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Abstract

Following a stroke, normal usage of the impaired limb guides spontaneous recovery across
many months or even years; however, recovery is rarely complete. Pre-clinical tools are needed
to investigate stroke-induced cortical reorganization over long periods. This thesis aims to
characterize stroke impairment and spontaneous recovery in parallel with a battery of
behaviour tasks in a mouse model of focal stroke. Young adult Thy1-ChR2 mice were implanted
with a transcranial window over the intact skull permitting cortex visualization and enabling
longitudinal assessments with light-based motor mapping and intrinsic signal optical imaging.
Furthermore, mice were tested on sensorimotor behavioural tasks in parallel to the mapping
experiments. These experiments allowed for the quantification of impairments in the
sensorimotor cortex and forelimb function while identifying regions within the sensorimotor
cortex that show re-mapping associated with behavioural recovery. Following primary motor
cortex-stroke induction, both sensory and motor map impairments occurred. Sensory map
transient impairments recovered within the same atlas-defined regions two weeks after a
primary motor cortex stroke as identified by intrinsic signal optical imaging. In contrast, motor
forelimb recovery was observed four weeks after the stroke in the peri-infarct region, the
supplemental motor cortex, and the contralesional motor cortex. This recovery was identified
through a combination of analyses, including changes in the mapped area and the amplitude of
evoked forelimb movements using light-based motor mapping. Behavioural recovery occurred
four to six weeks post-stroke, depending on the sensitivity of the task in forelimb impairment.
Additionally, the contralesional hemisphere and forelimb did not show impairment acutely but
evoked forelimb amplitude was significantly increased by post-stroke week four for both
forelimbs. As the first study to conduct within-animal longitudinal spontaneous recovery
sensory and motor map experiments using bilateral forelimb and hemispheric representations,
we show that 1) photothrombotic stroke impacts both forelimb representations pertained
within the ipsilesional hemisphere in LBMM experiments, 2) recovery of the impaired forelimb
occurs ipsilesionally and contralesionally and, 3) impairments from stroke observed through
motor mapping are functionally relevant and precede behavioural recovery ranging from zero

to two or more weeks depending on the motor cortex’s involvement in the behavioural task.
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1. Introduction

1.1. Clinical research on stroke recovery.

Stroke is a main concern in modern society, as stroke is Canada's third leading cause of
death. In 2018, 878,500 Canadians suffered from stroke, with over 50,000 new cases yearly
(Strokes in Canada, 2017; Ontario Stroke Network, 2020). More than 60% of all stroke cases
produced lasting disability, often expressed as an impairment in sensorimotor function in the
contralateral upper limb (Lee et al., 2015; Rudd et al., 2017; Cramer et al., 1997; Broughton et
al., 2009; Hatem et al., 2016; Jones & Adkins, 2015). Sensorimotor impairments are common
because ischemic strokes — the most prevalent form of stroke, accounting for 87% of all stroke
cases (Saini et al., 2021), often occur in the middle cerebral artery, the main blood vessel for
the motor and sensory regions within the human brain (Nogles & Galuska, 2023). Although
most motor recovery is spontaneous and occurs in the first three months, complete recovery of
motor impairments through physical rehabilitation can take years, if ever at all (Stroke in
Canada, 2017; Ontario Stroke Network, 2020). Furthermore, stroke impacts many countries
financially since stroke most commonly restricts physical abilities and results in weakness or
even paralysis of the contralesional side of the body (Kim, 2022). As a result, partial recovery
from stroke impairments results in disability claims of over 30 billion dollars annually (Roger et
al., 2012). Therefore, a better understanding of stroke recovery is needed to optimize patient

recovery and increase functional recovery reliably.

Regarding the sensorimotor cortex, stroke recovery is a spontaneous process that
occurs over three to six months post-stroke through reintegrating the impaired regions
functions over time (Lee et al., 2015). Phases of recovery can be categorized as either acute (<
three weeks), subacute (three weeks — six months), early chronic (six months — 18 months), and
late chronic (> 18 months) (Ballester et al., 2019; Bernheisel et al., 2011; Duncan et al., 2000;
Donnan et al., 2008; Kang et al., 2004; Poh, 2013). Endogenous mechanisms that promote
recovery peak in the acute phase and tamper in relative recovery until absent in the late
chronic phase (Coleman et al., 2017). During acute post-stroke recovery, edema and

reperfusion of the ischemic penumbra, followed by neuronal plasticity reorganization, are



associated with functional recovery (Berber et al., 1998; Hallett, 2001; Carmichael, 2005; Clark
et al., 2019). However, no rehabilitative interventions should occur in the first 24 hours, as it
damages stroke recovery in animal models (Shen et al., 2016). Depending on the severity of the
stroke and the health of the patient, recovery can result in partial or complete recovery after six
months (Lee et al., 2015; Cassidy & Cramer, 2017; Duncan et al., 1992; Poomalai et al., 2023).
However, because more than 60% of stroke cases do not recover, techniques to promote ideal

recovery are being investigated.

1.2. Stroke impairment and recovery

Following a stroke, disruption in blood flow from atherosclerosis or plaque
dislodgements diminishes blood flow, and neurons lack essential nutrients causing cellular
stress. If the disruption in blood flow is prolonged, brain cells die, and the neural network is
significantly disrupted (Broughton et al., 2009). Specifically, neurons are especially susceptible
to hypoxia-induced stress as they are aerobic. In response to this crisis, cells' lack proper cell
nutrients to maintain the cell charge, become overloaded with positive charge, and release
glutamate to surrounding cells, which hyperstimulates nerve cells, ultimately resulting in the
ischemic cascage (Deleglise et al., 2018; Puig et al., 2018; Yi & Hazell, 2006). Additionally, the
surrounding tissue of an occluded blood vessel, known as the peri-infarct, has been observed to
experience partial ischemia followed by reperfusion over time (Gerbaud et al., 2014. Cramer et
al., 2006). This results in a cascade of events, including a temporary synaptic loss and neuronal
dysfunction immediately following stroke onset, two weeks of increased tonic GABAergic levels
(Clarkson et al., 2010), and a prolonged period (six weeks) of heightened synaptic plasticity
following stroke (Brown et al., 2007; Jones et al., 1981; Murphy & Corbett, 2009; Jones &
Adkins, 2015; Citri & Malenka, 2008; Nishibe et al., 2015; Pino et al., 2014).

One approach to improving post-ischemic stroke recovery involves thrombolysis, which
aims to remove the blockage, restore blood supply, and minimize neuronal damage (Robinson
et al., 2011). One popular form is to inject tissue plasminogen activator (tPA), an endogenous
protease which dissolves fibrin-based clots and restores blood flow (Gravanis & Tsirka, 2008).

Although these are cost-effective and provide a great margin for success in decreasing stroke



effects, tPA must be administered within 5 hours of a stroke to be effective (Tung et al., 2011).
Furthermore, tPA has extensive exclusive criteria, which can cause many not to be eligible for
treatment (Hughes et al., 2023). An alternative technique involves thrombectomy, a mechanical
intervention procedure designed to extract clots from the brain (Pilgram-Pastor et al., 2021).
This treatment is highly effective and can significantly enhance the acute and chronic
performance of patients (Aghamiri et al., 2022). However, thrombectomy demands swift and
accurate diagnosis and treatment, akin to tPA (Pilgram-Pastor et al., 2021). Additionally,
thrombectomy tends to be costly (Patil et al., 2009). It is important to note that thrombectomy
is not suitable for all types of strokes; it's ineffective for hemorrhagic strokes and may not be
applicable for certain clot locations and sizes (Chen et al., 2023; Matthew & De Jesus, 2023). As
a result, researchers also explore the phenomenon of stimulation-induced recovery during the

subacute to chronic stages post-stroke to promote recovery to mitigate the effects of stroke.

Stroke rehabilitation research aims to identify brain regions implicated in recovery and
reinforce their activity to promote cortical reorganization. To achieve this, techniques such as
transcranial magnetic stimulation (TMS) are employed to investigate post-stroke reorganization
of the motor cortex (Hoyer & Celnik, 2011). TMS is primarily utilized as either a therapeutic
technique, where patterned or repetitive stimulation occurs in a controlled location to promote
positive recovery (Huang et al., 2005; Blumberger et al., 2018; Tsuboyama et al., 2019; Huang et
al., 2022), or as a probing technique to generate motor map representations (Nowak et al.,
2008; Adkins et al., 2006; Chail et al., 2018; Basil et al., 2005). To generate motor maps, single-
pulse TMS is utilized to evoke motor potentials, an important biomarker in impairment and
recovery trends post-stroke (Yarossi et al., 2019; Wtodarczyk et al., 2022). However, several
factors regarding stroke occurrence in a clinical population make it difficult to induce recovery
within stroke rehabilitation patients reliably. First, stroke location varies significantly within and
across clinical studies (Hui et al., 2021), making comparisons and conclusions on recovery
challenging to analyze. Second, stroke size is often variable and can affect impairment and
recovery differently. Third, recovery can be significantly influenced by underlying health
conditions and comorbidities (such as diabetes, obesity, and depression), age, and lifestyle

(Alawieh et al., 2018). Finally, inconsistencies in inducing recovery may stem from stimulating



the wrong regions, as research is inconsistent on locations to target following a stroke (Wang et
al., 2019; Kubis, 2016; Veldema & Gharabaghi, 2022). Therefore, animal models allow one to
study recovery mechanisms without the previously stated confounding variables. Additionally,
non-invasive stimulation paradigms can be combined with the photothrombotic stroke model,
commonly used to determine spatiotemporal recovery following localized stroke. Therefore,
further understanding of spontaneous recovery is required to promote reliable and beneficial

recovery in clinical environments.

1.3. Stroke and spontaneous recovery

Immediately following stroke, glutamate-mediated excitotoxicity results in neuronal
death and disrupts the excitatory-inhibitory balance across hemispheres (Lai et al., 2014;
Grigoras & Stagg, 2021). During the acute period, the increased GABAergic activity in the
ipsilesional hemisphere (known as the interhemispheric inhibition model) is counteractive in
promoting recovery. Clarkson et al., 2010 demonstrated that decreasing peri-infarct GABAergic
levels promoted recovery post-stroke in animal models. However, this maladaptive inhibitory
process is currently understood to be essential for counteracting hyperacute glutamate-
mediated excitotoxicity (Lai et al., 2014; Grigoras & Stagg, 2021). After excitatory and inhibitory
balances are restored, neurons are responsive again. This end stage of the acute period
recovery is considered a critical endogenous window for promoting recovery; however, results

remain inconsistent.

Acute period spontaneous recovery can vary greatly in duration and location and is
heavily influenced by stroke size. After a small-focal stroke, surviving peri-infarct neurons
receive brain-wide connections from both up- and down-stream neural circuits to support
restoration or compensation of lost functions (Harrison et al., 2013; Murphy & Corbett; 2009;
Jones & Adkins, 2015; Buetefisch, 2015). Additionally, recovery occurs more rapidly when
comparing a small-focal stroke against a stroke of a larger magnitude (Okabe et al., 2016; Zeiger
et al., 2021; Nishibe et al., 2015; Wang et al., 2009). After larger strokes encompassing entire
functional regions, maladaptive recovery can strengthen the ipsilateral tract from the uninjured

hemisphere while promoting learned non-use as a compensation technique (Cirillo et al., 2019;



Takeuchi & Izumi, 2012). Although recovery happens spontaneously, the disruption of neural
circuits usually prevents functional recovery to baseline levels for the impaired limb, but
recovery can be promoted by learning and rehabilitation (Nudo, 2006, 2007). Therefore,
plasticity plays an essential role in post-stroke recovery, where neuronal reorganization is

theorized to be correlated with behavioural recovery (Hylin et al., 2017).

1.4. The primary motor cortex

The primary motor cortex (M1) is a critical region for acquiring new motor skills and
executing multiphasic and complex forms of coordinated movement (Papale et al., 2018). In
healthy conditions, a movement intent descends from the motor cortex down the corticospinal
tract to lower motor neurons in the ventral horns of the spinal cord for voluntary movement of
the upper limbs (Van Wittenberghe & Peterson, 2023). The direct projecting Betz cells result in
fast contralateral latencies from M1 and are useful for determining direct vs. indirect spinal
tracts during movement (Taylor & Gandevia, 2004). However, 10% of Betz cells are directly
ipsilaterally projecting and are believed to be important in movement planning and execution,
as well as coordination of bimanual movements (Bundy & Leuthardt, 2019). The rubrospinal
tract also is a pathway important for upper limb usage. However, the rubrospinal tract is
traditionally associated with involuntary regulation for fine muscle control in distal regions (Lee
& Muzio, 2022), thus coordinating with voluntary movements from the corticospinal tract to
permit digit manipulation (Fujito et al., 1995; Kiichler et al., 2002). Following a stroke, clinical
work has demonstrated a strong correlation between the degree of corticospinal tract damage
and motor impairment, suggesting that it may be a biomarker for recovery due to its
importance in voluntary movements (Maraka et al., 2014, Lin et al., 2019). Therefore, injuries
to M1 lead to upper limb impairments stemming from the disruption of motor neuronal tracts,

including the corticospinal and rubrospinal tracts (Ito et al., 2022).

When translating to non-human models, it became clear that the best option would be
other non-human primates as the structural comparison in the neuroanatomy of the primary
motor cortex is highly conserved, and primates have strong dexterous skills (Kwon et al., 2015;

Lemon et al., 2019). However, it is not practical to use primates for many researchers due to



the strong ethical concerns, and alternative models such as mice which pertain to a rich history
of genetic manipulation. As a result, rodents are an ideal model as the motor cortex hierarchical
organization is highly conserved (Bakken et al., 2021), and they have some degree of dexterous
movements which permit object manipulation with their paws (Gu et al., 2017; Lemon et al.,
2019). An important distinction is that rodents like mice do not possess direct cortico-
motoneuronal connections. However, corticospinal tracts predominantly innervate spinal cord
regions that control movements of the forelimbs, such as segmental interneurons (Moreno-
Lopez et al., 2021). In contrast, the human corticospinal tract is extensively developed and plays
a significant role in controlling fine motor movements, particularly in the hands (Nathan, 1994;
Krisa et al., 2018). Although this distinction is primarily a concern for spinal lesion experiments,

the difference in corticospinal tract representations should be considered.

Regarding the motor cortex, the functional representation of mouse forelimbs is divided
into two key regions: the caudal forelimb area (CFA), analogous to M1, and the rostral forelimb
area (RFA), equivalent to the supplementary motor cortex (M2) (Okabe et al., 2016; Tennant et
al., 2011). CFA characterization includes a high density of corticospinal and rubrospinal tract
neurons (Neafsey et al., 1986) and is highly conserved across species (Ebbesen & Brecht, 2017;
Bakken et al., 2021). On the other hand, RFA is a unique region composed of a mix of M2
(agranular medial) and M1 (agranular lateral) structures (Tennant et al., 2011). Alike CFA, RFA
also pertains both corticospinal tract and rubrospinal tract neurons, however RFA connects with
different striatal and thalamic representations presumably due to its supplementary or pre-
motor role (Rouiller et al.,, 1993; Touvykine et al., 2020). While CFA primarily governs basic
motor functions, RFA is critical in more complex motor control, including fine-tuned

manipulations (Brown & Teskey, 2014; Tennant et al., 2016).

Despite these functional distinctions, CFA and RFA send descending motor tracts to
common locations along the motor axis, facilitating interactions between the hemispheres. This
bilateral connectivity means one hemispheric motor representation impairment can impact
contralateral and ipsilateral movements. CFA is often studied in experimental models involving
lesions or strokes to assess the primary motor cortex's effects on basic motor behaviours, given

its strong clinical relevance to M1 (Nishibe et al., 2014) and dominant corticospinal tract



representations (Neafsey et al., 1986). Conversely, RFA has fewer interhemispheric connections
than humans due to the smaller frontal cortex but more intrahemispheric circuits, presumably
for processing sensorimotor information (Assaf et al., 2020; Xu et al., 2022). As a result, RFA is
commonly investigated in experiments focusing on “higher-order” motor commands and

complex motor recovery processes (Brown & Teskey, 2014; Tennant et al., 2016).

While mice may not possess the same level of dexterity as humans, mice provide a
practical and valuable model for studying forelimb usage in motor mapping and behaviour and
investigating impairments resulting from cortical damage, such as stroke. Furthermore, it is
worth considering that fundamental questions related to corticospinal tract rewiring,
hemispheric interactions, and cortical reorganization following developmental injuries can be
thoroughly explored in "lower-order" model organisms like mice before advancing to more
resource-intensive and costly primate or human experiments. This approach allows a deeper
understanding of the underlying mechanisms and principles in a controlled and sustainable

environment.

1.5. Intracortical microstimulation motor mapping

In order to assess the state of the motor cortex in animal models, motor mapping can be
applied. Motor mapping was first introduced in 1870 by Fritsch and Hitzig (Fritsch & Hitzig,
1870). Fritsch and Hitzig utilized electrical stimulation from surface electrodes to evoke and
record motor-induced muscle twitches, a novel finding in 1870. (Carlson and Devinsky, 2009). In
more recent studies, intracortical microstimulation (ICMS) application directly inserts a
stimulating electrode into the deep layers of the motor cortex. Muscle activity can be induced
upon applying electrical current, producing movements in mammals through direct and indirect
motor neurons (Asanuma & Sakata, 1966; Asanuma & Ward, 1970). Responses were generated
based on the duration of the stimulation train; short trains of pulses evoked simplistic
movements (Stephiewska et al., 2011), whereas longer stimulation trains resulted in complex
movements such as reaching and grasping (Graziano et al., 2002; Kaas et al., 2013). The
resulting evoked movements were determined to be a proxy for the state of the motor cortex

and are comparable to clinical techniques such as transcranial magnetic stimulation (Brown &



Teskey, 2014; Young et al., 2011; Corbett et al., 2017). Additionally, ICMS motor maps are
modulated by paired-pulse stimulation and permitted neural circuit dissections across
structural regions by facilitating or inhibiting motor-evoked potentials (Lo et al., 2020; Hanajima
et al., 1998; Touvykine et al., 2020). Therefore, ICMS has proven valuable in assessing the state

and connectivity of the cortex through evoked movements.

