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Abstract 
 

In the absence of treatment following strokes, both humans and model organisms 

demonstrate partial improvements in motor function. Several endogenous mechanisms, such as 

cortical reorganization, are hypothesized to cause this spontaneous biological recovery. 

Reorganization of the motor cortex occurs within a time sensitive period and involves both 

proximal and distal sites of the intact brain. Despite these advancements, whether the same or 

different cells are used in the reorganized cortex after stroke remains unknown. 

In order to identify the motor networks involved in recovery, our lab has begun using the 

inducible Arc-CreERT2:Rosa-YFPf/f mice. In conjunction with the bimanual string-pulling task, 

this inducible model allows for the labelling of active cells throughout stroke recovery; either pre, 

2 days post-stroke (dps) and 2 weeks post-stroke (wps). Behavioural deficits on the string-pull task 

were observed at 2 dps and accompanied by a decrease in active cells in the ipsilesional secondary 

motor (M2) cortex of stroke mice. By 2 wps, stroke mice had partial recovery of motor function 

with no differences in active cells in the ipsilesional M2. Interestingly, ~40% of cell in the motor 

cortex of sham and stroke mice were activated more than once while performing the string-pull 

task until 2 wps. Deeplabcut kinematic analysis of the string-pull task was also unable to identify 

differences in motor performance between stroke and sham mice. In addition, irrelevant of stroke 

injuries, only 60% of cells co-expressed the pan-neuronal marker NeuN after surgeries. Together 

these findings suggest that 40% of cells are reactivated up to 2 weeks post-stroke during the 

performance of a motor task, despite the acute decreases in active cells in the ipsilesional M2 of 

stroke mice. DeepLabCut kinematic results also highlight the need to redefine kinematic outcomes 

to better assess the full spectrum of stroke deficits. 
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1. Introduction 
 

1.1 Stroke  

A stroke occurs when a brain region is deprived of blood supply carrying oxygen and 

nutrients, leading to cellular death (AHA, 2022; Krueger et al., 2015). In 2019, strokes were the 

2nd leading cause of death worldwide and were responsible for approximately 11% of total deaths 

according to the World Health Organization (WHO, 2020). Strokes have been further categorized 

as either hemorrhagic or ischemic based on how the blood supply is interrupted. Hemorrhagic 

strokes represent approximately 10% of all strokes and are caused by the rupture of one or multiple 

blood vessels causing excessive bleeding. Unfortunately, these injuries have a very high mortality 

rate of upwards of 50 % within the first year of the injury (Rymer, 2011). Ischemic strokes 

represent the remaining 90% of strokes and occur when cortical blood supply is interrupted as a 

result of clotted blood vessels. These strokes have a lower rate of morality but cause significant 

disabilities for more than 60% of stroke survivors (Kessner et al., 2019). Included within the types 

of ischemic injuries are transient ischemic attacks, or more often referred to as mini-strokes. Unlike 

ischemic strokes, these injuries only last for a few minutes and thus usually produce minimal 

neurological deficits, albeit, they do increase the risk for subsequent strokes by up to 40% 

(Johnston, 2002; Khare, 2016). 

Due to recent increases in the awareness of early stroke symptoms (FAST: facial drooping, 

arm weakness, slurred speech), the development of The Canadian Stroke Best Practice 

Recommendation, and advancements in medical interventions for ischemic stroke, there has been 

an increase in the rate of survival after stroke (Lindsay et al., 2014). For example, acute stroke 

treatments includes the intravenous administration of tissue plasminogen activator (tPA) that was 

approved in 1996 (NINDS, 2022b). tPA is able to dissolves blood clots, restores blood flow and 
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thereby limits brain damage and resulting functional impairments (Cheng and Kim, 2015). In 2003, 

endovascular therapies consisting of the first endovascular thrombectomy device was also 

approved as a treatment for acute stroke (NINDS, 2022a; Smith et al., 2005). During these 

treatments, tubes are guided toward the occluded blood vessel, and the blood clot is removed 

through mechanical thrombolytics, either with stent-retrievers or aspiration catheters, which also 

restores blood flow and limits brain damage (Xing et al., 2020). Unfortunately, despite these new 

treatment options many do not have access to acute stroke treatments, either due to their lack of 

medical care access or the limited intervention window of the approved stroke treatments. 

Additionally, the growing rate of stroke survival has resulted in more stroke patients that are left 

with lifelong impairments. For example, in 2017, more than 400,000 Canadians were living 

chronic stroke-related disabilities (Heart&Stoke, 2017). Of these stroke patients, approximately 

40% have moderate to severe deficits impeding their daily functions and requiring intensive 

rehabilitation and medical support (Heart&Stoke, 2017; Krueger et al., 2015). It is even more 

alarming that in the next 20 years, the number of patients living with strokes in Canada is predicted 

to double, which will induce a significant burden to stroke survivors, their families, and our health-

care system.   

For patients with chronic stroke disabilities, rehabilitation therapies are strongly 

recommended (Billinger et al., 2014; Langhorne et al., 2011). Given that the extent of stroke 

deficits varies for each patient, stroke rehabilitation therapies are administered in many forms 

which are often personalized to patients in order to meet their individual recovery goals (Pascual 

et al., 2018). Conventional motor rehabilitation interventions commonly include components of 

physical exercise and muscle strengthening (Langhorne et al., 2011). Constraint-induced 

movement therapy (CIMT) is one intervention that can be administered to patients within a few 
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months of their injuries (Kwakkel et al., 2015). CIMT consists of limiting the use the unaffected 

limb, thus, greatly increasing the used of the stroke affected limb of patients during their daily 

activities (Fleet et al., 2014). More recently, rehabilitation using virtual reality is being used and 

patients are showing some benefits in their motor and cognitive abilities post-stroke (Cortes-Perez 

et al., 2020; Rogers et al., 2019). 

1.2 Spontaneous Biological Recovery Following Stroke 
 

In the absence of any treatment following a stroke, it is remarkable that stroke survivors 

demonstrate innate improvements in motor function (Bernhardt et al., 2017; Grefkes and Fink, 

2020). This recovery is referred to as spontaneous biological recovery (SBR) since it occurs in the 

absence of any treatment. SBR often leads to incomplete recovery of function in patients and only 

occurs within a critical time period following strokes. In humans, SBR can occur as early as a few 

days following the initial injury and last up to 3 months, at which time functional improvements 

slowly plateau (Bernhardt et al., 2017). In preclinical model, SBR can occur within hours of a 

cortical injury and last upward of a month, albeit, this recovery is dependent on the stroke location 

and size (Karthikeyan et al., 2019). 

The extent of recovery in patients has been debated for over the last decade. This debate 

was started when Prabhakaran et al. (2008) used clinical predictors to model the degree of post-

stroke recovery, and created the Proportional Recovery Rule (PRR). Within 3 to 6 months after a 

stroke, the PPR predicts that most patients with intact spinal cords and mild to moderate upper 

limb deficits, will recover approximately 70% of their initial stroke impairments (Kundert et al., 

2019; Prabhakaran et al., 2008). Patients with severe impairments and unpreserved cortical spinal 

tract function are not subjected to this degree of recovery. Since then, multiple clinical and pre-

clinical studies have validated the PRR in both the upper and lower limbs (Coupar et al., 2012; 
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Jeffers et al., 2018; Smith et al., 2017). However, contradicting findings have been reported and 

suggest that the proportional recovery model is not valid (Hope et al., 2019; Lee et al., 2021). 

Recent studies have suggested that there is bias in the evaluation of recovery in the PRR theory, 

which may contribute to inflate the effect size (Bowman et al., 2021; van der Vliet et al., 2020). 

Although the extent of recovery of stroke patients remains unknown, there is a general consensus 

that some degree of motor recovery does occur following strokes (Bernhardt et al., 2017; 

Langhorne et al., 2011).  

Research has been focused on characterizing the mechanisms mediating SBR in order to 

harness its mechanisms to further improve stroke recovery. SBR is hypothesized to be 

accomplished through the upregulation of several forms of cellular plasticity in the adult brain, 

which includes mechanisms such as the production of adult generated neurones, angiogenesis and 

cortical reorganization (Ergul et al., 2012; Jones and Adkins, 2015; Williamson et al., 2019). 

1.3 Cortical Reorganization in Humans  
 

Cortical reorganization consists of the reallocation of function from the site of injury to 

surrounding and surviving brain regions (Grefkes and Ward, 2014). These brain regions can 

include the peri-infarct, or more distal sites within the uninjured contralesional hemisphere, the 

pre-motor cortex and the spinal cord (Binder et al., 2021; Brown et al., 2007; Grefkes and Ward, 

2014; Johansen-Berg et al., 2002; Takatsuru et al., 2009; Wahl et al., 2014). In humans, functional 

neuroimaging is used as a non-invasive approach to study cortical reorganization. Positron 

emission tomography (PET) scan and functional magnetic resonance imaging (fMRI) have been 

used to map the changes in activity. Weiller et al. (1992) were one of the first to use PET imaging 

to show that regional cerebral blood flow increases in both the contra- and ipislesional 

sensorimotor cortex while patients utilized their affected hand more than 3 months following the 
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injury. Other studies who have investigated brain activity at a single time point have confirmed 

that bilateral activation patterns are observed post-stroke and have revealed that the increased 

activation of the contralesional primary motor cortex (M1), bilateral ventral premotor cortex and 

supplementary motor areas were common amongst stroke patients compared to healthy individuals 

(Rehme et al., 2012).  

Longitudinal neuroimaging analysis of the motor maps of stroke patients have 

demonstrated that activation patterns change throughout stroke recovery. Tombari et al. (2004) 

have evaluated the changes in activity of the sensorimotor cortex following subcortical strokes. 

