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Abstract 

Ischemic stroke is a life-threatening medical condition that can lead to dysfunction in brain 

regions both proximally and distally connected to the stroke site, a phenomenon known as 

“diaschisis”. Diaschisis can play an important role in recovery after stroke; however, the structural 

changes that occur at the level of neurons connected to the stroke site are not fully understood. 

Here, we performed confocal microscopy to visualize dendritic spines after a photothrombotic 

stroke in the primary somatosensory forelimb cortex (S1FL) of adult mice labeled with a 

retrograde adeno-associated virus (retro pAAV.CAG.GFP). This allowed for the visualization of 

presynaptic neurons directly connected to the infarct core in areas such as S1FL, motor cortex 

(MC), secondary somatosensory cortex (S2), and contralateral primary somatosensory forelimb 

cortex (Contra-S1FL). We observed a decrease in presynaptic spine density one week after stroke 

in superficial basilar dendrites within the peri-infarct region, which recovered by six weeks after 

stroke. An increase in dendritic spine density was also found six weeks after stroke within 

superficial primary apical dendrites in peri-infarct region, and within S2 in superficial primary and 

secondary apical dendrites as well as deep basilar dendrites. These results suggest that a retrograde 

degenerative signal may be localized to the peri-infarct region, whereas other factors may be 

playing a role in the widespread functional changes seen after stroke. The increase in dendritic 

spines seen in the peri-infarct and S2 regions six weeks after stroke may be playing an adaptive or 

compensatory role and aiding in recovery. Using a diaschisis model, these findings add novel 

information about neuronal structure proximal and distal to the infarct core, as well as elucidate 

potential degenerative and protective structural processes that may underly recovery after stroke.  
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1. Introduction 

1.1 Stroke 

1.1.1 Clinical Population   

 Strokes are a life-threatening neurological disorder characterized by either a blockage or 

rupture in the cerebrovascular, resulting in impaired blood flow and cell death. Strokes are the 

second leading cause of death in the world (Campbell et al., 2019; Kuriakose & Xiao, 2020; Feigin 

et al., 2022), contributing to 6.5 million deaths annually (Feigin et al., 2022). Over the last 20 

years, the lifetime risk of stroke has increased by 50% impacting 1 in 4 people over the age of 25 

(Feigin et al., 2022). This is in part due to the increase in average lifespan, which is a result of 

developments in medical interventions and technology. The rise in the prevalence of stroke makes 

it an increasingly important disorder to study and understand.  

The two types of strokes include hemorrhagic and ischemic, and of these different types of 

strokes, ischemic strokes are the most common (Campbell et al., 2019; Kuriakose & Xiao, 2020; 

Feigin et al., 2022). Ischemic strokes are caused by an occlusion in a cerebral artery (Campbell et 

al., 2019), and account for approximately 80% of all strokes (Boehme et al., 2017). The occlusion 

in the affected artery leads to a narrowing of the blood vessel and a lack of blood flow (Kuriakose 

& Xiao, 2020), which causes immediate cell death in the impacted region (Brown et al., 2008). 

The middle cerebral artery (MCA) is the most commonly affected artery by ischemic stroke 

(Gerrow & Brown, 2017; Hui et al., 2024). The MCA is the largest branch of the internal carotid 

artery and supplies blood to a large part of the cerebral hemisphere including the primary 

somatosensory and motor cortices. Ischemic strokes account for 7.6 million strokes and are a 
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leading cause of disability worldwide (Feigin et al., 2022) due to devastating brain damage and 

functional deficits (Brown et al., 2007; C.-L. Yu et al., 2015). These functional impairments often 

include forms of sensory, motor and cognitive impairment (Brown et al., 2007; Connell et al., 

2008; Cramer et al., 2023).  

The severity of the deficits caused by stroke can change rapidly within a short time frame. 

The typical stroke patient loses approximately 1.9 million neurons each minute a stroke is left 

untreated (Saver, 2006), making it imperative that individuals seek healthcare immediately. The 

goal of treatment is to restore blood flow to the affected regions, which can minimize the effects 

of ischemia if reperfusion is established quickly after onset (Chugh, 2019; Hui et al., 2024). 

Although the impacts of stroke occur rapidly, there is often restitution of some function in the 

weeks to months after the stroke indicating that the brain is capable of adapting after injury 

(Gerrow & Brown, 2017; Branco et al., 2019). Due to the heavy impact on neurons after stroke, it 

is vital to understand how these brain cells are impacted, and potentially adapting to assist with 

functional recovery after stroke. Over the past decade, stroke research has focused on investigating 

these potential cellular mechanisms that underlie this brain plasticity in order to generate therapies 

and mitigate functional deficits.  

1.1.2 Animal Models of Stroke  

 In order to study the effects of stroke and subsequent plasticity, animal models are 

advantageous. This is due to the need for direct access to brain tissue, as well as the unpredictable 

nature of stroke in humans (Kuriakose & Xiao, 2020). A frequently used technique to model stroke 

in animals is the photothrombosis model (Watson et al., 1985). This involves an injection of a 

photosensitive dye (rose-bengal) that is activated by a laser leading to the production of reactive-

oxygen species and platelet aggregation. The accumulation of these cells ultimately leads to an 
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occlusion in the targeted vessel. Although other models of stroke such as the occlusion of the MCA 

(MCAo) may be a more accurate representation of stroke in humans, there are limitations to the 

MCAo model due to the invasive procedure involved, the minimal control over the lesion volume 

and subsequent behavioural deficits (Carmichael, 2005; Gerrow & Brown, 2017). The 

photothrombotic model is advantageous due having more control over the location and size of the 

stroke, being less invasive and highly reproducible (Brown et al., 2007; C.-L. Yu et al., 2015; 

Kuriakose & Xiao, 2020). Inducing a stroke in animal models allows for the studying of functional 

and structural changes following stroke and enables researchers to investigate mechanisms of 

recovery.  

1.1.3 Mechanisms of Recovery Post Stroke   

Stroke leads to a cascade of structural and functional changes, which in turn alters 

behaviour, and although lost neurons cannot be replaced, the brain can exhibit certain forms of 

plasticity after a stroke allowing for the partial restoration of lost functions. The surviving tissue 

surrounding the stroke site termed the “peri-infarct” has been heavily researched due to its similar 

function and proximity to the infarct zone.  

Previous research has established that after stroke, structural changes occur within the peri-

infarct region such as dendritic spine turnover, axonal sprouting and synaptic plasticity, which play 

a crucial role in the formation of new neural connections (Stroemer et al., 1995; Carmichael et al., 

2001; Dancause et al., 2005; Overman et al., 2012). The peri-infarct region may be primed to 

promote these changes due to growth proteins and factors, providing an enriched environment for 

structural plasticity and associated recovery (Murphy & Corbett, 2009; S. Li et al., 2010).  

Imaging studies in humans and mice have revealed that functional changes also occur after 

stroke. A study utilizing in vivo intrinsic optical signal (IOS) and voltage-sensitive dye (VSD) 
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imaging revealed a decrease in response 1-week after stroke in the peri-infarct, which recovered 

after 8-weeks with the return of evoked depolarizations within the peri-infarct and neighboring 

regions (Brown et al., 2009). Another study used two-photon in vivo calcium imaging 1-2 months 

after a photothrombotic stroke targeted to forelimb primary somatosensory cortex (S1FL) and 

found that more neurons in the neighboring hindlimb primary somatosensory (S1HL) region were 

responding to forelimb stimulation (Winship & Murphy, 2008), providing direct evidence of 

functional remapping. Functional remapping in the peri-infarct cortex may occur due to structural 

changes that facilitate synapse formation and circuit reorganization (Gerrow & Brown, 2017; 

Campos et al., 2023). Functional reorganization and normalization of the activity of surviving 

neurons and pathways have been shown to aid in the recovery of function (Castro-Alamancos & 

Borrell, 1995; Dijkhuizen et al., 2001; Werhahn et al., 2003; Jaillard et al., 2005; Carmichael, 

2006; Brown et al., 2007; Carmichael, 2012; Campos et al., 2023), and correlate with the 

behavioral recovery of sensory, motor and cognitive abilities (Castro-Alamancos & Borrell, 1995; 

Werhahn et al., 2003; Gerrow & Brown, 2017). Although the peri-infarct is an essential brain area 

to investigate after stroke, the brain is highly interconnected. The effects of stroke and recovery 

are not limited to the peri-infarct and have been shown to extend beyond the infarct core (Campos 

et al., 2023). As such, it is essential to study the brain as a “connectome” in order to fully unveil 

the underlying effects of stroke to understand and combat functional deficits.  

1.2 Diaschisis and The Effects of Stroke on the Brain Connectome 

1.2.1 The Brain Connectome 

The term brain “connectome” was brought to light by Sporns to describe the neural 

connections/wiring diagram of the entire brain (Sporns et al., 2005). The connectome is currently 
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thought about in 3 scales: microscopic (at the level of synapses ex. dendritic spines), mesoscopic 

(at the level of regional connections ex. motor and primary somatosensory connections) and 

macroscopic (at the level of brain wide connections ex. thalamocortical connections) (Silasi & 

Murphy, 2014). Early studies in humans used imaging techniques such as resting state functional 

connectivity BOLD magnetic resonance imaging to understand brain connectivity in response to 

vascular and neuronal related disorders such as stroke (Carter et al., 2012); however, the details of 

neural projections cannot be studied at this macroscopic level. With recent advances in technology 

and analysis, researchers have been able to narrow in on the mesoscopic scale of the connectome 

and construct this wiring diagram in mice. An early method to visualize intracortical activity and 

neural connections involved in vivo channelrhodopsin-2 stimulation and regional VSD imaging, 

which showed the strong connections between many cortical areas, including the motor cortex 

(M1/M2), primary somatosensory forelimb cortex (S1FL), and secondary somatosensory cortex 

(S2) (Lim et al., 2012). Within the next few years, viral tracers were introduced to label neural 

connections and develop more extensive connectome maps. This included research that started the 

Mouse Connectome Project which used tracer injections to create a cortical connectivity atlas 

(Zingg et al., 2014). This atlas also highlighted the strong sensorimotor connections between motor 

cortex (M1/M2), primary somatosensory forelimb cortex (S1FL), secondary somatosensory cortex 

(S2) as well as their contralateral connections, and showed that each of these areas were 

extensively interconnected with each other (Zingg et al., 2014). Another group in the same year 

developed the Allen Mouse Brain Connectivity Atlas, which again focused on the mesoscopic 

connectome scale and used various viral tracers to enable whole brain mapping, and found this 

same connectivity between motor (M1/M2), primary/secondary somatosensory (S1/S2) and their 

contralateral counterparts (Oh et al., 2014) as displayed in Figure 1. These connectome maps are 
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extremely useful and important when it comes to fully comprehending the widespread deficits 

induced by stroke.  

