam-traversal test (hindlimb accuracy). (A) 

Rats in both the striatal-only and combined groups had significant contralateral hindlimb 

impairments for the entire 8-week testing period. The cortical-only group had significant 

impairments up until 6 weeks post-stroke. (B) Ipsilateral hindlimb impairments were not 

detected for the striatal- and cortical-only groups. The combined group demonstrated significant 

impairments at week 2 post-stroke. Values are means ± SEM. Significance markers for pre-

stroke vs. post-stroke within-group differences: a = striatal-only, b = cortical-only, c = combined; 

p<0.05.  
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testing period, whereas the cortical-only group showed significant impairments until week 6 

(Figure 13A). There were no significant differences in the amount of improvement in 

contralateral hindlimb performance between the groups (Supp. Figure 2B). 

Assessment of ipsilateral hindlimb performance indicated a significant effect of time 

(F=3.75, p<0.05). The combined group made significantly more ipsilateral hindlimb foot faults 

at week 2 post-stroke compared to their pre-stroke level (Figure 13B). 

 

3.5 Performance on the Adhesive Removal Test  

In the adhesive test, both time to initially contact and time to remove tape were recorded 

and analyzed. Two animals in this experiment failed to learn the task (neglected and did not 

remove tape) during the training sessions and were therefore excluded from this analysis. 

Following training, the remaining animals took ~5 seconds to contact and ~24 seconds to remove 

the tape with their dominant paw and no differences existed between groups at pre-stroke.  

Time to Contact Tape 

 After stroke, all groups took longer time to contact the tape with their contralateral 

forelimb (seconds taken: 9.4 ± 1.9 for striatal-only, 14.6 ± 5.1 for cortical-only and 38.4 ± 16.3 

for the combined group); however significant post-stroke impairments could only be detected in 

the striatal-only group (p<0.046; Figure 14A). These impairments were observed the first week 

following stroke. Repeated-measures ANOVA indicated an effect of time (F=6.74, p=0.005) but 

not group for post-stroke time points.  

Assessment of the time to contact with the non-impaired ipsilateral limb revealed a 

significant effect of time (F=6.70, p<0.005; Figure 14B). The cortical- and striatal-only groups  
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Figure 14: Post-ischemic performance on the adhesive removal test (time to contact). (A) 

Significant contralateral forelimb impairments could only be detected in the striatal-only group. 

(B) Both the striatal-only and cortical-only group took significantly longer to contact the tape 

with the ipsilateral forelimb at post-stroke week 8. Values are means ± SEM. Significance 

markers for pre-stroke vs. post-stroke within-group differences: a = striatal-only, b = cortical-

only, c = combined; p<0.05.  

 

 

 
 

Figure 15: Post-ischemic performance on the adhesive removal test (time to remove). (A) 
Both the cortical-only and combined group took significantly longer to remove the tape with the 

contralateral forelimb, whereas the striatal-only group was unaffected. Significant impairments 

were detected at week 1 for the combined group and up until week 2 for the cortical-only group. 

(B) No significant impairments were observed in the use of the ipsilateral limb. Values are 

means ± SEM. Significance markers for pre-stroke vs. post-stroke within-group differences a = 

striatal-only, b = cortical-only, c = combined; p<0.05.  
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took significantly longer to remove the tape at post-stroke week 8 relative to their pre-stroke 

performance. 

 

Time to Remove Tape 

In the measure of time to remove tape, both the cortical-only and combined group took 

significantly longer to remove the tape with the contralateral forelimb following stroke (p≤0.039; 

Figure 15A). A significant effect of time (F=4.24, p<0.005) was observed for all post-stroke time 

points. Significant impairments could be detected at week 1 for the combined group and up until 

week 2 for the cortical-only group. Animals did not show any post-stroke impairments in the use 

of their ipsilateral paw to remove the tape (Figure 15B). 

 

3.6 Relationship between Infarct Volume and Functional Outcome 

To determine if there was any association between the volumes of cortical/striatal injury 

and severity of initial impairments (week 1 post-stroke) and the amount of recovery between 

post-stroke week 1 and 8 on the different tests, forward linear regression analysis was performed. 

Cortical and striatal infarct volumes were advanced as variables of interest to test their ability to 

predict the level of impairment and recovery. The analysis identified significant correlations and 

generated predictive models that were then used to calculate predicted impairment and recovery. 

Predictive model characteristics and equation for each behavioural test are presented in 

Supplemental Table 2. 
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Severity of Impairments 

 Regression analysis revealed that the amount of cortical damage was a significant 

predictor of the degree of initial impairments on the cylinder test (r=0.40, p=0.044), both 

forelimb (r=0.56, p=0.003) and hindlimb errors (r=0.62, p=0.001) on the beam traversal test, as 

well as time to contact (r=0.47, p=0.02) and remove (r=0.41, p=0.047) the tape on the adhesive 

removal task (Figure 16). On the staircase test, the degree of impairment could be best predicted 

by both the volume of striatal and cortical damage (r=0.65, p<0.002).  