ICMS-evoked movements are precisely characterized based on muscle groups or specific
anatomical regions, such as the wrist, elbow, or shoulder, as well as movement types like
elevation, advancement, or retraction (Brown et al., 2023). This comprehensive approach
allows for a detailed analysis of motor cortex representations for a specific area, such as the
upper forelimb. Alternatively, multiple motor regions such as the face, tail, forelimbs, and
hindlimbs can be analyzed to provide a comprehensive motor cortex representation of an
organism (Tennant et al., 2011). Overall, ICMS-evoked movements permit for a proxy of motor

cortex representations and can be essential in stroke impairment and recovery studies.

ICMS has since been applied in stroke models to monitor motor cortex neuronal
reorganization responsible for controlling movement at baseline compared to different
recovery time points (Nishibe et al., 2014; Boychuk et al., 2011; Shiromoto et al., 2017; Tennant
etal., 2011). Many ICMS researchers analyze the contralateral forelimb motor map regions CFA
and RFA comparisons to baseline conditions due to the clinical significance of upper limb
impairments (Lee et al., 2015). Following a lesion to CFA, RFA is observed to play a role in the
recovery process post-stroke; however, lesion volume determines the role RFA executes. After
a small-volume CFA stroke, plastic reorganization occurs in the peri-infarct space, ipsilesional
RFA, homotopic contralesional CFA and potentially other functionally relevant locations (Nudo
et al., 1996; Nishibe et al., 2015; Murphy & Corbett, 2009; Tennant et al., 2011; Nudo, 2007;
Jones & Adkins, 2015; Pino et al., 2014). In a large-volume CFA stroke, RFA compensates for
complete connectivity loss at CFA, where RFA exhibits plastic recovery and increased spinal
cord projections of the rubrospinal tract (Okabe et al., 2016; Jones & Adkins, 2015).
Furthermore, distinctions in large and small volume CFA stroke result in a change in functional
recovery, as observed in behavioural studies (Okabe et al., 2016). As a result, the presence of

the peri-infarct region in smaller-volume stroke cases has emerged as a noteworthy biomarker



for recovery. Alterations in the peri-infract space include: motor map plastic reorganization
within the peri-infarct (Harrison et al., 2013; Jones & Atkins, 2015), heightened peri-infarct
excitability (Carmichael, 2012), expansion of motor maps (Nudo et al., 1996; Kleim et al., 2003),
synaptic plasticity (Zeiger et al., 2021; Brown et al., 2007), and the integration of sensory
information (Bice et al., 2023). However, animal models have a particularly difficult task with

investigating peri-infarct recovery longitudinally due to some limitations with ICMS.

Although ICMS has become a standard in the field for providing essential cortical
representations of neural connectivity, it is limited by several methodological drawbacks. First,
the methodology is invasive, requiring a highly invasive craniotomy surgery to expose the
cortex. Permitting stimulating electrodes to penetrate deep output layers of the cortex (layer V)
to activate a local population of neurons, inducing twitch-like movements (Cheney et al., 2013).
Electrodes are injected into multiple stimulation sites to record or induce neural circuits,
resulting in the severe disruption of the cortex's natural state, ultimately leading to the sacrifice
of the animal after map acquisition (Guo et al., 2021). Therefore, when assessing stroke
impairment and recovery trends, multiple cohorts of animals are required to assess overall
trends in data representations, as longitudinal recordings are non-obtainable. Second, ICMS
does not permit cell-type selective investigation when inducing movements, as electrode
stimulation is an electric current. Third, due to the long-duration experimental protocol, only
one hemisphere motor map to one forelimb interaction is typically performed during ICMS
motor mapping. Therefore, it remains evident that non-invasive brain stimulation needs to be
applied to “lower-order” model organisms to understand further spontaneous recovery,

ultimately guiding clinical recovery strategies.

1.6. Rodent models for assessing post-stroke spontaneous recovery.

1.6.1. Light-Based Motor Mapping

During light-based motor mapping (LBMM), a brief light pulse induces a twitch-like
motor movement to assess the condition of the motor cortex. To achieve this, light-sensitive
cation channel, channelrhodopsin-2 (ChR2) from green algae (Chlamydomonas reinhardtii)

expression occurs in a subpopulation of cortical neurons under the Thy-1 promoter. Thy-1 is



expressed in layer V pyramidal neurons (PN) (Arenkiel et al., 2007; Ayling et al., 2009),
permitting for optogenetic stimulation of the large PN apical tufts with light at superficial layers
of the cortex. This stimulation activates various descending motor pathways, including local
circuitry, homotopic representations of the motor cortex, motor thalamic nuclei, the pons, the
striatum, and directly to the spinal cord (Baker et al., 2018; Hussin et al., 2015; Spruston, 2008;
Jiang et al., 2020). Therefore, twitch-like motor movements can be induced in anesthetized
animals to assess cortical movement control through the direct corticospinal tract and indirect

rubrospinal tract representations.

An additional advantage of LBMM is that optogenetic stimulation may be applied
through the intact skull of adult mice (Silasi et al., 2016). Minimally invasive cortex visualization
is achieved by surgically implanting a transcranial window that provides optical access to the
entire dorsal cortex surface in both hemispheres. Permitting for bilateral non-invasive
longitudinal stimulation of the cortex to represent post-stroke reorganization through LBMM.
LBMM aims to utilize the non-invasive motor mapping from clinical studies with the control of
animal models. Clinical depiction of motor recovery using transcranial magnetic stimulation
lacks pre-stroke representations, as seeking non-invasive stimulation before a motor injury is
impractical. Animal models have utilized alternative techniques, as applying traditional non-

invasive stimulation to a small-scale rodent cortex is not plausible.

For this reason, ICMS has been a leading tool for investigating cortex reorganization
within rat models, and more recently, mouse models as electrodes have become refined (Jeong
et al., 2016). However, when ICMS stimulates a site, current from the electrode spreads to
affect a broader area of the cortex, resulting in imprecisions and overlap in functional areas
(Han et al., 2018). Due to the limitations of the functional parcellation of the cortex and the
relatively small size of motor map representation in rodents, stimulation sites are spaced by
cortical columns (0.3 —0.5mm), resulting in less than 50 stimulation sites from the motor
cortex, with around half giving evoked outcomes (Singleton et al., 2021; Brown & Martinez).
LBMM overcomes the issue of small cortex space by using a 50 um laser diameter, creating
motor maps with 350 stimulation sites, and two repetitions. The small-diameter laser increases

the spatial resolution while maintaining the quality of short-burst ICMS (Neafsey et al., 1986;
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Young et al., 2011). Importantly, LBMM does not alter the cortical representation of
movements, which is a known effect of ICMS (Nudo et al., 1990; Harrison & Murphy, 2013);
thus, overlapping stimulation sites does not alter the recording of the following stimulation
sites. Furthermore, the presence of evoked-forelimb movements can be used as a biomarker
for impairment and recovery as seen in clinical studies (Escudero et al., 1998; Boyd et al., 2017,
Cassidy & Cramer, 2016; Kowalski et al., 2019; Hallett, 2007; Zhang et al., 2022). Therefore,
since optogenetic stimulation does not alter motor map representations, LBMM permits for
potentially more precise analysis of the peri-infarct location during recovery by increasing

repetitions and recording spontaneous recovery longitudinally following stroke.

The novelty of LBMM extends from the non-invasive longitudinal cortex recording. Since
ICMS typically investigates only impaired forelimb to impaired hemisphere interactions, we aim
to utilize bilateral forelimb recording with bi-hemispheric cortical representations to investigate
further the peri-infarct reorganization pre- to post-stroke and interhemispheric reorganization.
A research approach that, to our knowledge, has yet to be previously explored. Additionally,
assessment of the sensory cortex is also permitted in this model, as LBMM is non-invasive and
does not disrupt the state of the cortex. Therefore, LBMM can be combined with other non-
invasive recordings to better understand the state of the cortex and reorganization following a

motor cortex stroke.

One example of LBMM recording mice cortex reorganization is from Harrison et al.,
2013. Harrison et al. conducted longitudinal recordings of impairment and spontaneous
recovery in the ipsilesional hemisphere following a PT stroke localized to the motor or sensory
cortex. Their findings revealed decreased motor outputs during acute phase recovery and
increased peri-infarct excitability during chronic phase spontaneous recovery. Therefore
providing longitudinal recordings in peri-infarct recovery, and suggesting its role in spontaneous
recovery. Notably, this study marked one of the first instances of performing longitudinal
LBMM in mouse models; however, it focused solely on the ipsilesional hemisphere and did not
include recordings from the nonimpaired forelimb. Since then, Zhang et al. (2021) have
expanded on this research by utilizing LBMM with bi-hemispheric stimulations and bilateral

forelimb recordings. Zhang et al. demonstrated how motor cortex PT stroke in a neonatal mice
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model affects adult motor map outputs at a single time point in recovery while using a
behavioural battery of sensorimotor tasks to measure functional recovery. Zhang et al.
investigated how PT stroke in mice motor cortex during neonatal stages could impact motor
map outputs in adulthood, examining a single LBMM time point in the recovery process. They
also employed a battery of sensorimotor tasks to measure functional recovery. Their study
revealed correlations between LBMM latency and area with functional behavioral recovery,

suggesting the potential use of LBMM parameters as biomarkers for recovery.

In summary, LBMM to date has been utilized to longitudinally assess motor map
impairment and spontaneous recovery in the ipsilesional hemisphere regarding the impaired
forelimb or through bilateral bi-hemispheric motor mapping at the end of an experimental
protocol with longitudinal behavioural assessment. This highlights a gap in knowledge regarding
how adult mice's bilateral bi-hemispheric LBMM spontaneous recovery aligns with functional

recovery in longitudinal experiments.

1.6.2. Intrinsic Signal Optical Imaging

Simultaneously assessing the sensory cortex can also provide useful information post-
stroke, as typically, a stroke within regions such as the middle cerebral artery induces damage
across the sensorimotor cortex (Gharbawie et al., 2005). This notion is then exaggerated further
in rodent animal models, as ~32 + 3% of CFA overlap with the sensory cortex forelimb and
hindlimb representations (Tennant et al., 2011; Ayling et al., 2009; Hall & Lindholm, 1974).
While functionally isolated, the overlapping space is illustrated by the structural fusion of
sensory cortex layer IV with the dense concentrations of granular cells in the motor cortex
(Tennant et al., 2011). Additionally, because many cortico-cortical projections descend from the
corticospinal tract bound within CFA, disruption in CFA can lead to an impairment in
information flow, including sensory areas (Rouiller et al., 1993; Kunori & Takashima, 2016;
Hayley et al., 2023). Specifically, RFA contains pre-motor-like functions, including pairing
sensory and motor information and activity during the planning of movements (Chen et al,,
2017; Alyahyay et al., 2023; Hayley et al., 2023; Morandell & Huber, 2017; Nishibe et al., 2010;

Neafsey et al., 1986). As a result, recent studies suggest that the sensory cortex is functionally
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involved in motor recovery (Hayley et al., 2023), similar to squirrel monkeys (Dancause et al.,
2005). Therefore, non-invasive imaging techniques such as Intrinsic Signal Optical imaging (I1SOI)
will provide valuable information in assessing sensory impairments through hemodynamic

responses following a partial CFA localized stroke.

Sensory cortex mapping involves recording sensory-input responses to investigate
superficial representations of sensory neuronal activity following afferent stimulation (Sunil et
al., 2023). A technique known as Intrinsic Signal Optical Imaging (I1SOI) is employed in this
process to visualize and analyze these sensory maps (Winship & Murphy, 2008, 2009). I1SOI
relies on changes in blood flow as a proxy for depicting neuronal activity by observing unique
spectral patterns resulting from alterations in the oxygenation state of hemoglobin when
neurons are activated (Lu et al., 2017; Frostig & Chen-Bee, 2009) to generate sensory maps on
the dorsal cortex through a transcranial window (Silasi et al., 2013). Specifically, different light
frequencies can be used to differentiate between oxygenated and deoxygenated hemoglobin
configurations (Lu et al., 2017), as greenlight relates to total hemoglobin, and red light relates
to reduced hemoglobin (Lu et al., 2017; Frostig & Chen-Bee, 2009). As a result, ISOI has proven
to be a valuable tool in the study of post-stroke reorganization, as it allows for non-invasive
stimulation and recording of sensory cortical activity. Researchers have utilized I1SOI to
investigate how sensory representations change following a stroke, providing insights into the
brain's adaptive processes and recovery mechanisms (Bauer et al., 2014; Harrison et al., 2013;

Bice et al., 2023).

Previous studies have presented evidence of impaired sensory-evoked cortical activity
following stroke using ISOI (Frostig & Chen-Bee, 2009; Harrison et al., 2013; Lu et al., 2017).
Additionally, ISOI can be combined with the stroke models to assess the level of activity in the
lesioned sensorimotor cortex compared to the intact hemisphere. Winship & Murphy, 2008,
employed ISOIl in conjunction with two-photon imaging to examine recovery, discerning
macroscopic and cellular remapping following sensory forelimb cortex stroke. Winship &
Murphy, 2008 shed light on how pre-stroke hard-wired neurons respond to stressors like local
ischemia and recover. Notably, they found that neurons along the border of the sensory

hindlimb and forelimb regions experienced heightened plasticity in response to stroke
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reorganization during chronic phase recovery. Building upon this discovery, Brown et al., 2009
extended the understanding of sensory map borders using ISOIl, concurrently monitoring spine
turnover via two-photon imaging and assessing behavioral recovery through the cylinder task.
Their findings highlighted a strong correlation between sensory remapping in the peri-infarct
region, increased synaptic turnover, and improved performance in the cylinder task.
Consequently, the combined use of ISOI, two-photon imaging, and behavioral assessments has
offered compelling evidence that peri-infarct recovery is intricately linked to the restoration of

function in the affected forelimb post-stroke, particularly in longitudinal mouse models.

This study aims to investigate how sensory mapping through ISOI can provide additional
insight into the state of the sensorimotor cortex when combined with LBMM. This combination
aims to delve deeper into the mechanisms of spontaneous recovery within peri-infarct regions
and interhemispheric plastic reorganization following stroke. The integration of non-invasive
cortex reorganization techniques, such as ISOl and LBMM, with behavioural assessments holds
great promise for advancing our comprehension of the functional implications of mapping

results in a longitudinal model.

1.6.3. Pre-clinical stroke research

Animal models of stroke provide control over factors such as age of onset,
comorbidities, and individual variability, which are challenging to manage in clinical studies.
This level of control is crucial for generating reliable and consistent experimental data.
Additionally, animal stroke models enable real-time and ex-vivo measurement of stroke
induction using techniques like laser Doppler imaging (LDI) and Cresyl violet stains. These
methods provide valuable insights into the extent and location of the stroke, allowing for
precise assessments of stroke volume and the potential impact on peri-infarct synaptic
plasticity during the recovery process (Cuccione et al., 2016; Leutenegger et al., 2011; Riva et

al., 2011; Rousselet et al., 2012).

Two primary stroke techniques for ischemic stroke induction are middle cerebral artery
occlusion (MCAOQ) and photothrombotic (PT) stroke. PT stroke allows for the precise and

localized induction of stroke in a targeted brain area by activating a photosensitive dye, Rose
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Bengal (Labat-gest & Tomasi, 2013; Watson et al., 1985). This approach offers the advantage of
precise localization of stroke induction, allowing for consistent and reproducible results in
location and volume by manipulating parameters such as light diameter and duration of the
illuminating light beam (Wang et al., 2009). MCAO closely replicates the pathophysiology of
human ischemic strokes, making it valuable for studying stroke mechanisms and potential
treatments; however, it introduces greater variability, including subcortical damage (DeVries et
al., 2001; Liu & McCullough, 2011). A critical difference between models is PT stroke damage
can be localized within functional regions in the cortex, which is significant considering that the
MCAO model can also impact subcortical regions crucial for motor movements (Bolay &
Dalkara, 1998; Navarro-Orozco & Sanchez-Manso, 2023). While the PT and MCAO stroke
models offer unique advantages, the PT model emerges as the more suitable choice for this
thesis, as stroke-induced damage is bound to a pre-determined localized region, such as CFA.
Therefore, group effects can be assessed for spontaneous recovery following stroke using a

controlled stroke induction site at CFA.

