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Abstract

Intracerebral haemorrhage (ICH) is a subtype of stroke that accounts for approximately 10-15% of
stroke cases in Canada. Neurological deficits following ICH are common and most patients will suffer
long-term impairments. Spontaneous recovery facilitated by the remodeling of functional areas
through neuronal reorganization has been observed in both stroke patients and animal models.
However, the precise relationship between cortical remodeling and functional recovery is not
completely understood. This thesis aims to characterize the reorganization of the sensorimotor
cortex as well as quantify sensorimotor function longitudinally during the recovery period. Young
Thy1-Chr2-YFP mice with an implanted chronic window over the intact skull allowed visualization of
sensorimotor cortex functional assessments through light-based motor mapping and intrinsic signal
optical imaging over a 6-week period. Additionally, a battery of behavioral tests was conducted in
parallel to evaluate motor deficits. Following a striatal ICH, behavioral impairments were observed
with both acute and chronic recovery. The deficits shown in ICH mice were linked with a disruption
of motor maps. When stimulating the injured hemisphere, evoked movement of both forelimbs
showed smaller amplitude compared to sham animals, which was accompanied with a reduction in
the motor map size. On the other side, the contralesional hemisphere did not show any differences
compared to the sham animals, demonstrating a potential compensatory mechanism. A trend
toward recovery in the motor maps occurred on the 6™ week, matching the late recovery of
impaired forelimb use deficit. Conversely, the sensory responses evoked from mechanical forelimb
stimulation did not show any changes following ICH induction. This is the first study to investigate
the longitudinal impact of striatal ICH on bilateral sensorimotor maps in relation to behavioral
deficits. Our findings revealed that injury in the striatum leads to long-term functional impact in the
motor cortex accompanied by behavioral motor deficits, with a recovery of motor functions

matching the recovery initiation in motor representations.
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1. Introduction

1.1 Intracerebral Haemorrhage

Intracerebral haemorrhage (ICH) is a subtype of stroke that accounts for approximately 10-15% of
stroke cases in Canada (1). With recent biomedical advancements, many stroke treatments have
been developed, increasing survival rates following stroke incidents. However, the majority of
survivors end up with long-lasting disabilities (2,3). This increase in ICH burden highlights the

importance of having a better understanding of stroke impairments and recovery.

ICH is caused by the spontaneous disruption of the blood vessels in the brain, leading to a hematoma
and subsequent oedema provoking an increase of intracranial pressure. ICH is characterized by two
phases of injury: the primary injury occurs in the first hours after stroke onset, while a phase of
secondary injury takes place later and can last for multiple days (4). An initial rapid expansion of the
hematoma exerts a mass effect in the brain, disrupting the parenchyma, which may lead to brain
herniation (5—7). Following this first phase, an inflammation cascade paired with oxidative stress,
thrombin accumulation and iron toxicity takes place, contributing to brain tissue death and
functional damage (8,9). Over time, a reduction of the edema with clot absorption is observed,
leaving a lesion that is typically smaller than the initial hematoma, but also significant atrophy of

surrounding brain tissue (10).

Haemorrhage in the brain commonly occurs in deeper brain regions by smaller vessels branching
from larger arteries. The drastic increase in blood pressure within these smaller vessels can result in
microvessels bursting (7). One brain region where this commonly occurs is the striatum, where the

leticulostriate arteries branch off from the main middle cerebral artery (11).

1.2 The striatum and its sensorimotor functions

The striatum is known as the primary motor input of the basal ganglia. Being the initial recipient of
the cortico-basal ganglia-thalamic pathway, the striatum plays a role in the cortical information relay
and processing to downstream premotor target. Receiving descending projections from the cortex,

the striatum computes the motor information and sends it to the substantia nigra for further



assimilation of the input (12). Three main subregions are widely accepted in the striatum: the
dorsolateral striatum involved in sensorimotor functions, the dorsomedial striatum playing a role in

goal-driven behavior and the ventral striatum, known as the limbic domain (13-15).

The use of rodent models to study the basal ganglia has been increasing in the last decades. Despite
the larger complexity of the human brain structure compared to rodents, functional and
topographical similarities exist between them. The three main subregions of the striatum, the
associative, limbic and sensorimotor field, have been found in both species with a similar spatial
localization (16). Moreover, in a recent comparison between humans and mice cortico-striatal
pathways, it was found that sensorimotor regions shared similar functional connections (17).
Although it is important to note that this was true for the posterior and medial part only. This
similitude was also functionally comparable with a convergence in the pattern activation of
dorsolateral striatum following motor behavior testing in patients and mice (18). These studies

demonstrate that rodents are an acceptable model for translational research of the striatum.

Projections from many brain regions innervate the different striatal subregions. A major portion
comes from the motor cortex, but the thalamus, the pre-frontal cortex and other nuclei, such as the
midbrain and globus pallidus, also send inputs (19). One important input of the striatum is
dopaminergic neurons from the ventral tegmental area (VTA) and the substantia nigra pars compacta
(SNc). The VTA innervates in the ventral part of the striatum whereas the SNc directs dopaminergic
output in the dorsal striatum (20,21). Motivation and sensorimotor functions were correlated with
dopamine release in the ventral and dorsal subregions respectively. Inputs from dopaminergic
neurons in the ventral striatum have been found to modulate reward-seeking behavior (22—-24).
Indeed, development of addiction behaviors and certain neuropathological diseases have been
linked with dysregulation in the ventral striatum (25,26). Alternatively, changes in dopamine
neurotransmission within the dorsal striatum has been correlated with locomotor and movement

vigor alterations (27,28).

In addition to dopaminergic implication in striatal behavioral regulation, other inputs play a major
role in sensorimotor functions. In the past few years, with refined labelling techniques, cortico-

striatal connections have been investigated in depth due to their important implication in the



integration and processing of information related to sensorimotor and cognitive functions. Most of
the cortical input descending to the striatum are from layer V neurons and connects to the dorsal
domain of the striatum (29). It was previously reported that these projections are segregated in
functional parallel pathways to the distinct striatal subregions (16,30). However, recent research has
found that they connect to striatal neurons in heterogeneous and granular patterns (31). To elucidate
the functional subdivisions of the striatum in greater detail, Hunnicutt et al. (32) completed an
anatomical map of the excitatory striatal inputs. By injecting anterograde fluorescent tracers in the
different regions of the cortex, this group captured dense sensorimotor innervation in the lateral
striatum. More specifically, they showed compact and overlapping projections to the dorsolateral
domain coming from the primary motor and sensory cortex as well as the frontal association cortex.
On the other hand, in another study aiming to create a cortico-striatal projectome, researchers have
found that sensorimotor domains innervate parallel to functionally related dorsolateral striatum
subregions but also send convergent inputs to the rostral and caudal part of the dorsal striatum
demonstrating a topographically intermingled pattern (33). These studies highlight the complexity of

a heterogenous cortico-striatal network composed of convergent connections as well as segregation.