 

Recovery of Function 

Lastly, regression analysis was utilized to examine whether the amount of recovery 

between post-stroke week 1 and 8 on each of the behavioural tests could also be predicted using 

cortical and/or striatal infarct volume (Figure 17; Supplemental Table 2). Regression analysis 

revealed that cortical damage was a significant predictor of the degree of recovery on both 

forelimb (r=0.39, p<0.047) and hindlimb (r=0.53, p=0.005) accuracy on the beam test as well as 

time to contact on the adhesive removal test (r=0.55, p= 0.006). In contrast, recovery on the 

cylinder test could be predicted by the amount of striatal damage (r=0.58, p=0.002). Infarct 

volumes were not a reliable predictor of recovery on the staircase reaching test and time to 

remove measure on the adhesive test.  
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Figure 16: Prediction of impairments using infarct volumes. (A) Impairments on the staircase 

test (PR) could be predicted using both cortical and striatal infarct volume. Impairments on the 

(B) cylinder, (C, D) beam traversal and (E, F) adhesive removal test could be predicted by the 

volume of cortical damage. Predictive model characteristics for each behavioural test are 

presented in Supplemental Table 2. N = 26 for A-D and N = 24 for E, F. All graphs show 

regression lines with 95% confidence bands. 
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Figure 17: Prediction of recovery using infarct volumes. Cortical infarct volume significantly 

predicted (A) forelimb and (B) hindlimb recovery on the beam traversal test and improvement on 

(C) time to contact on the adhesive removal test. (D) Recovery on the cylinder test could be 

predicted by the amount of striatal damage. Predictive model characteristics for each behavioural 

test are presented in Supplemental Table 2. N = 26 for A, B, D and N = 24 for C. All graphs 

show regression lines with 95% confidence bands. 

 

 

 

 

 

 



 52 

Experiment 2: Characterizing Changes in PNNs and PV  

In experiment 2, all animals underwent staircase training and received the same stroke 

surgeries as in experiment 1. In addition, two groups of control animals (sham injection and 

anesthetic controls) were included for comparison. Rats were perfused at 24 hours and 7 days 

following stroke surgeries in order to evaluate temporal changes in PNNs and PV interneurons 

(Figure 18).  

 

4.1 Infarct Volumes 

The amount of cortical and striatal damage was calculated from cresyl violet stained 

sections. A two-way ANOVA revealed a significant effect of surgery type but not time for 

cortical (F=23.4, p<0.001), striatal (F=25.8, p<0.001), and total hemispheric damage (F=20.4, 

p<0.001; Figure 19). Post-hoc analysis indicated that the combined group had the largest total 

hemispheric damage compared to all other groups (p<0.05). There was no significant difference 

in the amount of cortical damage between the cortical-only (34.8 ± 5.3 mm3) and combined 

group (41.4 ± 6.0 mm3). Similarly, there was no difference in the amount of striatal damage 

between the striatal-only (18.6 ± 2.6 mm3) and combined group (17.1 ± 2.4 mm3).  The infarct 

volumes in this experimental wave were not significantly different than that observed in 

experiment 1. 

 

4.2 Post-Stroke Behavioural Assessment 

Performance on the Montoya Staircase Test  

Post-stroke behavioural data was obtained for animals sacrificed at 7 days. The cortical-

only and combined animals were significantly impaired following stroke and retrieved fewer  
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Figure 18: Timeline of experiment 2 to characterize changes in PNNs and PV following ET-

1 stroke. After two weeks of behaviour training, animals underwent ET-1 stroke surgery 

(striatal-only, cortical-only or combined strokes). Rats were perfused at 24 hours and 7 days 

post-stroke. Post-stroke behaviour data was obtained for animals sacrificed at 7 days. 

 

 

 

 
Figure 19: Infarct volumes following ET-1 induced stroke in the cortex and striatum (Exp. 

2). There was a significant effect of surgery type but not time, therefore the 24 hour and 7 day 

time points were collapsed. The combined group had the largest total hemispheric damage. The 

amount of cortical damage was similar in the cortical-only and combined group. Likewise, the 

amount of striatal damage was similar in the striatal-only and combined group. Values are means 

± SEM. * = p<0.05.  Sham Inj Ctrl n=10; Striatal n=10; Cortical n=9; Combined n=11. 
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pellets on the staircase test (p≤0.015; Figure 20A). The striatal-only group also showed a drop in 

number of pellets eaten from 17.6 ± 1.0 to 12.7 ± 2.6 pellets; however, this was not statistically 

significant (p=0.058). A one-way ANOVA indicated a significant effect of group (F=5.13, 

p=0.006). The combined group was significantly more impaired than both control groups but not 

the other stroke groups (p<0.05). In addition, a between-group difference was detected between 

the cortical-only and sham injection animals (p<0.05). As expected, sham injection and 

anesthetic controls did not show any impairments at day 7. 

 

Performance on the Cylinder Test 

On the cylinder test, the cortical-only and combined animals displayed significant 

impairments and reduced their use of the contralateral forelimb (p<0.001) following stroke 

(Figure 20B). The striatal-only group also demonstrated a trend towards a decrease in the use of 

their impaired forelimb (p=0.060). There was a significant effect of group (F=13.28, p<0.001). 

The combined group performed significantly worse than the striatal-only, anesthetic and sham 

injection controls (p<0.05). A group difference was also observed between the cortical-only and 

both control groups (p<0.05). As with the staircase test, both control groups were not impaired 

on the cylinder task.     

 

4.3 Stereological Analysis of PNNs and PV 

Stereological cell counting was conducted in the perilesional cortex as well as the 

contralesional cortex homotopic to the infarct core. Representative images of PNN+, PV+ and 

co-labelled PNN+PV+ cell counts are shown in Figure 21.  
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Figure 20: Post-ischemic performance on the Montoya staircase and cylinder test. (A) 

Skilled reaching performance on the staircase test as indicated by the number of PR.  Both the 

cortical-only and combined group demonstrated significant impairments following stroke. 

Between-group differences were observed between the combined and both control groups and 

between the cortical-only and sham injection controls. (B) On the cylinder test of forelimb 

asymmetry both the cortical-only and combined group were significantly impaired following 

stroke. The combined group was significantly more impaired than the striatal-only, anesthetic 

and sham injection controls. Between-group differences were also detected between the cortical-

only and both control groups. Sham injection and anesthetic control animals did not show any 

impairments on both tasks. Values are means ± SEM. Significance markers for pre-stroke vs. 

post-stroke within-group differences: a = cortical-only, b = combined; p<0.05. Between-group 

differences: * = p<0.05.  