Within the first 20 days of the injury, hyperactivity of the contralesional hemisphere was observed 

and shifted to the ipsilesional sensorimotor cortex by 4 months post-stroke. Furthermore, Rehme 

and colleagues (2011) reported that the increase activity of the contralesional hemisphere did not 

occur immediately following stroke, but rather began approximately 5 days post-stroke, a critical 

time period during which motor recovery occurs. However, by 4-month, motor activation was 

limited to the injured cortex. These findings indicate that the increase excitatory neural activity is 

a time-dependent phenomenon and that early contralesional and chronic ipsilesional activation 

may play a supportive role in stroke recovery. Other studies have validated that lateralized 

activation restricted to the ipsilesional motor cortex in chronic stroke patients is associated with 

good motor recovery (Ward et al., 2003). Despite these findings, the role the contralesional 

hemipshere remains debated as chronic activation of the contralesional hemisphere has been 

observed in patients with good motor recovery post-stroke (Bütefisch et al., 2005). 

Changes in functional connectivity (FC), the statistical relationship describing how the 

activity of brain regions covaries overtime, have also been assessed using fMRI to measure 

remapping. A cross sectional study on the FC of acute phase (4-7 days post-injury) stroke patients 
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reported that patients with different severities of somatosensory impairments, as measured by the 

Erasmus MC modifications to the Nottingham Sensory Assessment tool, had differences in 

somatosensory network connectivity (De Bruyn et al., 2018). Patients demonstrating more severe 

somatosensory impairments had significantly less interhemispheric and ipsilesional 

intrahemispheric FC compared to less impaired patients. Furthermore, brain regions with more 

structural and functional connections with the lesion site were subjected to a more extensive 

remapping overtime (Olafson et al., 2021). Individuals with greater stroke impairments also 

demonstrated greater functional reorganization which related to motor recovery by 6 months post-

stroke.  

 Altogether, literature on human cortical reorganization post-stroke suggests that the 

bilateral activation patterns of early stroke patients are rescued overtime and restricted to the 

ipsilesional motor cortex. However, the roles of the contralesional hemisphere in stroke recovery 

remains debated. In addition, these studies demonstrate that both inter- and intra-hemispheric 

connections are altered with stroke severity and that brain regions with strong connections with 

the peri-infarcted cortex are subjected to more remapping overtime.  

1.4 Cortical Reorganization in Preclinical Models 
 

Preclinical studies have also examined the changes in cortical excitability of sensorimotor 

maps in the motor cortex that occur following strokes. The motor cortex is comprised the primary 

(M1) and secondary motor (M2) cortices that are responsible for the execution of motor function 

(Jeong et al., 2016). Similar to the clinical literature, preclinical studies focused on cortical 

reorganization have mostly assessed the M1 given its central role in the execution of motor 

function (Brecht et al., 2004). Cortical excitability has been assessed in behaving rodent models 

using genetically encoded Ca2+ indicators and voltage sensitive dyes to allow for in vivo imaging 
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(Brown et al., 2009; Lim et al., 2014). These studies have reported that stroke injuries can rapidly 

cause changes in excitability and reorganization in the ipsilesional hemisphere. Specifically, 

following mini-strokes, Mohajerani et al. (2011) observed a decrease in the activity of the 

ipsilesional hemisphere of stroke mice that occurred within 30 minutes of the injury. Sigler and 

colleagues (2009) also reported that sensorimotor maps can be altered within a few hours of a 

stroke and be rapidly redistributed, from the forelimb to hindlimb and posterior lateral sensory 

areas. Given that this redistribution of function occurred within hours, it can likely involve pre-

existing surviving accessory pathways. Furthermore, in some studies the decrease in ipsilesional 

activity was reported to last upward of 1 week following a targeted photothrombotic stroke to the 

forelimb sensorimotor cortex (Brown et al., 2009; Lim et al., 2014). The decrease in ipsislesional 

activity was rescued overtime by the emergence of reorganized motor networks. Following 

forelimb-evoked depolarizations at 8 weeks post-stroke, activity began in the intact peri-infarcted 

cortex and spread horizontally to surrounding motor and hindlimb sensorimotor regions and also 

involved distant sites in the posteromedial retrosplenial cortex. Reorganization was also 

accompanied by high dendritic turnover, indicating the used of new structural circuits in the 

reorganized post-stroke brain (Brown et al., 2009). Furthermore, Lim et al. (2014) reported that 

sites with strong connections near the peri-infarcted cortex are more severely affected by the injury 

and tend to have less relative stroke recovery in comparison to regions with weaker connections 

to the stroke, thus suggesting that recovery in the peri-infarct is heterogenous. 

The reduction in ipsilesional activity is also accompanied by increases in the activity of the 

contralesional hemisphere (Jones and Adkins, 2015; Mohajerani et al., 2011). The functional role 

of this increase in activity is however debated. Using muscimol to inactivate the contralesional 

hemisphere within hours of a stroke, Mansoori et al. (2014) reported that the early activation of 
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the contralesional hemisphere was detrimental to motor recovery post-stroke, as demonstrated by 

an increase in the motor performance of the paretic limb of rats within 2 months of the stroke 

injury. In contrast, others have suggested that the activation of the contralesionsal hemisphere may 

be neuroprotective (Biernaskie et al., 2005; Nishimura et al., 2007). For example, inhibition of the 

contralesional hemisphere of stroke injured rats using lidocaine impaired motor function of the 

stroke injured limb (Biernaskie et al., 2005). Furthermore, these preclinical findings align with 

clinical findings that have supported both beneficial and detrimental effects of contralesional 

activation during stroke recovery (Bütefisch et al., 2005; Ward et al., 2003). 

 Harrison et al. (2013) also added to the understanding of reorganization post-stroke by 

assessing the changes in sensory-motor map structures following stroke in sensory and motor 

areas. Displacement of maps differed with photothrombotic (PT) stroke of the same size within 

different locations. Motor strokes elicited new and more diffuse motor maps which maintained its 

position in motor regions, while sensory strokes induced a larger displacement of the sensory maps 

towards the motor forelimb areas. Consequently, this study suggests that stroke location mediates 

different cortical reorganization outcomes.  

In contrast to studies suggesting that cortical reorganization occurs following a stroke, new 

evidence from Zeiger et al. (2021) argues against cortical remapping in the barrel cortex following 

a stroke. Zeiger and colleagues used an inducible TRAP (targeted recombination in active 

population) mouse model and reported that there was no cortical remapping following PT strokes 

targeted to the C1 barrel cortex. These findings were robustly confirmed through the use of 

intrinsic signal imaging and two-photo calcium imaging of sensory-evoked responses, where they 

reported no increases in the number of C1 whisker responsive cells within the adjacent D3 barrel 

region up to 1 month after the stroke. However, forced used therapy, accomplished by removing 
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all but C1 whiskers, increased the reliability of sensory-dependent responses from the remaining 

C1 whisker neurons in the peri-infarcted cortex. Based on previous findings in the sensorimotor 

cortex (Brown et al., 2009; Lim et al., 2014), the lack of reorganization reported in this study may 

be due to the cortical region investigated. Thus, it remains to be tested whether TRAP models 

would detect motor reorganization following a stroke localized within the motor cortex. 

Altogether, the majority of the studies support the presence of reorganization following 

stroke, however the changes in the activity of motor networks that occurs during reorganization 

appears heterogenous, with all brain regions not subjected to the same extent of cortical remapping. 

This stresses the need to assess if and how cortical remapping occurs within all sensory and motor 

cortices following strokes of different sizes and locations.  

1.5. Using a TRAP Model to Detect Cortical Reorganization Following a Stroke  
 

In order to address the changes in reorganization following a stroke, our laboratory tested 

the ability of TRAP transgenic mice to reliably label active cell networks within the motor cortex 

following forelimb specific tasks. Specifically, we used the Arc-CreERT2:Rosa-YFPf/f (YFP: 

yellow fluorescent protein) mouse model. Similar to all TRAP models, the Arc-CreERT2:Rosa-

YFPf/f (Arc-TRAP) mouse permit the labelling of active cells at a first time point using Tamoxifen 

(TAM) dependent recombination (Figure 1A). At a secondary time point, perfused mice can be 

stained against immediate early genes (IEG), such as c-Fos, using immunohistochemistry (IHC). 

Previously, c-Fos has been used to label cells at a second time point, as opposed to Arc, for 2 main 

reasons. First, the arc protein is highly enriched and accumulates near activated synapses in the 

dendrites of neurons, while c-Fos is a nuclear antigen, rendering colocalization assays easier 

(Guzowski et al., 2001; Tom Curran et al., 1984). In addition, both Arc and c-Fos have similar 

kinetics and are most often expressed within the same cells (Farris et al., 2014; Vani, 2018). 
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Altogether, the Arc-TRAP model allows for 3 distinct populations of cells to be labelled; 1) cells 

active at the first time point (YFP+), 2) cells activated at second time point (c-Fos+) and 3) cells 

that are reactivated (YFP+/c-Fos+). This is achieved because TRAP models; 1) do not rely on 

structure specific driving promoters but rather IEGs and 2) that IEG expression is transient 

following behaviours (Figure 1B). 
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Figure 1: TRAP transgenic mouse model. (A) The immediate early gene, Arc, drives the 
expression of the Cre recombinase protein fused to a mutant form of the estrogen receptor (ERT2). 
This protein complex is only responsive to exogenous tamoxifen. Once TAM binds its ligand, Cre 
is translocated to the nucleus where it excised floxed genes. In this model, a stop codon is removed, 
allowing for the permanent labelling of Arc positive cells at a behavioural time point. Through 
immunohistochemistry, active cells at a second time point can be labelled. (B) The TRAP model 
labels 3 distinct cell populations, either, cells active at time point 1 (YFP+), time point 2 (cFos+) 
and reactivated cells (YFP+cFos+).  
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The first studies performed in the Lagace laboratory using this model were done by Mark 

Vani, a previous Master student, and published in his thesis (Vani, 2018).  Giving that the M2 is 

involved in motor learning, planning as well as the execution of motor tasks and that both M1 

and M2 motor cortices shared similar projection areas in cortical and subcortical regions (Cao et 

al., 2015; Duan et al., 2021), these studies focused on examining reorganization in M2. This 

work used the Arc-CreERT2:Rosa-YFPf/f mice in conjunction with the rotarod behavioural task. 