The neuronal associations between the cortex and the striatum participates in the role of basal
ganglia regulating behavior. The striatum is acknowledged for its involvement in reward-directed
behavior and skilled motor learning (18,34), but it also serves functions in movement kinematics
control and decision-making behavior (29,35,36). In a study of Forstmann et al. (37), patients in an
MRI were required to indicate the direction of movement of a collection of dots on a screen by
clicking a button on either the left or the right. Vocal cues were employed to determine either a
speed or accuracy conditions for the following stimulation and informing participants of their
performance at the end of the trial. MRI results showed that cortico-striatal tract activity was
predicting the response efficiency of the patients, suggesting that these connections are correlated
with the speed-accuracy trade-off imposed during the trials. Work in rodents have also
demonstrated the implication of the striatum in decision-making regarding which motor sequences
to execute during spontaneous exploration. Neuronal activity in the dorsolateral striatum was
recorded (using fiber photometry) while mice explored an open-field to measure the neuronal

mechanisms behind naturalistic behavior sequencing (38). Simultaneous recording of spontaneous



behavior through motion sequencing allowed the investigators to partition the activity of mice in
multiple sub-second behavioral syllables. An increase in neuronal activity was observed during
syllable transitions accompanied by comparable photometry waveforms in morphologically related
behavior syllables. These behavioral sequence transitions were altered when the dorsolateral
striatum was lesioned, demonstrating the importance of this brain region in modulating and
organizing the specific behavioral structure at a sub-second temporal scale. Execution of precise
motions and action-based sequences requires the capacity to prevent movement completion as well.
A number of papers have reported that the probability of making a stop motor response in humans,
when completing STOP and GO assessments, has been correlated with activity within the striatum
(39-41). In addition, activation of cortico-striatal pathways using light-sensitive neurons led to
behavioral inhibition in mice (42), reaffirming the influence of the striatum in inhibition of motor

program.

Although less studied and known, the dorsal striatum is also involved in sensory modulation.
Recordings of striatal neurons using whole-cell patch clamp was completed in mice and their activity
assessed using whisker and visual stimulation (43). Bilateral whisker stimulation led to an increase in
both dorsolateral and dorsomedial region activity whereas the visual cues only exhibited responses
in the dorsomedial striatum. Another study found that the temporal component of a set behavioral

habit was dependent of the dorsolateral striatum somatosensory representations (44).

Overall, making a series of various kinematics-composed movement when spontaneously behaving
implicates major striatal functions that plays a part in overall sensorimotor regulation. Its motor
regulation through dopamine together with its important connections with sensorimotor regions

make the striatum a key region for sensorimotor behavior.

1.3 Motor cortex as a sensorimotor hub

In sensorimotor functions, the motor cortex is a crucial part of transmitting descending commands
to the body. Accessing both the spinal cord and the regions in the brain controlling body parts, the
motor cortex participates in the integration and control of sensorimotor information. The primary

motor cortex (M1) and secondary motor cortex (M2, or supplementary motor cortex in humans), are



the basic sensorimotor cortical regions. While both M1 and M2 have projections to the spinal cord,
most of the motor cortical projections are found in M1 (45,46). These cortico-spinal neurons are
innervating directly on spinal motor neurons in human M1 whereas the connections between M1
and the spinal cord are not direct in mice (47). Although there are differences between the human
motor cortex and that of the rodents, the cortical functional organization has been shown to be well

preserved in the mouse brain (48).

M1 and M2 are located in the agranular cortex of the mouse, with M1 residing in the frontal
agranular region and expanding in the medial area and M2 within the medial agranular field (49).
With specific distinctions in their connectivity, M1 and M2 have been found to possess functional
differences. M2, receiving a large amount of sensory inputs, is thought to participate in the primary
motor planning and action control, whereas M1 regulates the overall movement execution (46).
While these two cortical regions define the broader borders of the motor cortex, the forelimb motor
regions in mice have been extensively studied. The rostral forelimb area (RFA) located within M2 was
originally reported as the second cortical region able to evoke forelimb movement, the first one
being the caudal forelimb area (CFA) in M1 (50). The two motor representations were since then
validated using intracranial microstimulation, with the CFA occupying a large area and expressing
distal forelimb movements, and a smaller RFA region anterior to the CFA evoking more proximal
movements (51). As both the CFA and RFA are necessary for proper control of forelimb movements,
the RFA seems to be correlated with fine skilled motor movements (52). Brown and Teskey (53)
reported a specific segregation of movement representations between the rat CFA and RFA using
ICMS, where the RFA expressed grasping movements and the CFA led to reaching movements.
Moreover, the forelimb motor regions have also been linked with sensory-input transmission. In a
study from Kunori and Takashima (54), they were able to measure excitatory response in vivo with
voltage-sensitive dye in both the CFA and RFA following forelimb stimulation. This activation was
shown to be relayed from the CFA to the RFA via cortico-cortical pathways after observing responses
in the CFA following deactivation of the RFA but no response in any forelimb regions after CFA
inactivation. Many other studies have reported the different connections between the two motor

regions, important for the control of forelimb movements (55-57).



Bilateral connections also exist for the CFA and the RFA, allowing the forelimb motor regions to
modulate both the ipsilateral and contralateral forelimb (57,58). Indeed, neuronal activation was
observed in the ipsilateral hemisphere as rodents were utilizing their forelimb for different
behavioral tasks (59,60). Both forelimb motor representations share connections with their
homologs in the other hemisphere with some functional and topographic differences. The RFA has
been found to induce more facilitatory response to its homolog contrarily to the CFA which
modulates more inhibitory effects (61). There is also divergence in the density of their
interhemispheric connections where the RFA sends less inputs to the opposite hemisphere

compared to the CFA (57).

The motor cortex has a definite and important role in relaying and processing motor information to
control movements. With M1 and M2, present in both humans and rodents, sensorimotor
modulation occurs bilaterally to define broader but also fine motor behavior. Its functions make it an

important brain region to study in relation to motor impairment following brain injury.