 

 
Figure 1: Schematic representation of 4 brain regions within the connectome 

Schematic showing the bidirectional cortical connections of the primary somatosensory cortex 

(S1) with the motor cortex (MC), secondary somatosensory cortex (S2), and the contralateral 

primary somatosensory cortex (Contra-S1).  

 

1.2.2 Impacts of Stroke and Diaschisis on the Connectome 

Stroke mediated damage impacts the connections between neurons rapidly (Silasi & Murphy, 

2014) and can lead to the disruption of function in areas distant from the site of damage, known as 

“diaschisis” (Silasi & Murphy, 2014; Carrera & Tononi, 2014). The term diaschisis was first 

coined by von Monakow (Finger et al., 2004; Carrera & Tononi, 2014) and can help to explain 

why we might see functional deficits in brain regions distant but connected to the infarct site. To 

highlight this concept, an example would be a patient experiencing motor deficits after having a 

stroke in the somatosensory cortex. Importantly, the brains surviving networks and circuitry can 
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compensate for the damaged area, which can improve functional recovery and serve as a promising 

therapeutic target (Silasi & Murphy, 2014). Collectively, this makes it vital to look at stroke and 

diaschisis through a connectomic approach as distant connected brain regions can undergo 

structural and functional changes after ischemia, providing important information about recovery. 

The resulting diaschisis after stroke can impact many processes including neuronal 

connections, vasculature and metabolism, and neuro-vascular coupling. To add to this idea, human 

imaging data has shown strong linkages between neural connectivity and the outcome after stroke 

(Carter et al., 2012; Urbin et al., 2014), and recent electron microscopy studies have found 

dendritic degeneration and decrease in synaptic connections at sites connected to the infarct 

through diaschisis (Lee et al., 2020). Recent techniques have also utilized two-photon in vivo 

calcium imaging to demonstrate that stroke has impacts on both inhibitory and excitatory neurons 

connected to the infarct (Latifi et al., 2020). Therefore, it is no surprise that stroke and diaschisis 

can lead to structural and functional changes throughout the connectome. A way that the 

connectome may combat deficits after stroke is by using neural networks that are upstream and 

downstream (Murphy & Corbett, 2009) or contralateral from the infarct (Kokinovic & Medini, 

2018) to assist in functional recovery.  

Stroke also heavily impacts the vasculature of the brain and metabolism. When the occlusion 

of an artery causes the loss of connections to remote brain regions, the blood supply to these 

regions is impacted leading to subsequent loss of oxygen and nutrients supply downstream of the 

stroke site (Shih et al., 2013). Research in animals has used imaging techniques such as positron 

emission tomography to find a decrease in metabolic activity in regions adjacent to the infarct after 

stroke (Carmichael et al., 2004), demonstrating the metabolic consequences of diaschisis. One way 

to mitigate the vascular and metabolic disruption after stroke is to rapidly re-establish perfusion in 
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the impacted tissue (Schaffer et al., 2006; Juttler et al., 2006; Shih et al., 2009; Lay et al., 2010; 

Hermann & Chopp, 2012).  

Due to the close-knit relationship of neurons and the cerebrovasculature, stroke has also been 

shown to impact neuro-vascular coupling (NVC). This is mediated by direct signaling from 

neurons to the vasculature, or by neural glutamate release to activate astrocytes that utilize Ca2+ 

signaling to influence nearby pericytes or vessels, leading to changes in microvascular 

hemodynamics after stroke (Mishra et al., 2016). NVC can be hindered acutely after stroke but 

serve as a protective factor during recovery. A pronounced neuro-vascular dissociation has been 

found after small-scale strokes, which is dependent on the extent of ischemia and results in 

prolonged neural deficits compared to a quicker restoration of cerebral blood flow (He et al., 2020). 

Although NVC can be disrupted immediately after stroke, it can also be utilized by the brain to 

facilitate functional restoration. Research investigating the impact of an ischemic stroke found that 

whisker stimulation within a critical time window protected mice from the MCAo (Lay et al., 

2010). Another study found that after stroke, neurons expressed angiogenic factors to induce 

microvascular growth, and permit for regular blood flow to surviving and distant tissue post-stroke 

(Hermann & Chopp, 2012). Furthermore, a later study showed that sensory-related neural activity 

promoted the formation of vascular networks (Lacoste et al., 2014). Together these studies 

highlight the impact of NVC and the importance of connectomic neural networks. Overall, strokes 

are a disorder of the vasculature, but the vasculature and neural networks are highly interconnected, 

resulting in large scale changes in the peri-infarct and distant connected regions as well as 

pronounced impacts at the cellular level of the neuron.  
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1.2.3 Impacts of Stroke and Diaschisis on Neurons 

Ischemic stroke leads to the deprivation of oxygen and energy that is needed by neurons, 

which in turn leads to the failure of the Na+/K+ pump and disruption of the resting membrane 

potential of neurons within the ischemic core. This results in a mass depolarization event that 

propagates through the brain, initiating from the ischemic core and propagating outward to the 

peri-infarct zone (Joshi & Andrew, 2001; Murphy & Corbett, 2009; Andrew et al., 2022; 

Campos et al., 2023). This depolarization event, termed spreading depolarization, occurs in 

regions where there is heavily metabolically compromised tissue and ultimately leads to neuronal 

damage and cell death (Joshi & Andrew, 2001; Andrew et al., 2022). The effect of spreading 

depolarization is reflected in research that has found that activity in peri-infarct pyramidal 

neurons is reduced for extended periods after stroke, known as neuronal “silencing” (Kokinovic 

& Medini, 2018; He et al., 2020). When spreading depolarization reaches tissue that was not 

originally damaged by the stroke, it is called spreading depression (Andrew et al., 2022). This 

neural depression in distant healthy tissue can potentially be linked to the diaschisis model of 

stroke (Finger et al., 2004; Campos et al., 2023). Combined, spreading depolarization and 

depression cause the destruction of neurons in the infarct core, damage to peri-infarct neurons, 

and longitudinal disruptions in connectivity and neural networks (Campos et al., 2023).  

Recovery after stroke has been shown to be heavily reliant on plasticity-related changes 

occurring in the infarct periphery, as well as its connectomic inputs (Kokinovic & Medini, 2018). 

As such, the connectome plays a large role in stroke recovery, and it is therefore critical to 

understand the changes in connected neurons in both proximal and distal brain regions. A 

phenomenon that may contribute to neural plasticity after stroke is hyperexcitability, which is seen 

weeks to months after stroke. Hyperexcitability occurs due to the loss of inhibition as well as 
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electrophysiological changes in the affected neuronal populations after stroke, which facilitates a 

rich environment for axonal sprouting and the forming of new connections (Murphy & Corbett, 

2009). Structural plasticity at the level of synapses in spared neurons may enable 

reconnections/remapping and potentiate functional recovery (Murphy & Corbett, 2009; Campos 

et al., 2023). Furthermore, the nervous system is a complex interconnected network that 

communicates through synaptic connections (Oh et al., 2014), and the location of these 

connections may elucidate important information about plasticity after stroke.  

1.3 Role of Dendritic Spines  

Dendritic spines are small protrusions located on neuronal dendrites and make up most of the 

excitatory synapses in the brain (Harris, 1999; Nimchinsky et al., 2002; Brown et al., 2007; Bhatt 

et al., 2009). These dendritic compartments contain neurotransmitter receptors, organelles and 

metabolic systems that are integral to chemical transmission (Nimchinsky et al., 2002; Lin et al., 

2013). Dendritic spines are highly specialized for large Ca2+ signals (Nimchinsky et al., 2002), and 

the structure and functional regulation of the dendritic spine can therefore determine the strength 

of transmission that is sent to the connected receiving neuron (Lin et al., 2013). These dendritic 

spines have been proven to be very dynamic, and vary in sizes, shapes, and location within the 

brain (Karbowski & Urban, 2023).  

 Dendritic spines are found on distinct neurons in different regions throughout the brain. 

Spines are not limited to cortical regions but are also found in subcortical areas such as the striatum 

and cerebellum (Karbowski & Urban, 2023). Notably, dendritic spines are found on Purkinje cells 

within the cerebellum (Yuste & Bonhoeffer, 2004; Yuste, 2011; Karbowski & Urban, 2023), 

medium spiny neurons within the striatum (Deutch et al., 2007; Yuste, 2011), and pyramidal cells 

within the cortex (Yuste & Bonhoeffer, 2004; Yuste, 2011; Araya, 2014; Gemin et al., 2021). 
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Pyramidal cells are the most abundant type of neuron in the cerebral cortex, and almost 95% of 

excitatory synaptic inputs to these cells are received by dendritic spines (Araya, 2014). The cortex 

is the location of the sensory and motor cortices and subsequent connections, and as many forms 

of neurological disorders impact this sensorimotor functioning, the dendritic spines of cortical 

pyramidal cells are important to investigate.  

 The role of dendritic spines is highly diverse and morphological changes have been 

observed in both protective and pathological cases post-injury. Under normal conditions in healthy 

adults, dendritic spines have been shown to be relatively stable with little turnover (Grutzendler et 

al., 2002; Trachtenberg et al., 2002; Majewska & Sur, 2003; Zuo et al., 2005; Brown et al., 2007; 

Bhatt et al., 2009). Changes and plasticity in spines have been shown to depend on synaptic activity 

and can be modulated by experience (Kirov & Harris, 1999; Trachtenberg et al., 2002; Nimchinsky 

et al., 2002; Majewska & Sur, 2003; Kleim et al., 2004; Mizrahi et al., 2004; Holtmaat et al., 2006). 