The rotarod produced a robust activation of cells pre and 2 weeks post-stroke (wps) compared to 

home cage control mice, with approximately 65% of cells active at the first behavioural time 

point being reactivated after stroke. Despite these findings, no motor deficits were present 

following cortical injuries using this behavioural task. Since the rotarod task was not able to 

detect deficits in motor performance following stroke, an honors student, Damian Chwastek, 

followed-up on this study and assessed whether reorganization took place following a 

behavioural test capable of detecting stroke impairments (Chwastek, 2019). This work first 

assessed whether the bimanual string-pull task could detect deficits following a photothrombotic 

unilateral stroke injury. The rationale for using the string-pull task was based on previous work 

from Blackwell et al. (2018b), which reported the motor deficits of cortically injured rats using 

several outcome parameters. As shown in Figure 2A, the mice in the study performed the string-

pull task prior to the stroke, at 2 day post-stroke (dps), 1 wps and 2 wps. At 2 dps, the mice 

pulled significant less string, which gradually returned to pre-stroke values by 1 wps (Figure 2B). 

In addition, although not statistically significant, another pilot study in this thesis demonstrated a 

2-fold decrease in the amount of string pulled 2 dps, for stroke mice compared to sham surgery 

controls (Figure 2F). Overall, these studies suggested that the string-pull task could reliably 

detect reductions in the amount of string pulled, which is suggestive of motor impairments.  
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Figure 2: Deficits are observed for mice performing the string-pull task acutely post-stroke. 
(A) Behavioural timeline. Mice were trained on the string-pull task for 2 days (Day 1: string 
exposure and Day 2: box exposure). The string-pull task was performed 2 days prior to the stroke, 
at 2 dps, 1 wps and 2 wps. (B) Quantification of the amount of string pulled in metres. (C) Average 
rate at which the string is pulled (m/s). (D) Experimental timeline assessing the behavioural 
performance of sham and stroke mice. (E) Schematic representation of stroke location. (F) Amount 
of string pulled by sham and stroke mice before and after surgeries. Each dot on the graphs 
represents an individual animal. The means and SEM are also displayed on each graph (**, 
p<0.01). Figure modified from Chwastek (2019).  
 



 
14 

In addition to examining the amount of string pulled, these studies also showed that the 

speed at which the mice pulled the string remained the same before and after a stroke. Examination 

of the speed was performed by analyzing video recordings of the mice and examining the time 

when they started and stopped pulling the string divided by total string pulled (Figure 2C). One 

previous study has used markesless kinematic analyses to assess the string-pull behaviour of 

healthy mice and has examined the speed of the forepaws along with other outcome parameters, 

such as the distance of the hand movement as well as the efficiency of the string-pulling motion 

(Blackwell et al., 2018a). These kinematic outcome measures woud be interesting to use and assess 

the full spectrum of stroke deficits in mice, especially given previous work on rats which has used 

kinematics to assess the motor performance of rats on the string-pulling task after a cortical injury. 

Following the unilateral forelimb sensorimotor cortex devascularization of rats, Blackwell et al. 

(2018b) revealed a decrease in accuracy and the rhythmicity of movement between forepaws 

which was restored within a month. Thus, this study suggests that 2D kinematic analysis may 

accurately assess the stroke deficits of mice performing the string-pull task.  

Damian also performed an experiment using the Arc-TRAP mouse model to examine the 

cells activated during the string-pull test compared to controls that did not perform the task. As 

shown in Figure 3, Arc-TRAP mice were randomly assigned to either perform the string-pulling 

task or were controls that completed a 15-minute trial within the string-pulling box without any 

string. Three hours following the behavioural task, mice were injected with the active form of 

TAM (4-OHTAM) to induce targeted recombination and permanently label active cells with YFP. 

4-OHTAM was used to shorten the labelling period and assess short duration behaviours, as 

previously demonstrated (Guenthner et al., 2013). One week later, the string-pull and control mice 

underwent the same behavioural testing as baseline, and both groups were perfused following the 
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completion of the behaviour to assess the expression of c-Fos (Figure 3A). String-pull mice had 

no significant differences in the amount of string pulled at either time point (Figure 3B). The string-

pull mice also had significantly more YFP+ and c-Fos+ cells in their motor cortex compared to the 

box controls (Figure 3C, 3D). Furthermore, there was a 3-fold increase in reactivated cells, as 

examined by the number of YFP+ and c-Fos+ cells, in the string-pull mice compared to the control 

mice (Figure 3F).  These findings suggest that the string-pull task successfully increased motor 

cell activity in Arc-TRAP mice, and that the Arc-TRAP model is suitable to address changes in 

active cells involved during the performance of the string-pull task following stroke.  
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Figure 3: String-pull behaviour in mice robustly increases cell activity in the motor cortex. 
(A) Experimental timeline showing behavioural time points of control (mice were placed in the 
string-pulling box with no string; n=3) and string pull mice (n=3). (B) Amount of string pulled at 
baseline (day 0) compared to the experimental endpoint (day 7). (C) Representative images in the 
M2 cortex of the box control and string-pull mice, examining the active YFP+ cells (day 0); c-
Fos+ cells (7 days) and reactivated cells (YFP+ and c-Fos+). (D) Quantification of active and 
reactivated cells. Each dot represents a single mouse. The means and SEM are displayed on each 
graph (*, p<0.05; **, p<0.01). Figure obtained from Chwastek (2019).  
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2. Objectives and Hypotheses  
 
Objectives 
 
This thesis work had the objectives to:  

1. Identify what cells are recruited during the performance of the bimanual string-pulling task 

after stroke, as well as during stroke recovery using the Arc-CreERT2:Rosa-YFPf/f mouse 

model.  

2. Perform kinematic analysis of the string-pull behaviour of mice to determine if there are 

differences in motor movements used following a stroke. 

Hypotheses 
 

1. Given the previous literature on reorganization in the sensorimotor cortex, we hypothesized 

that there would be less active and reactivated cells at 2 dps. In contrast, by 2 wps the 

decrease in active and reactivated cells would be rescued.  

2. We also hypothesized that stroke mice would employ movements indicative of motor 

impairments on the string-pulling task, as measured by using DeepLabCut (DLC), such as 

acute decreases in movement rhythmicity post-stroke.  
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3. Methods 
 

3.1 Animals 
 

All animal procedures were approved by the University of Ottawa Animal Care Committee 

and were performed in alignment with the guidelines of the Canadian Council on Animal Care. 

Arc-CreERT2:Rosa-YFPf/f mice of a C57/B6 background were obtained from Dr. Christine 

Denny’s laboratory (Denny et al., 2014) and bred in-house at the University of Ottawa. The 

breeders were used to create male and female experimental mice that were heterozygous for Arc-

CreERT2 and heterozygous for Rosa-YFPf/f (Arc-CreERT2+/-:Rosa-YFP+/- ). All mice had ad libitum 

access to food as well as water and were housed in ventilated cages subjected to a 12:12 hour 

light/dark cycle in rooms in which the temperature and humidity were maintained at 23°C and 30-

40%, respectively. Tail samples were collected at weaning of the mice and the extracts were 

genotyped as previously published (Denny et al., 2014; Lagace et al., 2007). At 10-12 weeks of 

age, the experimental mice were single housed 1 week prior to behavioural testing. A total of 74 

Arc-TRAP mice were included in this study.  

3.2 Experimental Design 
 

A total of 60 Arc-TRAP mice (28 sham, 32 strokes) were utilized to complete 3 distinct 

behavioural study designs, as shown in Figure 4. Active and reactivated cells were quantified at 

either: 1) the pre-stroke baseline and 2 dps (Figure 4A, n=26 mice, completed in 2 cohorts), 2) 2 

dps and 2 wps (Figure 4B, n=24 mice, completed in 2 cohorts), as well as the pre-stroke baseline 

and 2 wps (Figure 4C, n=10 mice, completed in 1 cohort). In all of the experimental designs, mice 

were first trained on the string-pull behavioural task. Mice were separated into two experimental 

groups: 1) sham control mice that received a sham surgery with no stroke (sham n=28) and stroke 

mice (n=32) which received a photothrombotic unilateral cortical stroke in their sensorimotor 
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cortex. The first active population of cells were labelled by administering OH-TAM to mice 3 

hours following the performance of the string-pull task either before or after stroke and sham 

surgeries. At the second time point, mice were perfused 90 minutes following the string-pull 

behavioural task in order to detect c-Fos expression in the active cells. Only mice that pulled string 

at all time points were included in the study.  
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Figure 4: Experimental timelines. The Arc-TRAP transgenic mouse model was used to label 
active cells at a first time point after the performance of the string-pull task. Thus, active cells were 
permanently labelled with YFP. At a second time point, active cells were labelled with c-Fos. 
Reactivated cells express both YFP and c-Fos. Experimental designs used to assess active cells 
(A) before the stroke and at 2 dps, (B) at 2 dps and 2 wps as well as (C) prior to the stroke and at 
2 wps. 
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3.3 TAM Administration  
 

To label active cells at the first behavioural time point, mice receive an intraperitoneal 

injection (IP) of 4-OHTAM 3 hours following the behavioural task. A modified protocol from Ye 

et al. (2016) was used to prepare the 4-OHTAM solution which included 2% 

polyoxyethylenesorbitan monolaurate (Tween-20, P9416; Sigma) combined with 0.9% sterile 

saline added to 2.5 mg/mL 4-OHTAM (H6278; Sigma) dissolved in 5% dimethyl sulfoxide 

(DMSO, D5879; Sigma). Each mouse received 40 mg/kg of 4-OHTAM. Mice remained in the 

behavioural room (with normal light cycle) until the following morning to minimize background 

labelling of active cells.  