1.4 ICH, behavioral deficits and spontaneous recovery

As described earlier, the striatum is commonly affected by ICH, resulting in motor and sensory
dysfunction following ICH. As a result of the haemorrhage, structural modifications of the brain
happen, such as changes in axonal organization and projections, leading to behavioral deficits. White
matter injury is a frequent occurrence seen in patients following ICH, leading to poor motor
outcomes (62,63). In rodent models, the destruction of axonal fibers was observed six hours after
ICH onset with significant suppression in axonal transport in the contralateral hemisphere (64). In
rats, peri-hematoma axonal injury was also assessed one to three days after ICH induction including

myelin fragmentation and axonal damage (65).

As a consequence of ICH injury, asymmetric limb impairments, walking difficulties and dysregulated
balance have been observed (66,67). Early-onset deficits are observed in human patients during their
hospital stay and are commonly lasting for a long-period of time without full recovery (67,68). A
similar injury progression has been replicated and evaluated in rodents. In a rat model, it was

discovered that ICH causes a reduction in activity level, turning bias (the animal is more likely to turn



in one direction), and limb dysfunctions (11). These impairments can be seen in the first week
following stroke onset and can last for multiple weeks. In stroke-induced rats, Clarke and colleagues
(69) noticed impaired forelimb reaching in a skilled reaching motor task. The impaired paw showed a
reduction in both the reaching attempts and successful attempted reaching that lasted four weeks
post-stroke with little behavioral improvement. In another study, ICH mice exhibited forelimb
dysfunction up to five weeks after stroke induction with a high number of hand misplacement in a
grid walking test compared to sham animals. This dysfunction was correlated with axonal disruptions
in the brain (70). However, despite long-term functional deficits, recovery of behavioral function and

brain structure during the weeks following ICH has been studied in both humans and animal models.

If full recoveries are unusual, patients see their functional impairments partially restored after their
incident. This process is time-dependent, lasting for weeks after the stroke onset. These recovery
events have been considered by Cassidy and Cramer (71) in three different epochs in humans who
have experienced a stroke episode. The first epoch occurs in the few hours post-stroke. Brain repair
starts in the second epoch with the most robust phase of spontaneous recovery, which is lasting in
the first month after onset. During this period, neuroplasticity has been observed with increase in
dendritic spines and dendritic branches in addition to axonal sprouting leading to the creation of
new connections (72-75). The last epoch is seen as the chronic phase of brain repair with stable
endogenous repair-related events but also possibility of further structural adjustments. This chronic
phase is thought to last generally until the third month post-stroke but can be longer (76). Due to the
repair processes and stability of brain activity, this period is thought to be critical to promote
recovery and deliver therapy, although there are contradictory views on the subject (77,78). This
time-dependant injury progression highlights the importance of time in recovery. The presence of
heterogeneity and variability across patients lesion size and severity has brought challenges to
pinpoint a precise effective recovery period, stressing the importance of additional studies on the

subject.

Along these different recovery time periods, spontaneous sensorimotor behavioral recovery has
been observed. A clinical study from Lee et al. (79) demonstrated an improvement in upper and

lower limb sensorimotor functions up to 3 months following ICH incident. Using MRI, they found that



the recovery of the upper limb seemed to be related to the striatum, internal capsule and thalamus.
In a similar manner, hand and arm dexterity were shown to improve in stroke subjects starting at
four weeks and increasing until the third month after stroke onset (80). Many animals studies were
able to assess improvement of functions acutely and chronically following ICH induction as well (81—

83).

This spontaneous mechanism of brain repair after injury leading to improvement of motor functions
demonstrates the possibility of better outcomes for ICH patients. Understanding the underlying
functional processes could allow greater restorative therapies to ameliorate the long-term deficits

observed after ICH.

1.5 Remapping in the sensorimotor cortex

1.5.1 Intracortical microstimulation

The behavioral recovery process occurring after stroke injury could be explained by a reorganization
of sensorimotor representations in the brain. The functional recovery following brain injury has been
thought to emerge from three mechanisms: an increase of activity within the peripheral zone of the
lesion, an increase of activity in the opposite hemisphere and a rearrangement of the regions
surrounding the affected area (76). Sprouting of new axons and regrowth of dendritic spines have
been observed in the partially-lesioned area surrounding and adjacent to the injury, suggesting a
repair process in which peri-lesion area and intact regions of the ipsilesional hemisphere participates

(84-88).

Additionally, an increase of contralateral projections innervating to the connected motor regions of
the lesion area and greater dendritic arborization in the non-lesioned hemisphere were exhibited
following stroke (89—91). Bi-hemispheric influence on motor recovery is a phenomenon that was
largely studied. Observations of plasticity within the contralesional hemisphere linked with
functional activation suggested that the opposite hemisphere might play a role in recovery (92-94).
Other studies, on the other hand, have found that contralateral activity might lead to maladaptive
plasticity. The augmentation of the non-lesioned hemisphere motor cortex pathways could

participate in abnormal motor functions where the paretic limb will be used less and recover poorly



(95,96). The implication of both hemispheres in the stroke injury progression exposes the

importance of considering the whole brain when studying the disease.

The third mechanism suggest that adjacent regions to the lesion reorganize following stroke.
Somatotopic reorganization is observed by the displacement of functional regions around the injured
area, or at more distant sites for larger injury, to compensate for the loss of function within the
stroke site. One great approach to evaluate this mechanism is the mapping of sensorimotor
representations. Mapping experiments have first started with Fritsch and Hitzig in 1870 (97), who
discovered that electrically stimulating the brain led to evoked movements. Since then, brain
mapping techniques have developed and become more precise. In humans, transcranial magnetic
stimulation (TMS) is used to stimulate neurons in the motor cortex allowing evaluation of functional
motor pathways (98,99). However, stimulation can only be done at the surface of the brain and lacks
spatial precision. Using animal models, intracortical microstimulation (ICMS) allows evaluation of
evoked motor responses from direct synaptic stimulation by applying electrical stimulation directly
within the brain parenchyma (100). By exciting the motor cortex with short-train pulses ICMS, simple
movements outputs were observed (101,102). On the other hand, complex multi-joint movements
such as reaching and grasping in addition to multiple simultaneously evoked body-part movements
were observed when using long-train pulses (103—105). These different types of evoked movements
demonstrate the capacity to characterize cortical representations using ICMS. As such, the

reorganization of somatotopic regions following stroke injury was well studied using ICMS.