1.6.4. Longitudinal assessment of forelimb post-stroke

Behavioural measures provide functional context to mapping experiments (Nishibe et
al., 2015), where rehabilitative or experience dependent measures affect the state of the motor
cortex (Nudo et al., 1996). To gain a more comprehensive understanding of motor map
impairments, it is imperative to quantify a battery of motor behavioral tests. However, the
integration of motor mapping with behavioral assessments has been limited, primarily because
traditional rodent motor mapping methods require sacrificing the animal (as discussed in
section 1.5). Nevertheless, experiments utilizing ISOl and two-photon microscopy with
behaviour suggest that recovery occurs at a similar pace across measures (Brown et al., 2008,
Winship & Murphy, 2009). Within this battery of tests, it is particularly valuable to include a
detailed assessment of upper limb function, as upper limb impairments are prevalent among
stroke patients (Ingram et al., 2021; Raghaven, 2015). Consequently, the combination of LBMM
with a battery of behavioral forelimb tasks offers a comprehensive understanding of motor

deficits and recovery.
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Behavioural analysis is critical in assessing stroke recovery since behavioural tests offer
functional representations of mapping results and clinical phenotypes. It is also worth
considering that behavioural testing and associated training can act as a form of rehabilitation
when applied correctly (Nishibe et al., 2015; Jones & Adkins, 2015; Hatem et al., 2016).
Consequently, the tasks included in this behavioural assessment should minimally impact
recovery. Several tasks, such as the grid walking task, the cylinder task, and the string-pull task,
can fulfill this criterion (Chen et al., 2010; Allred & Jones, 2008; Schaar et al., 2010; Gharbawie
et al., 2004; Blackwell et al., 2018; Inayat et al., 2020). For example, the grid walking task
enables a quantitative assessment of skilled walking by counting missteps with the stroke-
affected forelimb, providing a highly sensitive evaluation of sensorimotor impairment in a
longitudinal model (Metz & Whishaw, 2009). The cylinder task measures spontaneous forelimb
use preference, which is crucial in post-stroke recovery and allows for gross analysis metrics like
forelimb use preference during exploration (Gharbawie et al., 2004). The string-pull task offers
a precise kinematic assessment of motor coordination and function via hand-over-hand

evaluation in a longitudinal model (Blackwell et al., 2018; Blackwell et al., 2021).

Since none of the mentioned behavioural tasks involve motor learning, a complex
process known to influence the outcome of motor maps (Schlaug et al., 1994; Classen et al.,
1998), it is reasonable to assume that the behavioural interventions should have minimal
impact on sensorimotor recovery following stroke. The behavioural test battery was designed
to assess various aspects of upper limb behavioural impairments following CFA-targeted PT
stroke. Therefore, by combining the results of LBMM, ISOI, and behavioural assessments, we
aim to advance our understanding of how small-scale PT stroke within CFA can influence map
reorganization and the intricate relationship between impairment and spontaneous recovery

concerning behavioural outcomes.

1.7. Experimental approach

Given the background presented, it becomes evident that there are still some notable
gaps in the existing literature. First, there is a substantial difference between clinical and pre-

clinical motor map research, primarily due to size limitations, as clinical techniques are bulky
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and generate large stimulation sites in smaller organisms which would encompass the entire
rodent motor cortex. As a result, ICMS research relies on disrupting the cortex primarily
through electrodes to assess the state of the cortex. Although extensive stroke research has
been conducted in clinical and pre-clinical literature, specific regions and time points critical
during recovery remain elusive. Furthermore, motor map representations through ICMS rely on
group comparisons, as stimulations modulate the cortex and ultimately lead to the sacrifice of
the animal. This thesis will characterize within-group baseline motor maps and longitudinally
investigate impairment and spontaneous recovery until the chronic recovery period to identify

the critical time point for future therapeutic stimulation research.

Second, behaviour is a standard method for providing functional relevance to motor
maps. However, the invasive nature of ICMS results in motor maps providing post-condition
assessment and cannot be combined longitudinally. As a result, pre-clinical relationships of
motor mapping and behaviour remain debated as longitudinal assessments are impractical due
to pre-existing technical limitations. It is important to investigate further, as pre-clinical
comparisons typically are applied to the assumed recovery profiles, but the direct relationship

between motor map and behavioural recovery remains unknown.

Third, most research investigates a single limb-hemisphere interaction upon motor
mapping. Although this approach is ideal for providing information on a specific topic, it is not
practical for the cortex's complexity or movements' bilaterality. As a result, this thesis aims to
further the work of LBMM performed by other researchers through bilateral and bi-

hemispheric motor mapping post-stroke.

Finally, recent literature greatly emphasizes the role of sensorimotor dysfunction
following CFA-targeted stroke in rodent models. Specifically, RFA recovery is critical for
impaired forelimb function post-stroke, as identified by ICMS motor mapping. However, due to
the substantial sensory cortex connections, further understanding of the state of the sensory
cortex following a CFA stroke is required. As a result, the use of ISOIl aims to address the state of
afferent sensory representations to the sensory forelimb cortex through longitudinal post-

stroke assessment.
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Therefore, by leveraging mesoscopic imaging techniques like LBMM and ISOI and by
integrating these findings with behavioural analyses, this thesis endeavors to provide a
comprehensive characterization of post-stroke recovery and reorganization after partial
primary motor cortex stroke, including the identification of critical regions and time points

crucial for recovery.
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2. Methods

2.1. General procedure and timeline

Ethical approval for all experiments was obtained from the University of Ottawa Animal
Ethics and Compliance Board and conducted research followed the Canadian Council on Animal
Care and Use guidelines. Male and female Thy1-ChR2-YFP mice (#007612 The Jackson
Laboratory), totalling 29 animals. Data collection and analysis were conducted for 21 stroke
mice (12 males: 3 months and 19 days * 5.3 days, 9 females: 2 months and 25 days * 3.0 days)
and 4 sham mice (2 males: 3 months and 10 days + 21 days, 2 females: 2 months and 30 days +
10 days). The mice were housed on a 12-hour light/dark cycle and provided food and water ad
libitum. Four mice were excluded from the study due to premature death (one due to stroke
and three due to improper anesthesia injections resulting in death - one from the sham cohort

and two from the stroke cohort).

Transcranial windows were surgically implanted on the intact skulls of adult mice to
allow for longitudinal light-based motor mapping (LBMM), cerebral blood flow recording (LDI),
and sensory mapping (ISOI). After the transcranial window surgery, the mice recovered for one
week before baseline experiments commenced. Over the two baseline weeks, three ISOI, one
LBMM, three grid walking tasks, three cylinder tasks, and seven string-pull tasks baseline data
were collected (details for each task provided in section 2.3). Mice had either a stroke or sham
induced, and data collection for post-stroke week one occurred on days four-seven. During
subsequent post-stroke weeks, one of each behavioural task was conducted, except for string-
pull, which took place at the beginning and end of each week relative to the stroke (Fig. 1B).
Perfusion and brain extraction for lesion volume assessment transpired on post-stroke week

seven.
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Figure 1. Experimental timeline. A) Experimental timeline overview. Adult mice underwent a series of
imaging techniques, including three ISOI baselines and one LBMM baseline. Behavioural baseline assessments
consisted of habituation to the string-pull task and seven baseline sessions, three baseline grid walk tasks, and
three baseline cylinder tasks. Baseline imaging and behaviour occurred in the weeks leading up to the stroke
(n=17-21) or sham (n=4) induction date. Photothrombotic stroke was induced on the right hemisphere at the CFA
coordinates (+1.5mm, -0.5mm) in Thy1-ChR2-EYFP transgenic mice, and recovery was assessed for six weeks. The
nonimpaired forelimb and baseline metrics were utilized as within-group controls, while the sham group (n=4)
served as experimental controls. B) Weekly timeline for post-stroke weeks two-six. The weekly timeline illustrates
the progression of events, with each tick representing the day relative to the stroke induction date.
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2.2. Experimental surgeries

2.2.1. Surgical procedures - Transcranial chronic windows

Chronic transcranial window surgeries permitted longitudinal mapping and induction of
stroke. Transcranial windows were implanted in mice one week before baseline experiments
began. Mice were anesthetized with isoflurane (4-5% for induction and 1.5-2% for maintenance
at a flow rate of 0.3 L/min oxygen flow) and maintained at 37°C with a thermal heating pad.
Mice were regularly monitored for respiration rate and toe pinch responses to ensure
appropriate anesthesia levels. The skin above the cortex was shaved using a beard trimmer
(from eyes to ears) and then prepared with antiseptics and 70% ethanol. Mice were mounted in
a stereotaxic frame, and Optixcare eye lubricant was applied to maintain cornea moisture. The
scalp over both hemispheres was removed, the skull cleaned of debris, and dental cement
(Parkell, Edgewood, NY, USA; Product: C&B Metabond, SKU: S380

https://brildent.in/product 10/) application for preservation of the skull and visualize the brain

following the protocol described in Silasi et al., 2016. A circular glass coverslip (deckglaser 8mm,
Thomas Scientific, product #1217N78) was centred over Bregma and set immediately into
dental cement. A head-fixing metal screw (McMaster-Carr, Los Angeles, CA, USA; Product
#94355A216) was set in the dental cement over the point of lambda at a 30-45° angle. The
metal screw had additional dental cement at the base for support. Once all dental cement had
solidified (25 minutes), mice were injected with subcutaneous meloxicam (5mg/kg) and
transferred to a heated incubation chamber until responsive (approximately 1 hour). Mice had

a one-week recovery period before baseline experiments.
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Figure 2. Surgical coordinates and transcranial window. A. Depiction of the transcranial window's
position in relation to the mouse, accompanied by a green (520nm) fluorescence widefield image. B. Dorsal view of
the Allen Mouse Brain Atlas (left) against a dorsal view of a transcranial window. Stroke (n=21) or sham (n=4)
condition occurred on the right hemisphere CFA (ML: 1.5 mm; AP: -0.5 mm). Labels: A=Anterior Sinus, B=Bregma,
L=Lambda approximation. C. Motor mapping utilized optogenetically evoked motor movements in the left
forelimb at baseline. Anesthesia was induced with 40 mg/kg ketamine and 2 mg/kg xylazine in adult Thy1-ChR2-
eYFP mice. Stimulation used a 50 um laser in a grid of 300 um spacing covering the entire motor cortex. Induced
movements were recorded using a high-frame-rate camera and analyzed through MATLAB to obtain the induced
maximum amplitude per stimulation site averaged across two repetitions. Motor maps were normalized to the
maximum average amplitude site per session and averaged across conditions.
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2.2.2. Photothrombotic stroke model

To induce photothrombotic (PT) stroke, mice were anesthetized with isoflurane (1.5% at
0.3L/min) and placed in a head-fixing mount with a heating pad to maintain body temperature
at 37.0°C. To reduce the possible effect of the injection on cerebral blood flow, the needle
containing Rose Bengal dye was pre-inserted intraperitoneally prior to recording baseline
measures. A pre-stroke LDI scan followed the needle injection to generate a regional scan of
blood flow, then 3-5 minutes of baseline LDI was recorded at the stroke induction site (AP: -0.5
mm; ML: 1.5 mm, relative to bregma). Rose Bengal dye (0.01g/mL) was slowly injected
(100mg/kg) over 30 seconds, two minutes before laser illumination to allow the dye to circulate
to the brain. A green laser (520nm, 1.1mm diameter, 22 mW of power) illuminated the cortex
for 13 minutes to induce stroke. The stroke targeted the right motor cortex, specifically the
centre of the CFA, as determined by group averaging data (Fig. 2B, AP: -0.5 mm; ML: 1.5 mm).
LDI was used to continuously monitor cerebral blood flow at baseline, during stroke induction
and for 15 minutes after the green laser was turned off (or until the LDI recording had
plateaued). Post-stroke, an LDI regional scan assessed blood flow alterations, and the mice
were returned to a heated recovery chamber until they became mobile. Sham animals
underwent the same experimental procedure, but laser irradiation preceded the Rose Bengal

injection.

2.3. Behavioural tasks

Adult mice performed non-learned behavioural tasks to minimize rehabilitative-like
effects or motor learning-induced changes in motor maps. The Schallert cylinder task assessed
spontaneous forelimb use preference and impairments, the grid walking task for skilled
locomotion impairments, and the string-pull task to assess motor impairments and locomotion

during bimanual coordinated pulling. Figure 1A, B demonstrates the experimental timeline.

Each week, one session of all behaviour data occurred in the middle of the week relative
to the stroke induction (post-stroke day three-four, 10-11, 17-18, etc.) in the following order:
cylinder task, string-pull task, then grid walking task. String-pull tasks’ second session occurred

with at least one-day separation from other behavioural recordings. Mice were video recorded
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for offline analysis using a 3-megapixel HD Raspberry Pi camera with a wide-angle fish-eye lens.
Mice were allowed at least 24 hours after receiving anesthesia before any behavioural

experiments to minimize anesthesia effects.

2.3.1. Cylinder task

The cylinder task contained three baseline sessions, each lasting at least 7 minutes. The
apparatus consisted of a well-illuminated transparent cylinder (20.5cm height x 9.5cm
diameter) placed on an elevated piece of transparent plexiglass. A Raspberry Pi camera placed
below recorded mice activity. If mice were inactive for the seven-minutes, they were
encouraged to explore by applying sugar water along the cylinder's rim. Sessions were excluded
if the mouse failed to perform ten bouts within a 15-minute window (one session for stroke,
one session for sham). Quantified metrics for the cylinder task included: push-off limb, total
wall contact, total wall contacts per limb, and limb landed on. The following equation
determines individual forelimb usage: ((Contralesional Forelimb) /(Contralesional Forelimb +

Ipsilesional Forelimb)) * 100%.

2.3.2. Grid walking task

The grid walking task consisted of three baseline sessions, each lasting 5 minutes. The
apparatus consisted of a 33 cm x 20.5 cm horizontal grid with 1 cm square openings. The grid
was elevated above the floor, and mice were allowed to explore the surface freely. Mice were
recorded using a mobile phone camera (Samsung s20 or iPhone 13) placed at a 45-degree angle
from the grid to assess forelimb depth for scoring forelimb missteps. Forelimb missteps were
any instance where a mouse's forelimb slipped or missed a grid rod, causing at least the wrist to
pass through the opening. Total steps with the impaired forelimb were counted for each
session. A step was included if the forelimb moved at least one grid in distance. Forelimb
asymmetry was calculated as ((% of contralesional forelimb missteps) - (% of ipsilesional
forelimb missteps)) / ((% of contralesional forelimb missteps) + (% of ipsilesional forelimb

missteps))
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2.3.3. String-pull task

The string-pull task was conducted based on the protocol established by Blackwell et al.,
2018, with slight modifications. Mice were habituated to sugar water presented on a string for
two days in their home cage, then transferred to a home cage with 20 strings for pulling during
task habituation. Strings varied in length from 30-100cm, with sugar water at the end of the
string. Mice had one hour to pull the strings before removal from the task. Mice then
underwent five consecutive days of the string-pull task, followed by two sessions staggered per
week (post-stroke days three-seven, nine-14, 16-21, etc.). Three string-pull trials were recorded
per session. The string was 1 meter in length and suspended into the apparatus, with the end
doused in sugar water as a reward for task completion. Trials were completed within three
minutes of string presentation or upon pulling the string to retrieve the reward. Forelimbs were
analyzed offline and included one trial per day. Weekly results displayed the average of both
days. Weekly exclusion from the experiment occurred when mice failed to complete one string-
pull during either week-averaged session (n=ten stroke sessions, n=two sham sessions).
Forelimb analysis manually scored the number of stride length-increasing instances and
contacts for string pull. Forelimb stride length-increasing instances occurred when mice grasped
the string, then repositioned the forelimb to a higher position on the string, breaking the
alternating left/right pattern of forelimb use. Contacts for string pull were instances in which
mice grasped and pulled the string during the task. Compensation recorded as: ((# Forelimb

stride-length increasing instances) / (Contacts for string pull)) * 100%.

2.4. Cortical Imaging

2.4.1. Laser Doppler Imaging during stroke induction

Laser Doppler imaging (LDI) was performed using a commercially available system
(MoorLDI2-IR; Moor Instruments, Axminster, Devon, UK) that utilizes an infrared laser beam to
guantify blood flow in either a single location or across a scanned region. Mice were
anesthetized with isoflurane (briefly, 4-5% for induction and 1.25% at 0.3 L/min for
maintenance), and Optixcare eye lubricant was applied to the cornea to keep it moist during

anesthesia. Mice were placed on a servo-regulated heating pad in a stereotaxic frame, with LDI
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positioned at ~45 degrees to provide space for the stroke induction laser positioned directly
overhead of the mouse. The infrared laser (785 nm, 1.2 mm diameter, 2.5 mW power) recorded
cerebral blood flow at the site of photothrombosis (AP: -0.5 mm, ML: 1.5 mm relative to
bregma) before, during, and after stroke induction. To determine the decrease in blood flow
and blood concentration, the average values for a 2.5-minute segment after the green light was
turned off were subtracted from the average reading of a 2.5-minute segment at baseline
(before green light illumination) for stroke and sham animals. In addition, an area scan of both
hemispheres was performed at baseline and repeated after stroke induction. LDI used flux
recordings to depict cerebral blood flow across the transcranial window before and after
stroke/sham induction. Analysis separated blood flow by hemisphere to analyze post-
stroke/sham effects. Mice were transferred to a heated recovery cage until conscious and
mobile before being returned to their home cages. Cortical imaging through LDI lasted 45-60

minutes per animal.