3.4 Surgical Procedures 
 
 The photothrombotic stroke model was used to induce a unilateral ischemic stroke within 

the sensorimotor cortex of mice, as previous described in other studies (Kannangara et al., 2018; 

Zeiger et al., 2021). Mice were first placed underneath a heat lamp while being anesthetized using 

5% isoflurane delivered with flowing oxygen (~1.5L/minute). To prevent dehydration, the mice 

received a subcutaneous injection of saline (~0.5mL). The mice were then transferred to a 

stereotaxic apparatus and placed on feedback heat pad with rectal probe in order to maintain their 

body temperature to approximately 37±1°C. For the rest of the surgical procedure, the delivered 

isoflurane was reduced to approximately 2 %. Rose Bengal (10 mg/ml, Sigma, diluted in 1x 

phosphate-buffered saline (PBS)) was administered through an IP injection. During the next 5 

minutes, a small incision was made to expose the skull and bregma. A green laser (~20 mW, 532 

nm, Beta Instruments) was aligned with the stroke coordinates measured in relation to bregma (0.7 

mm AP, 1.5 mm ML and 2.5 cm laser height). The laser was then turned on 5 minutes after the 

incision was made and was left on for a period of 10 minutes to photoactivate the dye and induce 
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a stroke within the sensorimotor cortex. After the irradiation, the incision was closed using vetbond 

glue and topical 2% bupivacaine was applied over the incision site. Sham control mice received a 

similar surgery, with the exception that the laser was not turned on.  

3.5 String-Pull Task  
 

The bimanual string-pull task protocol was modified from previous protocols published by 

the Wallace group (Blackwell et al., 2018a; Blackwell and Wallace, 2020; Blackwell et al., 2018b). 

Prior to starting the sting-pull test, mice were handled once per day for 3 consecutive days as a 

form of habituation to the experimenter. For the following 3 days, IP injections (200 ml of saline) 

were administered on altering sides of the body to reduce stress associated with IP injections. The 

mice were then left for a single day in their home cage prior to beginning the string-pulling task 

training. The two days of training consisted of:  

Training Day 1) Mice were placed in the behavioural room to habituate for a minimum of 

30 minutes. Mice were then individually placed in an empty mouse housing cage and exposed to 

15 strings (5x30cm, 5x60cm, 5x100cm; string is 100% cotton, 0.2 cm in diameter) for 1 hour. The 

number of strings pulled was noted.  

Training Day 2) Mice were left to habituate in the behavioural suite for a minimum of 30 

minutes. Mice were individually placed in a clear unbaited (no string) string-pulling box (13.3 cm 

x 7.5 c, x 26 cm) for 20 minutes as a form of habituation to the box in order to reduce anxiety, as 

well as allow for explorative behaviour that could also produce cell activation during the 

performance of the task.  

On the following day, mice performed the string-pulling test after 30 minutes of 

habituation. Mice were placed in the string-pulling box for 15 minutes with 2 metres of cotton 

string. Once the entirety of the string was pulled, the box was baited with another string until the 
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end of the 15-minute trial. The experimenter remained in the behavioural testing room throughout 

the trials. The total amount of string pulled was measured for each animal. An Ethovision camera 

placed above the behaving mice also recorded the string-pull task. In addition, post-stroke mice 

performed the same string-pull behavioural task, with the exception of the pre-stroke training 

protocol.   

3.6 Kinematic Assessment of the String-Pull Motion Using DeepLabCuts (DLC)  
 
 The 2D kinematic assessment of the string-pull behaviour was performed prior to the 

stroke, at 2 dps and 2 wps. The workflow for the kinematic assessment is shown in Figure 5. As 

depicted in Figure 5A, a high-speed FLIR camera was placed in front of the string-pulling box to 

record the behaving mice. The entire mouse was visible in the camera’s field of view. To increase 

the efficiency and accuracy of DLC to label the forepaws of mice, an infrared light source was 

placed beside the camera while the lights in the room were set to approximately 80 lux. A solid 

plastic separator was placed between the behaving mice and the experimenter. Every time the mice 

approached the string and began to pull, the experimenter began recording the event using the 

SpinView camera software. The software settings used included recordings of 120 frames per 

second, an exposure time of 5000 µm and a digital gain manually set to 12 db. The aperture on the 

FLIR camera was also completely opened.  

For the analysis of the videos, iPython was used to launch DLC and its graphical user 

interface. Multiple networks including, ResNet-50, EfficientNet and MobileNet were tested to 

determine which network was better fitted for the dataset based on the lowest pixel errors between 

the automated and manually labelled frames. We found that ResNet-50 was the most accurate 

network (data not shown), which is in alignment with a review from Mathis et al. (2020), that also 

noted that ResNet-50 is one of the most commonly used networks for DLC analysis.  
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To first train the ResNet-50 neural network, approximately 80 frames from video 

recordings of 2 animals at the Pre, 2 dps and 2 wps time points were used. Labels were manually 

placed overtop the left and right forepaws (Figure 5B). Active learning was then used to refine 

mislabeled frames and retrain the network accordingly.  In total, 6 training iterations were 

conducted. This entailed manually refining the mislabelled frames after each iteration until a low 

pixel labelling error was achieved. Approximately 150 aberrantly labelled frames were manually 

labelled throughout all iterations. For each x and y forepaw coordinate, likelihood measures were 

generated. A threshold value of 0.1 was used to remove some of the remaining mislabeled frames 

(~ 5%), as previously published (Mathis et al., 2018; Nath et al., 2019). These values were 

excluded from all future kinematic analyses. 

An R script was then used to analyze all csv. files obtained from the DLC analyses that 

was created by Katie Neale in Dr. Silasi’s laboratory. Within this script, the 2D movement of the 

forepaws of were tracked through bouts of string-pulling activity and further separated into 2 

phases, the reach and withdraw phases (Figure 5C-D). The reach phase was defined as upward 

movements from the bottom to the top of the field of view, while the withdraw phase was defined 

by downward movements from the top to the bottom of the field of view. From the tracked 2D 

movement of the forepaws, the distance, the speed, the movement scaling, the path circuity and 

the bimanual coordination were measured for each forepaw. The Euclidian distance was measured 

as the shortest distance between the beginning and the end of a phase. The speed was calculated 

using the frame rate and the number of frames used to travel each reach and withdraw phases. The 

movement scaling was calculated as the correlation between the Euclidean distance and the peak 

speed. The path circuity was defined as the ratio of the Euclidean distance and the total travelled 

distance. More direct paths of motions approach a ratio value of 1, while more complex movements 
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are closer to 0. The bimanual coordination was measured as the correlation between the distance 

travelled by the forepaws. A perfect negative correlation describes forepaws travelling in opposite 

phases of movements while forepaws that are positively correlated are travelling within the same 

phase. Mice with poor video quality (e.g. mice that did not face the camera while pulling) resulting 

in aberrantly labelled frames (n=5 at 2 dps) or mice that did not pull any string were excluded from 

the kinematic analysis (n=11 at the post-stroke time points).  
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Figure 5: DLC analysis. (A) Representative single frame of a mouse performing the string-pull 
task. (B) Training of the DLC ResNet50 neural network. Labels are placed on the right and left 
forepaws to track forelimb movement. Mislabeled frames are manually refined to increase the 
labelling efficiency of the network. The trained network is then used to obtain the 2D coordinates 
of the forepaws in each frame. (C) Representative tracked movement of the left and right forepaws 
of behaving mice. Tracked movements are further separated into reach (upward movement) and 
withdraw (downward movement) phases.  
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3.7 Perfusions and Sectioning 
 

All mice were anesthetized with IP injections of Euthanyl (~0.07ul/mouse) 90 minutes 

following the string-pull task in a room adjacent to the behavioural testing room. Mice were 

transcardially perfused with cold PBS and 4% paraformaldehyde (PFA) diluted in PBS. Brains 

were carefully removed, postfixed in a solution of 4% PFA in 1xPBS for 1 hour and cryoprotected 

in 30% sucrose and 0.1% sodium azide (NaN3) in PBS (4°C). Using the freezing Leica SM 200 R 

sliding microtome (Leica Microsystems), 35 μm coronal sections between the olfactory bulb and 

the hippocampus were cut and stored in 0.1% NaN3 in 1xPBS at 4°C. 

3.8 Immunohistochemistry 
 

All fluorescent labelling and quantification were done using free-floating 

immunohistochemical staining. A 2-day protocol was used to stain YFP+ and c-Fos+ cells.  On 

day 1, the sections were washed in 1xPBS (3x 5 min) followed by washes in PBT solution (2x 5 

min) freshly made containing 0.1% Triton-X, 0.1% bovine serum albumin (BSA) in 1xPBS at a 

pH of 7.4. After washing, the sections were incubated in a blocking solution (5% normal donkey 

serum (NDS), 1% BSA, 0.5% gelatine diluted in PBT) for 2 hours. All sections were then left 

overnight (12-24 hours) at 4°C on a shaker in the primary antibody solution that contained the 

blocking solution mixed with a 1:500 dilution of the chicken anti-GFP (GFP879484; Aves) and the 

rabbit anti-c-Fos (ab190289; Abcam) primary antibodies. On day 2 of the protocol, sections were 

washed with the PBT solution (5x 5 min) and then placed in the secondary antibody solution that 

contained a 1:500 dilution of AlexaFluor 488 anti-chicken (703-165-155, Jackson 

ImmunoResearch) and Cy3 anti-rabbit (711-545-152, Jackson ImunoResearch) antibodies, and 

left covered for 2 hours at room temperature on a shaker. Following the incubation in the secondary 

antibodies, the sections were washed in 1xPBS (3x 5 min) and then counterstained for 2.5 minutes 



 
28 

on the shaker using a 1:10000 dilution of DAPI (4′, 6-diamidine-2′- phenylindole dihydrochloride; 

10236276001, Sigma) in 1xPBS. Sections were washed in 1xPBS (5 minutes at room temperature) 

prior to mounting onto Superfrost microscope slides. The slides were then coverslipped using 

Immunomount (2860060; Fisher) and stored at 4°C until imaging.  

A free-floating IHC protocol was used to detect YFP, c-Fos and NeuN. Sections were 

washed in 1xPBS (3x 5 min) and incubated in a blocking solution made with 3% NDS in carrier 

solution (0.1% Triton X-100 & 0.1% Tween-20 in 1xPBS) for 1 hour. The carrier solution was 

used to make a 1:5000 dilution of the primary antibodies consisting of chicken anti-GFP 

(GFP879484; Aves), guinea pig anti-NeuN (3238431; MilliporeSigma) and rabbit anti-c-Fos 

(ab190289; Abcam)) antibodies. Sections were placed on a shaker overnight (12-24 hours) at 4°C. 