Spines are also highly plastic during the development process (Zuo et al., 2005; Bhatt et al., 2009) 

as well as during learning and memory consolidation (Rakic et al., 1994; Lichtman & Colman, 

2000; Gipson & Olive, 2017). For example, newly formed dendritic spines are formed within an 

hour of motor skill learning in living brain (X. Yu & Zuo, 2011). Due to the role dendritic spines 

play in learning and memory, it has been proposed that these compartments may be a structural 

location for long term information storage (Bhatt et al., 2009; Karbowski & Urban, 2023). 

Although dendritic spine dynamics have been shown to respond to experience, synaptic activity, 

learning, and memory, abnormal spines have also been implicated with injury and numerous brain 

disorders (Florence et al., 1998; Nimchinsky et al., 2002; Gao et al., 2011). The number and size 

of dendritic spines is regulated by gene products as well as the environment, making it very 

dynamic and malleable in nature and an important structural target for plasticity and recovery after 
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injury (Brown et al., 2007; Bhatt et al., 2009). It is therefore important to investigate dendritic 

spines in the context of stroke to further understand what is happening at the location of neural 

connections once they are disrupted.  

1.3.1 Dendritic Spine Plasticity and Stroke  

As dendritic spines are indicated as a potential marker of structural plasticity in the cortex, 

there is a surge in research investigating spine density in the context of stroke. Early research 

looking at the structural impacts of stroke established that there is a change in dendritic structure 

and spines after ischemia (Gonzalez & Kolb, 2003; S. Zhang et al., 2005; Corbett et al., 2006; S. 

Zhang & Murphy, 2007). Specifically, research focused on the peri-infarct region, as areas 

adjacent to the infarct are heavily impacted. It is well established that dendritic spines often 

experienced an acute decrease in density after stroke (Brown et al., 2007, 2008; Murphy & Corbett, 

2009; Mostany et al., 2010; Joy et al., 2019), which is followed by a proliferation of spines weeks 

to months later during recovery (Brown et al., 2007; Murphy & Corbett, 2009; Mostany et al., 

2010; Joy et al., 2019). Studies using in vivo two-photon imaging elucidate the plastic nature of 

dendritic spines by showing the remapped peri-infarct region had higher levels of dendritic spine 

turnover (Brown et al., 2009), and apical dendritic arbor remodeling increased within the first two 

weeks post-stroke (Brown et al., 2010). Similarly, research has found a decrease in spine density 

within the first 24 hours after stroke; however, the remaining spines were longer in length, which 

is theorized to be a potential process of plasticity to avoid excitotoxicity spreading to the soma and 

resulting in cell death (Brown et al., 2008). The effects of stroke on spines were found to be 

consistent in pyramidal neurons across cortical layers (Brown et al., 2008). Researchers also 

recognized the importance of looking at other brain regions, however there is a lot of contradicting 

results within the literature. Many studies found that there were either no changes in dendritic 
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structure or dendritic spines after stroke in regions distant to the infarct (Papadopoulos et al., 2006; 

Brown et al., 2007; Enright et al., 2007; Brown et al., 2008; Johnston et al., 2013; Tu et al., 2022; 

Merino-Serrais et al., 2023). On the other hand, there have been a few publications discussing the 

structural remodeling of dendrites in the contralateral hemisphere after stroke (Takatsuru et al., 

2013; Huang et al., 2018). The differences in these connectomic results may be due to the 

methodology of neuronal tracing. The changes in dendritic spines seen after stroke is a multi-

faceted process and may be attributed to different factors.  

 As dendritic spine plasticity within the peri-infarct and at times in distant regions is 

apparent within the research, it is vital to investigate why these changes occur. The decrease in 

dendritic spine density after stroke can be attributed to multiple factors such as inflammation, 

deafferentation, and spreading depolarizations/hypo-excitability. After ischemic stroke, diverse 

members of the immune system are involved in an inflammatory response such as neutrophils, 

macrophages, and microglia (Gülke et al., 2018; Haupt et al., 2024). Microglia are among the first 

to respond to stroke, and thus, their role as resident immune cells of the central nervous system 

can impact the structural and functional integrity of surrounding neurons (Gülke et al., 2018; Y. 

Zhang et al., 2022; Haupt et al., 2024). Among these impacts are the modification to dendritic 

spines (Y. Zhang et al., 2022; Haupt et al., 2024), which has been shown in vivo and in vitro (Prada 

et al., 2018). Another theory for the loss of dendritic spines after stroke is deafferentation. This 

occurs when neurons lose sensory input and may result in neural adaptations such as dendritic and 

axonal changes (Butz et al., 2009). Research has shown that deafferentation can lead to alterations 

in dendritic organization, and the loss of spines (Jones & Thomas, 1962; Mostany et al., 2010; 

Dorostkar et al., 2015). Another cause of dendritic remodeling after stroke is spreading 

depolarizations, and the resulting hypo-excitability/silencing of neurons. The spreading 
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depolarization waves that occur as a consequence of ischemic stroke have been shown to also 

result in the loss of dendritic structure and spines (Takano et al., 2007; Murphy et al., 2008; Risher 

et al., 2010). These waves also activate inflammatory cascades (Chung et al., 2016), which may 

lead to the pruning of dendritic spines by microglia. The impact of spreading depolarizations on 

the structural integrity of neurons can vary greatly depending on the distance to the infarct core 

(Strong et al., 2006), which coincides with research showing loss of dendritic spines can be specific 

to the peri-infarct. After spreading depolarizations post-stroke, a period of hypo-excitability occurs 

(Carmichael, 2012) where neural activity is reduced. This may also contribute to the decrease in 

synapses after ischemia. Interestingly, dendritic spines were found to decrease in the acute phases 

post-stroke but were found to proliferate in the chronic phase. 

An important factor that may aid in the increase in dendritic spines after stroke is rapid 

reperfusion. Studies have found that once the tissue regained proper perfusion, the dendrites were 

able to recover (S. Zhang & Murphy, 2007; P. Li & Murphy, 2008; Mostany et al., 2010). In vivo 

two-photon imaging found that dendritic spines proximal to infarct core gradually returned to 

baseline levels; however, in distant regions (to infarct core) with preserved blood flow, spines 

recovered much faster, and even surpassed baseline density (Mostany et al., 2010). Another major 

mechanism by which spine density may increase after stroke is neuroplasticity. Research has found 

that alterations in dendritic structure correlates with plasticity and recovery after stroke. Studies 

that elucidated this mechanism revealed a recovery of spines (Brown et al., 2007; Mostany et al., 

2010), changes in dendritic arbor remodeling (Brown et al., 2010), dendritic spine turnover (Brown 

et al., 2009) and spine length (Brown et al., 2008) after stroke. These homeostatic processes after 

stroke may help to return synaptic activity to normal, and thus, can be markers of structural 

plasticity (Murphy & Corbett, 2009; Gerrow & Brown, 2017). The neuroplasticity in regions 
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connected to (but distantly located from) the stroke site could serve as a compensation mechanism, 

which may explain an increase in dendritic spines of neurons distant from the infarct site. In 

summary, it has been established that dendritic remodeling is observed after stroke and may act as 

a form of plasticity, contributing to functional recovery, and therefore may be a promising 

therapeutic target.  

It is important to note that the current contradicting research of spine alterations outside of 

the peri-infarct can in-part be explained by the lack of tracing directly connected neurons to the 

infarct. The recent development of viral tracers that can trace neurons presynaptic or postsynaptic 

to the infarct site may shed light on the true impact of ischemia on connected neurons throughout 

the brain. 

1.4 Retrograde Labeling of Dendritic Spines  

 To fully investigate the structural changes to dendritic spines in distant brain regions from 

infarct site, it is important to ensure that the neurons being studied are in fact connected to the site 

of injury. This can be achieved by using tracers that label neurons directly connected to site of 

injection. Viral tracers; which facilitate the expression of fluorescent protein in cells, were recently 

introduced as an alternative to chemical tracers due to directional specificity and high level of 

protein expression (Callaway, 2005; Luo et al., 2008; Betley & Sternson, 2011; Nassi et al., 2015). 

Retrograde viruses work by labelling upstream neurons that innervate the injection site (Zingg et 

al., 2014), where the virus is taken up by axon terminals and transported to the soma (Saleeba et 

al., 2019) as shown in Figure 2. There are numerous types of viral retrograde tracers including 

pseudorabies virus (PRV), rabies virus (RV), and adeno-associated virus (AAV), which present a 

useful tool for the analysis of structural markers of specific neural pathways (Saleeba et al., 2019; 

Z. Li et al., 2021). In recent years, the AAV viral model has become a preferred method of 
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retrograde tracing due to its high efficiency and selectivity, rapid gene expression and low toxicity 

(Tervo et al., 2016; Saleeba et al., 2019). The retrograde AAV allows for the robust labelling of 

projection neurons (Tervo et al., 2016), which makes it a good candidate for studying neurological 

diseases (Saleeba et al., 2019).  

 Retrograde labelling techniques have been used to study dendritic spines following 

different types of neurological disease and injury. In particular, dendritic structure has been studied 

in retrogradely labelled neurons in the context of spinal cord injury, amyotrophic lateral sclerosis 

(ALS), axon injury and traumatic brain injury (TBI) (Ghosh et al., 2012; Jara et al., 2012; 

Nagendran et al., 2017; Empl et al., 2022). However, fewer studies have investigated the dendritic 

spine density of retrogradely labeled neurons after stroke. Multiple studies have utilized retrograde 

labelling to study corticospinal connections following stroke (Liu et al., 2009; Starkey et al., 2012; 

Wahl et al., 2017), however these studies did not use a connectome approach nor study dendritic 

spines. A study that did investigate dendritic spines after stroke in retrogradely labelled neurons 

focused on thalamocortical neurons, rather than looking at multiple regions throughout the brain 

(Tu et al., 2022). Therefore, there is a gap in the literature when looking at the impact of stroke on 

presynaptic dendritic spines throughout the connectome.  
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Figure 2: Schematic representation of retrograde viral labeling and example connectomic 

projections 

Schematic showing an injection of a retrograde virus into the primary somatosensory forelimb 

(S1FL) region, which is taken up through the axons and transported to the soma and dendrites of 

neurons projecting to the injection site throughout the connectome. This results in neurons 

presynaptic to the injection site expressing a fluorescent protein in areas such as S1FL, the motor 

cortex (MC), secondary somatosensory cortex (S2) and contralateral primary somatosensory 

forelimb cortex (Contra-S1FL).  