When inducing a stroke in the motor cortex, studies have shown that the lesioned functional regions
are displaced and represented in other brain area (106,107). In a study by Frost et al., (108), the
disruption of the hand representation by ischemic stroke in squirrel monkeys led to an enlargement
of that representation in the premotor cortex. The remapping observed in the primates was
correlated with an improvement of hand motor skills. The resulting modification of sensorimotor
maps after stroke has been shown to be influenced by the size of the lesion. Smaller lesions in the
CFA caused an increase of plasticity in the peri-lesion area whereas larger lesions have been found to
impact more distal regions (109-111). The demonstration of an increase of cortico-spinal

connectivity and an expansion of the contralesional representation was seen after large injury



following motor cortex stroke. (112,113). Overall, ICMS experiments were able to exhibit a
compensation of stroke injury in the brain represented by reorganization of partially or non-

damaged regions. However, the use of ICMS limits the research possibility in stroke recovery.

ICMS is an invasive procedure in which numerous electrodes are implanted into the brain multiple
times. Additionally, in order to use the electrodes, a craniotomy is required, adding to the
invasiveness of the experiment. The stimulation repetition with electrodes in various brain regions
ultimately results in disruption of the cortical tissue, preventing the subsequent utilization of the
animal. Consequently, multiple animal cohorts are needed when evaluating different timepoints
thereby preventing statistical correlation on a longitudinal temporal scale. Furthermore, ICMS
experiments are not able to study specific type of neurons, as the electrodes stimulate electrically all
the cells in a distinct range. To overcomes these limitations, a new mapping tool has been

developed: light-based motor mapping (LBMM).

1.5.2 Light-based motor mapping

LBMM utilizes light to stimulate specific cells through activation of light-sensitive ions channels.
These channels, also called ospins, originally came from algae and were expressed in animal cells to
facilitate their activation (114). Following this novel technique, transgenic mice were developed
incorporating channelrhodospsin (ChR2) within the pyramidal neurons of the layer V, driven by the
Thyl promoter (115). In these transgenic mice, movements can be evoked through the application of
light, within a spectrum of 350nm to 550nm, on the cortex (116). Layer V pyramidal neurons possess
elongated dendrites that span across the cortex to the superficial layers permitting their excitation
without penetrating the brain tissue. Motor maps and evaluation of cortical sensorimotor functions
has been accomplished with the use of this mice expressing opsins in various cell populations,
providing researchers a more comprehensive understanding of the motor cortex and its activity

related to movement control (117).

An additional advantage of LBMM is the activation of cortical neurons through an intact skull. The
development of a cranial chronic window surgically implanted on top of the mouse skull opened the

door to longitudinal assessment of motor cortex functions (118). With an intact brain and skull, the
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rodents can be mapped multiple times on a long temporal scale enabling measurements of the
cortical state at different phases of injury in the same animal. Evoked movements from the light-
sensitive stimulation of neuronal cells can be used to evaluate the remapping of the sensorimotor
representations following stroke. Harrison et al. (119) used LBMM paired with sensory mapping to
assess spontaneous cortical reorganization up to 8 weeks after inducing a cortical stroke in either the
forelimb sensory area or motor area. Thy1l-ChR2 mice with a unilateral transcranial window were
utilized to stimulate and image the sensorimotor regions. A displacement of the forelimb sensory
representation within the motor forelimb representation was observed after sensory cortex injury
without impacting the motor map itself. Even if sensory responses were evoked in the motor
representations at baseline, the sensory responses were reduced only when injuring the sensory
forelimb region. This study shows that longitudinal analysis of cortical remapping subsequent to
stroke injury can be accomplished using LBMM. Moreover, sensory mapping demonstrated the

implication of sensory representations within the motor regions.

LBMM, as a non-invasive tool, has been utilized to advance the study of unilateral motor cortex
changes following a stroke injury within the cortex. This sensorimotor mapping methodology
represents a progressive advancement toward a more comprehensive knowledge of the mechanisms

underlying stroke rehabilitation.

1.5.3 Intrinsic Signaling Optical Imaging

Sensory integration plays a major role in the planning and execution of movements. The primary
somatosensory cortex (S1) is situated in the anterior parietal cortex in humans with four connected
regions. One of this region, the main area for cutaneous sensory information integration, is the
homolog of the rodent’s S1 and sends projections to similar regions in both species (120).
Connections between S1 and M1 are well known and have been shown to play a role in relaying and
processing sensory information but also in the modulation of sensorimotor functions (121-123).
Additionally, an overlap between the limb sensory and motor representations in rodents was
revealed, emphasizing the functional proximity between sensory and motor activity (124-126). This

sensorimotor information integration is needed for precise motor control and participates in the
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kinematics and prediction of motor movements (127-129). With the importance of sensory
information processing within motor behavior, its evaluation in relation to motor function injury is

essential.

The assessment of sensory responses in the motor cortex can be accomplished by providing a
sensory stimulus to the animal and recording the evoked activity in the brain. One such tool for
sensory mapping is intrinsic signaling optical imaging (ISOI). ISOI can evaluate non-invasively the
functional sensory representations evoked from afferent stimulation in real time (130,131). ISOl is
performed by capturing the intensity of reflected light from the cortex. The reflective properties of
the brain are modulated by local blood flow; therefore, this method allows for quantification of
activity dependent changes in blood flow. The activity-dependent changes observed are referred to
as intrinsic signal and represent the dynamic response of oxygen consumption by neuronal cells and
blood volume changes following brain activity increase (132). Different light wavelengths are
absorbed by the blood in varying degrees; however, the wavelengths predominantly used for I1SOI
are the red light, which indicates the alterations in deoxyhaemoglobin level and the green light,
which reflects the total haemoglobin concentration (133,134). In ISOI, blood flow is used as a proxy
for neuronal activity. Following firing changes in the brain, a hemodynamic response can be
observed (135,136). First, an initial increase of deoxyhaemoglobin blood signal occurs as a result of
the neuronal activity metabolic demands. Compensating this change, oxyhaemoglobin blood flow
augments, followed by a final delayed increase of oxygen-filled blood flow to answer the high-energy
demand of blood flowing through the tissue (137). This process, also called neurovascular coupling,
can be employed to measure functional sensory impairments following cortical injury, thereby

offering critical understanding of the underlying recovery mechanism.