The following morning, sections were washed with 1xPBS (3x 5 min) prior to a 2-hour incubation 

in the secondary antibody solution including the carrier solution with a 1:500 dilution of Alexa 

Fluor 488 α-chicken (703-546-155; Jackson ImmunoResearch), CY5 α-rabbit (711-175-152; 

Jackson ImmunoResearch), and CY3 α-guinea pig (706-165-148; Jackson ImmunoResearch). 

Sections were washed in 1xPBS (3x 5 min), counterstained with DAPI for 5 minutes and finally 

washed in 1xPBS prior to mounting.  

3.9 Image Acquisition and Analysis 
 
 All images were taking in the Cell Biology and Image Acquisition core at the University 

of Ottawa and analyzed using either Imaris or Zen imaging software. One fluorescent image per 

mouse was taken in matched coronal sections (~0.75 mm from bregma) and used to count the 

number of YFP+ and c-Fos+ cells. Three field of views (FOV) (447.63 µm x 335.40 µm) of the 

intact secondary motor cortex were imaged from both the ipsilesional and contralesional 

hemispheres within the same section.  Z stacks were taken at 1 µm on the Zeiss Observer 1 (n=8 
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mice), or Zeiss Observer 7 microscope (n=66) with apotome. Similar cell counts were verified to 

be obtained from the Observer 1 and Observer 7 systems. Using either scope, the images were 

obtained using a 20x air immersion objective (N.A. = 0.8 plan-apochromat).  

To determine if the YFP+ and c-Fos+ cells expressed NeuN, images were obtained from 6 

mice (3 sham and 3 stroke) per timepoint. Z stacks were taken using the Zeiss Observer 7 

microscope with the apotome using a 40x oil immersion objective (N.A. = 1.3 fluar) and 3 FOVs 

(332.80 µm x 332.80 µm) were taken in each hemisphere.  

The Imaris imaging software was used to quantify the number YFP+, c-Fos+ and YFP+c-

Fos+ cells. The diameter of YFP+ and c-Fos+ cells were first determined for each animal. These 

values were used to automate the labelling of all cells. We set a conservative labelling threshold 

and then manually confirmed the labelling for each FOV. All labelled cells expressed DAPI. To 

determine if cells were YFP+c-Fos+, the colocalization feature in Imaris was used and the radius 

of the largest average cell population (YFP) was set as the maximum cell radius. Manual 

quantification of the colabelled cells (~50/50 cells) matched the automated colocalization analyses 

during pilot studies.  

The same quantification approach was used to determine the number of YFP+NeuN+, c-

Fos+NeuN+ and YFP+c-Fos+NeuN+ cells, with the exception that grids of 100 µm x 100 µm (9 

full squares/FOV (332.80 µm x 332.80 µm)) were superimposed on the images and only grids with 

YFP and c-Fos were quantified. Due to some technical issues with importing images into Imaris, 

6/18 images were analyzed in Zen Blue software using the same protocol. In total, 3 sham and 3 

stroke mice per experimental cohort (pre vs. 2 dps, 2 dps vs. 2 wps and pre vs. 2 wps) were used. 

Animals from 2 distinct behavioural cohorts were combined at each time point to increase the 

sample size (6 sham and 6 stroke mice per time point). At the pre-stroke and 2 wps time point, 
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YFP and c-Fos cells from 2 experiments were quantified respectively. At 2 dps, YFP from one 

animal cohort and c-Fos from another cohort of mice were quantified.  

3.10 Stroke Volume Analysis  
 

Stroke volumes were measured with cresyl violet for all mice who received a stroke, using 

our lab previously published methods (Kannangara et al., 2018). Briefly sections were sequentially 

dehydrated in 70% ethanol (10 dips), 95% ethanol (20 dips) and 100% ethanol (20 dips), then 

rehydrated in 95% ethanol (20 dips), 70% ethanol (10 dips) and milli-Q (MQ) water for 1 minute. 

The next step consisted of staining the brain sections for approximately 5-7 minutes with 0.25% 

cresyl violet dissolved in acetate buffer at a pH of 4 (0.5% sodium acetate, 0.003% acetic acid, 

1.4% ethanol in MQ H2O). Following the staining, slides were washed in MQ water (10 dips), 

70% ethanol (10 dips) and 95% ethanol (10 dips). This was followed by 6-10 dips in 0.25% glacial 

acetic acid dissolved in 100% ethanol, 10 dips of 95% ethanol and 10 dips in 100% ethanol. Slides 

were then washed twice with the cleaning agent cirtrosolv (22-143-975; Fisher) for 1 and 3 minutes 

respectively. Finally, DPX mounting media (44581; Sigma) was used to coverslip the slides.  

Infarct sizes were determined by imaging each section using the bright field Zeiss 

AxioScan slide scanning microscope at the Louise Pelletier Histology Core Facility. Infarct sizes 

were measured using the Zeiss Blue software. The infarct lesions were traced in each coronal 

sections to determine the area of the stroke lesions. Based on the thickness of the cut tissue (35µm), 

the overall volume of the lesion was determined.  

3.11 Animal Exclusion and Statistical Analysis  
 

All data in this study is presented as the mean ± standard error of the mean (SEM). 

Individual dots on the graphs represent a mouse and the bars represent the average for all the mice 

in the group. A total of 2 behavioural cohorts were done per experiment (Pre-2 dps and 2 dps-2 
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wps), with the exception that one cohort was included for the Pre-2 wps experiment. No effect of 

sex was present in sham or stroke mice, nor was there any difference between behavioural cohorts. 

Thus, all behavioural data was combined. Cell quantification was separated given differences in 

the number of active cells. In total, 17 mice were excluded from our analysis due to the lack of 

string-pulled (n=11), unsuccessful stroke lesions (n=1) and poor video quality for the kinematic 

analyses (n=5).  

Two-tailed paired t-tests were used to assess differences between 2 groups (Figure 2, 

Figure 3 and Supplemental Figure 1). Given the absence of significant differences between 

behaviour cohorts, string-pull performances were combined from all 3 experimental study designs. 

For all the combined behavioural experiments (string pulled and kinematic performance), the 

performance of less mice was measured at 2 wps given that the experimental endpoint of some 

experiments was at 2 dps. As such, a mixed effect model was used instead of an ANOVA which 

cannot tolerate missing values for its analysis. Given there was significant differences in the cell 

counts between the different cohorts, results are shown and were analyzed for each experiment 

design separately using an ANOVA analysis. If there was a significant main effect, multiple 

comparisons were performed using the Bonferroni’s and Sidak’s post hoc analysis for the ANOVA 

and Mixed effect model, respectively. Significance was set at p<0.05 for all statistical tests. 

 
 
 
 
 
 
 
 
 
 
 
 



 
32 

4. Results 
 

4.1 String-Pull Behaviour  
 

After habituation to the string-pull task and prior to the surgeries, both sham and stroke 

mice pulled approximately 700-750 cm of string during a 15-minute behavioural trial (Figure 6A). 

Overall time and interaction effects were reported for both the amount of string pulled and the 

delta change analysis throughout the behavioural time points (Figure 6A-B). Following surgeries, 

both stroke and sham mice pulled significantly less string at 2 dps compared to the amount pulled 

before the stroke (Figure 6A). This was unexpected for sham mice, given Damian’s pilot studies 

and the previously published stable performance of non-cortically injured rats on the string-pulling 

task, when measured over 2 months following brain injury (Blackwell et al., 2018b; Chwastek, 

2019). In order to account for the individual variability in the performance of mice, as well as the 

difference in the amount of string pulled before and after surgeries, the delta change of the amount 

of string pulled was calculated. This analysis revealed that the stroke mice had an approximate and 

significant 2-fold reduction in the amount of string pulled at 2 dps compared to sham mice (Figure 

6B). Additionally, examination of the amount of string pulled between 2 dps and 2 wps, by 

assessing either the total amount of string (Figure 6A) or the delta change (Figure 6B), revealed 

significant behavioural improvements with more string being pulled at 2 wps for the stroke mice, 

which is suggestive of SBR (Karthikeyan et al., 2019). However, the recovery was only partial, as 

the amount of pulled string at 2 wps did not return to the amount pulled at baseline (Figure 6A).  
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Figure 6: Stroke mice pull less string following photothrombotic stroke. (A) Amount of string 
pulled by the sham and stroke mice before surgery (pre), 2 dps and 2 wps (ANOVA: F(time,1.7, 

77.1)=76.1, p<0.0001, F(interaction, 2, 90) = 11.4, p<0.0001). (B) Delta change of the amount of string 
pulled comparing the stroke and sham mice at 2 dps minus pre, or 2 wps minus 2 dps (F(time,1, 90) 
= 49.4, p<0.0001, F(interaction, 1, 90) = 28.0, p<0.0001). Each dot on the graphs represents an 
individual animal (**, p<0.01; ***, p<0.001).  
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For the sham mice, it was also unexpected that the total amount of string pulled 

significantly decreased between Pre and 2 dps, as well as between 2 dps and 2 wps (Figure 6A). 

In order to try to understand the reduction in the sham mice behavioural performances, two pilot 

experiments with small sample sizes were performed, as shown in Supplementary Figure 1. To 

determine if a coincidental effect of surgery might account for the reduction in string pulled, a no 

surgical behavioural cohort was completed, where the mice remained in the home cage on the 

surgical day. This experiment demonstrated that the home cage mice also had a decrease in the 

amount of string pulled, and that the magnitude of this decrease in performance was similar to 

previous experimental sham cohorts (Supplementary Figure 1A compared to Figure 6). To 

determine if the reduction in sham performance was a result of mice forgetting how to perform the 

string-pull task after surgery, another experiment was performed where mice were re-expose to 

the string-pulling task. In this experiment, approximately 2 weeks following the sham control 

surgeries, mice were separated into 2 groups; 1) mice re-exposed to the string-pull task one day 

prior to testing and 2) mice that were not re-exposed. As shown in Supplementary Figure 1B, the 

total amount of string pulled by both groups was similar to the amount pulled acutely following 

sham surgeries (Figure 6), suggesting that re-exposure was insufficient to maintain behavioural 

performance at later time points and that mice do not appear to forget how to perform the task.  