 

 



 56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                     (A) Representative image of PNN and 

PV staining in an animal with a combined stroke sacrificed at 24 hours. White line indicates border of infarct 

core. Representative images of (B) PNN+ (C) PV+, and (D) co-labelled PNN+PV+ cell count. 

 

Figure 21: Representative images of PNNs, PV and co-labelled cells. 
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Staining and Quantification of PNNs 

 In SD rats, PNNs were present in all layers of the cortex except layer I, and appeared to 

be most abundant in layers IV–VI of the sensorimotor cortex (Supp. Figure 3). In other species 

such as mice, PNNs are also reported to be found throughout the striatum [105, 140], however, in 

SD rats, PNNs were extremely rare in this region (Supp. Figure 4). Therefore, PNNs were not 

counted within the striatum.   

 In animals that received a stroke, very few, if any, PNNs were observed in the infarct 

core at either post-stroke time point. Surprisingly, a distinctive pattern of non-specific WFA 

immunoreactivity was present in the infarct core (cortex and striatum) of all stroked animals 

sacrificed at the 7 day time point (Supp. Figure 5). There was an accumulation of cells that 

exhibited strong intracellular WFA staining and could clearly be differentiated from PNNs in 

these animals. It is thought that these WFA positive cells represent leukocytes that invade the 

infarct core and are involved in the removal of cell debris [120]. 

 Assessment of the density of PNNs in the perilesional cortex, revealed a main effect of 

surgery type (F=11.9, p<0.001) but not time (Figure 22A). Post-hoc analysis indicated that the 

cortical-only and combined animals had significantly fewer PNNs (~25% difference) compared 

to anesthetic, sham injection and striatal-only group (p<0.05). These results suggest that it is 

cortical but not striatal injury that causes a reduction in PNNs in the perilesional cortex. No 

significant differences in the density of PNNs were found in the contralesional hemisphere 

homotopic to the infarct core (Figure 22B).  
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Figure 22: Density of PNNs in the perilesional and contralesional hemisphere. (A) Density 

of PNNs in the perilesional cortex at 24 hours and 7 days post-stroke. The cortical-only and 

combined groups showed a significant reduction in the density of PNNs compared to the other 

groups when the time points were collapsed. (B) No differences were observed between groups 

in the contralesional hemisphere. Values are means ± SEM. * = p<0.05. Number within each bar 

represents sample size. 
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Staining and Quantification of PV Interneurons 

In SD rats, PV interneurons were distributed in all layers of the cortex except layer I 

(Supp. Figure 3). After stroke, there was a striking loss of PV-immunoreactivity within the 

infarct core of all stroked animals. However, no significant differences in the density of PV 

interneurons could be detected between stroke and control groups in either the perilesional and 

contralesional cortex (Figure 23).  

 

Proportion of Co-labelled PV Interneurons 

 PNNs are known to be primarily associated with PV interneurons, therefore we assessed 

if reduction in PNNs was occurring around this cell type. To evaluate this, the proportion of co-

labelled PV cells was calculated by dividing the density of co-labelled cells (PNN+PV+) by the 

density of PV interneurons. This revealed that approximately 70% of all PV interneurons in the 

control animals (sham injection and anesthetics) were surrounded by PNNs. 

In the perilesional cortex, two-way ANOVA indicated a main effect of group (F=4.3, 

p<0.01) but not time (Figure 24A). Post-hoc analysis identified that both the combined and 

cortical-only animals had a significantly lower proportion of co-labelled PV cells compared to 

the striatal-only group (p<0.05). The combined group also had a significantly lower proportion 

of co-labelled PV interneurons than the sham injection group (p<0.05). These results show that 

PNNs are reduced around PV interneurons in the perilesional cortex following a cortical injury. 

In contrast, no significant differences in the proportion of co-labelled PV cells were observed 

between groups in the contralesional cortex (Figure 24B).  
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Figure 23: Density of PV interneurons in the perilesional and contralesional hemisphere. 

There were no significant differences in PV density between stroked and control groups in both 

the (A) perilesional and (B) contralesional hemisphere. Values are means ± SEM. Number 

within each bar represents sample size. 

 

 

Figure 24: Proportion of co-labelled PV cells in the perilesional and contralesional 

hemisphere. (A) A significant effect of group was detected in the perilesional cortex. The 

cortical-only and combined groups showed a significant reduction in the proportion of co-

labelled PV cells compared to the striatal-only group when the time points were collapsed. The 

combined group also had a significantly lower proportion than the sham injection group. (B) 

There were no differences between groups in the contralesional hemisphere. Values are means ± 

SEM. * = p<0.05. Number within each bar represents sample size. 
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Proportion of Co-labelled PNN Cells 

Although PNNs mainly enwrap GABAergic PV interneurons, they are also found 

surrounding other cell types (e.g. pyramidal neurons). To determine whether PNN reduction is 

confined primarily to PV interneurons or other cell types following stroke, the proportion of co-

labelled PNNs was compared between groups. This measure was calculated by dividing the 

density of co-labelled cells by the density of PNNs. In the control groups approximately 60% of 

all PNNs were associated with PV interneurons. This suggests that the remaining 30% surround 

other cell types in the cortex.  

 No significant differences in the proportion of co-labelled PNNs were observed between 

stroked and controls groups in either the perilesional or contralesional hemisphere (Figure 25). 

This indicates that the reduction of PNNs observed in the perilesional cortex was not exclusively 

around PV interneurons, but was also occurring around other cell types. 