Various studies have assessed the reorganization of sensory representations after a stroke in the
sensorimotor cortex (119,136,138). In a study from Clarkson et al. (139), forelimb and hindlimb
sensory cortical maps were greatly reduced after the cortical injury. However, from 28-56 days after
the injury, a substantial recovery in their sensory maps was observed, without returning to pre-injury
level. This alteration in sensory representations was associated with impairments in sensorimotor

functions. The animals exhibited a heightened incidence of foot faults when walking on a grid, which
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persisted for 8 weeks, alongside an increase difficulty to retrieve food pellets, which recovered by
day 14 following stroke onset. In an additional study, the reorganization of forelimb sensory maps
together with neuronal activity and connectivity changes were shown (140). ISOl demonstrated a
shift in the forelimb sensory representations in adjacent regions subsequent to stroke induction.
Stimulation of the forelimb 8 weeks post-stroke evoked a response within the primary motor cortex
and hindlimb cortex, suggesting that the functional forelimb representations took over the
surrounding brain area. This remapping was paired with an increase of neuronal activation in the
peri-infarct region. Moreover, the stroke resulted in a reduction of connections between the forelimb
representation and the somatosensory cortex while eliciting an increase in cortico-striatal pathways,
implying a functional compensation from the striatum. These studies demonstrate that ISOl is a
sensitive tool to investigate brain changes following stroke in relation to sensory function, and when

paired with other techniques, it can provide a comprehensive assessment of stroke recovery.

1.6 Correlation between striatal-restricted injury and changes in motor cortex

Functional effects arising following stroke can result from associated brain areas outside of the peri-
infarct region. Structurally undamaged regions of the brain can show reduction of functional maps,
suggesting efferent projections are implicated in the neurophysiological dysfunction. Work from
Gharbawie and colleagues (141) presented behavioral defects in middle cerebral artery (MCA) stroke
rats which damaged the lateral neocortex but spared the M1 brain region. The forelimb movement
representation in M1 was reduced after stroke induction. In addition, they observed skilled reaching
impairments in the animals. This demonstrates that the MCA rats had impaired primary motor cortex

function although the structure was not directly lesioned.

A following study of Gharbawie and others (142) examined a similar influence of MCA stroke lesions
in M1 motor maps and related behavior. Striatal and sub-cortical lesions were produced in rats
without impacting the M1 region. Consistently, performance of skilled reaching behavior in the
animals was shown to be diminished after the stroke, demonstrating motor impairments.

Furthermore, forelimb motor maps were diminished in MCA rats, with representations being
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completely absent in some animals. Damage in the striatum and sub-cortex led to neurophysiological

dysfunction in the spared M1, showing that stroke impacts can act beyond the peri-infarct region.

The numerous connections between the striatum and the motor cortex have been shown to
influence sensorimotor functions in a healthy state. Conversely, striatal injury was shown to elicit
functional damage in motor representations. The impact of cortico-striatal connections within
striatal lesion appears to add a new dimension to the injury progression. In order to understand the

complete mechanisms around striatal stroke, additional investigation on this process is needed.

1.7 ICH rodent models

Rodent models are widely used to characterize the deficit progression following ICH as they replicate
the injury in a controlled environment with a smaller amount of time and lower cost compared to
clinical studies. The ability to control for comorbidities and individual variability allows powerful
statistical results and generates replicable data. As mentioned earlier, the rodent striatum has
structural and functional similarities with humans, making them reliable in translational studies.

Consequently, different rodent models have been established for ICH studies.

The injection of autologous whole blood model and the collagenase model are two predominantly
used models (70). In the whole blood model, stroke is induced by injecting autologous blood in the
brain mimicking a single intracerebral bleed. In the collagenase model, collagenase, a bacterial
enzyme, generates an intracerebral hemorrhage by rupturing the collagen of the blood vessel walls
in the brain (143). Both models have differences in lesion size and structural and functional impacts.
The blood model shows a reduced hematoma compared to the collagenase model with less
associated structural injury. Barrat and colleagues (70) saw a great decrease of cortical projections,
especially in the uninjured hemisphere, in the collagenase model compared to autologous blood
injection. This relates to ICH patients that had lower measure of connectivity in the contralesional
motor cortex. Additionally, functional recovery from the collagenase model persisted longer and did
not return to baseline after 28 days in rats, mimicking the long-lasting motor impairments in ICH
patients (144). For longitudinal studies examining long-term recovery, the collagenase model is

thought to be more relevant.
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1.8 What parts are missing in the puzzle?

The precise relationship between cortical remodeling and functional recovery is not completely
understood, especially in the relatively less studied ICH models (71,80). Gharbawie and colleagues
have discussed the effect of striatal injury on M1 forelimbs motor maps and associated behavioral
dysfunction (142), but evaluation of the cortical impact following striatal stroke is lacking in the

literature.

Additionally, we know that sensory and motor functions are closely related. Their tight relationship
has underlined the importance of studying their implication in relation to brain sensorimotor
functions injury. However, only the impact of M1 representation was assessed after striatal injury.
Moreover, the RFA has been shown to send a lot of projections to the striatum (57). Expanding the
evaluation of cortical impact to both the CFA and RFA would allow a better comprehension of striatal

stroke’s impact on motor representations.

Sensorimotor mapping tools can lead to a better understanding of this brain reorganization post-
stroke and its behavioral correlation (145). Compared to electrode-based mapping tools commonly
used in previous studies, we see several advantages of light-based motor mapping. Optogenetics is
less invasive and eliminates brain damage caused by the insertion of electrodes allowing longitudinal
studies to be completed in the same animals. In contrast to prior studies, our methodology employs
guantitative movement metrics (measure the size of evoked movements) instead of just annotating

brain regions based on types of movements that is produced when stimulated.

Lastly, most studies looking at the association between rearrangement of brain areas and behavioral
deficits in rodents did unilateral analysis. The evaluation of a single limb with its corresponding
hemisphere gives a precise measurement but fails to consider the important contribution of the
opposite hemisphere in sensorimotor functions. To improve our comprehension of the recovery
mechanisms, investigation of the responses of both hemispheres is needed as they both act in the

process.
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In light of the identified gaps in the literature, this thesis aims to assess the injury and recovery
progression of the sensorimotor cortex following a striatal ICH in conjunction to the related
behavioral impairments’ changes over time. By using LBMM and ISOI, a bilateral and non-invasive
measurements of sensorimotor cortex functions will be done longitudinally. Various spontaneous
behavior tests will be performed on a similar temporal scale to evaluate the functional deficits from

the striatal injury at different timepoints.
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2.Methodology

2.1 Animals and Timeline

The experiments in this thesis include 19 Thy1-Chr2-YFP mice (12 females and 7 males) that were 3-4
months old at the start of the experiment. The ICH group includes 5 males and 6 females, and the
sham group is composed of 2 males and 6 females. Animals were housed in same-sex groups of 3-5
mice in standard cages with food and water access ad libitum on a 12-hour light/dark cycle. Two
mice passed away during experiments, one sham and one ICH, due to complication from anesthesia

injections. No mice died from ICH injury.