2.4.2. Intrinsic Signal Optical Imaging

ISOI allowed indirect measurements of cortical activity following sensory stimulation
using light to measure hemodynamic alterations longitudinally. Mice were briefly anesthetized
with 4% isoflurane, then maintained with light isoflurane (1.25% at 0.3 L/min oxygen) and head-
fixed underneath the LabeoTech LightTrack Modular Optical Imaging System (0iS200) (Fig 3A).
Optixcare eye lubricant was applied to the cornea to keep it moist during anesthesia. The
isoflurane tube was set near the nose and mouth of the animal but did not touch any fur or
whiskers. Mice had a linear resonant actuator placed underneath the paw to produce a
vibrotactile stimulus, and their wrist was restrained with poly wax (Fig. 3A). Vibrotactile
stimulation parameters consisted of a pulse width of 19.8 ms, a period of 20 ms, and an
amplitude of 5V for three seconds in duration. Stimulation trials were separated by 30 s (Fig.
3B), and 20 trials were performed across an ISOI session (Fig. 3C). Red (630nm) and green
(520nm) light pulses were cycled at 10 Hz and synchronized with the camera frame rate, thus
providing a 5Hz temporal resolution for each colour. The camera exposure was set to 1 ms, and
the image was binned 2x2 (on the sensor) to reduce file size. Three seconds of baseline data

and eight seconds of stimulus effects were recorded for each stimulation trial.
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Recordings were analyzed using custom MATLAB scripts as a plugin within UmIToolbox
by LabeoTech. Images were aligned using Bregma as a reference and scaled using the eight mm
window diameter. The responses were normalized to calculate relative change per stimulation,
split into baseline and post-stimulation time points, and averaged across all 20 stimulation
trials. A low-cut filter removed responses below zero Hz, and a high-cut filter removed
responses above one Hz to reduce non-evoked noise. Responses were localized on the cortical
surface using the Allen Mouse Brain Atlas (Wang et al., 2020) as a reference. Registration
against an atlas allowed investigation of the size of the sensory response and the cortical
regions. The response area and amplitude within each Allen Mouse Brain Atlas region of
interest (S1_hindlimb, S1_forelimb, and M1 for both hemispheres) were analyzed. The median
amplitude of all Atlas-defined regions was exported for group analysis. To localize the evoked
area following stimulation, thresholding removed the bottom 55% + 15% of values to
determine the core regions evoked by the sensory stimulus. If an evoked response occurred on
an atlas convergence point, then values on the convergence point were excluded to ensure
confidence in atlas averages. For group visualization, the maximum evoked response frame was
automatically determined. Group results separated the stroke and sham cohort, averaged all

three baseline sessions, and averaged for each week following the condition.
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Figure 3. Intrinsic Signal Optical Imaging visualization. A. Experimental setup for intrinsic signal optical
imaging. Mice were carefully positioned on a heating pad, and isoflurane (1.25% in 0.3L/min oxygen) anesthesia
was administered under the 0iS200 macroscope (not shown). A head-fixed screw mount enabled continuous
assessment of blood flow responses through the transcranial window during the experiment Vibrotactile
stimulation was applied under the paw, and the wrist was secured using poly wax. Computer interface control
facilitated vibrotactile motor manipulation. B. Illustration of vibrotactile stimulation. A single-pulse vibration train
(top) was applied for 3 seconds to activate the sensory cortex. Pre-stimulation recording (bottom, red) lasted for 3
seconds, followed by post-stimulus recordings depicted in blue. C. Overview of stimulation session. A zoomed-out
view showcasing a 30-second loop repeated 20 times for subsequent analysis.
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2.4.3. Light-Based Motor Mapping

Light-based motor mapping (LBMM) is an optogenetic tool that measures cortical
reorganization following stroke by measuring longitudinally forelimb movement alterations.
Mice were anesthetized with brief isoflurane exposure (4% in 0.3 L/min oxygen) followed by IP
injections of ketamine (40mg/kg) and xylazine (2mg/kg), then relocated on a heating pad with
thermoregulation set at 37.0°C. Optixcare eye lubricant was applied to the cornea to keep it
moist during anesthesia. Mice were head-fixed, and their posture was linearly supported from
the torso to the hindlimbs, with forelimbs symmetrically and freely suspended from an
adjustable stage (Fig. 4A). This enabled unrestricted forelimb movement following cortical

stimulation.

To ensure reliable and consistent motor maps, a range of laser intensities (1-4 mW of
blue light at 470 nm, 5 ms duration, 50 um in diameter) were sampled to establish an
appropriate anesthesia level for effective mapping. After establishing the resting motor
threshold, the minimal laser intensity required to evoke reliable forelimb movements in the
relevant brain regions (RFA within both hemispheres) was determined per session.
Subsequently, blue light stimulation was randomly applied throughout a grid with 300 um
spacing between stimulation points (approximately 375 stimulation sites per repetition; Fig. 4),
comprehensively covering the sensorimotor cortex (AP: 3.9 mm, -1.8 mm; ML: 3.3 mm, -3.0
mm). Laser stimulation was delivered at an interstimulus interval of 0.5 seconds, with each
stimulation site repeated twice to minimize variability. Each two-repetition map took

approximately 7 minutes to complete.

During data acquisition, maps were reacquired if the anesthesia plane was unsuitable
(e.g., too deep or too light) to ensure all motor maps were comparable in forelimb magnitude.
The resting motor threshold was re-evaluated after each map to account for potential changes
in anesthesia. Additional ketamine top-ups were provided for cortical stimulation if mice
exhibited spontaneous movements. If mice regained consciousness during cortical stimulation,
brief isoflurane application (5% in 0.3 L/min oxygen) prevented mice from becoming fully

conscious. The entire process typically required approximately 120 minutes of anesthesia
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usage. Mice were transferred to a heated recovery cage until conscious and mobile before

being returned to their home cages.

Data analysis used a custom MATLAB script to generate heat maps analyzing forelimb
movements relative to the cortical stimulation site. The inclusion criteria required forelimb
movement to begin between 10-60 ms following stimulation, then the analysis of movements
occurred until 100 ms after light stimulation. Following each stimulation site, motor evoked-
forelimb movements analyzed each forelimb trajectory for maximum movement amplitude, the
total distance travelled, and time to movement onset. Maximum movement amplitude is the
maximum linear distance the forelimb is displaced during the analysis window (Fig 4E). The
total distance travelled calculated the total forelimb displacement following stimulation (Fig
4F), where time to movement onset was the first continuous movement frame following
stimulation (Fig 4F). For maximum movement amplitude, an exclusion criterion removed values
smaller than 10% of the most significant evoked movement (Fig 4E). Regarding total distance
travelled and the time to movement onset, movements were excluded if less than five
continuous movement frames transpired during the 10-60 ms post-stimulation period (Fig. 4F,
latency to 5-pixel threshold). The established criteria minimized spontaneous movements such

as breathing.

For group analysis, individual stimulation sites were normalized to the largest evoked
forelimb site in the session and averaged across the cohort. Group analysis compared baseline
values against post-stroke week values to investigate impairments and spontaneous recovery.
Additionally, functional movement analysis was depicted as the deviation from linear,

calculated as [2*(Maximum Amplitude) / (Total Distance Travelled)] * 100%.
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Figure 4. Light-Based Motor Mapping setup and exclusion criteria. A. Front view of the Light-Based
Motor Mapping setup. An anesthetized and head-fixed mouse was positioned on the optogenetic rig (0iS200)
under the macroscope's field of view on an adjustable stage. The forelimbs were free-floating, and the body was
supported under the armpits. Body temperature was maintained by a thermal pad with a probe under the
abdomen. Ultraviolet light illuminated the forelimbs and recorded using a 900Hz forelimb camera (not shown). B.
Overhead view of the experimental setup to demonstrate mouse's head-fixing mount joint mechanism. C.
Graphical depiction of light-based stimulation. Blue light (470 nm) from the QiS200 system stimulates the
superficial cortex through the transcranial window, activating channel rhodopsin in the Thy1-ChR2-eYFP transgenic
mice. Forelimb behavioural camera (bottom right) captured forelimb movements for analysis. D. Macroscope
image (green light, 520nm) showed cortical stimulation sites (red) relative to Bregma (yellow dot). Stimulation sites
were separated by 300 um (motor map range = AP: 3.9 mm, -1.8 mm; ML -3.0 mm, 3.3 mm). E/F.
Inclusion/Exclusion criteria. If movement latency onset occurred in the Time Window (yellow) then the forelimb
was tracked during the Analysis Window (red). Time relative to the beginning of laser stimulation. E. Exclusion
criteria for maximum amplitude. Any value <10% of the averaged maximum forelimb amplitude was excluded
during Light-Based Motor Mapping per session. F. Exclusion criteria for forelimb latency (movement onset) and
total distance travelled. Forelimb movement within the Time Window (yellow) must contain at least 5 continuous
movement frames.

2.5. Histology and infarct volume

At the end of the experiment (post-stroke week seven), mice were deeply anesthetized
with isoflurane (5% with 0.3 L/min oxygen), injected with euthanyl (i.p. 65 mg/mL
concentration, 0.01 mL/g), and checked for any signs of responsiveness or reflexes. Mice were
transcardially perfused with PBS, followed by 4% formalin (Cole-Parmer MasterFlex US) set at
3.2 mL/min for 10 and 5 minutes, respectively. Brains were extracted and post-fixed in 4%
formalin for a minimum of 24 hours at 4°C. Brains were sectioned coronally on a Vibratome at
100 um thickness, beginning at the front of the cortex and ending at the back of the thalamus

(AP: 3.3mm, -3.7mm). Sections were mounted on 1% gelatin-coated glass slides.

Sections were dehydrated with ten dips of ethanol: 100%, 100%, 95%, 95%, 70%, then
set in H20 for 1 minute for rehydration. Slides were immersed in 0.25% cresyl violet stain in
200 mM acetate buffer for 15 minutes. Slides were rinsed in distilled water, dehydrated again
(70% then 95%), and differentiated in 0.25% glacial acetic acid in ethanol. Slides were
dehydrated further (95% and 100%) and placed in Citrisolv clearing agent for at least 4 minutes
prior to being cover-slipped (Fisherbrand #12541037CA) with Permount mounting media
(Fisher Scientific, ADD).
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Brightfield images were acquired using an Apotome.2 (Zeiss) microscope at 2.5x
magnification through an Axiocam 105 colour camera. Sections were compared against Allen
Mouse Brain Atlas (2008) to determine AP coordinates relative to Bregma. Sections were
manually traced for cortical lesion damage by using the intact hemisphere to validate the
natural curvature of the superficial cortex, then outlining the stroke as visible in cresyl-violet
staining. Lesion volume was defined as: (Area of infarct on each section) * (Thickness of

sections).

2.6. Statistical analysis

All analyses utilized GraphPad Prism 9 (GraphPad Software, La Jolla, California USA).
Data were presented as mean + SEM, and statistical significance was set at p < 0.05.
Comparisons between groups and comparisons within groups' longitudinal measures were
analyzed using a repeated measure ANOVA followed by Tukey’s post hoc test for multiple

comparisons.
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3. Results

3.1. Blood flow reduction following stroke or sham.

Cerebral blood flow was measured with LDI during stroke induction and was expressed
in units of flux and concentration (Supplemental Fig. 1B-D, Fig. 5). Quantification of blood flow
was performed at a single point (stroke site) continuously before, during and after
photothrombosis, as well as through area scans that covered both hemispheres. Area scans
were performed at baseline and after photothrombosis. The single-point recordings at the
stroke site showed a significant reduction in blood flux for both stroke (p < 0.0001) and sham
groups (p = 0.0102) relative to baseline; however, blood concentration was only impaired in the
stroke group (p < 0.0001) and not shams (p = 0.9578, Fig. 5B-D). Area scans of blood flow
revealed a cortex-wide reduction in blood flux in the stroke group relative to baseline (p <
0.0001), with a greater decrease in the stroke hemisphere (p < 0.0001) than the nonimpaired
hemisphere (p = 0.0122, Fig. 5D). Conversely, sham animals did not show a decrease in blood
flux in the intact hemisphere (p = 0.9998) but surprisingly did show a significant decrease in the

stroke hemisphere (p = 0.0040).
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Figure 5. In-vivo Laser Doppler Imaging recordings of photothrombotic stroke. A. Dorsal atlas
visualization of stroke site. The dorsal atlas from the Allen Mouse Brain Atlas is shown for reference (left) against
the visualization of the stroke site (right) in yellow through the transcranial window. Stroke was induced 1.5 mm
lateral and -0.5 mm posterior from bregma (B). A=Anterior Sinus, B=Bregma, L=Lambda approximation. B/C. Pre-
and post-induction recordings of flux and concentration for the stroke (n=17) and sham (n=4) mice groups at the
induction site. B. Blood flux recordings at the induction site. C. Blood concentration recordings at the induction
site. D. Mean blood flux for both hemispheres pre- and post-induction condition. The data were extracted by
separating hemispheres down the midline and averaging the mean values. All data was presented with a standard
error of the mean (SEM). Statistical analysis was conducted using a repeated measures two-way ANOVA with
Greenhouse-Geisser correction and Tukey's multiple comparisons tests. Significance indicated as * for comparisons
between labelled regions. (*) p < 0.05, (**) p <0.01, (***) p <0.001, (****) p < 0.0001.
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3.2. PT stroke results in CFA-localized stroke.

The PT stroke model generated consistent CFA localized stroke as determined by weekly
functional mapping by LBMM (Fig. 7C) as well as lesion volume assessment at post-stroke week
seven (Fig. 6B). Stroke was targeted to the centre of the CFA (averaged coordinate across all
mice; Fig. 6C, AP: -0.5 mm; ML: 1.5 mm). Overall, the mean lesion volume was 1.06 +/-
0.16mm? (Fig. 6E). The majority of the sections showed damage through all cortical layers and
in a subset of cases, there was some damage to the corpus callosum (Fig. 6B). Comparison of
lesion volume and LBMM occurred by averaging lesion volume along the anterior-to-posterior
axis (300 um) in coronal sections and aligning these values with the LBMM amplitude values for
the same region. Stroke volume aligned with the centre of the CFA (contralateral motor map:
RFA = 1.28 +/- 0.015 mm?, 3.0 — 1.5 mm anterior of Bregma. CFA = 5.93 +/- 0.015 mm?, 1.2 —-
2.1 mm anterior of Bregma; Lesion localization at 1.2 —-1.5 mm anterior of Bregma; Fig. 6C/D).

Sham animals had no detectable tissue damage in cresyl violet-stained sections.
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Figure 6: Photothrombotic stroke analysis. Photothrombotic stroke and ex-vivo analysis was performed
following the experimental protocol at post-stroke week seven. A. Dorsal view of perfused and fixed brain
following experimental protocol. Stroke infarct (0.85 mm?3) labelled by red arrow, scale bar (1.00 mm?) in white. B.
Example section of typical cresyl-violet stain. B. Representative cresyl-violet stained section. The scale bar (1.00
mm?) depicted in black. Image analysis was performed using FlJI. Cresyl Violet stain was outlined for infarct and
peri-infarct damage (determined by the absence of cresyl violet stain). C/D. Photothrombotic stroke of stroke
(n=21) mice. All values depicted along the anterior to posterior axis were averaged per 300 um relative to bregma.
C. Contralateral motor map area illustrated the area that evoked forelimb movement following stimulation at
baseline. All horizontal values were averaged across the stroke group. D. Stroke relative to the motor map. Manual
lesion volume averaged three 100 um sections per 300 um. E. Stroke group lesion volume. The average lesion
volume depicted (1.06 + 0.16 mm3). All data was depicted as mean + SEM.
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3.3. Forelimb motor amplitude and area are impaired by PT stroke and recover partially four

weeks after injury.

LBMM permitted visualization of the forelimb movement representation in both
hemispheres (Fig. 7C). Mice had baseline motor maps generated one to two weeks before
stroke induction. Map area (number of responsive sites, Fig. 7C, F-G) and movement amplitude
(Fig. 7 C-E) were summed per hemisphere, and latency (time to movement onset, Fig. 9) was
averaged per hemisphere to illustrate hemisphere-wide changes following CFA-targeted PT
stroke. Baseline motor maps were bilateral (Fig. 7C, F, G) but demonstrated significantly larger
values for contralateral CFA motor map amplitude (p < 0.0001) and area (p < 0.0133) when
compared to ipsilateral CFA representations (Fig. 7, 8). However, differences in forelimb
trajectory shape (p = 0.3805) and movement latency (p = 0.5613) were not significantly
distinguishable in the contralateral hemisphere at baseline (p > 0.5613; Figure 9, 10). Sham
animals were comparable in motor map size (p 2 0.7145) and amplitude (p > 0.6828) at baseline
to stroke animals. Longitudinal assessment of the sham group was stable in the forelimb area (p
> 0.1801) and amplitude (p = 0.7136) across the six weeks relative to baseline (Supplemental
Fig. 2). At post-stroke week one, both forelimb movements were significantly decreased in the
impaired hemisphere for the area (p < 0.0001) and amplitude (p < 0.0001) relative to the
baseline. Alternatively, the contralesional hemisphere had no significant decrease in movement
amplitude (p = 0.7324) or area (p > 0.4807) following stroke. This indicated that forelimb
movements from each hemisphere changed differentially after the stroke, and impairment

occurred in the ipsilesional hemisphere.

Both forelimb representations in the ipsilesional hemisphere increased significantly by
post-stroke week four for evoked amplitude (p < 0.0004) and area (p < 0.0011). Distinctions in
ipsilesional recovery were observed between the forelimbs, as the evoked amplitude of the
nonimpaired forelimb was comparable to baseline (p 2 0.6813), but the impaired forelimb
remained significantly decreased (p < 0.0118). Conversely, ipsilesional map size was comparable
to baseline for post-stroke weeks four to six in the impaired (p 2 0.12) and nonimpaired (p 2
0.3267) forelimbs. With regards to the contralesional hemisphere, a significant increase in

impaired and nonimpaired forelimb evoked movement amplitude (p < 0.005) and map area (p <
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0.0001) was observed when post-stroke week four was compared to baseline. In conclusion,
differences in motor recovery profiles were observed ipsilesionally for the impaired and
nonimpaired forelimbs, with greater recovery recorded in the nonimpaired forelimb than in the

impaired forelimb.