 

4.4 Distribution of PNNs and PV as a Function of Distance from Infarct 

To assess if the distribution of PNNs and PV interneurons varied as a function of distance 

from infarct, the locus analysis probe in StereoInvestigator was used. The distance of every 

counted PNN and PV cell within the perilesional cortex was measured from the infarct border 

and distribution of the cells within the first 800 μm was examined.  

 

 

 

 

 

No significant differences in the distribution of PNNs and PV were observed between 

groups (Figure 26). In the stroked groups, PNNs and PV interneurons could be found even at the 

very edge of the traced infarct border (0 μm from infarct).  This suggests that the observed post-

stroke reduction in PNNs was occurring uniformly throughout the perilesional cortex and was 

not localized to a narrow band near the infarct.  
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Figure 25: Proportion of co-labelled PNNs in the perilesional and contralesional 

hemisphere. There were no significant differences between stroked and control groups in both 

the (A) perilesional and (B) contralesional hemisphere. Values are means ± SEM. Number 

within each bar represents sample size. 
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Figure 26: Distribution of PNNs and PV interneurons as a function of distance from the 

infarct. Box plot representation of the distribution of (A) PNNs and (B) PV interneurons in the 

different groups. The box represents the lower quartile (25%) and upper quartile (75%). The 

whiskers represent the minimum (0 μm) and maximum distance (800 μm) of counted cells from 

the infarct border. Vertical line in the box shows the median distance. The distribution of PNNs 

and PV cells relative to the infarct border were similar between all groups.  

 

 

 

 

 

 

PNNs: Anest Ctrl n=9; Sham Inj Ctrl n=10; Striatal n=10; Cortical n=9; Combined n=8 

PV: Anest Ctrl n=8; Sham Inj Ctrl n=9; Striatal n=10; Cortical n=8; Combined n=8 
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4.5 Relationship between Infarct Volume and Cellular Changes 

The results of the stereological analysis suggest that it was cortical and not striatal injury 

that caused cellular changes in the perilesional cortex. Therefore, possible relationships between 

the volume of damage and the density/proportion of PNNs and PV cells were evaluated. Animals 

from all groups were included in this analysis.  

A significant negative correlation was observed between cortical infarct volume and PNN 

density (r=-0.75, p<0.001), PV density (r=-0.37, p=0.014) and proportion of co-labelled PV cells 

(r=-0.41, p=0.007) in the perilesional cortex (Figure 27). In addition, a significant positive 

correlation was found between the amount of cortical damage and the proportion of co-labelled 

PNNs (r=0.35, p=0.021). In contrast to cortical damage, there was no association between the 

volume of striatal damage and the density/proportion of PNNs and PV in the perilesional cortex 

(Figure 27). The difference in results between the correlation analysis and ANOVA suggests that 

the experiment may not have had enough statistical power to detect a between-group effect in the 

density of PV interneurons.    

There was no significant relationship between volume of striatal/cortical damage and 

density/proportion of PNNs and PV cells in the contralesional cortex. 
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Figure 27: Relationship between infarct volume and density/proportion of PNNs and PV 

cells in the perilesional cortex. Plots showing relationship between stereological outcome 

measures and cortical (left column) and striatal (right column) infarct volume. The outcome 

measures were (A, B) PNN density, (C, D) PV density, (E, F) proportion of co-labelled PV cells 

and (G, H) proportion of co-labelled PNN cells. There was a significant correlation between 

cortical infarct volume and all outcome measures. N = 46 for A, B and N = 43 for C-H. All 

graphs show regression lines with 95% confidence bands. 
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Discussion 

 

Experiment 1 

In both humans and animals, varying degrees of spontaneous functional recovery are 

observed following stroke. This recovery process is especially difficult to study in humans as 

most stroke survivors receive rehabilitation. The present study sought to determine how the 

location of injury affects recovery of motor function up to 2 months after stroke. We produced 

focal strokes in the FMC, equivalent to the primary motor cortex (M1) and/or the DLS which is 

homologous to the human basal ganglia. Our results confirm our hypothesis that the lesion 

location does affect functional outcome following stroke. Stroke to the FMC and/or DLS resulted 

in significant functional impairments on most of the behavioural tests. Interestingly, our data 

demonstrated that recovery is not only dependent on the lesion volume but also on the lesion 

location and the behavioural test used to assess function.  

 

Motor recovery is dependent on infarct location and varies with different behavioural tests 

In this study we used a battery of behavioural tests to assess functional outcome 

following stroke. In the cylinder test of spontaneous forelimb use, both the striatal-only and 

combined group displayed limited recovery and remained impaired throughout the testing period. 

In contrast, the cortical-only group demonstrated significantly greater recovery and returned to 

pre-stroke performance levels by week 6. These results indicate that striatal involvement is 

important for performance on this test, which was further confirmed by regression analysis that 

identified striatal damage to be a significant predictor of the amount of recovery. Our finding is 

in line with clinical evidence that patients with subcortical strokes show poorer upper limb motor 

recovery than those with injuries confined to the cortex [17, 18]. It is thought that better outcome 
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in patients with cortical-only strokes may be due to the redundancy of the cortical motor system 

with spared cortical regions taking over function of the damaged site [17]. Others have 

hypothesized that poor functional outcome following strokes isolated to the striatum may be due 

to dysfunctional cortical-striatal interactions that impede recovery [18].  