Altogether, the string-pull behavioural data indicates that both sham and stroke mice have 

reductions in the total amount of string pulled 2 days after sham or stroke surgery. However, 

analysis of the change in the amount of string pulled between the time points revealed that the 

stroke mice had a larger reduction in pulled string compared to sham mice, indicative of stroke-

induce deficit, as well as a partial recovery in performance at 2 wps. 
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4.2 Sham and Stroke Mice Have Similar Kinematic Movements During the String-Pull Task   
 
 To assess the full spectrum of deficits and recovery, kinematic analyses of movement was 

also measured using DLC to analyse forepaw movements of the mice during the string-pulling 

task. Movements performed during the string-pull task were separated into reach and withdraw 

movements, as previously described by the Wallace group (Blackwell et al., 2018a; Blackwell and 

Wallace, 2020; Blackwell et al., 2018b). This analysis was done on 27 mice (13 shams and 14 

stroke), from a total of 2 experiments (Pre Vs. 2 dps and 2 dps Vs. 2 wps). 

As shown in Figure 7, at baseline the ipsilateral and contralateral forelimb of sham and 

stroke mice moved approximate 1.3 cm during the reach and withdraw phases. After stroke the 

total distance travelled by each forepaw was also similar between sham and stroke mice (Figure 

7A-D). The delta change analysis also showed that the total travelled distance for each limb 

remained consistent overtime, as well as between sham and stroke mice (Figure 7E-H).  

Similar findings were observed when measuring the speed of the reach and withdraw 

phases (Figure 8A-H). At all behavioural time points, the forepaws of both sham and stroke mice 

moved at ~5 cm/s during the reach phase, and ~10 cm/s during the withdrawal phases. It was 

unexpected to find that forepaw movements were faster during the withdraw phase given that 

Blackwell et al. (2018b) have previously reported no differences between movement phase speeds 

of control and cortically lesioned rats. 
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Figure 7: The distance travelled by the forepaws is not different between stroke and sham 
mice. Quantification of the distance travelled by the ipsilateral forepaw during the withdraw (A) 
and reach (B) phases of motion. Travelled withdraw (C) and reach (D) distance of the contralateral 
forepaw. Delta change analysis of the travelled distance (E-H) for each motion of the string-pull 
task. Each dot on the graphs represents an individual animal. 
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Figure 8: The movement speed of the forepaws is not different between stroke and sham 
mice. Quantification of the speed travelled by the ipsilateral forepaw during the withdraw (A) and 
reach (B) phases of motion. Travelled withdraw (C) and reach (D) speed of the contralateral 
forepaw. Delta change analysis of the travelled speed (E-H) for each motion of the string-pull task. 
Each dot on the graphs represents an individual animal.  
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Movement scaling was also measured by determining the correlation coefficient between 

the peak speed and Euclidian distance. The mean movement scaling score for all limbs and time 

points, in either the withdrawal or reach phase, and for either sham or stroke mice revealed a 

positive correlation between the speed of movement and the distance travelled (Figure 9A-D), as 

previously demonstrated in rats (Blackwell et al., 2018b). For the movement scaling of the reach 

and withdraw phases, no group or time differences were observed for both limbs (Figure 9A-D). 

For the DLC analysis, there was a significant overall difference between time points examined for 

the withdraw movement of the contralateral forepaw (F(time,1,36)=7.4, p=0.01) (Figure 9E-H). 

Subsequent post-hoc analysis revealed a significant change in the movement scaling of sham mice 

from the pre-stroke baseline to 2 wps. However, a similar decrease in movement scaling was 

observed for both groups by 2 wps (Figure 9G).  

To assess the complexity of the paths taken by the forepaws during string-pulling, the path 

circuity ratio consisting of the total distance travelled and the Euclidean distance was analyzed. At 

baseline, sham and stroke mice had similar and high path circuity ratios of approximately 0.7-0.8 

(Figure 10A-D). The path circuity of in the ipsilateral forepaw during the withdraw and reach, as 

well as between sham and stroke mice remained consistent until 2 wps (Figure 10A-B).  For the 

withdraw phase of the contralateral forepaw, there was also no differences in path circuity between 

time points, or between the sham or stroke mice (Figure 10C).  In contrast, for the contralateral 

forepaw reach phase, there was an overall significant difference between time points (F(time,1.4,25.0) = 

3.9, p=0.047) and significant decrease in sham performance at 2 dps (Figure 10D). Furthermore, 

when analyzed using delta change, both experimental groups showed similar trends with no 

significant differences observed for any limbs nor movement phases overtime, indicative of 

similarities in path circuity for both the sham and stroke mice (Figure 10E-H).  
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Figure 9: Stroke and sham mice have similar trends in movement scaling. Quantification of 
the movement scaling for the ipsilateral paw during the withdraw (A) and reach (B) phases of 
motion. The movement scaling for the contralateral forepaw during the withdraw (C) and reach 
(D) phases. Delta change of the movement scaling for the withdraw and reach phases of each 
forelimb (E-H) (*, p<0.05). Each dot on the graphs represents an individual animal. 
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Figure 10: Sham and stroke mice have similar trends in path circuity movements. 
Quantification of the path circuity outcome parameter for the ipsilateral forepaw during the 
withdraw (A) and reach (B) phases of motion. The path circuity for the withdraw (C) and reach 
(D) phases of the contralateral forepaw (*, p<0.05). Delta change of the path circuity for the 
withdraw and reach phases of each forelimb (E-H). Each dot on the graphs represents an individual 
animal. 
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 Bimanual coordination was also measured to determine the synchrony of movement 

between the ipsilateral and contralateral forepaws. No changes in bimanual coordination were 

observed for both experimental groups and for the reach and withdraw phases of movement 

(Figure 11A-B). This was further corroborated by the delta change analysis of the bimanual 

coordination (Figure 11C-D).   

Overall, from the 5 DLC analyses performed, only the movement scaling and path circuity 

for the contralateral forepaw of the withdraw and reach phases showed significant decreases in 

sham performance pre versus 2 days after sham surgery. This was unexpected given that over time 

we would not expect sham mice to have significant differences in kinematic measures. However, 

kinematic performances of sham and stroke mice were not different for any outcome measures. 

These findings do not align with the published kinematic deficits detected in injured rats 

performing the string-pull task ((Blackwell et al., 2018b), which could be due to a variety of 

differences between the study design, or possibly between species.  
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Figure 11: The bimanual coordination of sham and stroke mice are not different. The 
bimanual coordination of the withdraw (A) and the reach (B) phases. The delta change analysis of 
the bimanual coordination (C-D). Each dot on the graphs represents an individual animal.  
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4.3 Stroke Infarct Location and Volume 
 

In alignment with the coordinates of the laser used to induce the stroke, the lesions were 

primarily in the M1, and little tissue damage was detected in the M2, as shown in Figure 12A-B.  

On average, the range of the infarcts spanned -0.1 to 1.8 mm from bregma. The stroke volumes at 

2 dps were approximately 4 mm3, compared to 1 mm3 at 2 wps (Figure 12C-D). These findings 

align with the work of others, which have also shown that stroke lesions reduce in volume over 

time (Labat-gest and Tomasi, 2013).   
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Figure 12: Photothrombotic stroke lesions. Schematic representation of the location of the 
stroke lesions for mice perfused at 2 dps (A) and 2 wps (B) respectively. Quantification of the 
stroke volume in mm3 at 2 dps (C) and 2 wps (D). Each dot on the graphs represents an individual 
animal.  
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4.4 Less Activated Cells are Labelled in the Ipsilesional M2 of Stroke Mice at the Pre-Stroke 
Baseline Compared to 2 dps 
 

To identify the motor networks used during the execution of the string-pulling task prior 

to the stroke compared to 2 days after a stroke, the number of YFP+ and c-Fos+ cells were 

measured respectively in the M2. The numbers of YFP+ cells were consistent in the contralesional 

and ipsilesional cortex of sham and PT stroke mice, suggesting that similar numbers of cells were 

active when performing the string-pull task prior to surgeries (Figure 13A-E). In contrast, the 

number of c-Fos+ cells at 2 dps were significantly different between the sham and stroke mice (F(1, 

48) = 6.048, p=0.0176), between the hemispheres (F(1, 48) = 6.520, p=0.0139), and there was also a trend 

towards a significant interaction effect (F(1, 48) = 2.936, p=0.0931) (Figure 13J). Post-hoc analysis 

showed a significant decrease in c-Fos+ cells in the ipsilesional hemisphere compared to 

contralesional cortex of stroke mice. Sham mice had no differences in the number of c-Fos+ cells 

between cortical hemispheres, with the number of c-Fos+ cells being similar to those in the 

contralesional hemisphere of stroke mice (Figure 13F-J). Furthermore, the number of reactivated 

cells pre-stroke and at 2 dps was assessed by the number of cells expressing both YFP and c-Fos. 

This analysis revealed that approximately 40% of cells were reactivated with no significant 

differences between the hemispheres nor between the sham and stroke mice (Figure 13K-O). 