LBMM amplitude values were summed into horizontal groups per hemisphere for both
forelimbs, and every group was assessed longitudinally. Horizontal averages were averaged into
acute (post-stroke weeks one-three, p 2 0.1799) and chronic (post-stroke weeks four-six, p 2
0.6151) period spontaneous recovery due to a lack of significance from within acute and
chronic period recovery for all periods (Fig. 7D-G, Fig. 8). For acute recovery, the ipsilesional
hemisphere (Fig. 8A, C) was significantly reduced in CFA (p < 0.0001) for both forelimbs evoked
amplitude compared to baseline. Conversely, ipsilesional RFA remained unchanged for both
forelimbs (p = 0.1250) when acute period recovery was compared to baseline. When the
contralesional hemisphere was analyzed, no differences were observed in RFA or CFA for the
impaired forelimb, whereas the nonimpaired forelimb was significantly increased in both
anterior CFA (0.3 mm — 0.6 mm, p <£0.0386) and most of RFA (1.5 mm — 2.4 mm, p <0.0154).
Therefore, during the acute recovery period, we saw increased nonimpaired forelimb -
contralesional hemisphere evoked amplitude and decreased ipsilesional amplitude in CFA for

both forelimbs.

For the chronic stages of recovery, ipsilesional recovery of both forelimbs was primarily
anterior of the stroke (anterior CFA and RFA; -0.6 mm — 2.4 mm, p < 0.0001) when compared
against acute period recovery (Fig. 8A. Significance not shown). Significant decreases for both
forelimbs remained in ipsilesional CFA for chronic phase recovery against baseline CFA (p <
0.0001). Regarding the contralesional hemisphere, impaired forelimb amplitude was
significantly larger in ipsilaterally evoked forelimb movements (-2.1 mm — 2.7 mm, p < 0.05, Fig.
7B) for chronic period recovery relative to baseline. Whereas nonimpaired forelimb amplitude
was significantly increased in contralesional RFA (1.5 mm —2.7mm, p < 0.001, Fig. 8D) and
anterior CFA (0.3 mm — 1.2 mm, p < 0.05, Fig. 8D). Although the sham group suggested some
impairment in the sham-induced hemisphere, the results were insignificant when acute or

chronic period recovery was compared to baseline (Fig. 8E/F, Supplemental Fig. 3). Overall,
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ipsilesional recovery was primarily anterior of the stroke site, and contralesional responses

were larger for both forelimbs.
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Figure 7. Light-Based Motor Mapping evoked forelimb analysis. Adult Thy1l-ChR2-eYFP mice (n=21) were
anesthetized with 40 mg/kg ketamine and 2 mg/kg xylazine. A. Motor sites were stimulated with a 50 um laser at
each grid point with a spacing of 300 um (red). Bregma is indicated in yellow. B. Forelimb-evoked movement was
guantified to determine the maximum movement per stimulation site. Forelimb movements were recorded using
a high-frame-rate camera and analyzed through MATLAB to obtain averaged evoked responses per stimulation
site. C. Motor maps were normalized to the maximum response per session, averaged per timepoint, and
normalized per timepoint. Bregma was indicated as a red dot. The photothrombotic stroke site (ML: 1.5 mm; AP: -
0.5 mm) was labelled in green at post-stroke week one. D-G. Data was summed per hemisphere and presented as
mean + SEM. D. Hemisphere-summed movement amplitude for the impaired forelimb. E. Hemisphere-summed
movement amplitude for the nonimpaired forelimb. F. Hemisphere-summed map size for the impaired forelimb.
G. Hemisphere-summed map size for the nonimpaired forelimb. Statistical analysis was performed using repeated
measures two-way ANOVA with Greenhouse-Geisser correction and Tukey's multiple comparisons tests. *
indicated significance per the labelled time point. # indicates significance within the hemisphere relative to
baseline.
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Figure 8. Anterior to posterior scanning of Light-Based Motor Mapping. Maximum amplitude values
were summed per horizontal group and averaged per timepoint (baseline, post-stroke weeks one-three, and
weeks four-six; n=21 stroke, n=4 sham mice). Each depiction represents the interaction between one hemisphere
and one paw. Photothrombotic (PT) stroke was induced at 0.5 mm posterior of Bregma with an average lesion of
1.06 mm3. A. Impaired forelimb-ipsilesional hemisphere. B. Impaired forelimb-contralesional hemisphere. C.
Nonimpaired forelimb-ipsilesional hemisphere. D. Nonimpaired forelimb-contralesional hemisphere interaction. E.
Sham group ‘impaired’ forelimb-induced hemisphere. F. Sham group nonimpaired forelimb-noninduced
hemisphere. Statistical analysis was conducted through a repeated measures two-way ANOVA with Greenhouse-
Geisser correction and Tukey’s multiple comparisons tests. Significance indicated as: (#) p < 0.05, (##) p < 0.01,
(###) p < 0.001, (####) p < 0.0001. The significance demonstrated depicts comparisons between post-stroke weeks
four-six and baseline.

42



3.4. Motor map forelimb trajectory recovery is observed contralesionally.

In addition to movement amplitude and area, the evoked forelimb movement trajectory
was quantified by determining how nonlinear the forelimb trajectory was in two-dimensional
space for each stimulation site (Fig. 7,9, described in section 2.4.3.). Measures of linearity were
averaged per hemisphere, and each hemisphere was separated into RFA and CFA. Importantly,
CFA was also subsampled to match the size of the RFA (CFA — Local). At baseline, RFA
stimulation produced linear movements (Fig. 9A, top right), whereas CFA stimulation produced
more ellipsoid or non-linear movement (Fig. 9A, bottom right). The linearity of movements was
not significantly different at baseline between contralateral and ipsilateral hemispheres for
both CFA — local (p 2 0.381) and RFA (p = 0.9069, Fig. 9B). Following stroke induction, the
ipsilesional hemisphere forelimb trajectory was more linear. Regarding ipsilesional CFA — local,
acute period recovery of the forelimb trajectory was significantly more linear for both the
nonimpaired (p < 0.0011) and impaired (p < 0.0078) forelimbs when compared to baseline (Fig.
9 C, D). Concerning the ipsilesional RFA, there was an observed trend of increased linearity in
the impaired forelimb trajectory during acute period recovery, although this change did not
reach statistical significance for either the impaired forelimb (p = 0.0599) or the nonimpaired
forelimb (p = 0.4778) compared to the baseline. The Forelimb trajectory for both forelimbs in
the ipsilesional hemisphere did not improve by chronic period recovery for RFA (p = 0.4002) or

CFA —local (p 2 0.767) when compared to acute period recovery (Fig. 9C, D, right side).

Regarding the contralesional hemisphere, acute period recovery of the impaired
forelimb elicited increased linear forelimb trajectories for CFA — local (p = 0.0496) relative to
baseline (Fig. 9C, D, left side). However, increased linear forelimb trajectory of the impaired
forelimb was not observed in contralesional RFA (p = 0.6721) relative to baseline. In chronic
period recovery, the impaired forelimb contralesional projections were significantly more
circular for both RFA (p < 0.0433) and CFA — local (p < 0.0312) relative to acute period recovery.
Chronic period recovery of the nonimpaired forelimb trended on being more nonlinear in
movement trajectory for both RFA (p > 0.2235) and CFA — local (p > 0.3324) but was

insignificant (Fig. 9D, left side). Overall, forelimb trajectory analysis suggests that the impaired
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forelimbs' ipsilateral representations exclusively recovered, whereas impaired forelimb

contralateral representations remained impaired.
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Figure 9. Light-Based Motor Mapping forelimb trajectory analysis. A. Top left: light-based motor map
representation. Bottom left: representative baseline forelimb amplitude map of the right forelimb. Top right: two-
dimensional forelimb tracking following stimulation in RFA. Colour scale depicted the time since stimulation.
Bottom right: forelimb tracking following stimulation in CFA. Colour scale depicted time since stimulation. B.
Baseline analysis of movement per forelimb. Deviation from linear calculated per stimulation site as [2 (maximum
amplitude)] / total distance. Values were normalized to the largest nonlinear movement per session to minimize
anesthesia effects. Analysis was grouped per functional motor region (RFA and local CFA) for both hemispheres.
Local CFA was 1.8mm? to compare with RFA size. C/D. Post-stroke analysis of acute (post-stroke weeks one-three)
and chronic (post-stroke weeks four-six) period spontaneous recovery. C/D. Contralesional hemisphere (left) and
Ipsilesional hemisphere (right). Impaired forelimb (top) and nonimpaired forelimb (bottom). Data depicted as
mean + SEM. Statistical analysis was conducted through repeated measures two-way ANOVA with Greenhouse-
Geisser correction and Tukey’s multiple comparisons tests. Significance indicated as: (*) p < 0.05, (*) p < 0.01, (***)
p <0.001, (****) p < 0.0001.

3.5. Motor map latency recovery is observed predominantly contralesionally.

The final metric used in motor map analysis was movement latency, or the time for
movement onset. At baseline, movement onset was fastest from the center of the contralateral
CFA, and forelimb latency increased from the center of the CFA to the map's perimeter (Fig.
10A). No significant decrease in movement latency for the contralateral CFA compared to
ipsilateral CFA was recorded at baseline (p = 0.9876), presumably due to large variations in
movement onset at the center of CFA and CFA map borders. Following a stroke, a general trend
displayed longer movement latencies for the impaired forelimb across both hemispheres but
remained intact for the nonimpaired limb (Fig. 10B/C). During chronic phase recovery, the
impaired forelimb evoked latency was the fastest from contralesional CFA (Fig. 10B), suggesting
impaired forelimb movement latency reorganized in the contralesional hemisphere.
Conversely, nonimpaired forelimb latency remained visually consistent across time. Motor map
latency for the sham group was qualitatively consistent with stroke animals at baseline, where
post-sham motor map latency appeared stable (Supplemental Fig. 4B/C). It should be noted
that longitudinal assessment of the sham-induced hemisphere did fluctuate more than the
noninduced hemisphere post-sham. However, the effects of sham on LBMM remain unknown.
Overall, no conclusive results can be depicted from motor map latency, but general trends

suggest a recovery in the contralesional hemisphere.
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Figure 10: Averaged latency for motor maps following photothrombotic stroke. Adult mice (n=21) time
to movement onset following light-based motor mapping stimulation. Movement was considered valid if it was
continuous for at least 5 frames within 10-60 ms post-stimulation. A. Movement latency was averaged across two
repetitions then were averaged per timepoint. Stroke was induced at ML: 1.5 mm, AP: -0.5 mm relative to Bregma
(in red). B. Time to movement onset for the impaired forelimb in CFA. Data included the interior half of CFA. C.
Time to movement onset for the nonimpaired forelimb in CFA. Data depicted as mean * SEM. Statistical analysis
was conducted through a mixed-model two-way ANOVA with Greenhouse-Geisser correction and Tukey’s multiple
comparisons tests.

3.6. Intrinsic signal optical imaging revealed a transient impairment in the sensory cortex.

In conjunction with LBMM, ISOI was employed to create longitudinal sensory maps,
enhancing the assessment of cortical impairment following stroke by quantifying changes in
blood flow elicited by sensory stimulation. Forelimb sensory maps were generated and
registered to the Allen Mouse Brain Atlas. Sensory maps were analyzed for evoked amplitude
and area in the following Atlas regions: sensory forelimb (“FL”), sensory hindlimb (“HL”) and the

primary motor cortex (“M1”) and were displayed as the contralesional (eg. FL_C) or ipsilesional
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(eg. FL_I) hemispheres. Baseline measurements demonstrated significant contralateral (verses
ipsilateral) responses for both sensory evoked area (p < 0.0001) and amplitude (p < 0.0001).
Within the contralateral hemisphere, the evoked area was significantly distinct from all other
atlas regions (p < 0.0001), whereas amplitude was only significant when compared against M1

(p £0.0074) but not the sensory hindlimb cortex (p < 0.3591) for both forelimbs.

The induction of stroke at the center of the CFA motor map led to a transient
impairment in sensory maps. The representation of the sensory forelimb is located posterior-
lateral to the stroke core, which was likely disrupted following an M1-targeted stroke. Following
stroke induction, the impaired forelimb exhibited broader and less localized responses that
extended beyond the boundaries of the target sensory forelimb region for both area (p >
0.7455) and amplitude (p > 0.1735), particularly when compared to the adjacent M1 atlas
region in the first week after stroke (Fig. 11B, C). By post-stroke week three, the impaired
sensory forelimb area exhibited significant recovery within the designated atlas location (p <
0.0160). Moreover, the evoked amplitude demonstrated significant recovery by post-stroke
week four for HL_I (p < 0.0057), FL_I (p < 0.0165), M1_I (p < 0.0034), and FL_C (p < 0.0491)
when compared against post-stroke week one amplitude values. Although the evoked response
returns to the same atlas region, qualitatively, it appears slightly more lateral in the ipsilesional
cortex (Fig. 11A). Additionally, the nonimpaired forelimb had no significant impairment or
recovery across time for either amplitude or area following stroke, but did lose significance
against the hindlimb sensory cortex for post-stroke weeks one and four (Fig. 11C). The sham
group was additionally analyzed to determine the stability of sensory responses longitudinally.
Shams did not have a significant time—Atlas region effect for the area (p = 0.1940) or amplitude

(p 20.9562) when investigated across the experiment (Supplemental Fig. 6).
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Figure 11. Intrinsic Signal Optical Imaging following motor cortex photothrombotic stroke. Evoked blood
flow following sensory stimulation. The analysis frame was automatically generated as the maximum signal
amplitude change relative to baseline. Images were aligned to Bregma (red label), stretched to overlap, and
averaged across the stroke group (n=17). The stroke was induced at ML: 1.5 mm, AP: -0.5 mm relative to bregma.
A. Impaired forelimb (top) and nonimpaired forelimb (bottom). The average window location was represented as a
black outline. B-D. Atlas-defined regions of interest were displayed for each forelimb as a predetermined mask per
individual animal transcranial window. Impaired forelimb (left side), nonimpaired forelimb (right side). B/C.
Maximum signal amplitude relative to the baseline. Data is depicted as median amplitude + SEM. D/E. The
threshold area evoked is displayed per atlas region. Threshold was set to 55% + 15% of the maximum amplitude
per session average. Displayed as mean area evoked + SEM. Statistical analysis was conducted through repeated
measures two-way ANOVA with Greenhouse-Geisser correction and Tukey’s multiple comparisons tests.
Significance is indicated as follows: (*) p < 0.05, (*) p <0.01, (***) p <0.001, (****) p < 0.0001.
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3.7. String pulling task performance was not impaired following motor cortex stroke.

The string-pull task was utilized to quantify deficits in non-learned complex motor
movements. From the initial introduction of the task, mice could perform the task but had to
learn the reward association. Over 80% of pulling events at baseline exhibited bimanual hand-
over-hand behaviour (Fig. 12D). Importantly, this spontaneous behaviour at baseline did not
include forelimb repositioning movements that extend the stride length of a particular pulling
movement. Following the stroke, the number of forelimb stride length extensions significantly
increased in the nonimpaired forelimb (p < 0.0485) relative to baseline (Fig. 12D). This trend led
to a decrease in the number of bouts per session, although the change was not statistically
significant (Fig. 12B). Interestingly, mice exhibited relatively similar performance in the string-
pull task both before and after stroke induction, and there was no observed decrease in their
participation rate following the stroke (Fig. 12C). The number of stride length extensions
significantly decreased by post-stroke week three (p < 0.0243) when compared to post-stroke
week one. Additionally, sham animals did not demonstrate any deviation from the baseline in
forelimb extensions or participation rate (Fig. 12E). Overall, the stroke group exhibited no
disruption in the impaired forelimb, while the nonimpaired forelimb demonstrated significantly
more repositions to a higher position on the string following stroke induction, potentially to

increase stride length.
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Figure 12. String-pull task analysis. Mice were habituation for 2 days to sugar water strings in their
homecage, followed by one session of 20 strings in a homecage environment for an hour. Five consecutive
baseline string-pull task sessions were conducted, then 2 sessions per week for the experiment duration. A.
Graphic representation of the string pull task. B. Number of bimanual coordination occurrences required to pull a
1-meter string across stroke cohort (n=17). C. Task participation rate longitudinally for stroke (n=17) and sham
(n=4) animals. Values averaged across the last three baseline sessions and both sessions per week post-condition.
Sessions displayed as the number of completed trials divided by the total number of trials per session (three),
where a completed trial was when the entire one-meter string was pulled. D/E. The number of occurrences where
one forelimb extends to a higher position on the string after contacting the string divided by the total number of
bouts (B) for the stroke (D.) and sham groups (E.). Data depicted as mean + SEM. Statistical analysis was conducted
through a repeated measures two-way ANOVA with Greenhouse-Geisser correction and Tukey’s multiple
comparisons tests. Significance is indicated as follows: * denotes significance per labelled timepoint, and # denotes
significance within the forelimb relative to baseline.
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3.8. Photothrombotic stroke induces long-term impairments in spontaneous limb use and grid

walking.

In the cylinder task, mice exhibited an approximately equal usage of their impaired and
nonimpaired forelimbs during baseline exploration. Following stroke induction, the stroke
group had a significant decrease in impaired forelimb usage for pushing off the ground (p <
0.0001, Fig. 13C), wall contacts (p < 0.0012, Fig. 13F), and landing on the ground (p < 0.0225,
Fig. 13D) when compared to baseline. Relative forelimb usage during total wall contacts
significantly differed until post-stroke week five (p < 0.0066). Similarly, relative forelimb usage
during total wall contacts showed significant differences until post-stroke week five (p <
0.0066), and relative forelimb usage for pushing off the ground demonstrated significant
differences until post-stroke week six (p < 0.0096). During bouts of wall exploration, the
number of contacts per rear was significantly reduced (p < 0.0039, one-way ANOVA with
Tukey’s multiple comparisons tests) from baseline and did not recover by post-stroke week six
(Fig. 13B). This same depiction was also observed as a decrease in both forelimb usage during
total wall contacts (p < 0.0003, Fig. 13E), even though the number of rears per task was
unchanged (data not shown). When analyzed through the cylinder task, stroke impairments

range from two-six weeks post-stroke.