In the staircase test of skilled forelimb reaching, animals in all groups displayed 

significant impairments in their ability to retrieve pellets that persisted even at 2 months 

following stroke. Interestingly, while both the striatal-only and combined group exhibited 

difficulty in reaching pellets from the lower steps, the cortical-only group was not affected on 

this measure. The dorsolateral region of the striatum that we targeted is involved in skilled motor 

control [141] which may explain the deficits seen in the groups with striatal damage. Clinically, 

it is accepted that patients with milder impairments are likely to show both rapid and complete 

recovery than those with severe deficits [52]. Despite having mild deficits (~80% of baseline 

performance), animals in the striatal-only group did not achieve complete recovery. In addition, 

the striking recovery seen in the cortical-only group in the cylinder test was not evident in the 

staircase test. This difference between tasks suggests that recovery of gross motor skills may 

occur spontaneously whereas recovery of fine motor function may require intervention.   

In contrast to the staircase and cylinder test, we were unable to detect robust long-term 

deficits on the adhesive removal task. Groups that were initially impaired recovered to pre-stroke 

levels by week 2. Our results differ from other studies that observed long-term impairments, as 

late as 6 months following stroke on the adhesive test [142, 143]. This may be due to differences 

in size and location of injury and strain of rats between studies. It is also important to note that 

both the cortical-only and the combined groups showed a high degree of within-group variability 

in performance on this task, which may have prevented us from detecting significant deficits. We 



 68 

noticed a few animals starting to use compensatory strategies to contact and remove the tape on 

their impaired forelimb which may explain the large variability in performance. Due to the 

transient deficits, we do not believe that this test is a sensitive measure in our stroke model.   

We found the beam traversal test to be more sensitive in detecting impairments of 

hindlimb function than that of the forelimb. Regardless of stroke location, animals in all groups 

made significantly more contralateral hindlimb foot faults following surgery. Although our 

stereotaxic coordinates targeted forelimb areas, the hindlimb representation area in both the 

striatum and the cortex lies in close proximity to the forelimb area [29, 144]. As a result, animals 

in our study had strokes that extended into the hindlimb regions causing these hindlimb deficits. 

As with the staircase and cylinder test, the striatal-only and combined group displayed limited 

recovery on the task and had significant impairments throughout the testing period. In 

comparison, the cortical-only group recovered to pre-stroke levels by week 8. This finding lends 

further support to previous studies that have shown that subcortical strokes result in poorer 

functional outcome than cortical strokes [17, 18]. 

 

Significant and chronic impairments can result even with small strokes 

 In the present study we wanted to capture the clinical characteristics of stroke with 

respect to both location and size. As previously reported by Carmichael and colleagues, “human 

strokes are mostly small in size” with lesions ranging from 4.5-14% of the ipsilesional 

hemisphere [35]. However, the majority of preclinical stroke studies have utilized models that 

result in the destruction of a greater proportion of the ipsilesional hemisphere than is typically 

observed in the clinical population [28]. This mismatch between preclinical and clinical research 

may impair translational efforts.  
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The infarct volumes obtained in our study correspond to ipsilesional hemispheric damage 

of 1.9% in the striatal group and range up to 6.1% in the combined group. Despite these 

relatively small strokes, our animals showed chronic motor impairments as a result of strokes 

targeting specific cortical and striatal regions involved in motor control. A problem for pre-

clinical researchers is the occurrence of rapid and complete recovery in many stroke models [53]. 

This is especially challenging when evaluating new interventions, since spontaneous recovery 

may prevent the detection of a treatment effect. The chronic impairments resulting from the 

stroke models described in this thesis will be valuable for future research evaluating new adjunct 

therapies. 

 

Animals demonstrated similar patterns of recovery to that seen in humans 

Overall, the pattern of recovery observed on the different behavioural tasks in this study 

was similar to the non-linear curve described in humans [54]. Most of the spontaneous recovery 

appeared to take place between post-stroke weeks 1 and 2. Resolution of edema and diaschisis 

may be a likely mechanism that contributes to recovery during this early phase. After 

approximately 4 to 6 weeks following stroke, recovery on most of the behavioural tests reached a 

plateau. There is compelling preclinical evidence for the existence of a critical period of 

increased neuroplasticity in the days to weeks following stroke [8]. The plateau observed in the 

behavioural tests in our study may reflect the closure of this critical period. The second 

experiment in this thesis was aimed at investigating one potential cellular mechanism that might 

be responsible for this recovery plateau. 
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Limitations  

One limitation of the present study is that we cannot differentiate true spontaneous 

recovery from improvement due to behavioural compensation. It is conceivable that some 

amount of improvement we observed in the behavioural tests may have resulted from animals 

using new adaptive strategies to perform a task in a different manner than they did prior to 

stroke. This was especially evident in the adhesive removal test where some animals were 

“cheating” by using their non-impaired paw to hold the impaired paw to aid in removal of the 

tape. Compensation may also exist in other tasks such as the staircase test where animals may be 

making more subtle changes in posture and forelimb movements to retrieve pellets. In future 

studies, the use of kinematic analysis and comparison of pre- and post-stroke movement patterns 

will help identify such changes and confirm the use of behavioural compensation.  

 

Implications of the study 

Our results highlight the importance of using multiple and varying behavioural tests when 

assessing functional outcome following stroke. Most pre-clinical studies use only one or two 

tests to evaluate functional outcome. Here, we demonstrate that the degree of recovery that 

animals show on one test may not necessarily be similar in another test. For example, if we had 

only used the cylinder test we would not have seen the chronic reaching impairments that the 

cortical-only group revealed in the Montoya staircase test. Moreover, researchers must carefully 

select tasks that are sensitive to the particular injury model and species.  

This experiment also has clinical implications. Stroke is a heterogeneous condition; 

therefore a “one-size-fits-all” approach to stroke rehabilitation might not be the most effective. 