 

1.5 Research Rationale  

 Diaschisis following ischemic stroke can provide important information about recovery, as 

we often see dysfunction in brain regions distant from the infarct. However, the structural changes 

that occur in neurons directly connected to the stroke site are not fully understood. Previous 

research that has investigated dendritic spines after stroke have primarily focused on the peri-

infarct region (Brown et al., 2007, 2008, 2009, 2010; Murphy & Corbett, 2009; Mostany et al., 

2010; Joy et al., 2019), or regions that are functionally connected, but failed to trace directly 

connected neurons (Papadopoulos et al., 2006; Brown et al., 2007; Enright et al., 2007; Brown et 
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al., 2008; Johnston et al., 2013; Takatsuru et al., 2013; Huang et al., 2018; Tu et al., 2022; Merino-

Serrais et al., 2023). This has led to contradictory results when studying the impacts of stroke on 

dendritic spine density in distant brain regions. It is therefore important to study directly connected 

neurons throughout the brain following stroke, which can be achieved using a retrograde AAV 

that labels presynaptic neurons. This neuronal tracer has been used to study dendritic spines 

following neurological issues such as TBI, axon injury, spinal cord injuries and ALS (Ghosh et 

al., 2012; Jara et al., 2012; Nagendran et al., 2017; Empl et al., 2022), but has been seldom used 

in the context of stroke and the brain connectome. Given this gap in the literature, this research 

aims to investigate the impacts of ischemic stroke on dendritic spine density in directly connected 

presynaptic neurons in multiple brain regions. This prompted our main research question: 

Research Question: How is dendritic spine density affected in neurons projecting to the stroke 

site throughout the brain, 1-week and 6-weeks after ischemic stroke? 

Hypothesis: Dendritic spine density in neurons that are upstream from the stroke site will be 

affected throughout the brain 1-week after stroke and will show recovery 6-weeks after stroke. 
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2. Methods 

2.1 Animals 

Six adult male and six adult female (2-3 months old) C57BL/6J mice were used for imaging 

neurons 1-week after stroke. For experiments investigating neurons 6-weeks after stroke, three 

adult male and five adult female (2-3 months old) C57BL/6J mice were used. The mice were 

housed in standard cages with unlimited access to water and a standard lab diet. The room was 

humidity controlled and maintained at 22.5°C ±2.5°C, with a 12-hour light/dark cycle. All animals 

used for these experiments were cared for following university Animal Care Committee approved 

protocols and guidelines set by the Canadian Council on Animal Care (CCAC) standards.  

2.2 Viral Injections  

 Mice were anesthetized with isoflurane (2% induction, 1.5% maintenance, 0.8 L/min flow) 

until sufficiently sedated and then fitted into a surgical stage. Liquid eye gel was then applied to 

prevent dryness. Animals were kept on a heating pad and body temperature was regulated at 37°C 

using a rectal thermoprobe and temperature feedback regulator. An injection of 0.05 mL of 

lidocaine using a 28-gauge insulin syringe was given subcutaneously (S.Q) above the skull to 

reduce any pain during/after the surgery. A midline incision was made along the scalp, and clamps 

were used to hold the skin back exposing the skull. A small hole was drilled using a high-speed 

dental drill above the primary somatosensory forelimb (S1FL) cortex (coordinates: 0mm anterior 

and 2.5 mm lateral of Bregma based on (Paxinos & Franklin, 2004) in the right hemisphere. Using 

a stereotaxic arm, a 32-gauge Hamilton syringe was then used to inject 0.2-0.4 μL of a retrograde 

AAV (retro pAAV.CAG.GFP, Addgene 37825-AAVrg.T, Titre: 2.2x1013 GC/mL) ~800 μm deep 

into S1FL. The virus was diluted to 1:10 or 1:20 with filtered Phosphate Buffered Saline (PBS) 
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and 1 μL of Alexa Fluor 568 in order to visualize the solution in the syringe. Following the 

injection, mice recovered from the anesthetic and were monitored under the heat lamp before being 

returned to their home cage.  

2.3 Photothrombotic Stroke 

 After waiting a three-week period which allowed for the expression of the retrograde AAV, 

a photothrombotic stroke was targeted to the S1FL in the right hemisphere. Briefly, mice were 

anesthetized with isoflurane (2% induction, 1.5% maintenance, 0.8 flow) until sufficiently sedated 

and then fitted into a surgical stage. Liquid eye gel was used to prevent dryness, and animals were 

kept on the heating pad where body temperature was regulated at 37°C using a rectal thermoprobe 

and temperature feedback regulator. An injection of 0.05 mL of lidocaine was given S.Q above 

the skull to reduce pain. A midline incision was made along the scalp, and clamps were used to 

hold the skin back to expose the skull. A high-speed dental drill was used to thin an area of 1.5 

mm x 1.5 mm of the skull above S1FL before giving an injection of rose bengal solution (100 

mg/kg in cold Artificial Cerebrospinal Fluid (ACSF) buffer). The thinned S1FL area was then 

illuminated by a green laser (532 nm wavelength) for 10-15 minutes until the surface vessel 

stopped flowing. Sham control mice received either the injection of rose bengal without the 

illumination of green light, or the illumination of green light without the rose bengal. After the 

procedure, animals recovered under the heat lamp then were returned to their home cage.  

2.4 Tissue Processing  

 At 1-week or 6-weeks post-sham or stroke, mice were anesthetized with an overdose of 

isoflurane (5%) and paw/tail reflexes were checked. Once sufficiently anesthetized, mice were 

transcardially perfused with 6 mL of 0.1M PBS and 6 mL of 4% paraformaldehyde (PFA). The 
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brains were extracted and preserved in 4% PFA overnight, before transferring to 0.1M PBS+0.02% 

azide the next day. The brains were then mounted and sliced on a vibratome (Leica VT1200S) into 

100 μm thick coronal sections and stored in a 12-well plate with 0.1M PBS+0.02% azide. The 

sections were mounted on a gelatin-coated slide and coverslipped with Fluromount-G (Southern 

Biotech).  

2.5 Confocal Imaging 

 Pyramidal neurons at both superficial and deep cortical depths were imaged for this study. 

In each brain, five neurons from four brain regions were imaged. These regions consisted of the 

motor cortex (MC), primary somatosensory forelimb cortex (S1FL), secondary somatosensory 

cortex (S2), and contralateral to the primary somatosensory forelimb cortex (Contra S1FL). Peri-

infarct neurons were defined as <1000um from the infarct, due to minimal S1FL labelling in some 

stroke brains.  

 Images were obtained using a confocal microscope (Olympus Fluoview FV1000) with a 

60x oil objective lens (NA= 1.35), and Olympus Fluoview software. Imaging specifications were 

as follows: zoom of 1.0, z-step of 0.6 μm, dwell time of 4.0 us/pixel, image size of 1600x1600 

pixels, Kalman frame of 2. A laser centered at 488 nm wavelength with power ranging from 10-

30% was used to illuminate the neurons.   

2.6 Epi-fluorescent Imaging  

An epifluorescence Olympus BX51 microscope with Olympus CellSens software was used 

with a 4x objective lens (NA= 0.13) to take low magnification images of the neurons imaged by 

the confocal, as well as image the stroke site. For acquiring infarct size images, a green fluorescent 
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protein (GFP) filter was used, and infarct sections were imaged from 2 brain wells that were sliced 

300 μm apart (ex. Well 1 and Well 4).  

2.7 Data Analysis  

 To assess dendritic spine density in stroke and sham animals, confocal image stacks were 

first blinded by another researcher and then opened in the program FIJI (ImageJ). Once the blinded 

Olympus image binary (OIB) files with an embedded scale (0.132 μm/pixel) were opened, four 

suitable dendrites were identified. When possible, a primary apical, secondary apical, primary 

basilar and secondary basilar dendrite were counted per neuron. The dendrites were selected by 

the following criteria: i) between 2-4 dm wide ii) had sufficient intensity to be countable iii) did 

not significantly overlap other dendrites to render more than 40% uncountable iv) had more than 

30 μm of consecutive length for counting. The segmented line tool was used to trace along the 

dendrite for the entirety of the length that was to be counted and the length and max intensity value 

were recorded. To control for differences in labeling intensity, the maximum displayed value was 

set to 40% of the measured dendritic shaft intensity. The cell counter feature was then used to 

manually count spines along each dendrite using the following criteria: i) protruded from the shaft 

a minimum of 5 pixels/0.66 μm ii) was no more than 4 μm away from the dendritic shaft. The 

spine counting on the dendrite began at least 20 μm from the soma, as there were often very few 

spines found within the first 20 μm. In summary, the following values were recorded per dendrite: 

type (apical or basilar), branch order (primary or secondary), length of segment, number of spines, 

distance from soma, 40% of the max intensity value and z-plane. Additional variables such as the 

neuron's depth from the cortical surface or distance from the infarct were obtained using the 4x 

epi-fluorescent images. Neurons that were 450 μm or less from the cortical surface were 

considered superficial, whereas neurons more than 450 μm were considered deep.  
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 In order to determine infarct volume, the 4x epi-fluorescent images were opened in FIJI 

and the scale was set to 456 pixels/mm. The infarct border was traced using the polygon tool, and 

the area (mm2) of the infarct was taken for each section in the two brain wells. The areas were then 

summed up and multiplied by 0.3 mm to account for the 300 μm distance between sections to 

estimate infarct volume (mm3).  

Within the 1-week sample, 241 neurons were analyzed with approximately 50,000 spines 

counted (~1000 spines per area/~ 4000 spines per brain). Within the 6-weeks sample, 158 neurons 

were analyzed with approximately 37,000 spines counted (~1000 spines per area/~4000 spines per 

brain). Table 4 and Table 5 within the supplementary materials provide a summary of the 

superficial and deep cortical neurons counted within each brain, 1-week and 6-weeks after stroke.  