In the sham group, the push-off forelimb and the relative forelimb usage during wall
contact were consistent over the experiment (Supplemental Fig. 8C, F). Interestingly, the
relative number of wall contacts per rear showed a numerical decrease, similar to the stroke
group was not significant (p < 0.1660, Supplemental Fig. 8B, E). The relative usage of the sham-
induced forelimb during landing was significantly reduced (p < 0.0372) at post-sham week one,
accompanied by a significant forelimb-time interaction (p = 0.0317). Overall, signs of
impairment were evident in the sham group, characterized by a sudden reduction in

exploration and the emergence of a time-forelimb effect.
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Figure 13. Cylinder task forelimb usage post-stroke. Adult mice (n=17) were analyzed for three baselines
followed by weekly sessions post-stroke. Each session was a minimum of 10 rears, with a maximum of 25 rears
analyzed. A. Graphic representation of the cylinder task. B. The average number of wall contacts per rear. C.
Percentage of each forelimb last in contact with the ground at the start of a rear. D. Percentage of each forelimb
first in the contact with the ground when landing from a rear. E. Total number of wall contacts per individual and
combined forelimb-wall contacts. F. The total wall contacts displayed as a relative left-right forelimb usage. All
data was depicted as mean + SEM. Statistical analysis was conducted through a repeated measures two-way
ANOVA with Greenhouse-Geisser correction and Tukey’s multiple comparisons tests. * indicated significance per
labelled timepoint. # indicated significance relative to baseline.
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In the grid walking task, mice were specifically monitored for forelimb missteps and
total steps taken during five-minute sessions. Baseline assessments revealed a nearly identical
number of forelimb missteps among mice (Fig. 14B), along with consistent steps taken across all
baseline sessions (data not shown). Following stroke induction, the stroke group significantly
increased impaired forelimb missteps (p < 0.0001) post-stroke week one relative to baseline.
Significant recovery occurred by post-stroke weeks four-six (p < 0.0305) against post-stroke
weeks one to two. Furthermore, the stroke group did not exhibit significant forelimb missteps
relative to baseline by post-stroke week six (p = 0.0798). The nonimpaired forelimb did not
result in any significant number of forelimb missteps post-stroke (p = 0.1922) relative to
baseline. Forelimb asymmetry emerged at post-stroke week one against baseline (p < 0.0001,
One-way ANOVA with Tukey’s multiple comparisons tests. Fig. 13C.) and did not recover by
post-stroke week six (p < 0.0036). The amount of exploration across tasks was significantly
decreased at post-stroke week one (p = 0.0046) and remained significantly decreased at post-

stroke week six (p = 0.0009, Fig. 13D).

The sham group forelimb missteps indicated a three-week trend for the sham-induced
forelimb but did not demonstrate statistical significance in forelimb missteps (p =2 0.5633) or a
forelimb—time effect (p = 0.1305, Supplemental Fig. 9). No impairments occurred for the
nonimpaired forelimb post-sham, and there were no substantial alterations in asymmetry post-
sham induction. The total steps taken also showed a decreased post-sham trend but was
insignificant (p 2 0.1064, One-way ANOVA with Tukey’s multiple comparisons tests). Overall,
the sham group appeared minimally damaged in the afflicted forelimb but was insignificant in

any recorded metric.
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Figure 14. Grid walking task forelimb analysis post-stroke. Adult mice (n=17) were placed on a thin mess
wire for five minutes and recorded for forelimb missteps. Three baseline sessions were averaged followed by one

post-stroke session per week. A minimum of 75 steps was required. A. Graphic representation of the grid walk
task. B. The number of forelimb missteps over the total session steps taken. Missteps were included if the wrist

went past the wire mesh. Steps were counted if the forelimb moved at least 1 mesh square in distance (1.0 cm).

Forelimb asymmetry was the difference in forelimb missteps as a percentage divided by the summed forelimb
percent missteps as a percentage. D. The total number of steps taken was manually counted using the impaired
forelimb post-stroke. All data are depicted as mean + SEM. Statistical analysis was conducted through repeated
measures two-way ANOVA with Greenhouse-Geisser correction and Tukey’s multiple comparisons tests.

C.

Significance is indicated as follows: * denotes significance per labelled timepoint, and # denotes significance within

the forelimb relative to baseline.
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4. Discussion

Minimally invasive Light-Based Motor Mapping (LBMM) assessed longitudinal stroke
impairment and spontaneous recovery of motor maps in mice. LBMM identified key time points
involved in the spontaneous recovery of motor forelimb representations, where recovery
progression was not observed for the first two weeks post-stroke, and recovery plateaued at
post-stroke week four. LBMM demonstrated bilateral plastic recovery in motor maps at chronic
time points, with recovery of forelimb trajectory and forelimb amplitude in the contralesional
hemisphere. In addition to LBMM, we quantified motor behaviour pre- and post-stroke and
found that the recovery of motor map representations precedes behavioural recovery. Motor
maps in sham mice showed some fluctuations but were not significantly different across time
points in our experiment. Interestingly, forelimb sensory stimulation evoked brain activity that
was initially impaired after stroke but recovered before any recovery in motor maps. Lastly, LDI
recordings suggested alterations in blood flow may occur during our sham procedure in Thy1-
ChR2-eYFP mice. To our knowledge, this is the first study to longitudinally investigate bilateral

motor and sensory mapping while also monitoring sensorimotor behavioural recovery.

4.1. Spontaneous ipsilesional recovery assessment by Light-Based Motor Mapping.

Utilizing LBMM, stroke damage was quantified, and recovery was recorded weekly for
six weeks post-stroke. At baseline, the LBMM area for the impaired forelimb was 7.22 £ 0.28
mm? along the dorsal cortex's surface, 1.28 + 0.015 mm? RFA, and 5.93 + 0.015 mm? CFA.
Stroke volume was recorded at 1.06 + 0.16 mm?3 and localized within the anterior CFA of the
motor map (Fig 6 C-E). RFA is considered a higher-level cortex processing region than CFA and is
considered analogous to supplemental or premotor cortices (Neafsey et al., 1986; Deffeyes et
al., 2015). Additionally, RFA is primarily upstream of CFA; therefore, more significant
impairments are expected as it feed-forwards information and intent into CFA for execution
(Rouiller et al., 1993; Hira et al., 2013; Deffeyes et al., 2015). Knowing all this, we targeted CFA
as our primary objective was to determine the impact of stroke on cortical sensorimotor
representations and how this relates to behavioural recovery. Since CFA comprised over 80% of

the motor map, it was a key target to achieve this goal (Neafsey et al., 1986; Neafsey & Sievert,
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1982). We targeted the center of CFA specifically as it consistently produces forelimb
movement when stimulated and minimally overlaps with the sensory cortex, unlike posterior-
lateral CFA (Tennant et al., 2011). Of note, our stroke model produced only partial injury to CFA
(approximately 20-25% by post-stroke week seven); however, our lesions penetrated all layers

of the cortex but avoided white matter damage (Fig. 6).

During the first three weeks after stroke, we showed that ipsilesional motor maps had a
reduction in movement amplitude and area and produced more linear movement trajectories
at a longer latency for both forelimbs (Fig. 7-10). Interestingly, recovery of motor
representations was minor for the first two weeks post-stroke, but began changing in week
three, then immediately plateaued by weeks four to six in terms of both map area and
movement amplitude (Fig. 7C-G). One possibility for the delay of recovery is that
photothrombotic stroke initially impacts a wide area, impacting tissue more than four-fold of
the core lesion (Kuroiwa et al., 2008; Labat-gest & Tomasi; 2013; Zeiger et al., 2021). At one-day
post-stroke, the photothrombotic stroke model has a substantially larger lesion volume,
accompanied by brain edema and blood-brain barrier edema. Throughout the first two weeks,
neovascularization, glucose metabolism, inflammatory cells, and astrocyte infiltration relative
levels increase, whereas infarct volume, brain edema and the blood-brain barrier permeability
decrease towards baseline as described in Liu et al., 2017. As a result, most of the CFA was
likely impacted following photothrombotic stroke, but lesion volume refined to less than 25% of
CFA by post-stroke week seven. Research has shown that by post-stroke day 14, vascularization
around the lesion recovers to 50% of baseline and continues recovering until reaching baseline
blood flow at post-stroke week five (Liu et al., 2017; Kuroiwa et al., 2008; Schrandt et al., 2015).
As a result, neovascularization may contribute to behavioural recovery after stroke by restoring
blood flow to peri-infarct regions (Williamson et al., 2020). Our data shows that although there
were slight changes in motor maps during the third-week post-stroke, these changes were not
yet significant. It appears, therefore, that vascular reorganization precedes motor map recovery
(post-stroke week four, Fig. 7,8), suggesting that partial repair of stroke-associated vascular

damage is a precursor for peri-infarct neuronal recovery.
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In addition to vascular changes, stroke-induced neuronal excitability alterations may
contribute to our observed results. For example, within the acute period (post-stroke weeks
one-three), long-range projections from the intact hemisphere (through the corpus callosum)
may over-inhibit the ipsilesional cortex. A review from Grigoras and Stagg, 2021 states that the
peri-infarct cortex may be inhibited due to increased GABAergic signalling during the acute
phase after stroke. In contrast, contralesional representations display decreased GABA levels in
the homotopic region. Recent research supports this claim as decreasing GABAa receptor
activity with benzodiazepine increased motor recovery in grid walking and skilled reaching in
rodent models of focal stroke (Alia et al., 2016; Clarkson et al., 2010). Additionally, The Bauer
Lab recently showed that enhancing contralesional activity during the acute period can
negatively impact recovery (Bice et al., 2022). This effect may be due to the overactive
contralesional hemisphere exerting excessive inhibition on ipsilesional (peri-infarct) regions.
Overall, our findings of acute period loss of motor representations within the injured
hemisphere align with models of recovery that suggest excessive inhibition originating from the

intact hemisphere.

Our findings of motor map reorganization in the peri-infarct (CFA and RFA) and
contralesional CFA (Fig. 8A/D), are also consistent with previous findings showing the brain's
capacity for adaptive change and neuroplasticity post-stroke (Nudo et al., 2001; Okabe et al.,
2016; Nishibe et al., 2014). Additionally, we found that movement representation for the
nonimpaired forelimb within the ipsilesional hemisphere also decreased significantly. Most
previous mapping studies have only quantified the contralesional forelimb representations.
One reason for this is that techniques such as ICMS disrupt the cortex during the mapping
procedure, thus leaving a limited time window for stimulating “healthy” brain tissue. These
terminal experiments lead to the animal's sacrifice and require long protocol durations (Clark et
al., 2011; Tehovnik, 1996). As a result, ICMS studies rely on between-subject comparisons to
compare motor representations at critical timeframes, such as acutely, chronically, or after
promoting recovery (Okabe et al., 2016). Using LBMM, we addressed this limitation by
investigating bilateral and bi-hemispheric forelimb motor maps. This approach allows us to

perform longitudinal experiments, similar to clinical studies (Traversa et al., 1997; Cicinelli et
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al., 1997), with the advantage of having controlled experimental manipulations possible in
rodent models (Jones & Adkins, 2015). We found that although nonimpaired ipsilesional
forelimb representations decreased acutely, chronic period recovery returned to baseline levels
for the area and amplitude surrounding the stroke site (Fig. 8C). Conversely, the impaired
forelimb recovered but did not reach baseline levels for forelimb amplitude (Fig. 7D, 8A). The
difference in impaired- and nonimpaired-forelimb recovery ipsilesionally is likely because of the
importance of contralateral representations for direct corticospinal tract forelimb movements
in mice (Liu et al., 2009), which is clinically relevant (Buetefisch et al., 2023). As a result,
forelimb movements were a valuable biomarker for impairment and recovery within the peri-
infarct space, demonstrating a more remarkable recovery observed in the nonimpaired

forelimb (Jeffers et al., 2020; Prabharkaran et al., 2007).

One benefit of LBMM is that it facilitates longitudinal investigation of forelimb motor
representations, permitting comparisons with other longitudinal techniques such as
multiphoton imaging. Recent findings state that surviving neurons in the peri-infarct cortex are
strengthened (Zeiger et al., 2021). Supporting research by Okabe et al., 2017 demonstrates that
recovery following CFA photothrombotic stroke results in increased RFA corticospinal axonal
remodelling when imaged ex-vivo, which is thought to be functionally relevant (Liu et al., 2009;
Buetefisch et al., 2023). Furthermore, Brown et al., 2007 showed that spine turnover increased
significantly post-stroke, as spine turnover is elevated (five-eight-fold) the first two weeks after
stroke and remains significantly increased until post-stroke week six in the motor cortex. In
comparison, LBMM forelimb amplitude and area recovery plateaued by post-stroke week four.
It is possible that motor regions likely undergo prolonged reorganization after stroke to remove
redundancy and generate ideal synaptic circuits; however, these subtle changes may not be
detectable by LBMM. The microscopic imaging performed in studies of synaptic spines are
inherently more likely to detect ongoing reorganization on a smaller scale, while cortical
mapping approaches likely only detect changes on a mesoscopic scale. In conclusion, the
increase in peri-infarct CFA and RFA forelimb representations likely occurs due to the
strengthening of neuronal connections, which can be directly visualized through microscopic

imaging or examined on a mesoscale level through cortical mapping experiments.
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Due to the acutely stagnant recovery followed by significant recovery, which plateaued
suddenly for both forelimbs (Fig. 7), we analyzed changes in forelimb trajectory at acute (post-
stroke weeks one-three) and chronic time points (post-stroke weeks four-six. Fig. 8-9).
Importantly, evoked forelimb movements in CFA displayed a circular pattern at baseline, while
RFA exhibited a significantly more linear trajectory (Fig. 9). Upon acute period recovery,
forelimb trajectories from CFA became significantly more linear, resembling those of RFA.
However, in the chronic recovery phase, neither forelimb displayed restoration of peri-infarct
CFA forelimb trajectory (Fig. 9-10), despite the reestablishment of forelimb representation in
area and amplitude (Fig. 7-8). Additionally, forelimb latency was contralateral at baseline and
did not recover ipsilesionally (Fig. 10). This distinction suggests that latency and forelimb
trajectory are independent metrics from area and amplitude that recover at differential rates
after stroke. Specifically, recovery of movement trajectory and latency does not occur in
chronic periods within the peri-infarct cortex. One possibility for these findings is that the

contralesional hemisphere compensates following stroke, which can lead to functional changes.

Some limitations involved in motor mapping include using light ketamine and xylazine
anesthesia. Although this is standard in rodent mapping techniques, such as ICMS, it requires
the manual generation of a stable anesthetic plane. Although strict protocols were in place to
ensure similar motor map anesthetic planes across animals, it should be noted that this work
was not blinded, as results were analyzed in real-time, and stroke could be visualized through
the transcranial window. Additionally, mice underwent LBMM sessions weekly, where due to
the repetitive exposure to ketamine and xylazine, mice reacted to anesthesia differently from
baseline versus experimental endpoints. As a result, criteria were set to ensure that mice were
stable before motor mapping, which increased experimental duration. Future work is
investigating using LBMM with automatic ketamine top-ups to address the potential bias in

investigator-determined mapping plane effects.

4.2. Bilateral motor maps — baseline and post-stroke recovery.

At baseline, we confirmed that each forelimb has a bilateral forelimb movement

representation (Silasi et al., 2013), whereas most motor mapping literature shows represents
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unilaterally forelimb representation pre-clinically (Nudo et al., 1996; Kleim et al., 2004; Boychuk
et al., 2016). Although LBMM was significantly more contralateral for movement amplitude
(Fig. 7) and latency (Fig. 10) than the ipsilateral hemisphere, ipsilateral representations were
present in all animals before stroke (Fig. 7-10). There could be many reasons our maps were
bilateral. One explanation is that other research groups do not typically record bilateral
forelimb data. ICMS-derived motor maps often use invasive electromyography (EMG) signals,
typically only inserted contralateral to the stimulated hemisphere (Teskey et al., 2002; Tennant
et al., 2011). Other ICMS studies that generate motor maps based on manual observations of
movements often focused on just the contralateral forelimb (Graziano et al., 2005; Cooke et al.,
2003; Baldwin et al., 2016), so they may not have reported ipsilateral movements. The other
potential scenario is that LBMM exclusively activates glutamatergic layer-V pyramidal neurons
in the neocortex (Arenkiel et al., 2007). As a result, light stimulation could bypass natural
excitatory-inhibitory balance and simultaneously evoke direct (corticospinal tract; Mufioz-
Castafieda et al., 2021) and indirect motor movements (rubrospinal tract; Liang et al., 2012),
resulting in both contralateral and ipsilateral motor movements from one stimulation site in the
motor cortex. In the human motor system, 8% of evoked responses are ipsilateral (Grafton et
al., 1996; Kim et al., 1993), so although our motor maps are more bilateral, healthy populations
can also express some degree of bilateral movements. Therefore, LBMM analysis permits a
unique recording for bilateral bi-hemispheric motor mapping through layer-V pyramidal neuron

activation.