Recently, there has been a lot of interest in trying to identify biomarkers to predict stroke 
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recovery and optimize current rehabilitation. Several different biomarkers have been investigated 

including the use of anatomical (e.g. lesion size), physiological (e.g. motor evoked potential) and 

behavioural measures (e.g. initial level of impairment on Fugl-Meyer assessment) to predict 

recovery [145]. In the present study, we evaluated whether cortical/striatal infarct volume could 

be used to predict the degree of initial impairment and amount of motor recovery after stroke. 

Regression analysis showed that these measures are significant predictors of functional outcome 

on several of the behavioural tests, accounting for ~12-37% of the variance. Thus, our findings 

lend support to the use of infarct volume and location as biomarkers of functional outcome 

following stroke. Clinicians should consider these measures when developing and prescribing 

interventions for stroke survivors. 

 

Experiment 2 

 This experiment was conducted as a follow up to experiment 1, to investigate one 

mechanism known to regulate critical period plasticity [116] that could also be important for 

neuroplasticity and recovery following stroke. We sought to understand how plasticity limiting 

PNNs and associated PV+ GABAergic interneurons change in the days following an ischemic 

injury. A limited number of studies have previously investigated changes in PNNs and PV using 

the PT or MCAO stroke model [80, 120–123]. However, these studies have yielded conflicting 

results. To the best of our knowledge, ours is the first study to characterize changes in these cell 

types following injury to different brain regions using the ET-1 stroke model. Our results 

demonstrated a significant reduction of PNNs in the perilesional cortex of animals that received a 

cortical-only or combined cortical-striatal stroke. Interestingly, the same was not observed in the 

striatal-only group. Although we did not observe significant between-group differences in the 
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density of PV interneurons, a significant negative correlation existed between PV density and 

cortical infarct volume. Our results suggest that PNNs are reduced not only around PV 

interneurons but also around other cell types. In contrast to the perilesional cortex, we did not 

observe any cellular changes in the contralesional hemisphere. Together, these results support 

our initial hypothesis that stroke triggers neuroplastic changes in the injured brain that vary 

depending on the location of injury.  

 

Reduction of PNNs in the perilesional cortex following a cortical-only/combined stroke but 

not a striatal-only stroke 

Several studies have shown that the perilesional cortex undergoes cortical reorganization 

and is crucial for functional recovery, thus prompting us to analyze this region [146, 147]. Here, 

we observed a ~25% reduction in the density of PNNs following either cortical-only or 

combined stroke at both 24 hours and 7 days post-stroke. These results are similar to the findings 

of two other groups that had previously reported a reduction of PNNs in this region using PT and 

pMCAO models [121, 122]. However, in the study using the PT model the authors noted a more 

striking reduction of PNNs (~90%) at 24 hours which then continued to increase over time [122]. 

One possible explanation for this disparity may have been the difference in the region sampled. 

Our perilesional counting box extended much further (1 mm) from the infarct in comparison to 

the other study (200 μm). This led us to consider whether the reduction in PNNs was more 

pronounced in regions closer to the infarct. We examined how PNNs in our perilesional area 

were distributed as a function of distance from the infarct border. The results of this locus 

analysis indicated that the reduction of PNNs in our ET-1 model was uniform throughout the 

perilesional cortex and not localized to a narrow region directly adjacent to the infarct.  
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Our findings also differ from the results reported by Carmichael and colleagues (2005) 

who noted an increase in staining for PNN associated components in the region immediately 

adjacent to the infarct core, and a reduction in staining in the area more distant (2 mm) from the 

infarct following pMCAO [80]. The differences between our results and other studies are likely 

attributed to the stroke model itself. Indeed, there is evidence that expression of molecules 

associated with plasticity can differ depending on the type of method used to produce the lesion 

[148]. One notable difference between our model and that of others is the occurrence of 

reperfusion in the ET-1 model, resulting in a different injury profile. Future research involving a 

direct comparison between models (e.g. PT vs. ET-1) can provide more insight as to why such 

differences exist. Other possible explanations for discordant results between studies include 

differences in species/strain (e.g. mouse vs. rat) and the quantification approach (e.g. qualitative 

vs. stereological). 

There is some evidence for cortical plasticity and reorganization following subcortical 

strokes [149, 150], thus we wanted to examine whether PNNs in the cortex undergo remodelling 

following a subcortical injury. In contrast to cortical injuries, striatal-only strokes did not lead to 

a reduction of PNNs in the ipsilesional cortex. One simple explanation for this result could be 

that remodeling of PNNs may only occur in proximity to the stroke site or within the same 

region. However, this is unlikely as others have reported significant changes in PNNs density in 

areas distant from the lesion [122]. Although we did not observe changes in the cortex it is 

possible that striatal strokes may have induced PNN reduction in other motor-related structures 

such as the substantia nigra or red nucleus which are abundant in PNNs. Our results are in 

agreement with past research which found that stroke induced neuroplastic changes can differ 
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depending on the location of the injury [151]. Taken together, our findings suggest that different 

mechanisms may underlie functional recovery following cortical and striatal strokes. 

 

Inverse relationship between cortical infarct volume and density of PV interneurons in the 

perilesional cortex 

Previous studies that have looked at post-stroke changes in PV have reported conflicting 

findings. For example, significant reduction of PV interneurons was observed following pMCAO 

whereas no early changes in PV were seen following PT stroke [121, 123–125]. Similar to 

PNNs, these discrepancies are most likely due to differences in stroke models used in the studies. 