Overall, these findings suggest that there is a decrease in the number of active cells in the 

ipsilesional M2 at 2 dps, which is accompanied by the same proportion of cells reactivated in both 

hemispheres as well as in the sham and stroke mice at 2 dps. 
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Figure 13: Decrease in active cells in the ipsilesional M2 of stroke mice at 2 dps. 
Representative images of both M2 motor cortices (contra: contralesional and ipsi: ipsilesional) for 
active cells pre-stroke (A-D), 2 wps (F-I) and cells active at both time points (K-N). Quantification 
of active cells at the pre-stroke baseline (E), 2 dps (J) and reactivated cells (O). Arrow heads 
indicate reactivated cells (cell expressing both YFP and c-Fos). Each dot on the graphs represents 
an individual animal. Error bar is 50 µm (**, p<0.01). 
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4.5 No Difference in Active or Reactivated Cells at 2 dps Compared to 2 wps 
 
 To identify the motor network used during the execution of the string-pulling task the 

number of YFP+ and c-Fos+ cells were measured in the M2 at 2 dps compared to 2 wps, 

respectively.  The number of YFP+ cells were similar for both hemispheres of sham and stroke 

mice, suggesting that there was no change in the number of active cells 2 dps (Figure 14A-E). This 

was unexpected, since it directly contrasts findings reported in Figure 13J, in which the number of 

c-Fos+ cells were reduced in the ipsilesional M2 of stroke mice at 2 dps. We suspect that these 

differences may be attributed to differences in the magnitude of YFP+ versus c-Fos+ cells that are 

detected in the TRAP models, as discussed below. Examination of the number of c-Fos+ cells 

showed no differences between groups or hemispheres (Figure 14F-J). Also, 40% of cells were 

reactivated at 2 dps and 2 wps, in both the sham and stroke groups (Figure 14K-O). Overall, these 

findings suggest that at 2 dps versus 2 wps, there is no differences in the number of activated or 

reactivated cells in stroke or sham mice. 
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Figure 14: No differences in active or reactivated cells at 2 dps compared to 2 wps for sham 
and stroke mice. Representative images of both M2 motor cortices (contra: contralesional and 
ipsi: ipsilesional) for cell active at 2 dps (A-D), 2 wps (F-I) and cells active at both time points (K-
N). Quantification of active cells at 2 dps (E), at 2 wps (J) and reactivated cells (O). Arrow heads 
indicate reactivated cells (cell expressing both YFP and c-Fos). Each dot on the graphs represents 
an individual animal. Error bar is 50 µm. 
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4.6 No Difference in Active or Reactivated Cells at the Pre-Stroke Baseline Compared to 2 
wps 
 

To identify the motor network used during the execution of the string-pulling task before 

and at 2 wps, the number of YFP+ and c-Fos+ cells were measured respectively. Both stroke and 

sham mice had similar numbers of activated YFP+ cells in both hemispheres at baseline (Figure 

15A-E). Thus, this data replicates the results presented in Figure 13E. At 2 wps there was no 

difference in the number of activated c-Fos+ cells in the contra- and ipsilesional hemispheres of 

control and stroke mice (Figure 15F-J), which also replicates findings shown in Figure 14J. 

Furthermore, between 50-60% of cells active at baseline were reactivated at 2 wps (Figure 15K-

O). Altogether these results combined with previous experiments, suggest that stroke and sham 

mice have similar numbers of activated and reactivated cells at the pre-stroke baseline and at 2 

wps.   
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Figure 15: No differences in active or reactivated cells before the stroke and at 2 wps for 
sham and stroke mice. Representative images of both M2 motor cortices (contra: contralesional 
and ipsi: ipsilesional) for cell active pre-stroke (A-D), 2 wps (F-I) and cells active at both time 
points (K-N). Quantification of cells active pre-stroke (E), at 2 wps (J) and reactivated cells (O). 
Arrow heads indicate reactivated cells (cell expressing both YFP and c-Fos). Each dot on the 
graphs represents an individual animal. Error bar is 50 µm. 
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4.7 Less Active Cells in Sham and Stroke Mice Express NeuN Following Surgeries 
 

To assess if the activated cells from all three different experimental designs (Figure 4) had 

a neuronal phenotype, we determined if the activated cells expressed the pan-neuronal marker, 

NeuN (Gusel'nikova and Korzhevskiy, 2015). At baseline, approximately 90% or more of YFP+ 

cells co-expressed NeuN in the sham and stroke mice, with no differences between the 

hemispheres (Figure 16A-C). At 2dps, ~60% of activated cells that were labeled with either YFP 

or c-Fos co-expressed NeuN, with no differences between groups nor between hemispheres 

(Figure 16D-E). Similarly, at 2 wps, ~60% of cells labeled with either YFP or c-Fos were co-

labelled with NeuN, independent of the groups or hemispheres (Figure 16G-I). Altogether, these 

findings unexpectedly show that both sham and stroke mice have an approximately 20% decrease 

in NeuN+ cells following surgeries. Future work will need to be conducted to assess whether IEG 

expressing cells are astrocytes or other cells, and why sham and stroke mice both show a decrease 

in NeuN expression post-surgeries. 
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Figure 16: Irrelevant of stroke injuries, less IEG+ cells are co-labeled with NeuN. 
Representative images from the ipsilesional M2 of sham (A,D,G) and stroke (B,E,H) mice at the 
pre-stroke (A,B), 2 dps (D,E) and 2 wps (G,H) time points. In the representative images, YFP is 
green, cFos is red and NeuN is blue. Quantification of colocalized IEG+ cells with NeuN at 
baseline (C), 2 dps (F) and 2 wps (I). Each dot on the graphs represents an individual animal. The 
scale bar is 20 µm. 
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5. Discussion 
 

Cortical remapping has been extensively shown in both clinical and preclinical models of 

stroke recovery. Despite this evidence, whether motor networks remain stable throughout stroke 

recovery, specifically whether the same or different cells are utilized when performing a 

behavioural task remain unknown. This thesis used the Arc-TRAP model to examine the number 

of cells activated during the string-pulling behaviour following a photothrombotic stroke. Stroke 

mice had a significant decline in the amount of string pulled when assessed 2 days after the stroke 

in the absence of differences in kinematic movements used to perform the task, as assessed by 

DLC analysis. This decline in behavioural performances was accompanied by a significant 

decrease in the number of active cells in the ipsilesional M2 cortex. In contrast, 2 weeks after the 

stroke, there were improvements in string-pull performance, as well as no significant differences 

in the number of active cells in stroke and sham mice. Additionally, around 40% of cells were 

reactivated at either 2 days or 2 weeks after stroke compared to the pre-stroke baseline for all mice. 

Phenotyping of active cell for both sham and stroke mice revealed that prior to the surgeries ~90% 

of active cells expressed the neuronal marker NeuN, while after the sham and stroke surgery,~60 

% of active cells were NeuN+. Overall, this work demonstrates that mice pull less string acutely 

after stoke (2dps), which is associated with less active cells in the ipsilesional M2, however, there 

is no change in the proportion of reactivated cells used after a stroke when performing the string-

pull task.   

5.1 M2 Networks Remain Stable Throughout Stroke Recovery Despite Decreases in Active 
Cells at 2 dps 
 

Our results, which demonstrate that fewer cells are active in the injured hemisphere at 2 

dps, corroborate previous work published by Dr. Tim Murphy’s Laboratory (Brown et al., 2009; 

Lim et al., 2014; Mohajerani et al., 2011). These studies demonstrated that changes in cortical 
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activity and sensorimotor maps of the stroke injured hemisphere can occur within hours following 

a stroke and suggest that these disruptions in activity can last up to 1 week after the stroke injury 

in the ipsilesional cortex  Additionally, they showed that by 8 weeks post-stroke remapping of the 

sensory and motor networks was restored within the ipsilesional M1 region  (Brown et al., 2009; 

Lim et al., 2014). This finding aligns with our result that showed at 2 wps there was no differences 

in the number of active cells in the ipsilesional M2 of sham and stroke mice. Altogether, these 

findings suggest that stroke induces an acute reduction in ipsilesional M1 and M2 activity when 

performing a motor task, however during recovery, this activity is restored. 

Our interpretation of there being less cell active in the ipsilesional M2 cortex at 2 dps is 

based on our examination of the number the c-Fos+ cells at 2 dps (Figure 13 (Pre versus 2 dps 

experiment)). As noted in the result section, this finding was contradicted by a lack of a similar 

reduction in YFP+ cells at 2 dps in the 2 days versus 2 wps experiment (Figure 14). It is also 

notable that the number of YFP+ and c-Fos+ cells quantified at 2 dps in these two experiments 

was very different: ~5 000 YFP+ cells/mm3 (Figure 14) versus ~90 000 c-Fos+ cells/mm3 (Figure 

13). This ~20-fold difference in labelled YFP versus c-Fos cells has also previously been reported 

in the characterization of the Arc-TRAP model (Denny et al., 2014), and to a lesser extent, in the 

c-Fos TRAP literature (Hwang et al., 2022; Ivashkina et al., 2021). Differences in Arc and c-Fos 

expression within cells is one possible explanation for why Arc-TRAP models labelled more c-

Fos+ then Arc+ cells.  However, previous work from Marc Vani’s thesis (Vani, 2018) 

demonstrated that ~ 95% of cells that express the Arc protein also express the c-Fos protein. This 

data suggests that the difference in the number of YFP+ versus c-Fos+ cells is not due to 

differences in the expression of Arc versus c-Fos within cells.  Instead, it seems more likely that 
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the recombination efficiency of the TRAP model to label Arc+ cells with YFP may be causing this 

difference, which could be tested in future studies. 

Throughout all of our experiments, the number of active cells in the contralesional 

hemisphere remained consistent and did not change when there was a reduction in the number of 

active cells within the ipsilesional cortex (Figure 13-15). This finding is in alignment with work 

from Johnston et al. (2013), that reported no change in functional remapping in the forepaw 

sensory representation of the contralesional hemisphere up to 4 weeks following either a PT or 

MCAO-induced stroke in juvenile and adult mice. However, these findings also contrast other 

studies in the field (Dijkhuizen et al., 2003; Jablonka et al., 2010; Jones and Adkins, 2015; 

Mohajerani et al., 2011; Takatsuru et al., 2009). For example, previous work has demonstrated that 

acutely following a PT-induced stroke (~30 minutes), there is an increase in the activity of the 

contralesional hemisphere in mice (Mohajerani et al., 2011). Increased activity of the 

contralesional hemisphere was also reported 1- and 3-days after a unilateral middle cerebral artery 

occlusion (MCAO) using fMRI in rats, and as early as 1 day following a PT induced stroke in rats 

(Dijkhuizen et al., 2003; Jablonka et al., 2010). Takatsuru and colleagues (2009) further 

demonstrated increases in neuronal activity in the contralesional hemisphere within 2 days to 1 

week following PT strokes in mice. These findings also collaborate the clinical literature that has 

shown the bilateral activation of the contralesional hemisphere during stroke recovery (Bütefisch 

et al., 2005; Rehme et al., 2011; Ward et al., 2003).   