Utilizing LBMM, the contralesional hemisphere forelimb area and amplitude significantly
increased during chronic period recovery for both forelimbs (post-stroke weeks four-six).
Traditionally, peri-infarct reorganization is thought to be the most important for recovery, but
the role and importance of the contralesional motor cortex remain elusive (Buetefisch, 2015).
Clinical research suggests that during hand movement, the contralateral hemisphere to the
active hand inhibits the ipsilateral hemisphere through transcallosal fibres, although can vary by
hand dominance and task processes (short-interhemispheric inhibition model; Meyer et al.,
1998; Kurth et al., 2013; Ferbert et al., 1992; Daskalakis et al., 2002; Bitefisch et al., 2003;

Newton et al., 2004; Morishita et al., 2022). After a stroke, there is a loss of inhibition of the
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intact hemisphere, and the contralesional hemisphere is hyperactive, theorized to contribute to
poor recovery (Butefisch et al., 2003; Biitefisch et al., 2008; Takeuchi & Izumi, 2012). One
theory suggests that increased contralesional hemisphere activity can result from nonspecific
motor outputs, where bilateral projections become more dominant than unilateral projections
(Dodd et al., 2017). Therefore, promoting a normalized hemispheric balance should achieve
ideal motor recovery and reduce bilateral movements through rehabilitative means (Hoyer &

Celnik, 2011).

These theories align with our findings since we do not promote recovery, and our
selected behavioural tasks were for non-learned forelimb movements (Fig. 11-13). Additionally,
many research groups have recorded improved benefits in bilateral use therapy as being
effective in preventing learned non-use of the injured side (Summers et al., 2006; Stoykov et al.,
2009; Theresa Jones, 2017; Takeuchi & Izumi, 2012). This approach is particularly important
since learned non-use can promote maladaptive recovery (Allred & Jones, 2009), decreasing
recovery to the impaired forelimb and increasing ipsilateral reliance. In our study, we utilized
bilateral tasks through string-pull and grid walking tasks, where through participation in these
tasks, the probability of maladaptive recovery occurring in the peri-infarct space was
decreased. Therefore, while motor maps predominantly displayed contralateral patterns
regarding forelimb amplitude at baseline, they also exhibited bilateral recordings. The
ipsilesional and contralesional motor map recoveries corresponded with the impaired

forelimb's observed recovery in functional behavioural outcomes.

4.3. Motor map recovery precedes behavioural recovery.

A battery of sensorimotor behavioural tasks was used to evaluate the functional role of
motor map changes. These behavioural measurements permitted the assessment of stroke-
induced sensorimotor impairments and recovery during our longitudinal experiment. The
reasons for choosing the behavioural tasks were deliberate: string pull task to assess complex
non-learned motor movements following an M1-localized stroke (Fig. 12), cylinder task to
assess forelimb preferences during spontaneous exploration (Fig. 13), and grid walking task to

assess sensorimotor coordination during locomotion (Fig. 14). It remained crucial that we
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minimized any effects of motor learning, as studies have shown motor learning alters motor
map organization (Kleim et al., 1998; Kleim et al., 2004; Nudo et al., 2001; Tennant et al., 2012).
Furthermore, this is a unique opportunity for the experiment, as many studies utilize
longitudinal behaviour and correlate findings to maps derived at the end of the experiment.
Non-invasive stimulation paradigms such as LBMM and ISOI can run parallel to behavioural
recordings to determine the relationship of maps to behaviour, providing a unique insight into

reorganization and recovery that remains unreported.

Surprisingly, complex non-learned motor movements remain intact in the string pull
task. The lack of motor impairment is likely due to the potential involvement of the striatum, a
subcortical basal ganglion motor region theorized to hold motor engrams relayed acquired
from the motor cortex (Hwang et al., 2022; Lemke et al., 2019; Lemke et al., 2021; Guo et al.,
2021). Although several metrics of string-pulling behaviour were analyzed, the only significant
impairment we observed was one week following a stroke. Stroke mice performed significantly
more forelimb repositions with the nonimpaired limb to extend stride length during bouts of
pulling (Fig. 11C). This effect was not observed in sham mice (Fig. 12D). In the cylinder task, a
two-week increase in the nonimpaired forelimb for landing was observed following stroke,
impaired forelimb usage was significantly distinct for four to six weeks during wall exploration,
and relative forelimb usage was distinct until post-stroke week six. Forelimb preference during
wall exploration as a percentage is the most common measurement for cylinder task (Magno et
al., 2019), which in our findings demonstrates that recovery was no longer significant by post-
stroke week five. Additionally, although exploratory behaviour generally decreases with
repeated testing (as displayed in Fig. 13B), reduced wall contacts at chronic phase recovery are
presumed to be a participation effect because of weekly exposure. Therefore, when presented
as a percentage, this does not impact the overall damage, justifying the differences observed in

Fig. 13E/F.

The grid walking task showed an increased frequency of missteps with the impaired
forelimb until post-stroke week six and displayed a linear recovery (Fig. 14B). Additionally, mice
do not recover in the overall asymmetry of missteps, as the impaired limb remains continuously

dominant in the number of forelimb missteps for all six weeks post-stroke (Fig. 14C). Overall,
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our findings relay that motor map reorganization precedes behavioural recovery by at least one
week depending on the task utilized. These findings suggest that motor map reorganization is
functionally relevant to sensorimotor behaviour. A review article from Tim Murphy and Dale
Corbett in 2009 suggests four weeks of heightened plasticity following a stroke, whereas Brown
et al., 2007 found an increase in spine turnover for six weeks post-stroke. As a result,
modulations during this time of heightened plasticity promoted functional recovery dependent
on behavioural engagement (Biernaskie et al., 2004). For example, synaptic circuits may rewire
using pre-existing circuits to form stable connections as mice use the impaired forelimb in tasks
(Kleim et al., 2004; Zeiger et al., 2021). Future experiments using LBMM could investigate
motor-learning or rehabilitative behaviour to investigate the effects of such interventions on
motor map recovery. Additionally, unique opportunities specific to optogenetics could be
utilized, where recording longitudinal motor map alterations to pharmaceuticals or teasing out
contralesional-ipsilesional transcallosal fibres could be conducted. the behavioural results
suggest that neuronal reorganization, as detected through LBMM, precedes consistent
behavioural recovery across tasks. Specifically, tasks like the grid walking task exhibit delayed
recovery, likely due to the high level of precision required to perform this task, whereas the
cylinder task likely demonstrated slightly earlier recovery due to the more simplistic approach

of the task.

One potential limitation to these findings is the weekly repetitive administration of
anesthesia. Although repetitive ketamine-xylazine administration is not known to affect
behaviour or grimace (Hohlbaum et al., 2018), repetitive isoflurane does affect grimace score
and home cage exploration (Hohlbaum et al., 2017), as well as learning, memory, and recovery
(Lee et al., 2014; Rothstein et al., 2008; Bajwa et al., 2019). Additionally, ketamine increases
neuroplasticity when applied in subanesthetic doses. However, the effects that weekly
anesthetic doses of ketamine have on post-stroke recovery remain unknown. Ketamine,
xylazine, and isoflurane were administered weekly in all animals and presumably impacted
behavioural recovery, while the effects on motor or sensory map outputs remain unclear.
However, the relatively stable longitudinal sham animals and comparisons with previous

literature suggest that repetitive exposure does not negatively impact longitudinal motor or
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sensory map output (Grigoras & Stagg, 2021). Additionally, isoflurane exposure occurred before
any behavioural recordings, as transcranial window implantation was the first step in the
experiment (Fig. 1A), therefore any effects in initial isoflurane exposure was present

throughout the experiment for pre- and post-stroke analysis.

4.4. Transient sensory impairment and recovery distinctions from motor recovery.

The utilization of optical techniques, such as intrinsic signal optical imaging (ISOI) and
LBMM, provided valuable insights into cortex reorganization following M1-localized
photothrombotic stroke induction. Since functional forelimb motor and sensory regions are
proximal anatomical regions and 33% overlap through cytoarchitecture zones (Tennant et al.,
2011), motor cortex stroke impacts the sensory cortex substantially. The overlap zone consists
of the hindlimb, forelimb, and shoulder region in the motor cortex and primarily the hindlimb
and forelimb in the sensory cortex (Tennent et al., 2011), which matches our forelimb motor
and sensory mapping data (Supplemental Fig. 5). As a result of M1 stroke, ISOI showed a
decrease in intensity and area (non-significant) for two weeks post-stroke, then significant
recovery by post-stroke week three for area, and week four for intensity (Fig 11C/E). Since the
evoked area was a percentage, impairment was determined as a change relative to the atlas
area at baseline and post-stroke week one. This was designed to localize the core area activated
by stimulation. However, future analyses will require determining the area as two standard
deviations change from the baseline average to relay decreases in the relative area evoked. This
will prove more useful in determining the absence of signal demonstrated initially following
stroke induction. Interestingly, the initial decrease recorded one-second following stimulation is
absent in post-stroke week one and did not recover across the experiment (Supplemental Fig.

6), where the nonimpaired forelimb maintains this activity.

One possible explanation for why sensory maps recovered before motor maps is that
the sensory forelimb cortex is positioned posterior-lateral to the motor cortex (Supplemental
Fig. 5). Therefore, any repair in the vasculature that might occur would impact lateral regions
first as the vessels travel in a lateral to medial orientation (Williamson et al., 2020). Therefore,

the return of evoked activity in the sensory cortex recorded by ISOI preceding peri-infarct
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stroke regions (anterior and medial CFA, LBMM) is likely related to the vascularization recovery
profile. This is likely a root cause of the transient damage, as Sunil et al., 2023 have recently
demonstrated how neurovascular coupling is preserved following PT stroke using ISOI when
combined with widefield fluorescence imaging. Alternatively, the recovery may stagnate for
two weeks by disruptions to the excitation-inhibition balance following stroke, where long-
range connectivity primarily through the corpus callosum is over-inhibiting the ipsilesional
cortex as described prior. Conversely, ISOl demonstrated stable nonimpaired forelimb
representation, with no change across time for the response amplitude or threshold activation

area. Sham animals also were relatively stable across the cohort longitudinally.

Following stroke recovery, evoked sensory cortical responses occur within the same
structural region for ISOI sensory mapping. Therefore, ISOI recovery was distinct from LBMM
recovery, where ISOIl returned to the original anatomical forelimb regions, and LBMM recovery
was in peri-infarct space and homotopic structural regions. This finding aligns with Harrison et
al.'s 2013 published findings, stating that motor stroke did not increase shared motor-sensory
overlap. This is particularly interesting, as Harrison et al., 2013 also demonstrated that sensory
stroke results in the expansion of sensory neurons in the motor cortex during chronic period
recovery. Therefore, a hierarchical reorganization order is present and partially reiterated here.
Regarding the sensory impairment, although the sensory hemodynamic recordings significantly
decreased for two weeks, the impairment was only transient and did not have permanent
effects. This also would be supported by the vascularization studies where ISOI responses
reoccur in a similar location as the stroke core lesion does not envelop them (Williamson et al.,
2020). Additionally, this finding could provide context to RFA increases in motor amplitude
post-stroke, as ipsilesional sensory forelimb impairments are nonsignificant by post-stroke
week three and still providing tactile responses to RFA for sensorimotor coordination (Hayley et
al., 2023). Indicating a potential role for RFA in somatosensory processing alongside its motor
functions due to RFAs known connections with S1 forelimb, and its potential role as a pre-
motor cortex (Rouiller et al., 1993; Hayley et al., 2023). Overall, sensory forelimb metrics were
transiently impaired, and recovery occurred within the functionally defined forelimb sensory

cortex.
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4.5. LBMM as a tool for guiding stimulation therapy.

Although a popular notion, many researchers find inconclusive or contradicting results
when applying stimulation therapy clinically or pre-clinically to promote functional recovery.
Many believe these inconsistencies occur due to improper time, location, or type of stimulation
therapy. Too early (hyper-acutely) can be damaging, too late (chronic) can be reduced in effect,
improper location can further impair neuronal imbalance, and improper stimulation type can
be null in producing change (Bice et al., 2022; Shen et al., 2016; Coleman et al., 2017; Jones,
2017; Murphy & Corbett, 2009; Nudo et al., 2001; Wahl & Schwab, 2014). Additionally, clinical
studies are burdened with variables that are difficult to control for, such as lesion location,
lesion size, age, lifestyle, and more. As a result, animal models can be used as a platform for
testing clinically relevant non-invasive brain stimulation paradigms. Using LBMM, brain
stimulation can occur longitudinally post-stroke because the skull remains intact, and the cortex
remains preserved. Since LBMM generates mesoscopic maps of the motor cortex, LBMM is an
ideal technique for generating comprehensive and rapidly acquired motor maps to determine
how the cortex adapts to neurological damage, such as stroke. Additionally, short-burst
randomized stimulation patterns utilized in LBMM do not evoke plasticity, as either sensory
pairing (paired-associative stimulation: Stefan et al., 2000; Castel-Lacanal et al., 2008; Carson &
Kennedy, 2013) or stimulation trains (intermittent theta burst stimulation (iTBS): Huang et al.,
2005; Blumberger et al., 2018; Tsuboyama et al., 2019; Huang et al., 2022) are typically
required for stimulation-induced plasticity (Diao et al., 2022; Dickins et al., 2015). LBMM can be
combined with stimulation paradigms such as iTBS or rehabilitative-like behavioural tasks such
as the pellet grab and reach task to promote recovery. For example, Bice et al. 2022 performed
chronic period contralesional excitation to investigate the effects on sensory cortex recovery.
LBMM could be the ideal paradigm for investigating where and when to use recovery-
promoting agents, such as iTBS stimulation therapy. From this study, we identified that motor
map recovery was not visible by mesoscopic imaging with LBMM in post-stroke weeks one-two
but then suddenly plateaued by post-stroke week four. Therefore, stimulation could be
performed during this time gap to promote motor map alterations by promoting recovery to an

early time point or increasing peri-infarct recovery, which could benefit sensorimotor
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behaviour. Furthermore, because LBMM is longitudinal, individual stroke damage could be
assessed for variability and customized treatment applied per stroke condition. As a result,
LBMM could add control to non-invasive brain stimulation experiments to aid in stroke

recovery.

4.6. Photothrombotic stroke and blood flow changes.

Our study utilized photothrombotic (PT) stroke induction to mimic cerebral ischemic
events. PT stroke induction was recorded through Laser Doppler Imaging (LDI). LDI permitted
recording at a fixed laser location before, during, and after stroke, which was then adjusted to
scan blood flow and generate blood flow maps (Nilsson et al., 1980; Webber et al., 2022). As
expected, PT stroke induction resulted in a decrease in LDI blood flow maps and flux recordings
(Fig. 5B). To our surprise, sham mice also had a reduction in blood flow in the afflicted
hemisphere (Fig. 5D), specifically after the injection of the rose Bengal dye (Supplemental Fig
1E). Comparatively, the PT stroke induced a more significant reduction in blood flow in both

hemispheres (Fig. 5B) than the sham group (Supplemental Fig 1B/C).

Additionally, blood concentration was decreased exclusively in PT stroke animals as
identified through LDI single-point recordings at the stroke core (Fig. 5C, Supplemental Fig.
1D/E). Although the post-stroke blood concentration equals pre-sham values, we do not believe
this is induced damage. Blood concentration varies across stroke subjects (187-276PU), where a
decrease in percent change is consistent in the stroke cohort. However, sham animals do not
alter from their baseline, although it should be noted that sham animals had a lower blood
concentration than stroke mice. Overall, LDI results suggest that blood flow and concentration
can be used to measure different degrees of ischemia due to the range in selectivity. LDI
permits recording all blood or red blood cell flow exclusively at a fixed location (Valisuo et al.,
2015). As a result, although the injection of rose Bengal may alter blood flow, it does not impact
the red blood cell concentration. Comparison against stroke animals' longitudinal data suggests
that sham animals do not have ischemia but may experience a change in vascular contraction

with rose Bengal absorption into light-compromised epithelial cells (Efron et al., 2012).
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The comparison between stroke-induced mice and sham animals validated the
photothrombotic stroke model. The significant differences observed between the stroke and
sham groups confirmed the specificity of the motor and sensory impairments to the stroke
condition. This validation strengthens the reliability and relevance of our findings in knowing
that the effects were not because of the Rose Bengal dye, the laser for stroke induction, or the
longitudinally sustained anesthesia usage. One intriguing observation was that sham animals
appeared different than a hypothetical naive animal, as motor and sensory maps were non
significantly altered in the sham-induced hemisphere, and the landing limb in the cylinder task
and forelimb missteps in the grid walking task also showed trends toward impairments.
Although channel rhodopsin (ChR2) is selective to blue light (470 nm; Klapoetke et al., 2014;
Lin, 2011), the long duration (13 minutes) and high intensity (22 mW) of green light exposure
may result in mild damage to neurons at the sham site. In addition to increasing the number of
sham mice used in this study, adding a naive group would be essential in determining sham
animal effects following photothrombotic stroke. Future experiments could explore the use of
middle cerebral artery occlusion model, as it is widely used in translational pre-clinical research

(Xie et al., 2016).

One limitation is that stroke was performed under light isoflurane anesthesia. Although
the standard for neuroscience research, isoflurane is a neuroprotective volatile vasodilator
(Miura et al., 1998; Sun et al., 2015; Raub et al., 2021; Sullender et al., 2021) and may mask the
effect of stroke through increasing cerebral blood flow (Sullender et al., 2022). One way to
avoid anesthesia during stroke induction is to use an awake and freely moving model, such as in
Seto et al., 2014. Future experiments could integrate awake stroke induction to gain more
clinically relevant techniques. Additionally, due to repetitive mapping, stroke was performed in
young adult male and female mice (approximately three months in age). In the clinical
representations, females recover worse following a stroke (Kim et al., 2010; Gargano & Reeves,
2007). While our study did not specifically investigate sex-related effects, it is crucial to note
that male and female mice were thoughtfully included in both the sham and stroke groups, as
detailed in Section 2.1. Furthermore, age is a major risk factor for stroke in clinical populations

(Kelly-Hayes, 2010). Experiments utilized mice roughly three months old at the experimental
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start. As a result, our results make inferences about spontaneous recovery in a healthy
population, affecting the rate and potential recovery effects (Yoo et al., 2020). Further

investigations using LBMM may be necessary to explore age-specific recovery patterns.