In the present study, we did not find a significant difference in the density of PV interneurons 

between stroke and control groups. Nonetheless, the correlational analysis in which all animals 

were included indicated a significant inverse relationship between cortical infarct volume and 

density of PV interneurons in the perilesional cortex. This led us to consider the possibility that 

we may not have had enough power in this experiment to detect a potential between-group effect 

of stroke on the density of PV interneurons.  A post-hoc power analysis revealed that in order for 

a between-group effect of this size to be detected (80% chance), a total sample of 78 animals (~8 

per group) would be needed. This can easily be achieved with one replication of this experiment. 

Thus, our results indicate that both PNNs and PV are affected by stroke, however the effect of 

stroke on PNNs (f = 1.15) is far more pronounced than on PV interneurons (f = 0.40). 

  

PNNs are not exclusively reduced around PV interneurons   

Although past studies investigated post-stroke changes in PNN and PV separately, we are 

the first to examine the association between both. In our control animals, approximately 60% of 
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all PNNs were associated with PV interneurons which is in line with reports that PNNs primarily 

enwrap PV interneurons [107, 108].  Our analysis of the proportion of co-labelled PV and PNN 

cells suggests that PNNs are reduced around PV interneurons in the perilesional cortex following 

a cortical and combined stroke. However, the reduction of PNNs is not exclusive to PV 

interneurons but also to other cell types. In addition to PV interneurons, PNNs are also known to 

enwrap non-GABAergic pyramidal neurons [108]. Our findings suggest that future studies 

investigating post-stroke changes in PNNs should not solely focus on PV interneurons, but also 

distinguish the other cell types that PNNs enwrap. Further studies are needed to determine how 

the reduction in PNNs affect the activity of the neurons they surround in the perilesional cortex. 

 

No cellular changes observed in the contralesional cortex 

In addition to the perilesional cortex, more remote regions to the infarct, such as the 

contralesional cortex, have been shown to undergo neuroplastic changes following stroke [152, 

153]. Thus, we hypothesized that cellular changes may have been evident in the contralesional 

cortex. Interestingly, stereological analysis did not reveal any significant changes in the density 

or proportion of PNNs or PV interneurons in the contralesional cortex. Our results are in 

agreement with most of the previous literature that evaluated post-stroke changes of PNNs/PV 

[120, 121, 123, 125]. However, our findings differ from the study by Karetko-Sysa and 

colleagues (2011) who reported a significant reduction of PNNs (by ~40%) in the contralesional 

hemisphere, following cortical PT strokes. This notable difference between studies further 

supports our premise that the mechanisms responsible for the reduction of PNNs may differ 

across stroke models. Another possible explanation for this notable change in the contralesional 
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cortex, may be due to damage to the corpus callosum which was observed in animals in the study 

by Karetko-Sysa and colleagues. 

 

Mechanisms underlying the reduction of PNNs 

The mechanisms underlying PNN remodeling in the cortex following stroke remains 

unclear. In their study, Karetko-Sysa and colleagues (2011) used markers for necrotic and 

degenerating cells and showed that the reduction of PNNs they observed was not associated with 

cell death [122]. This suggests that other regulatory mechanisms may exist which control PNN 

expression following injury. Indeed, there is an upregulation of enzymes such as matrix 

metalloproteinases (MMPs) and hyaluronidase following stroke [154–156]. MMPs are a family 

of proteolytic enzymes that are known to cleave ECM molecules including components of PNNs 

[157]. Likewise, the enzyme hyaluronidase degrades HA, the main backbone of PNNs [156].  

Thus, it is conceivable that stroke-induced elevation of these enzymes contributes to the 

degradation of PNNs. Further studies are needed to clarify the association between these 

enzymes and PNN degradation following ischemic injury. 

 

Association between cellular changes and functional recovery 

CSPGs, which are a major component of PNNs, restrict plasticity and neuronal repair in 

the adult brain [99, 100]. In models of spinal cord injury, digestion of PNNs with the enzyme 

chABC has been associated with sprouting of new fibers and improved functional outcome [89, 

92]. Likewise, administration of chABC in the peri-infarct region following stroke enhances 

functional outcome when combined with motor training [94]. The post-stroke reduction of PNNs 

that we observed might be an endogenous response to create a permissive environment for 
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regenerative processes such as axonal sprouting. Indeed axonal sprouting in the peri-infarct 

region has been causally associated with functional recovery following stroke [147].  

Moreover, recent findings indicate that PNNs modulate the activity of the inhibitory PV 

interneurons that they surround [119]. Thus, post-stroke reduction in PNNs may also affect the 

activity of associated PV interneurons, subsequently altering the E/I balance in the brain leading 

to decreased inhibition. Alterations in the E/I balance of the cortex has been shown to underlie 

critical period plasticity and has also been implicated in stroke recovery [116]. For example, 

pharmacological reduction of excessive GABAergic inhibition has been shown to improve 

functional recovery following stroke [158, 159]. 

Future work is needed to further extend the findings of this study. While the present 

experiment provides insight into how PNNs change early after stroke, it is important to 

determine whether the reduction of PNNs observed in our ET-1 model decreases further, stays at 

the same level, or increases in the following weeks. Furthermore, an important question yet to be 

answered is, what do the post-stroke changes in PNNs mean for spontaneous functional 

recovery?  To address this, a long-term study with behavioural assessment is currently underway 

to investigate the association between temporal changes in PNNs and functional recovery. We 

hypothesize that PNNs in the perilesional cortex will begin to recover over time, thereby leading 

to the plateau in spontaneous functional recovery. 
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Conclusion 

 

Using the ET-1 stroke model, we compared spontaneous motor recovery following a 

cortical-only, striatal-only and combined cortical-striatal stroke. Our findings demonstrate that 

functional outcome is dependent not only on the lesion volume but also on the lesion location 

and the behavioural test employed. The models described in this thesis could be of significant 

value for future studies assessing novel, adjunctive post-stroke therapies due to their resultant 

chronic impairments. Moreover, we demonstrate that plasticity-limiting PNNs are reduced in the 

perilesional cortex following strokes targeting the cortex but not the striatum. These results 

suggest that different mechanisms may underlie recovery following cortical and subcortical 

strokes, thus different interventions may be necessary for treating various stroke subtypes. 