2.8 Statistics 

 Statistical analysis for this study was performed using GraphPad Prism 10 software. Graphs 

are presented as mean ± standard deviation (SD). For analysis involving the comparison between 

groups (female vs male, sham 1-week vs 6-week, branch order analysis, superficial vs deep) across 

brain regions, a 2-way Analysis of Variance (ANOVA) was used. Similarly, a 2-way ANOVA was 

used for primary apical, secondary apical and basilar dendrites to compare groups (sham vs 1-

week stroke vs 6-week stroke) across depth (superficial and deep) within each brain region. When 

significant, the 2-way ANOVA analyses were followed up with post-hoc t-tests (Šidák’s multiple 

comparison test) to identify specific differences between groups. For the analysis of comparing 

basilar dendrites in the peri-infarct branching towards or away from the stroke site, an unpaired t-

test was used. To identify the relationship between spine density in the peri-infarct and a) distance 

to the infarct and b) size of the infarct, a simple linear regression test was used. To ensure that the 

manual spine counting method was consistent across observers, a paired-t test was used to compare 
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spine density counts between two researchers (as shown by Figure 13 within supplementary 

material). The alpha value for all analyses were set at 0.05 (* p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001).  
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3. Results 

In order to investigate spine density in retrogradely labelled neurons after stroke, 2–3-

month-old C57BL6/J mice were injected with a retrograde AAV (retro pAAV.CAG.GFP). The 

timeline for these experiments is summarized below in Figure 3A. After viral injection into the 

S1FL region (as outlined in Figure 3B), the mice were allowed to recover for 3-weeks before 

inducing a photothrombotic stroke or sham stroke in this same area. The mice either then recovered 

for 1-week or 6-weeks before being perfused. Superficial and deep neurons were imaged within 

MC, S1FL, S2, and Contra-S1FL. Figure 3C provides a schematic representation of the brain 

regions, and Figure 3D provides a montage of retrograde labelling moving anterior to posterior 

through the brain in a sham and stroke mouse. The stroke was quantified using epi-fluorescent 

images as shown by Figure 3E. Dendritic spines were then manually counted using ImageJ.  
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A.       B.   C.

      
D.        

 
E.  
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Figure 3: Schematic summary of the experimental timeline and procedures   

A. Experimental timelines for imaging dendritic spine density 1-week post-stroke and 6-weeks 

post-stroke. B. Viral injections and photothrombotic stroke were targeted to S1FL in the right 

hemisphere (2.5 mm from bregma). C. Schematic of the brain regions that were imaged for this 

study; Motor Cortex (MC), Primary Somatosensory Forelimb (SIFL), Secondary Somatosensory 

(S2), Contralateral Primary Somatosensory Forelimb (Contra SIFL). D. Montage of the 

retrograde labelling throughout the brain moving anterior to posterior in both sham and stroke 

mice with an enlarged image of neurons in MC. The labelled brain regions correspond to the 

following: MC= Motor Cortex, S1FL= Primary Somatosensory Forelimb, S2= Secondary 

Somatosensory Cortex, Contra S1FL= Contralateral Primary Somatosensory Forelimb. E. 

Montage of the infarct moving anterior to posterior in the brain, with the borders of the infarct 

marked by the white arrows. The labelled brain regions correspond to the following: MC= Motor 

Cortex, S1FL= Primary Somatosensory Forelimb, HC= Hippocampus.  

 

3.1 No sex differences in dendritic spine density 1 or 6 weeks after sham or stroke  

First, we wanted to identify any potential sex differences in spine density within the 

experimental groups. To answer this question, we performed a 2-way ANOVA with sex and brain 

region as factors for both 1-week and 6-week sham and stroke groups. For the 1-week group, spine 

density was calculated per neuron in 3 females and 3 males per group. Within the sham group, 

analysis showed no significant effect of sex on spine density across brain regions (Figure 4A; main 

effect of sex: F(1,113)=0.8564, p=0.3567). The same analysis was conducted for the stroke group 

and also revealed no effect of sex on spine density (Figure 4B; main effect of sex: F(1,112)=3.755, 

p=0.0552). For the 6-week group, spine density was calculated per neuron in 2 females and 1 male 

in the sham group, and 3 females and 2 males in the stroke group. Both of these analysis also 

showed no significant effect of sex (Figure 4C; main effect of sex: F(1,50)=2.202, p=0.1441; 

Figure 4D; main effect of sex: F(1,92)=3.683, p=0.0581;). Due to there being no significant sex 

differences and to increase the power of the study, females and males were combined within 1-

week and 6-week groups for further analysis.  
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A.       B. 

  
C.      D. 

  
 

Figure 4: Dendritic spine density does not differ between sexes throughout the brain in 

both 1-week and 6-week groups 

A. No significant differences between females (n=3) and males (n=3) across the four brain 

regions in the 1-week sham group. B. No significant differences between females (n=3) and 

males (n=3) across the four brain regions in the 1-week stroke group. C. No significant 

differences between females (n=2) and males (n=1) across the four brain regions in the 6-week 

sham group. D. No significant differences between females (n=3) and males (n=2) across the 

four brain regions in the 6-week stroke group. Error bars: mean±SD. 

 

3.2 No difference in dendritic spine density between 1-week and 6-week sham groups 

We then investigated any differences between the shams in the 1-week and 6-week groups. 

To do this, we conducted a 2-way ANOVA with group (sham 1-week vs sham 6-week) and brain 

region as factors. The analysis revealed no significant differences between the shams in any brain 

region (Figure 5; main effect of group: F(1,171)=0.001673 p=0.9674). Due to there being no 

significant differences and to increase power in the study, shams were pooled together for 

subsequent analysis.  
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Figure 5: Dendritic spine density does not differ between 1-week shams and 6-week shams  

No significant differences between 1-week shams and 6-week shams across the four brain 

regions. Error bars: mean±SD. 

 

3.3 Higher dendritic spine density in superficial cortical neurons compared to deep cortical 

neurons across all groups  

Given that we sampled both superficial and deep cortical neurons in our study, we also 

wanted to test any differences between depths in each of our groups. A 2-way ANOVA was run 

for the sham (n=9), 1-week stroke (n=6) and 6-week stroke (n=5) groups with depth (superficial 

vs deep) and brain region as factors.  

The sham group analysis revealed a significant main effect of depth (Figure 6A; main effect 

of depth: F(1,171)=57.08, p<0.0001****), with Šidák’s multiple comparisons test revealing higher 

spine densities in superficial neurons compared to deep neurons in all the brain regions (MC 

p=0.0032**, S1FL p=0.0001***, S2 p=0.0021**, Contra-S1FL p=0.0006***).  

The 1-week stroke group analysis also revealed a significant main effect of depth (Figure 

6B; main effect of depth: F(1,112)=37.69, p<0.0001****), with Šidák’s multiple comparisons test 
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revealing higher spine densities in superficial neurons compared to deep neurons in S1FL 

(p=0.0051**), S2 (p=0.0014**) and Contra-S1FL (p=0.0001***).  

Lastly, the 6-week stroke group continued this trend of a significant main effect of depth 

(Figure 6C; main effect of depth: F(1,92)=25.21, p<0.0001****), with Šidák’s multiple 

comparisons test revealing higher spine densities in superficial neurons compared to deep neurons 

in S2 (p=0.0023**) and Contra-S1FL (p=0.0446*). Given the significant difference in spine 

density between depth, further analysis was separated by superficial and deep neurons. 

 

A.      B.    C. 

   

 
 

Figure 6: Significantly higher spine density in superficial neurons compared to deep 

neurons in the sham, 1-week stroke and 6-week stroke groups 

A. In the sham group (n=9), higher spine density seen in superficial cortical neurons compared to 

deep cortical neurons in all brain regions. B. In the 1-week stroke group (n=6), higher spine 

density seen in superficial cortical neurons compared to deep cortical neurons in the Peri-infarct, 

S2 and Contra Peri-infarct. C. In the 6-week stroke group (n=5), higher spine density seen in 

superficial cortical neurons compared to deep cortical neurons in S2 and Contra-Peri. Error bars: 

mean±SD, * p<0.05, ** p<0.01, *** p<0.001. 
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3.4 Higher spine density in secondary apical dendrites compared to primary apical 

dendrites across all groups 

To determine any differences in branch order within the sham, 1-week stroke and 6-week 

stroke groups, a 2-way ANOVA was conducted for apical and basilar dendrites with branch order 

(primary or secondary) and brain region as factors. Spine density was measured per dendrite in 

nine animals for the pooled sham group, six animals for the 1-week stroke group and 5 animals for 

the 6-week stroke group.  

Within the sham group, my analysis revealed a significant effect of branch order in apical 

dendrites (Figure 7A; main effect of apical branch order: F(1,335)=50.84, p<0.0001****). 

Multiple comparisons indicated that secondary apical dendrites had significantly higher densities 

than primary apical dendrites in MC (p<0.0001****), S1FL (p=0.0006***) and S2 regions 

(p=0.0002***). On the other hand, the sham group showed no differences between branch order 

in basilar dendrites (Figure 7B; main effect of basilar branch order: F(1,368)=0.2722, p=0.6021).  

Analysis within the 1-week stroke group also showed a significant effect of branch order 

in apical dendrites (Figure 7C; main effect of apical branch order: F(1,223)=17.56, 

p<0.0001****). Like the sham group, Šidák’s test revealed higher spine densities in secondary 

apical dendrites compared to primary in MC (p=0.0031**). Similar to the sham group, the 1-week 

stroke group showed no differences between branch order in basilar dendrites (Figure 7D; main 

effect of basilar branch order: F(1,241)=1.289, p=0.2574).  

Analysis within the 6-week stroke group also revealed a significant effect of branch order 

in apical dendrites (Figure 7E; main effect of apical branch order: F(1,184)=5.897, p=0.0161*). 

Similar to the sham and 1-week stroke group, Šidák’s multiple comparison test revealed higher 

spine densities in secondary apical compared to primary apical dendrites within S2 (p=0.0384*). 
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Like the other groups, the 6-week stroke group did not display any differences in basilar dendrites. 