5. Conclusion

5.1. Significance

Currently, there is an unclear understanding of stroke impairment and recovery
timelines and how they relate to functional recovery. We aimed to clarify how stroke impacted
cortical circuits directly at the stroke site through LBMM and neighbouring sensory regions
through ISOI. Although we were not the first to combine sensory and motor mapping, we are
the first to characterize them using longitudinal non-invasive stimulation paradigms in rodent
models. Additionally, we utilized bilateral and bi-hemispheric cortex recordings and combined

these findings with behavioural assessments for functional relevance.

LBMM identified motor impairment for three weeks post-stroke and spatial recovery
plateauing at post-stroke week four. We demonstrated how connected sensory regions
recovered faster and evoked responses similar to baseline, whereas motor cortices recovered
slower and showed more widespread spatial reorganization. Using a novel experimental
paradigm (LBMM), we reiterated the findings of other mapping researchers' results (such as
ICMS) while providing insight into potential time points for recovery and its relationship to
behaviour. Interestingly, although LBMM was bilateral at baseline, LBMM demonstrated
different recovery effects for each forelimb following chronic period recovery. The impaired
forelimb recovery did not recover to baseline in the ipsilesional hemisphere, but the
nonimpaired forelimb did. When compared to behaviour, a battery of tasks indicated a
spontaneous recovery in the impaired forelimb that was delayed relative to motor map
recovery. Specifically, the grid walking task highlighted the complexity of sensorimotor
coordination in which forelimb movement recovery occurred weeks after motor map recovery
had plateaued as reported by LBMM. Overall, LBMM, ISOI, and the battery of sensorimotor
tasks highlight the brain's capacity to undergo adaptive changes following focal ischemic

events, which can affect neurorehabilitation strategies.
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5.2. Limitations

5.2.1. Mesoscopic imaging

All in-vivo experiments were acquired with mesoscopic imaging for the duration of the
experiment. LDI/LDF generated blood flow maps to visualize stroke impairments, and LBMM
and ISOI generated spatial-temporal imaging for longitudinal motor and sensory cortices neural
reorganization, respectively. As a result, imaging of live neuronal recordings was not acquired in
this project's scope. Although an increasing body of scientific literature is utilizing techniques
such as multiphoton to image peri-infarct reorganization, it would have been beneficial to
image neurons in key regions such as ipsilesional tissue and contralesional CFA. Future
directions could utilize multiphoton imaging to provide a comprehensive analysis of
spontaneously occurring reorganization versus iTBS stimulation-promoted recovery as relayed

by LBMM.

5.2.2. Evoked motor movements and cognitive representations

As briefly covered throughout the discussion section, some limitations remain for the
project. Regarding LBMM, it remains unknown how the relationship that forelimb-evoked
movements generated from motor mapping compares to normal conscious movements.
Although forelimb-evoked movements are functionally relevant biomarkers in clinical studies

for impairment and recovery trends, their relevancy remains unclear.

5.2.3. Longitudinal sensory and motor map assessment was not blindly performed

The investigation in longitudinal sensory and motor mapping are designed to permit
non-invasive investigation of the cortex through a minimally invasive transparent window. Since
LBMM is a neuroimaging tool, mapping execution of condition and time post-condition could
not be blind to the investigator. ISOI provides blood flow imaging following forelimb
stimulation, resulting in clearly defined regions of decreased blood flow in stroke cohorts.
Furthermore, strokes can be seen with the naked eye as decreased blood flow, resulting in
white tissue, through the transcranial window implanted on the skull for longitudinal

investigation. As a result, mapping experiments were conducted with researchers knowing
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which animals were stroke or sham and how long it had been since stroke induction due to pre-

existing technique experiences.

5.2.4. LBMM individualized assessment

One of the key advantages of LBMM is the ability to assess individual mice
longitudinally, as ICMS requires animal sacrifice, and clinical paradigms cannot focalize
stimulation sites small enough for rodent models. Due to the large scope of the project, cohort
analyses were conducted for all conditions and time points. Future work could be conducted to

expand on individualized recovery trends for mapping and behavioural recordings.

5.2.5. Sham impairments

In addition to increasing the sham cohort population for statistical means, adding a
naive group would be essential as sham animals may be impaired following Thyl-ChR2-eYFP
photothrombotic stroke. Although hypothetically, channel rhodopsin should not interact with
the green stroke-inducing light; sham animals appear acutely impaired post-sham. This was
determined through LDI blood flow decreases, less contralaterally post-sham for ISOIl and
LBMM, post-sham decreases in participation in the cylinder task, and minor impairments
observed in the grid walking task. As a result, future studies are required to investigate further

the relationship between channel rhodopsin mice and photothrombotic stroke.

5.2.6. Required anesthesia

Stroke induction and ISOl were performed under light isoflurane, and LBMM was
performed under ketamine and xylazine. Although the standard for neuroscience research,
these are limitations and have potentially significant impacts on the values obtained. Mice were
anesthetized with isoflurane during stroke induction; however, isoflurane is a neuroprotective
volatile vasodilator (Sun et al., 2015; Raub et al., 2021; Sullender et al., 2021) and may mask the
effect of potential paradigms (Seto et al., 2014). Additionally, Isoflurane may have chronic
effects on behaviour (Hohlbaum et al., 2017), impacting the results found in this study.
However, the usage of sham animals suggests that behaviour is not altered by chronic

isoflurane or ketamine xylazine. As for motor mapping, all motor mapping experiments in
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rodents use ketamine-xylazine combinations to assess the state of the cortex. As a result, we
performed all motor mapping tasks as such. Although strict protocols were in place to ensure
similar motor map anesthetic planes across animals, it should be noted that this work was not
blinded, as results were analyzed in real time. Future work is investigating the use of LBMM
with automatic ketamine top-ups. Finally, mice underwent LBMM weekly, where due to the
repetitive exposure to ketamine and xylazine, mice reacted to anesthesia differently from
baseline versus experimental endpoints. As a result, criteria were set to ensure that mice were

stable before motor mapping, which increased experimental duration.

5.2.7. Transcranial windows

Because LBMM and ISOI require access to the dorsal cortex for imaging, mice require a
head-fixing mount and transcranial window to undergo mapping experiments. Although current
experimental protocols are substantially less invasive than traditional experiments, where
craniotomy or thinning of the skull would be required, mice still require skin removal and
window and head-fixing placement. These minimal effects may affect mice in ways yet to be
qguantified. Additionally, transcranial windows were manually aligned against Bregma.
Positioning was ideally placed completely flat and filled with dental cement. Occasionally,
window quality fluctuated as windows were not correctly aligned against Bregma or became
slightly opaque across the experimental timeline due to animals picking at the transcranial
window. As a result, some degree of variability in aligning data for averaging is present due to

transcranial window placement or sealing.

5.2.8. Lesion localization

On average, lesion localization was consistent. However, slight alterations occur across
individuals. This occurs as mice are head-fixed, stereotaxically aligned to bregma, and then
manually adjusted to the stroke induction site. Therefore, slight differences in Bregma's
position and human error in alignment cause small location changes. For this reason, Bregma
was defined as the curvature point of frontal bones at the midline to reduce variability.
Quantification occurred traditionally, manually scoring the lesion and aligning against Allen

Mouse Brain Atlas. Future protocols could utilize semi-automation processes to score lesions by
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contrast comparison against a registered Atlas. This would permit structural or functional

comparisons concerning motor or sensory map longitudinal alterations.

5.2.9. Stroke and age

Overall, one of the strongest risk factors for stroke is age and occurs in both male and
female populations (Appelros et al., 2002). In this study, we utilized male and female mice
approximately three months old. The rationale is the rapid ability of young adult mice to
recover following stroke induction permits for investigation of spontaneous recovery models.
Additionally, almost no mice died from stroke induction or across the 10-week experimental
timeline. As a result, displayed results make inferences about spontaneous recovery in a

healthy population, which may not be as prevalent in clinical studies.

The photothrombotic stroke model is a tightly localized stroke induction model, which
enables the induction of stroke at a specific and reliable location. This is key, as we aimed to
determine how the cortex responds in group investigations. Although there is some degree of
variability, this is a relatively stable and controlled stroke induction method. However, this
model is known to have a small amount of penumbral tissue, resulting in a minimal chance of
recovering stroke tissue immediately following induction (Carmichael, 2005; Clark et al., 2019).
It would prove beneficial to perform LBMM on mice which have undergone different stroke
induction types, such as middle cerebral artery occlusion, to provide different stroke model

representations for impairment and recovery.
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6. Supplemental Figures and Data

Appendix A: Laser Doppler Imaging
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Supplemental Figure 1. Laser Doppler Imaging representations. Figure displays the laser Doppler imaging
(LDI) recordings for blood flow changes in the dorsal cortex post-condition. Animals were anesthetized with
isoflurane (1.5% in a 0.3 L/min oxygen flow rate). A. Reference of the cortex analyzed by LDI visible through the
transcranial window. Labels include: Bregma (B), Lambda (L), anterior sinus (A), and the laser site (yellow, ML: 1.5
mm, AP: -0.5 mm). B/C. LDl scans illustrate blood flow visualization. Scale depicted in flux perfusion units (PU). Pre-
and post-condition scans were taken one hour apart. The white dashed circle represents the laser induction site
(1.1 mm laser diameter, 22 mW). D/E. LDI recordings at the stroke site. The top trace (blue) showed blood flux,
while the bottom trace (red) displayed blood concentration.

Appendix B: Light-Based Motor Mapping
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Supplemental Figure 2. Total distance forelimb motor maps. Adult Thyl-ChR2-eYFP mice (n=21) were
anesthetized with 40 mg/kg ketamine and 2 mg/kg xylazine. Sites were stimulated with a 50 um laser at each grid
point, spaced 300 um apart. Movement onset must have started within 10-60 ms following stimulation. Forelimb
movement was quantified for the total distance travelled per stimulation site for both forelimbs independently.
The movement was recorded using a high-frame-rate camera and analyzed through MATLAB. Distance travelled
was averaged across repetitions per stimulus site, normalized per session, averaged then normalized per
timepoint. The stroke site is labelled in green on post-stroke week one in green.
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'Impaired' Limb = Left Limb: Maximum Movement Average
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Supplemental Figure 3. Sham group Light-Based Motor Mapping of forelimbs. Adult Thy1-ChR2-eYFP
mice (n=4) were anesthetized with 40 mg/kg ketamine and 2 mg/kg xylazine. A. Motor sites were stimulated with a
50 um laser at each grid point with a spacing of 300 um (red). Bregma is indicated in yellow. B. Forelimb-evoked
movement was quantified to determine the maximum movement per stimulation site. Forelimb movements were
recorded using a high-frame-rate camera and analyzed through MATLAB to obtain averaged evoked responses per
stimulation site. C. Motor maps were normalized to the maximum response per session, averaged per timepoint,
and normalized per timepoint. Bregma was indicated as a red dot. The photothrombotic stroke site (ML: 1.5 mm;
AP: -0.5 mm) was labelled in green at post-stroke week one. D-G. Data was summed per hemisphere and
presented as mean + SEM. D. Hemisphere-summed movement amplitude for the impaired forelimb. E.
Hemisphere-summed movement amplitude for the nonimpaired forelimb. F. Hemisphere-summed map size for
the impaired forelimb. G. Hemisphere-summed map size for the nonimpaired forelimb. Statistical analysis was
performed using repeated measures two-way ANOVA with Greenhouse-Geisser correction and Tukey's multiple
comparisons tests. * indicated significance per the labelled time point.
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‘Impaired’ Limb = Left Limb: Time to Movement Onset (ms)
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Supplemental Figure 4. Averaged latency for motor maps following sham procedure. Data presents the
averaged latency for motor maps following the sham procedure in adult mice (n=4). The average time to
movement onset was calculated, and exclusion criteria were applied, requiring movement to be continuous for 5
frames within 10-60ms post-stimulation. A. Bregma is indicated as a red dot for reference. The data was sampled
across repetitions (2) and averaged across the cohort for each timepoint. The sham procedure was induced at ML:
1.5 mm and AP: -0.5 mm relative to the bregma. B. Impaired limb time to movement onset for the caudal forelimb
area (CFA). The interior half of all CFA was included for data. C. Nonimpaired limb time to movement onset for the
caudal forelimb area (CFA). The interior half of all CFA was included for data. Data are depicted as SEM. Statistical

analysis was conducted through a mixed-model two-way ANOVA with Greenhouse-Geisser correction and Tukey’s
multiple comparisons tests.
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Left Forelimb Sensory and Motor Maps

y
s

Supplemental Figure 5. Averaged baseline widefield macroscope image with motor and sensory maps.
A widefield macroscope image was acquired using green light (520 nm) as the background. The image meshed with
the cohort average (n=21) left forelimb maximum amplitude motor map illustrated using a normalized scale on the
right-hand side. The group average (n=17, three averaged sessions) sensory map of the left forelimb was shown in
teal. The green circle indicates the hypothetical site of stroke induction. This comprehensive figure allowed for
simultaneous visualization of the motor and sensory responses in the left forelimb. A scale bar is depicted on the
left-hand in centimeters.
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Appendix C: Intrinsic Signal Optical Imaging

A. Impaired (Left) Limb Stimulation: Contralateral Forelimb Evoked Signal Intensity
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Supplemental Figure 6. Intrinsic Signal Optical Imaging alternative representation. A. Sensory evoked
response in the atlas-defined contralateral area displayed per forelimb. Top: Impaired forelimb; Bottom:
Nonimpaired forelimb. The change in amplitude (Ay) was manually calculated as the change from peak to trough.
The vertical line displays the vibrotactile stimulus. Significant recovery between post-stroke weeks one-two against

four-five was observed for the impaired limb. B/C. Evoked area as percentage of the total atlas area above
threshold following stimulation. The threshold was 55% + 15%.

B. Impaired forelimb area per atlas region. C.
Nonimpaired forelimb area evoked per atlas region.
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Supplemental Figure 7. Intrinsic Signal Optical Imaging following motor cortex photothrombotic sham.
Evoked blood flow following sensory stimulation. The analysis frame was automatically generated as the maximum
signal amplitude change relative to baseline. Images were aligned to Bregma (red label), stretched to overlap, and
averaged across the sham group (n=4). Sham was induced at ML: 1.5 mm, AP: -0.5 mm relative to bregma. A.
Impaired forelimb (top) and nonimpaired forelimb (bottom). The average window location was represented as a
black outline. B-E. Atlas-defined regions of interest were displayed for each forelimb as a predetermined mask per
individual animal transcranial window. Impaired forelimb (left side), nonimpaired forelimb (right side). B/C.
Maximum signal amplitude relative to the baseline. Data is depicted as median amplitude + SEM. D/E. The
threshold area evoked is displayed per atlas region. Threshold was set to 55% + 15% of the maximum amplitude
per session average. Displayed as mean area evoked + SEM. Statistical analysis was conducted through repeated
measures two-way ANOVA with Greenhouse-Geisser correction and Tukey’s multiple comparisons tests.
Significance is indicated as follows: (*) p < 0.05, (*) p <0.01, (***) p < 0.001, (****) p < 0.0001.
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Appendix D: Behaviour
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Supplemental Figure 8. Cylinder task forelimb usage post-sham. Adult mice (n=4) were analyzed for
three baselines followed by weekly sessions post-sham. Each session was a minimum of 10 rears, with a maximum
of 25 rears analyzed. A. Graphic representation of the cylinder task. B. The average number of wall contacts per
rear. C. Percentage of each forelimb last in contact with the ground at the start of a rear. D. Percentage of each
forelimb first in the contact with the ground when landing from a rear. E. Total number of wall contacts per
individual and combined forelimb-wall contacts. F. The total wall contacts displayed as a relative left-right forelimb
usage. All data was depicted as mean + SEM. Statistical analysis was conducted through a repeated measures two-
way ANOVA with Greenhouse-Geisser correction and Tukey’s multiple comparisons tests. * indicated significance
per labelled timepoint. # indicated significance relative to baseline.
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A B. Forelimb Missteps

12+
AN »
AL o
T
L 8
]
]
=
_____ Nel
----- £ 4- :
©
b <
o
e L.
0 =

Pre 1 2 3 4 5 6

Em Impaired Limb Post Stroke Week
= Nonimpaired Limb

C. Forelimb Asymmetry D. Total Steps Taken
0.6 400
;2 [
+ 0.4+ I .* . g 300_
9 o 5
@ = 0.2 ' e
€= S 200
73 2
< S . Q
' & 1004
¢ -0.2-
$ L2
V4-"—T—T—T T T T 0-
Pre 1 2 3 4 5 6 Pre1 2 3 4 5 6
Post Stroke Week Post Stroke Week

Supplemental Figure 9. Grid walking task forelimb analysis post-sham. Adult mice (n=4) were placed on
a thin mess wire for five minutes and recorded for forelimb missteps. Three baseline sessions were averaged,
followed by one post-stroke session per week. A minimum of 75 steps was required. A. Graphic representation of
the grid walk task. B. The number of forelimb missteps over the total session steps taken. Missteps were included
if the wrist went past the wire mesh. Steps were counted if the forelimb moved at least one mesh square in
distance (1.0 cm). C. Forelimb asymmetry was the difference in forelimb missteps as a percentage divided by the
summed forelimb percent missteps as a percentage. D. The total number of steps taken was manually counted
using the impaired forelimb post-stroke. All data are depicted as mean + SEM. Statistical analysis was conducted
through repeated measures two-way ANOVA with Greenhouse-Geisser correction and Tukey’s multiple
comparisons tests. Significance is indicated as follows: * denotes significance per labelled timepoint, and # denotes
significance within the forelimb relative to baseline.
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