We hypothesize that there were no observed changes in contralesional activity due to 

differences in the experimental design between our work and the work of others. For example, bi-

hemispheric activity was measured following the stimulation of the forepaws of animals and 

whisker stimulation in previous studies (Dijkhuizen et al., 2003; Jablonka et al., 2010; Mohajerani 
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et al., 2011), while in our study, cells recruited during the performance of the motor string-pull 

behavioural task were labelled. Furthermore, the location of the strokes are different between our 

work and others. As noted in the introduction, most studies focused their work on the M1 sensory-

motor cortex (Brown et al., 2009; Lim et al., 2014; Mohajerani et al., 2011), and to our knowledge, 

we are the first group to assess reorganization in the intact M2 following a stroke localized to the 

M1. Previous work from Harrison et al. (2013) has examined the effect of photothrombotic strokes 

of similar volumes in different cortical regions on cortical reorganization. This work showed that 

when strokes were administered in the sensory areas, the sensory maps were shifted toward the 

primary motor cortex. However, when strokes were administered in the motor regions, the centre 

of the motor maps remained unaltered, while its distribution was more diffused. Thus, stroke 

volumes and location may alter the degree and the properties of cortical reorganization. This 

highlights the need to further characterize if and how cortical remapping takes place following 

strokes of varying sizes and location across all other cortical regions. In this regard, future work 

using brain clearing methodology could be used to assess brain wide changes in cellular activity, 

as previously done using the CLARITY methods with the ARC-TRAP mice (Ye et al., 2016).  

The only other group that has used a TRAP model to assess reorganization following a 

stroke, used the cFos-CreERT2:Ai9 mice, as well as intrinsic signal and in vivo calcium imaging 

(Zeiger et al., 2021). This study showed no evidence of remapping within adjacent and surviving 

regions of the C1 barrel in the barrel field of the primary somatosensory cortex following a PT 

stroke to the C1 barrel cortex. From 5 days, up to 2 months following the stroke, they found no 

increases in the number of C1 whisker responsive neurons in the spared neighboring barrels. This 

finding is in alignment with our consistent ~40% of reactivated cells being used when the mice 

performed the string-pull task before or after stroke, in either hemisphere and in both the sham and 
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stroke mice. These findings are also in alignment with another study that demonstrated that ~40% 

of cells were reactivated in the M1 of naïve c-Fos TRAP mice that learned the forelimb reaching 

task (Hwang et al., 2022). Altogether, these studies support our work and suggest that the cell 

networks used to perform the string-pull tasks may not change in the M2 cortex following a stroke.  

Using the cFos-CreERT2:Ai9 mice, Zeiger et al. (2021) also observed that forced use 

whisker therapy was able to potentiate sensory-evoked responses in surround whisker neurons, but 

this did not result in true circuit remapping with the recruitment of new C1 whisker responsive 

neurons. Since our work did not complete any measures of activity within the labeled neurons, it 

is possible that the activity of neurons is increased in the contralesional and ipsilesional 

hemisphere, as opposed to more cells being recruited to the motor cortices post-stroke and 

throughout recovery. Thus, it would be interesting in future studies to test if the M2 cortices of the 

Arc-TRAP mice have any differences in sensory-dependent responses.  

5.2 Phenotype of Arc-TRAP and IHC Labelled Cells 
 

When examining the phenotype of the cells activated by the string-pull task, as expected 

at baseline for both the sham and stroke mice, the majority (~90%) of active cells expressed the 

pan-neuronal NeuN marker in both hemispheres. This is in accordance with the literature reporting 

that IEGs are selectively and rapidly upregulated in response to insults or neuronal activity 

(Minatohara et al., 2015; Zukin et al., 2004). Specifically, Arc is well known to be a master 

regulator of synaptic plasticity mediating stable long-term potentiation and long-term depression 

in neurons, while c-Fos dimerizes with proteins of the JUN family to form the transcription factor 

complex AP-1 following neuronal activity (Gallo et al., 2018; Nikolaienko et al., 2018). At 2 dps 

and 2 wps, it was unexpected to observe a 20% reduction in NeuN expression in the active Arc 

and c-Fos labelled cells in both the stroke and sham control mice. This result does not seem to be 
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a simple effect of damage or cell death, since cresyl violet staining confirmed that strokes were 

restricted to the ipsilesional cortex of stroke mice. Although IEGs are most often reported to be 

expressed in neurons, glial cells have been reported to express IEGs (Rodríguez et al., 2008). For 

example, Jiang and VanDongen (2020) have shown a neuronal activity dependent accumulation 

of Arc within astrocytes in naïve mice. Furthermore, in accordance with some of our findings, 

previous studies on the central and peripheral nervous system have demonstrated that damaged 

neurons can decrease their expression of NeuN (Darlot et al., 2017; Hernandez et al., 2019; 

McPhail et al., 2004; Wu et al., 2010). Consequently, future work is required to determine the 

cellular phenotype of the active cells that did not express NeuN, which could be done by IHC 

staining for microglia, oligodendrocyte or astrocyte markers. 

5.3 No Differences in Kinematic Performance Between Sham and Stroke Mice 
 

Our findings also revealed that stroke mice pulled less string compared to sham controls at 

2 dps on the bimanual string-pulling task. The stroke mice had begun to recover by 2 weeks after 

stroke, as shown by their increase amount of string pulled, albeit this increase did not attain the 

pre-stroke baseline value. This finding corroborates other behavioural recovery profiles in mice, 

which show that SBR of motor functions can occurs within weeks of a stroke (Karthikeyan et al., 

2019). In contrast to the stroke group, sham mice gradually pulled less string over the 2 weeks 

following surgeries. This unexpected reduction in string-pulling behaviour was not previously 

observed by the Blackwell group that established the string-pull protocol for rats and mice, 

however, their protocol includes a reward system to motivate string-pulling behaviour (Blackwell 

et al., 2018b). Specifically, they showed that mice trained with a higher reinforcement frequency 

protocol (more strings with cashews), increased by approximately 2 folds the amount of string 

pulled by mice (Blackwell and Wallace, 2020). Although these findings suggest that adding 
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cashews to the string may entice the mice to pull more string, we did not include food rewards due 

to concerns about activity induced by mastication and the reward. Altogether, our findings suggest 

that despite sham mice becoming less motivated to pull as much string at later time points, the 

string-pull task successfully assessed stroke deficits.  

In addition to measuring the amount of string pulled by mice, DLC was used to 

kinematically measure the efficiency in the movements employed throughout the string-pull 

motion. This analysis showed that sham and stroke mice had similar movements patterns when 

performing the string-pull task. This was unexpected given that the only other study performing 

kinematic analysis with the string-pull task found that the rhythmicity of movement in rats was 

disrupted early post injury and restored within a month (Blackwell et al., 2018b). Additionally, our 

laboratory had previously found kinematic deficits in mice after a PT-induced stroke when 

performing the staircase task (Balbinot et al., 2022). These results suggest that the mice have no 

kinematic deficits following stroke when performing the string-pull task, however this result could 

also be due to the protocol that we used to detect kinematic movements throughout the string-pull 

behaviour. 

To further help determine if sham and PT stroke mice have any significant differences in 

movements employed during the string-pull test, there are a variety of modifications that could be 

applied in future studies to the DLC and kinematic analysis protocols. One aspect of the analysis 

that could be refined is how the pulling motion is separated into different reach and withdrawal 

phases. In this analysis, the reach and withdraw phases were defined as either the upward or 

downward movement of the forepaws, respectively. This definition therefore does not account for 

the differences in paw movements within each of these phases. Blackwell et al. (2018a) accounted 

for the variability during the reach and withdraw phases in mice by subdividing the movements 
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into 5 distinct phases; 1) lift (first upward movement), 2) advance (paw is approaching the string), 

3) grasp, 4) pull (first downward movement) and 5) push (second downward movement when the 

mice are pushing on the string). This subdivision of the movement phases led to the identification 

that the lift and advance movements were more rapid than the grasp, pull and push phases. 

Furthermore, horizontal directional changes were present at the pull/push transition. Therefore, to 

increase our ability to measure changes in movements during the string-pulling motion following 

a stroke, the reach and withdraw phases may need to be subdivided into the 5 specific phases. A 

second modification that could be employed in the protocol, would be to perform 3D instead of 

2D joint movements analyses. Recently, 3D limb trajectory tracking systems based on actual 3D 

joint locations have been made readily available for the neuroscience community and show high 

labelling efficiency (Arac et al., 2019; Veronika et al., 2022). Arac et al. (2019) have specifically 

described how to implement 3D kinematic analyses on commonly used behavioural tasks in the 

field of neuroscience, such as the skilled pellet reaching task. 3D reconstruction of movement can 

be obtained using 2 front and side facing high-speed cameras along with a camera calibration tool 

which creates a 3D cartesian coordinate system and provides 3D paw positions from the 2 camera 

views. Thus, in future studies, the implementation of the movement phase subdivisions and 3D 

analyses would be useful to gain insight into the naturalistic movements performed during the 

string-pulling task and further assess if there are fine motor impairments following a stroke.    
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6. Conclusions 
 

The findings from this thesis demonstrate that 2 days after a PT-induced stoke, Arc-TRAP 

stroke mice pull less string and have a reduction in the number of active cells in their ipsilesional 

M2 cortex compared to sham mice. No change in number of active cells in contralesional cortex 

were observed and approximately 40% of cells that were used prior to stroke were reactivated 

acutely after stroke.  By 2 weeks post-stroke, the mice displayed a significantly increase in the 

amount of string pulled, which was accompanied by no differences in the number of active, or 

reactivated cells in the ipsilesional or contralesional cortex. We further reported that irrelevant of 

stroke injury, both stroke and sham mice had less NeuN+ and IEG expressing cells post-surgery. 

Thus, this work demonstrates that there is an acute reduction in the number of active cells in the 

ipsilesional cortex after stroke that is accompanied by a significant reactivation of a proportion of 

the initial motor networks used to perform the string-pull task following a stroke and throughout 

recovery.  
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Supplemental figure  
 

 
 
Supplemental figure 1: Re-exposure is insufficient to increase the amount of string pulled 
overtime. (A) Behavioural time line used to assess if naïve mice pulled less string overtime. (B) 
The amount of string pulled by naïve mice (***, p<0.001). C) Behavioural time line used to assess 
the effect of re-exposure on string pulling. D) The amount of string pulled in cm following string-
pull re-exposure. Each dot on the graphs represents an individual animal.  
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