(Figure 7F; main effect of basilar branch order: F(1,198)=0.09956, p=0.7527). Based on these 

results, subsequent data for spine density will present primary and secondary apical dendrites 

separately, whereas primary and secondary basilar dendrites will be pooled together.  

 

A.       B. 

    
 

C.      D. 

      
E.      F. 
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Figure 7: Significant difference in spine density between primary and secondary apical 

dendrites in sham, 1-week stroke and 6-week stroke groups 

A. In the sham group (n=9), primary apical dendrites show significantly less spine density 

compared to secondary apical dendrites in MC, S1FL and S2. B. In the sham group (n=9), no 

significant differences were found between primary and secondary basilar dendrites. C. In the 1-

week stroke group (n=6), primary apical dendrites show significantly less spine density 

compared to secondary apical dendrites in MC. D. In the 1-week stroke group (n=6), no 

significant differences were found between primary and secondary basilar dendrites. E. In the 6-

week stroke group (n=6), primary apical dendrites show significantly less spine density 

compared to secondary apical dendrites in S2. F. In the 6-week stroke group (n=6), no significant 

differences were found between primary and secondary basilar dendrites.  Error bars: mean±SD, 

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.00001. 

 

 

3.5 Changes in dendritic spine density after stroke specific to peri-infarct region and S2  

The main question for this research project was to determine how spine density was 

affected after stroke in neurons that projected to the stroke site throughout the brain. A 2-way 

ANOVA was used to investigate this within each brain region, with experimental group (sham vs 

1-week stroke vs 6-week stroke) and cortical depth (superficial vs deep) as factors and spine 

density displayed as an average per neuron for primary apical, secondary apical and basilar 

dendrites. All ANOVA results are reported for primary apical dendrites in Table 1, secondary 

apical dendrites in Table 2, and basilar dendrites in Table 3.  

3.5.1 Within MC, no changes in spine density 1-week or 6-weeks after stroke  

First, we investigated spine density in MC. Neurons were sampled from superficial and 

deep cortical layers in shams (as shown in Figures 8A-C). Dendritic spine density was counted in 

primary apical, secondary apical and basilar dendrites as displayed in Figures 8D-F. This was also 

conducted in the stroke groups, as visualized in Figures 8G-L. The analysis revealed a significant 

main effect of experimental group (sham vs 1-week stroke vs 6-week stroke) in primary apical 
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dendrites (Figure 8M; main effect of experimental group: F(2,83)=4.387, p=0.0154*), however 

upon further investigation using Šidák’s multiple comparisons test, no significant effects were 

found between groups in neither superficial nor deep neurons. The analysis revealed no significant 

main effect in secondary apical (Figure 8N; main effect of experimental group: F(2,90)=2.534, 

p=0.0850) or basilar dendrites (Figure 8O; main effect of experimental group: F(2,95)=2.061, 

p=0.1330). 
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Figure 8: Within MC, no changes in dendritic spine density 1-week or 6-weeks after stroke 

A-C. Retrogradely labelled neurons in MC region in both superficial and deep cortical depths 

within the sham group. D-F. Enlarged image of MC primary apical, secondary apical and basilar 

dendrite within the sham group. G-I. Retrogradely labelled neurons in MC region in both 

superficial and deep cortical depths after stroke. J-L. Enlarged image of MC primary apical, 

secondary apical and basilar dendrites 1-week after stroke. M-O. In primary apical, secondary 

apical, and basilar dendrites within MC, no changes in spine density were observed in superficial 

or deep layers 1-week or 6-weeks after stroke. Error bars: mean±SD. 

 

3.5.2 Stroke-related changes in spine density in Peri-infarct/S1FL 

Next, we investigated spine density in S1FL/Peri-infarct neurons. As described with the 

MC analysis, neurons were sampled from superficial and deep cortical layers in shams (as shown 

in Figures 9A-C). Representative neurons and dendrites are shown for sham mice (Figures 9D-F) 

and 1 week stroke mice (Figures 9G-L). The analysis revealed a significant main effect of 

experimental group (sham vs 1-week stroke vs 6-week stroke) in primary apical dendrites (Figure 

9M; main effect of experimental group: F(2,83)=5.641, p=0.005**), multiple comparisons were 

conducted using Šidák’s test to reveal a significant increase in spine density 6-weeks after stroke 

compared to the sham group (p=0.02*) and 1-week stroke group (p=0.01*) within deep neurons. 

The analysis revealed no significant main effect in secondary apical dendrites (Figure 9N; main 

effect of experimental group: F(2,89)=1.919, p=0.15), however revealed a significant main effect 

in basilar dendrites (Figure 9O; main effect of experimental group: F(2,94)=8.581, p=0.0004***). 

Šidák’s multiple comparisons test was conducted which showed a decrease in spine density 1-

week after stroke compared to shams (p=0.002**) and an increase in spine density 6-weeks after 

stroke compared to 1-week after stroke (p=0.04*) in superficial neurons. 
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Figure 9: Within S1FL, spine density decreased 1-week after stroke in superficial basilar 

dendrites and increased 6-weeks after stroke in superficial basilar dendrites and deep 

primary apical dendrites 

A-C. Retrogradely labelled neurons in S1FL region in both superficial and deep cortical depths 

within the sham group. D-F. Enlarged image of S1FL primary apical, secondary apical and 

basilar dendrite within the sham group. G-I. Retrogradely labelled neurons in Peri-infarct region 

in both superficial and deep cortical depths after stroke. J-L. Enlarged image of peri-infarct 

primary apical, secondary apical and basilar dendrites 1-week after stroke. M. In primary apical 

dendrites within S1FL/peri-infarct, spine density increased in deep neurons 6-weeks after stroke 

compared to 1-week after stroke and the sham group. N. No changes in spine density were 

observed in secondary apical dendrites within S1FL/peri-infarct. O. In basilar dendrites within 

S1FL/peri-infarct, spine density decreased in superficial neurons 1-week after stroke compared 

to shams, which recovered by 6-weeks after stroke. Error bars: mean±SD, * p<0.05, ** p<0.01. 

 

3.5.3 Spine density increases in S2 cortex 6-weeks after stroke 

Neurons within the S2 region were sampled from superficial and deep cortical layers in 

shams (as shown in Figures 10A-C). Dendritic spine density was counted in primary apical, 

secondary apical and basilar dendrites as displayed in Figures 10D-F. This was also conducted in 

the stroke groups, as visualized in Figures 10G-L. The analysis revealed a significant main effect 

of experimental group (sham vs 1-week stroke vs 6-week stroke) in primary apical dendrites 

(Figure 10M; main effect of experimental group: F(2,87)=4.540, p=0.0133*), and upon further 

investigation, it was revealed that spine density increased 6-weeks after stroke compared to the 

sham group in superficial neurons (p=0.0301*). The analysis also revealed a significant main effect 

of experimental group (sham vs 1-week stroke vs 6-week stroke) in secondary apical dendrites 

(Figure 10N; main effect of experimental group: F(2,92)=8.019, p=0.0006***), with an increase 

in spine density 6-weeks after stroke compared to 1-week after stroke in superficial neurons 

(p=0.0043**). Similar to the other types of dendrite, the analysis revealed a significant main effect 

of experimental group (sham vs 1-week stroke vs 6-week stroke) in basilar dendrites (Figure 10O; 

main effect of experimental group: F(2,94)=7.232, p=0.0012**). Šidák’s multiple comparisons 
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showed an increase in spine density 6-weeks after stroke compared to 1-week after stroke in deep 

neurons (p=0.0448*).  
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Figure 10: Within S2, spine density increased 6-weeks after stroke in superficial apical 

dendrites and deep basilar dendrites 

A-C. Retrogradely labelled neurons in S2 region in both superficial and deep cortical depths 

within the sham group. D-F. Enlarged image of S2 primary apical, secondary apical and basilar 

dendrite within the sham group. G-I. Retrogradely labelled neurons in S2 region in both 

superficial and deep cortical depths after stroke. J-L. Enlarged image of S2 primary apical, 

secondary apical and basilar dendrites 1-week after stroke. M. In primary apical dendrites within 

S2, spine density increased in superficial neurons 6-weeks after stroke compared to shams. N. In 

secondary apical dendrites within S2, spine density increased in superficial neurons 6-weeks 

after stroke compared to 1-week after stroke. O. In basilar dendrites within S2, spine density 

increased in deep neurons 6-weeks after stroke compared to 1-week after stroke. Error bars: 

mean±SD, * p<0.05, ** p<0.01, *** p<0.001. 

 

3.5.4 No changes in spine density in contralateral S1FL cortex after stroke 

Lastly, we investigated spine density contralateral to the stroke (Contra-S1FL). As with the 

other areas, neurons were sampled from superficial and deep cortical layers in shams (as shown in 

Figures 11A-C). Dendritic spine density was counted in primary apical, secondary apical and 

basilar dendrites as displayed in Figures 11D-F. This was also conducted in the stroke groups, as 

visualized in Figures 11G-L. The analysis revealed no significant main effect of experimental 

group (sham vs 1-week stroke vs 6-week stroke) in primary apical (Figure 11M; main effect of 

experimental group: F(2,79)=0.5159, p=0.5990), secondary apical (Figure 11N; main effect of 

experimental group: F(2,84)=0.2260, p=0.7982), or basilar dendrites (Figure 11O; main effect of 

experimental group: F(2,92)=1.974, p=0.1448).  
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Figure 11: Within Contra-S1FL, no changes in dendritic spine density 1-week or 6-weeks 

after stroke 

A-C. Retrogradely labelled neurons in Contra-S1FL region in both superficial and deep cortical 

depths within the sham group. D-F. Enlarged image of Contra-S1FL primary apical, secondary 

apical and basilar dendrite within the sham group. G-I. Retrogradely labelled neurons in Contra-

Peri-infarct region in both superficial and deep cortical depths after stroke. J-L. Enlarged image 

of Contra-Peri-infarct primary apical, secondary apical and basilar dendrites 1-week after stroke. 

M-O. In primary apical, secondary apical, and basilar dendrites within Contra-S1FL/Peri-infarct, 

no changes in spine density were observed in superficial or deep layers 1-week or 6-weeks after 

stroke. Error bars: mean±SD. 