The animals were tested on a battery of behavioral tests twice before ICH induction for a baseline
period starting one week before surgery. On the day of surgery, the mice were subjected to either
sham or ICH procedures followed by implantation of a chronic transcranial window on top of the
intact skull. Three days after surgery, mice repeated the behavioral tests battery and ICH animals (as
well as one sham) were imaged with MRI. Motor maps were acquired on post-ICH day 4 and sensory
maps on day 6. The behavior tests were performed on day 7. Mapping experiments and behavioral
tests were then repeated weekly for 5 additional weeks (Fig 1B). MRl images were acquired for ICH
mice on post-ICH day 14 (Fig 1A). After the 6™ week post-ICH, animals were perfused and their brains

collected for histological analysis.
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Figure 1. Experimental Timeline: A: A battery of behavioral tests (the cylinder test, the grid walking
test, neurological deficit score and the corner turn test) was completed before surgery for a baseline
measure. ICH was induced during surgery. At post-ICH day 3, mice repeated the same behavior tests
followed by MRI imaging. Mapping experiments (LBMM and ISOI) and behavioral testing was then
conducted weekly for 6 weeks. MRI imaging was repeated on post-ICH day 14. After the 6% week,
animals were sacrificed and brain tissue processed for histology. B. Weekly timeline for the post-ICH
weeks in which each ticks represents the day relative to ICH surgery. Mapping experiments lasted 4
days followed by behavior on the last day of the week.

2.2 Surgical Procedures

ICH was induced by injecting collagenase (sigma C2399, 0.15u/uL saline) in the right dorsolateral
striatum. The mice were anesthetized using 4% isoflurane to begin and kept at 2-3%-1L/min oxygen

until the end of the procedure. Carprofen (10mg/mL, 20mg/kg) was subcutaneously injected
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followed by subcutaneous injection of 1mL of saline. The scalp of the animal’s head was shaved and
cleaned with iodine. Ophthalmic ointment was applied to both eyes and anesthetic gel was
administered inside both ears to prevent irritation from stereotaxic ear bars. The head was secured
in a stereotactic frame and a rectal probe regulated a thermal blanket underneath the animal to
keep the mice at normothermia (36.5-37.4°) during surgery. The skull was exposed by removing the
scalp over both hemispheres, and using a variable speed drill, a burr hole was made in the cranial
bone 3mm lateral to the right and 1mm anterior relative to bregma (Fig 2A). With a 5uL Hamilton
syringe, 0.05puL of collagenase was delivered 3mm deep in the brain parenchyma at a 10° angle over
5 minutes (0.01pL/min) using a standard infusion pump (Pump 11 Elite, Harvard Apparatus). The
needle was left in position 5 minutes after the end of the injection to prevent backflow. Once the
needle was retracted, the skull was cleaned and dental cement (C&B Metabond L-Powder, S399,
Parkell Edgewood NY) was applied on the skull as previously described (118). A circular glass
coverslip (deckglaser 8mm diameter, Thomas Scientific) was placed on the dental cement and a
head-fixing nylon screw was fixed at the posterior end of the window with additional dental cement
(Fig 2B). Mice were kept anesthetized until the cement solidified (around 20 minutes) and were then
allowed to recover in an incubator. Sham mice underwent the same procedures but were injected

with 0.05uL of saline instead of collagenase.
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Figure 2. Intracerebral Hemorrhagic Stroke Surgery and Transcranial Window Implantation: A:
Surgery of intracranial collagenase injection in the mouse striatum. The mouse was head fixed on a
stereotaxic apparatus. Injection was delivered 3mm lateral and 1mm anterior from bregma at a 10°
angle. B. Representative figure of a transcranial window implanted on top of the mouse skull following
collagenase injection. A nylon screw was glued on top of the head for imaging purposes. Scale bar
represents Imm and anterior (A) — posterior (P) axis is labelled at the right bottom.

2.3 Behavioral Tests

Four different spontaneous behavioral tests were used to assess unilateral injury of sensory and
motor functions. The cylinder test allowed analysis of lateralized sensorimotor impairments of the
limbs. Front limbs’ locomotion and coordination were examined in the grid walking test. The corner

turn test helped evaluate turning asymmetry, and the neurological deficit score measured forelimb
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sensorimotor deficits on a scale from 0-3. All behavioral tests, except the corner turn test, were
conducted twice before surgery, at post-ICH day 3, and then weekly for 6 weeks (Fig. 1A). The corner

turn test was done only once at baseline to prevent habituation to the test.

2.3.1 Cylinder Test

The mice were placed inside a plexiglass cylinder of 20.5cm height x 9.5cm diameter in an enclosed
isolated space. The cylinder was illuminated from the side and below to allow visualization of the
forelimb movements (Fig 8A). A raspberry-pi camera positioned under the cylinder recorded the test.
The mice explored in the cylinder for 7 minutes. If less than 10 bouts of exploration were
accomplished within the 7 minutes, the mice stayed in the cylinder until completion of 10 bouts, or
for a maximum of 15 minutes. A full bout was characterized by the forelimbs leaving the ground and
touching the wall at least once before landing back. The videos were analyzed manually. Different
parameters were scored within a bout: the forelimb used to push off, the forelimb that touched the
wall first, the total number of wall contacts with each forelimb and the forelimb used to land first. If
both forelimbs were touching the surface simultaneously, it was assigned to the “both forelimb”

category. The following equation was used to calculate contralesional forelimb preference:

Ipsilesional Forelimb

(Ipsilesional Forelimb + Contralesional Forelimb + (0.5 * Both Forelimbs))