Further investigation into how the changes in PNNs correlate with functional recovery will 

provide more insight into the mechanisms underlying spontaneous motor recovery. 
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Appendix 

 

Supplemental Table 1: List of staining materials. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Primary Antibody Company Catalogue # Concentration

Biotinylated Wisteria Floribunda Lectin (WFA) Vector B-1355 1:500

Mouse-Anti-Parvalbumin Monoclona Antibody Sigma SAB4200545 1:600

Secondary Antibody Company Catalogue # Concentration

Alexa Fluor® 594 AffiniPure Donkey Anti-Mouse IgG (H+L) Jackson 

ImmunoResearch

715-585-150 1:250

Alexa Fluor® 488 Streptavidin Jackson 

ImmunoResearch

016-540-084 1:250

Blocking Solutions Company Catalogue # % Solution

Carbo-Free blocking solution Vector SP-5040 10%

Normal Donkey Serum Jackson 

ImmunoResearch

017-000-121 10%
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Supplemental Table 2: Predictors of impairment and recovery on the different behavioural 

tests. Predictive model characteristics for Figures 16 and 17 as determined by forward linear 

regression analysis. 

 

 
 

 

Predicting Impairments on Motor Tests

Determinant Predictor
Unstandardized 

B
Std. Error p-value R

Adjusted R 
Square

Staircase 

Intercept 2.15 0.988 0.04 0.646 0.367

Cortical Infarct Volume 0.078 0.027 0.008

Striatal Infarct Volume 0.17 0.072 0.027

Y = 0.078X1 + 0.17X2 + 2.15 ; where X1 is cortical infarct volume and X2 is striatal infarct volume 

Cylinder 
Intercept 0.239 0.026 0 0.397 0.123

Cortical Infarct Volume 0.002 0.001 0.044

Y = 0.002X + 0.239 ; where X is cortical infarct volume 

Beam Forelimb 
Intercept 0.042 0.018 0.031 0.564 0.29

Cortical Infarct Volume 0.002 0.001 0.003

Y = 0.002X + 0.042 ; where X is cortical infarct volume 

Beam Hindlimb
Intercept 0.133 0.051 0.016 0.621 0.36

Cortical Infarct Volume 0.007 0.002 0.001

Y = 0.007X + 0.133 ; where X is cortical infarct volume 

Adhesive Contact
Intercept 2.402 6.951 0.733 0.473 0.188

Cortical Infarct Volume 0.584 0.232 0.02

Y = 0.584X + 2.402 ; where X is cortical infarct volume 

Adhesive Remove
Intercept 11.933 10.345 0.261 0.41 0.13

Cortical Infarct Volume 0.728 0.345 0.047

Y = 0.728X + 11.933 ; where X is cortical infarct volume 

Predicting Recovery on Motor Tests

Determinant Predictor
Unstandardized 

B
Std. Error p-value R

Adjusted R 
Square

Staircase No significant predictors

Cylinder 
Intercept 0.249 0.036 0 0.578 0.306

Striatal Infarct Volume -0.01 0.003 0.002

Y = -0.01X + 0.249 ; where X is striatal infarct volume 

Beam Forelimb 
Intercept 0.012 0.019 0.52 0.393 0.119

Cortical Infarct Volume 0.001 0.001 0.047

Y = 0.001X + 0.012 ; where X is cortical infarct volume 

Beam Hindlimb 
Intercept 0.045 0.054 0.412 0.531 0.252

Cortical Infarct Volume 0.006 0.002 0.005

Y = 0.006X + 0.045 ; where X is cortical infarct volume 

Adhesive Contact
Intercept -0.43 3.982 0.915 0.547 0.268

Cortical Infarct Volume 0.408 0.133 0.006

Y = 0.408X - 0.43 ; where X is cortical infarct volume 

Adhesive Remove No significant predictors
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Supplemental Figure 1: The “dark neuron” staining artifact. (A) Example of the “dark neuron” artifact in a sham animal. There 

was an absence of PV staining in the medial region of the right hemisphere due to this artifact. (B) Corresponding cresyl violet stained 

section showing the appearance of neurons in the affected and non-affected hemisphere. The “dark neurons” present in the right 

hemisphere were shrunken and intensely stained. 

A B
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Supplemental Figure 2: Improvement on the beam-traversal test. The percentage of 

improvement was calculated by taking the difference between performance at post-stroke week 8 

and week 1. There was no significant difference in the amount of improvement in (A) forelimb 

and (B) hindlimb paw placement accuracy between groups. Values are means ± SEM. n = 8; 

striatal-only, n = 9; cortical-only and n = 9; combined group. 
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Supplemental Figure 3: Distribution of PNNs and PV interneurons in the SD rat. Staining for (A) PNNs and (B) PV interneurons 

in a sham anesthetic rat. Both PNNs and PV were visible in all layers of the rat cortex except for layer I.   
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Supplemental Figure 4: PNNs in the rat and mouse striatum. Comparison of WFA DAB staining in a rat and mouse brain. PNNs 

are abundant in the mouse striatum but are scarce in the rat striatum. 
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Supplemental Figure 5: WFA staining following stroke. Comparison of WFA staining at 24 hours and 7 days post-stroke. An 

accumulation of cells that exhibited strong intracellular WFA staining (red arrow) was observed within the infarct core of all stroked 

animals at 7 days following stroke.  

  

 