 

Table 1: Two-way ANOVA of primary apical spine density with Depth (superficial vs deep) 

and Experimental Group (sham vs 1-week stroke vs 6-week stroke) as factors 

Area Depth Stroke Interaction 
S1FL F (1, 83) = 20.24, p<0.0001 F (2, 83) = 5.641, p=0.0050 F (2, 83) = 0.9330, p=0.3974 

Motor F (1, 83) = 12.70, p=0.0006 F (2, 83) = 4.387, p=0.0154 F (2, 83) = 2.155, p=0.1223 

S2 F (1, 87) = 68.60, p<0.0001 F (2, 87) = 4.540, p=0.0133 F (2, 87) = 1.485, p=0.2321 

Contra S1FL F (1, 79) = 31.07, p<0.0001 F (2, 79) = 0.5159, p=0.5990 F (2, 79) = 0.5963, p=0.5533 

 

Table 2: Two-way ANOVA of secondary apical spine density with Depth (superficial vs 

deep) and Experimental Group (sham vs 1-week stroke vs 6-week stroke) as factors. 

Significant main effects are highlighted in bold. 

Area Depth Stroke Interaction 
S1FL F (1, 89) = 9.611, p=0.0026 F (2, 89) = 1.919, p=0.1528 F (2, 89) = 0.03249, p=0.9680 

Motor F (1, 90) = 1.190, p=0.2783 F (2, 90) = 2.534, p=0.0850 F (2, 90) = 0.1792, p=0.8362 
S2 F (1, 92) = 5.886, p=0.0172 F (2, 92) = 8.019, p=0.0006 F (2, 92) = 0.5821, p=0.5608 

Contra S1FL F (1, 84) = 11.30, p=0.0012 F (2, 84) = 0.2260, p=0.7982 F (2, 84) = 0.2213, p=0.8019 

 

Table 3: Two-way ANOVA of basilar spine density with Depth (superficial vs deep) and 

Experimental Group (sham vs 1-week stroke vs 6-week stroke) as factors. Significant main 

effects are highlighted in bold. 

Area Depth Stroke Interaction 
S1FL F (1, 94) = 38.10, p<0.0001 F (2, 94) = 8.581, p=0.0004 F (2, 94) = 0.4125, p=0.6632 

Motor F (1, 95) = 13.81, p=0.0003 F (2, 95) = 2.061, p=0.1330 F (2, 95) = 0.6950, p=0.5016 

S2 F (1, 94) = 33.04, p<0.0001 F (2, 94) = 7.232, p=0.0012 F (2, 94) = 0.01487, p=0.9852 

Contra S1FL F (1, 92) = 37.19, p<0.0001 F (2, 92) = 1.974, p=0.1448 F (2, 92) = 0.1806, p=0.8351 
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3.6 Decrease 1-week after stroke in peri-infarct spines cannot be explained by the 

branching direction of the dendrite, size of the infarct or distance to the infarct 

Further investigation was conducted to determine factors that could be influencing the 

decrease in superficial basilar dendritic spines seen 1-week after stroke in the peri-infarct (as 

shown highlighted in purple in the schematic image in Figure 12A). First, we wanted to know if 

the superficial basilar dendrites that were affected were specific to dendrites projecting towards 

the stroke site. To determine this, I analyzed spine density in superficial basilar dendrites either 

projecting towards or away from the infarct. Analysis revealed no significant differences between 

the two groups (Figure 12B; t(36)=1.358, p=0.1828). 

Next, we were curious if the size of the stroke had an impact on spine density within the 

peri-infarct. This was measured using a simple linear regression for primary apical, secondary 

apical and basilar dendrites, which revealed no significant effect of infarct size (Figure 12C= 

primary apical: r2=0.008117, p=0.6616; Figure 12D=secondary apical: r2=1.927e-006, p=0.9944; 

Figure 12E=basilar: r2=0.006877, p=0.6631). 

Lastly, it was hypothesized that the distance a neuron was from the infarct may play a role 

in spine density changes. This was measured using a simple linear regression for primary apical, 

secondary apical and basilar dendrites, which revealed no significant effect of distance (Figure 

12F=primary apical: r2=0.08941, p=0.1378; Figure 12G=secondary apical: r2=0.09831, p=0.0977; 

Figure 12H=basilar: r2=0.02385, p=0.4152). 

Overall, these analyses suggest that the loss of basilar dendritic spines in peri-infarct 

neurons after stroke is not due to the branching direction of the dendrite, the size of the stroke, or 

the distance of the neuron from the infarct.  
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A.       B.     

       
C.    D.    E. 

  
F.    G.    H. 

            
 

Figure 12: Spine density reduction in peri-infarct basilar dendrites 1-week after stroke is 

not affected by branching direction of the dendrite, size of the infarct or distance to the 

infarct 

A. Schematic representation of the peri-infarct region, which is investigated further in the 

following graphs. B. 1-week after stroke (n=6), no significant difference was found within the 

peri-infarct when comparing superficial basilar dendrites projecting towards or away from the 

stroke site. C-E. Dendritic spine density did not differ 1-week after stroke in the peri-infarct as a 

function of infarct size within primary apical dendrites (C), secondary apical dendrites (D) or 

basilar dendrites (E). F-H. Dendritic spine density did not differ 1-week after stroke in the peri-

infarct as a function of distance from the infarct within primary apical dendrites (E), secondary 

apical dendrites (F) or basilar dendrites (G). Error bars: mean±SD.   
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4. Discussion 

4.1 Overview 

It is well established that dendritic spines play a crucial role in plasticity and recovery post-

stroke, and since they are sensitive to injury it becomes important to further elucidate specific 

structural changes to spines throughout the cortex. The brain connectome is a vast system of neural 

networks that can be hindered or help to compensate for functional deficits after injury. This neural 

circuitry is connected by synapses which are located at dendritic spines. There is a gap in the 

literature when studying the impacts of ischemia on dendritic spines on neurons that are directly 

connected to the stroke site throughout the brain. Using neural tracing and confocal microscopy, 

we were able to label presynaptic neurons projecting to the infarct site from the peri-infarct and 

distant regions and quantify dendritic spine densities at two-time points; 1- and 6-week post-stroke.  

The first area of research that calls for discussion is the investigation of sex differences 

after stroke in selected regions throughout the connectome. Many previous research studies 

investigating dendritic spines after stroke did not investigate or report sex differences (Ito et al., 

2006; Papadopoulos et al., 2006; Enright et al., 2007; Brown et al., 2008; Johnston et al., 2013; 

Huang et al., 2018; Tu et al., 2022; Merino-Serrais et al., 2023). Although my results found no 

significant sex differences in spine density in sham- or stroke-group throughout the brain, this area 

of research needs to be examined more in the future with sufficient sampling in order to make 

confident conclusions.  

The second finding from this research study was higher dendritic spine densities within 

secondary apical dendrites compared to primary, whereas no effect of branch order was found in 

basilar dendrites. Similarly, a previous study looked at pyramidal neurons from layer 3 of S1 and 
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found that main apical dendrites had less spines than apical collateral dendrites, and that apical 

collateral and basilar dendrites had similar values (Merino-Serrais et al., 2023). These findings 

corroborate the results found in my research. 

Next, we reported on spine density in neurons within different cortical depths throughout 

the brain. Our results revealed significantly higher spine densities in superficial cortical neurons 

compared to deep cortical neurons in many of the brain regions. Other research has found similar 

findings of higher spine densities in apical dendrites of layer 2/3 pyramidal neurons compared to 

layer 5 (Tjia et al., 2017), higher spine densities in apical dendrites of layer 2 pyramidal neurons 

(Hutsler & Zhang, 2010), and higher spine densities in superficial pyramidal neurons compared to 

deep pyramidal neurons (Masurkar et al., 2017).  

The main objective of this research study was to investigate dendritic spine density 1-week 

and 6-weeks after stroke, throughout the connectome. The results revealed that only peri-infarct 

superficial basilar dendrites exhibited a decrease in spines 1-week after stroke. Previous research 

has similarly found that spine density is not impacted after stroke in more distant brain regions 

(Papadopoulos et al., 2006; Enright et al., 2007; Brown et al., 2008; Johnston et al., 2013; Tu et 

al., 2022; Merino-Serrais et al., 2023). This loss in basilar dendritic spines specifically within the 

peri-infarct may be attributed to a few factors, such as deafferentation, inflammation/pro-

inflammatory microglia and spreading depolarizations/hypo-excitability. Deafferentation occurs 

when there is a loss of sensory input and can therefore lead to neural adaptations. It has been shown 

in literature that deafferentations can result in changes in dendritic structure, such as the loss of 

spines (Jones & Thomas, 1962; Butz et al., 2009; Mostany et al., 2010; Dorostkar et al., 2015). 

When neurons are destroyed in the infarct core, the neurons projecting to this region lose their 

post-synaptic connection, which may influence the excitability of the neuron and therefore the 
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number of synapses on the presynaptic neuron. Although this would help to explain a decrease in 

retrograde spines after stroke, it does not explain why this is limited to the peri-infarct region. 

Another mechanism that impacts dendritic spines after stroke is microglia. It is well established 

that microglia respond quickly to stroke (Y. Zhang et al., 2022), and have an impact on the 

structure and function of surrounding neurons. Pro-inflammatory microglia release cytokines such 

as tumor-necrosis factor alpha (TNF-α) and interleukin-1 beta (IL-1β) which increase 

inflammation and injury to the tissue (Kanazawa et al., 2017; Y. Zhang et al., 2022) and are well-

characterized in stroke. These cytokines can exacerbate pro-inflammatory processes, which 

include modification and the loss or “eating” of dendritic spines (Prada et al., 2018; Y. Zhang et 

al., 2022; Haupt et al., 2024). It is possible that there are high volumes of pro-inflammatory 

microglia close to the site of injury, resulting in the reduction of spines in the peri-infarct that is 

not seen in more distant regions outside the zone of inflammation.  