2.3.2 Grid Walking

A 33cm x 20.5cm meshed wire grid, with 1cm square opening, elevated above the floor in an
enclosed isolated space was used for this test (Fig 6A). The mice were positioned on the grid and
allowed to walk freely on the surface for 5 minutes. Sessions were recorded below the grid on the
side at a 45° angle with a cell phone camera (Pixel 6; 1080p at 30 fps) for visualization of missteps
from the side perspective. Videos were analyzed by manually counting total steps and missteps for
each forelimb. A misstep was characterized by a slip of the forelimb with the wrist passing through

the grid. Contralesional forelimb missteps were calculated using the following equation:
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Contralesional Forelimb

(Ipsilesional Forelimb + Contralesional Forelimb)

2.3.3 Neurological Deficit Score

Forelimb sensorimotor deficits were evaluated on a score from 0-3 using three subtests: forelimb
wire hanging, forelimb outstretching and forelimb extension (Fig 7A). The extension test looks at the
movement of the forelimbs and their extension amplitude when the animal is lifted by the base of
the tail. On the other hand, the outstretching test allows observation of walking behavior of the
upper limbs on a flat surface and limb outstretching when the mouse is dragged backward by the
base of its tail. Finally, during wire hanging test, the mouse is suspended with both its forelimbs on a
metal wire (25cm long x 20cm height) and let go. Difficulties to use the injured forelimb and
compensation behavior were assessed during the test. The latency to fall was also measured. A score
from 0-3 (0 = normal behavior, 3 = severe deficits, Table 1) based on the Garcia scale deficit score

(146) was set for each subtest.

2.3.4 Corner Turn Test

Mice were allowed to enter an apparatus corner and explore it. When reaching the end of the
corner, overstimulation of the whiskers made the mice turn in either the left or right direction (Fig
7A). The apparatus corner consisted of two pieces of hard plastic (45cm long x 20cm height) that
were held together in a 30° corner by 3D-printed braces. The two walls did not join completely,
leaving a narrow slit (~3mm) that allowed ambient light to enter the apparatus. Two other pieces of
hard plastic covered the top to restrict any distractions. Only the base of the apparatus was open to
allow observation of the mouse walking on the table surface. For each trial, the mouse was placed at
the open end of the corner and allowed to walk freely toward the slit. A minimum of 6 trials was
required to end the task. When immobile for more than 1 minute, the mouse would be returned to
the start position. The number of turns in either direction was recorded to analyze turning

asymmetry.
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2.4 Mapping Experiments

2.4.1 Intrinsic Signaling Optical Imaging

ISOI was utilized to visualize forelimb sensory representations within the cortex. Brain activity was
recorded by measuring the hemodynamic response to a vibrotactile stimulus delivered to the
forelimbs. The animals were anesthetized with isoflurane in an induction chamber (4%-1.5L/min)
and kept on the imaging rig at 1%-1L/min (light anesthesia). The head of the mouse was stabilized
with the nylon screw attached to an articulating arm (Fig 3A). Optixcare eye lubricant was applied to
the eyes to prevent cornea drying. Body temperature of the mice was maintained at normothermia
(36.5-37.4°) with a heating pad. The forelimb was secured on a vibrating haptic-motor and fixed
using poly-wax (Fig 3A). The cortical surface of the brain was imaged with a ThorLab Scientific Cmos
camera and the LabeoTech LightTrack Modular Optical Imaging System (0iS200) using 630nm (red)
and 530nm (green) light pulses at 10Hz (5Hz respectively). Exposure time of the camera was set at 1
millisecond and images were binned 2x2 to reduce file size and increase sensitivity. The vibrotactile
stimulus was provided by powering the vibrating motor with a 5V stimulation with a pulse period of
19.8ms and pulse width of 20ms. Each forelimb received 20 stimulation repetitions every 30 seconds
for a total of 610 seconds. Each repetition consisted of a 3 second baseline period, followed by a 3
second stimulation period and a post-stimulation phase of 24 seconds (Fig 3B). Once the image

acquisition was done, the mice were transferred to a heated recovery cage until they fully woke up.

Analysis of ISOl was conducted with UmIToolBox, a custom script provided by LabeoTech that was
used as a plugin within MatLab (R2021a). Both red and green light illumination data were acquired,
but following analysis, evoked responses in the red channel were unreliably observed in a number of
mice. Therefore, only the green channel data will be presented. Cortical images were aligned to
bregma and scaled with the 8mm window. A high cut-off filter of 1Hz was applied to eliminate high
frequency noise. Within each stimulation trial, responses were separated and averaged in two
groups, pre-stimulation (baseline) and post-stimulation (up to 8 seconds after stimulation) to
complete baseline normalization. The relative signal change (AR/R(t)) was extracted using the
following equation:

Si (t) - bSlni

AR/R(t) = bsin.
l
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Where Si(t) is the pixel value for a given t time and bs/n; is the baseline value (retrieved from
https.//labeotech.github.io/Umit/documentation/userDocs/fcns/normalizeBSLN.html). A custom
mask of the cranial window was then created and the peak response was manually selected for
thresholding. The response was thresholded at two standard deviations of pixels intensities and any
regions of interests (ROIs) smaller than 25 pixels were excluded. The size and amplitude of the
evoked cortical response was quantified within anatomical regions of the Allen Mouse Brain Atlas
related to sensory functions: forelimb and hindlimb somatosensory field and the primary motor
cortex (147; Fig. 3C). Thresholded ROIs were crossed with the anatomical regions ROIs and any
response outside the sensorimotor regions were excluded. For group visualisation, the peak
amplitude and the map area were subsequently calculated and averaged within groups (Fig. 3D).
Averaged sensory maps were created based on the average of the maximum cortical response in

each mouse.
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Figure 3. Intrinsic Signaling Optical Imaging Characterization: A: The mouse was head-fixed on the
imaging rig and kept anesthetized with isoflurane. A vibrotactile stimulus was delivered to the forelimb
using a vibro-motor apparatus. The wrist was fixed to the motor using poly wax. B. 20 stimulations
trials were delivered every 30 seconds for a total of 610 seconds (top). A trial consisted of a 3 second
pre-stimulation period (orange) followed by vibration train lasting 3 seconds (blue) and a post-
stimulation period of 24 seconds (light blue; bottom). C. The sensory maps were aligned relative to
bregma and superimposed on the Allen Mouse Brain Atlas anatomical areas related to sensory
functions: forelimb (FL) and hindlimb (HL) somatosensory field as well as the primary motor cortex
(M1). D. The signal trace during a stimulation trial. The vertical solid line delineates the stimulation
initiation. Peak amplitude was calculated during the post-stimulation period.
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2.4.2 Light-Based Motor Mapping