Moreover, when discussing the impact of stroke on neurons, spreading depolarizations and 

the consequential hypo-excitability may also play a role on spine density after stroke. Spreading 

depolarizations that occur acutely after stroke have been shown to result in loss of dendritic 

structure and spines (Takano et al., 2007; Murphy et al., 2008; Risher et al., 2010). These waves 

also induce inflammatory cascades (Chung et al., 2016), which could lead to increased pro-

inflammatory microglia responses. After stroke induced depolarizations, there is a period of hypo-

excitability (Carmichael, 2012) where the neural activity is reduced. This reduction in neural 

activity may coincide with a reduced number of spines, as there may be less synaptic activity. The 

impact of spreading depolarization on neurons varies depending on distance to the infarct core 

(Strong et al., 2006), which could help to explain why we see this loss in spines specifically in the 

peri-infarct and not in distant regions. A question that has not been answered is why the loss in the 
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peri-infarct region is specific to superficial basilar dendrites. One factor that may be contributing 

to this specific decrease in spine density, is that superficial cortical layers make significantly more 

inter-regional lateral connections (Douglas & Martin, 2004). Basilar dendrites also contribute 

vastly to inter-regional lateral connections; therefore, the basilar dendrites of superficial peri-

infarct neurons may be losing the neurons they project to, which are damaged by the stroke.  

  When looking at the recovery of dendritic spines after stroke, we saw spine density return 

to baseline in superficial basilar dendrites in the peri-infarct, as well as increase in other peri-

infarct and S2 dendrites 6-weeks after stroke. The stability of dendritic spines throughout the brain 

connectome, the recovery of spines within the peri-infarct region and the increase in spines 6-

weeks after stroke can be explained by a multitude of factors such as reperfusion, anti-

inflammatory microglia, and neuroplasticity. Reperfusion after stroke may play a significant role 

in the loss and recovery of spines after stroke. Research has shown that distant regions with more 

preserved blood flow may recover faster and lead to increased spines (Mostany et al., 2010), which 

could help explain stable, and even at times increased spine densities after stroke in regions further 

from the infarct. This may also help to explain recovery within the peri-infarct itself, as perfusion 

may still be impacted 1-week after stroke but fully recover 6-weeks after stroke. Another factor 

that impacts the recovery of spines after stroke is microglia. Not only do they play a pro-

inflammatory role, but they have anti-inflammatory influences. These defense and repair 

mechanisms can play a large role in maintaining brain homeostasis (Y. Zhang et al., 2022). Anti-

inflammatory cytokines released by microglia such as transforming growth factor beta (TGF-β), 

IL-4 and IL-10 and growth factors such as vascular endothelial growth factor (VEGF) and brain-

derived neurotrophic factor (BDNF) can reduce inflammation and assist in recovery (Kanazawa et 

al., 2017). These cytokines and growth factors can alter structures such as dendritic spines to help 
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recovery (Haupt et al., 2024). Microglia have also been shown to play a role in synaptogenesis, in 

which they can cause intracellular calcium release within the neuron resulting in higher chances 

of synapse formation (Eldahshan et al., 2019; Blagburn-Blanco et al., 2022; Wang et al., 2022; Y. 

Zhang et al., 2022). It is possible that more distant brain regions from the infarct may experience 

higher amounts of anti-inflammatory microglia to promote recovery and maintain the brains 

homeostasis. These anti-inflammatory microglia may also play a role in the recovery we see 6-

weeks after stroke in the peri-infarct once the pro-inflammatory mechanisms have subsided.  

A mechanism that may likely be influencing the stability, recovery and increase in spines 

in the connectome is neuroplasticity. Structural neuroplasticity takes many forms, such as axonal 

sprouting and the formation of new neural connections, both of which are associated with recovery 

(Stroemer et al., 1995; Carmichael et al., 2001; Dancause et al., 2005; Murphy & Corbett, 2009; 

S. Li et al., 2010; Overman et al., 2012). Changes in dendritic spine structure is a common 

homeostatic process after stroke that can help return synaptic activity to normal, and therefore be 

a marker of structural plasticity (Brown et al., 2007, 2008, 2009, 2010; Murphy & Corbett, 2009; 

Mostany et al., 2010; Gerrow & Brown, 2017). This neuroplasticity that is shown by axonal 

sprouting and changes in dendritic spines may be a reason as to why distant brain regions are more 

resilient after stroke, and why we see later recovery of spines in the peri-infarct. The main 

mechanism that may be contributing to the increase in spine density 6-weeks after stroke in the 

peri-infarct and S2 is neuroplasticity acting as a compensation mechanism. This compensation 

seems to be primarily acting in the region of damage as well as functionally associated areas. 

Functional plasticity has been shown to recruit neighboring regions following stroke (Winship & 

Murphy, 2008; Brown et al., 2009). The functional mapping near the infarct may occur due to 

structural changes that influence synapse formation and circuit reorganization (Gerrow & Brown, 
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2017; Campos et al., 2023). This functional remapping could explain why we see an increase in 

spine density within the ipsilateral S2 6-weeks after stroke, as this nearby functionally associated 

region may be recruited as a form of plasticity. Other research has stated that stroke leads to the 

excitability in neuronal circuits adjacent to the infarct, which may be underlying the brain 

remapping and recovery (Carmichael, 2012). This increased excitability in regions near the infarct 

such as the peri-infarct and S2 could explain this compensatory increase in spines 6-weeks after 

stroke.  

4.2 Limitations 

Although this study contributed valuable information about structural changes throughout 

the connectome after stroke, there are limitations that need to be discussed. Firstly, the retrograde 

virus was variable in its labelling throughout the cortex, which resulted in needing more mice to 

get sufficient sampling. Although it is important to look at how presynaptic neurons are impacted 

throughout the brain, there may be a different type of retrograde AAV that would be more 

consistent in its labeling, which would permit for less animal use.  

Second, this study was conducted ex vivo because we were looking at multiple brain 

regions, which would not have been conceivable to do in vivo as a cranial window only allows for 

the imaging of a small area. This means that we can only make correlations about comparisons 

between shams, 1- and 6-week stroke groups, rather than seeing it in the same mice over time. 

Similarly, we only looked at two time points after stroke: 1- and 6-weeks. This allows us to make 

assumptions about acute and chronic changes after stroke, however we are limited in our 

knowledge about what is happening to retrograde spine density between those timepoints, and 

initially after stroke. Previous research has found retrograde degeneration 24 hours after stroke 
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that impacts spine density (Nagendran et al., 2017), therefore this may be an interesting time point 

to study.  

Lastly, this study did not investigate functional changes due to time constriction. 

Behavioural studies in addition to studying spine density would have allowed for a better 

understanding of the functional implications to the structural changes we saw throughout the 

connectome after stroke. Therefore, behavioural tests would make our data more translatable for 

clinical applications.  

4.3 Future Directions 

Due to the complexity of the brain and its mechanisms after stroke, there are still many 

questions that need to be answered about structural modifications throughout the connectome. The 

first future direction I would like to discuss is in relation to my own research, which involves 

increasing the sample size to confidently conclude whether there are differences seen after stroke 

in MC. As reported in the results, the ANOVA showed a significant main effect of stroke in 

primary apical dendrites within MC, and although close, the multiple comparisons did not reveal 

significance. This causes some concern due to the variability in my data. Increasing the sample 

size will help to confidently conclude whether there are retrograde changes seen within MC and 

provide large implications for connectomic plasticity and future research.  

 Future research may also want to increase sample size to properly investigate sex 

differences, as this study was too undersampled to do so. Although non-significant, interesting 

results were seen within females 1-week after stroke in which they had higher spine density than 

males in the contralateral hemisphere, potentially revealing sex-dependent compensation 

mechanisms. This is consistent with other research showing females have more interhemispheric 

connectivity (Ingalhalikar et al., 2014; Tyan et al., 2017; Bonelli et al., 2022). Future studies may 
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want to research this further to determine whether spine density may be a structural marker of this 

interhemispheric connectivity in females.  

 Lastly, future research may want to investigate functional changes in sensorimotor 

behaviour in tandem with looking at spine density in the connectome. For example, we can 

measure both ipsilateral and contralateral sensorimotor functioning using metrics such as the 

ladder, tape and cylinder test. As mentioned in the limitation section, this would provide more 

translatable information for clinical applications, and help to fully understand how structural 

changes after stroke throughout the brain may be impacting behaviour and function.   
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5. Conclusion 

This thesis aimed to investigate changes in dendritic spine density in neurons projecting to 

the stroke site throughout the brain connectome. This was due to a gap in the literature when 

studying dendritic spine density in directly connected neurons to the stroke site, in multiple 

different brain regions. By utilizing confocal microscopy, I was able to image neurons projecting 

to the stroke site in four different brain regions: S1FL, MC, S2 and Contra-S1FL. The results 

revealed that a decrease in dendritic spine density 1-week after stroke was specific to superficial 

basilar dendrites in the peri-infarct region, which recovered 6-weeks after stroke. This decrease in 

density did not extend to more distal brain regions, which shows that a retrograde degenerative 

signal that impacts dendritic spines may be localized to near the infarct site. On the other hand, we 

saw an increase in dendritic spine density within the peri-infarct region and S2 6-weeks after 

stroke. This reveals that structural plasticity within the neural connections throughout the 

connectome may be playing a role in stroke recovery. In conclusion, these findings provide novel 

information about retrograde signaling in neurons directly connected to the infarct core throughout 

the brain, as well as elucidate potential degenerative and protective structural processes that could 

underly function after stroke.  
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Appendix 

 

A.       B. 

                   
C.      D. 

                  

 

Figure 13: No significant difference in dendritic spine density counts between researchers  

A. Dendritic spine counts did not differ between Experimenter A and Experimenter B for 

Experimenter A’s neurons. B. Dendritic spine counts did not differ between Experimenter B and 

Experimenter A for Experimenter B’s neurons. C. Estimation plot comparing Experimenter A 

counts and Experimenter B counts for dendritic spine density of Experimenter A’s neurons. D. 

Estimation plot comparing Experimenter B counts and Experimenter A counts for dendritic spine 

density of Experimenter B’s neurons. Error bars: mean±SEM.  
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Table 4: Summary of neurons counted in superficial and deep cortical layers per brain 1-

week post-sham and stroke 

  
 

Table 5: Summary of neurons counted in superficial and deep cortical neurons per brain 6-

weeks post-sham and stroke 
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