Optogenetics was used as a light-based motor mapping (LBMM) tool to assess longitudinal motor
response changes from cortical stimulation following ICH. The animals were briefly anesthetized in
an induction chamber with isoflurane (4%, 3L/min oxygen) and injected intraperitoneally with a
cocktail of xylazine (3mg/kg) and ketamine (30mg/kg) afterwards. Optixcare eye lubricant was
applied to the eyes to prevent cornea drying. The mouse head was then stabilized underneath a
custom macroscope with the nylon screw attached to an articulating arm. Body temperature of the
mice was maintained at normothermia (36.5-37.4°) with a heating pad. The animals were positioned
under the overhead camera with the cranial window perpendicular to the imaging plane and aligned
with the medial line. The forelimbs were placed symmetrically in front of the behavioral camera at
the platform edge, hanging freely from the shoulder (Fig 4A). During data acquisition, the mice were
kept anesthetized with constant infusion of ketamine through an indwelling needle placed
intraperitoneally. A standard infusion pump (Pump 11 Elite, Harvard Apparatus) delivered ketamine
(10mg/mL) at a rate of 3uL/min through a 27Gx1/2” winged needle (SURFLO, Terumo, ON, Canada)

fixed to an insulin syringe.

For LBMM, the lowest laser power to evoke reliable movements in the relevant brain regions (CFA
and RFA) was evaluated to generate comparable maps between mice. The resting motor threshold
was established by stimulating different points in the motor cortex using a range of laser intensities
(2-5mW, blue light 450nm, 5ms duration, 50um diameter). Once the threshold was determined, an
array of stimulation points spaced by 300pum was manually set over both hemispheres covering the
sensorimotor cortex (Fig 4c). Blue light stimulation was then randomly delivered at a 500ms inter-
stimulus interval two times for every stimulation point. The two stimulation repetitions together
lasted for approximately 7 minutes. Evoked movements from the cortical stimulation were captured
with a high frame-rate video camera (900Hz, 0.1ms exposure time; Fig 4B). A two-repetition map
session could be repeated if the anesthesia plane was observed to fluctuate during the map
acquisition. Resting motor threshold was re-evaluated after each map completion. If the mice
became too light during an experiment, a brief delivery of isoflurane (4%, 3L/min) was administered

to bring the mouse back to a proper anesthesia plane. A complete mapping sequence lasted on
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average 120 minutes. Once finished, the mice were transferred to a heated recovery cage until they

were fully awake.

Evoked movement amplitude and movement latency were analyzed to evaluate cortical response to
stimulation. The two map repetitions were averaged for each stimulation point and expressed as an
averaged maximum movement amplitude heatmap over the cortex for both forelimbs using a
custom MatLab (R2021a) script (Fig 4C). The maximum movement amplitude is described as the
maximum linear distance reached by the forelimb. Movement latency was quantified as the time
(relative to the laser pulse) for the forelimb to reach the farthest position. Movement latency was
calculated for each stimulation site and presented as latency maps. Group data was generated by
averaging individual mouse maps within groups using a second custom MatLab script. Different
motor map dimensions were further examined. The map size was calculated with the number of
pixels activated. Average movement amplitude and sum were determined by the mean and addition

of all pixels values respectively within the cortical map.
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Figure 4. Motor Maps Characterization: A. The mouse was head-fixed using a nylon screw on the
optogenetic rig and positioned under the overhead lens (left). Forelimbs were placed on the platform
edge hanging freely from the shoulder. Behavioral camera located in front of the limbs recorded the
evoked forelimb movements. A heating pad under the mouse maintained it at normothermia. The
transcranial window was positioned perpendicular to the overhead lens and aligned with the medial
line (right). B. A 5ms blue laser (450nm) pulse was delivered through the overhead lens to activate
layer 5 pyramidal neurons within the cortex of anesthetized Thyl-Chr2 mice. When motor regions
were activated, forelimb movements were visible and were recorded through behavioral camera. C. A
grid of stimulation point was drawn over the mouse cortex covering the motor cortex (top). Each
stimulation point was activated twice randomly, and the evoked forelimb movements amplitudes were
averaged for each activation point to create a heated map (bottom).

2.5 MRI

Images of ICH lesions were acquired in-vivo at 3 and 14 days post-ICH using a high-field small-animal
MRI (7.0T, Agilent MR901, General Electric, USA). The mice were anesthetized using isoflurane (2-

4%-1.5L/min oxygen) during the procedure and kept at normothermia with a heating pad.
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Respiratory rate and body temperature were monitored with a small animal monitoring and gating
system (Small Animal Instruments Inc., Strony Brook, USA). Imaging was completed using a T2 fast
spin echo sequence with the following parameters: slice thickness = 300 or 500 microns, 19-28 axial
transverse slices, spin echo = 8, echo time = 4500ms, scan time = 5:15 to 8:00 minutes. Lesion area
was outlined manually with ImagelJ and lesion volume was calculated by multiplying the area for all

coronal sections by the slice thickness.

2.6 Histology
Following post-ICH week 6, mice were sacrificed and the brain collected for histology. The animals

were deeply anesthetized with intraperitoneal injection of euthanyl (65mg/mL, 10mL/kg).
Responsiveness was examined by toe-pinch reflex. The mice were transcardially perfused with 10x
PBS solution followed by 4% formaldehyde solution (Fischer Chemical, USA) at a rate of 3.2mL/min
for 8 minutes each. Brains were extracted and stored in 4% formaldehyde solution at 4°C until slicing
(minimum 48 hours). 100 um coronal slices were generated using a vibratome and were mounted on
1% gelatin-coated glass slides. Sections were then stained with cresyl violet according to the

procedure done by Sirkin D.W., 1983 (148).

Slides were imaged using a flatbed scanner (CanoScan 9000F Mark I, Canon) at 1200 dpi. Brain slices
were compared to the Allen Mouse Brain Atlas to determine the anterior-posterior coordinates
relative to bregma. Lesion and atrophy volume were measured manually within Image) following

Maclellan et al., (146) protocol (Fig 5C):

Viost = (Vintact - Vlesion) XN XT

Where:

Viost is the volume of tissue lost

Vintact i the volume of the intact hemisphere
Viesion is the volume of the lesioned hemisphere
N is the number of sections

T is the volume thickness
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Volume of intact and lesioned hemisphere were calculated as such:

Vintact hemisphere adjusted = Vintact hemisphere — Vintact ventricle

Vlesioned hemisphere adjusted — Vlesioned hemisphere ~— Vlesioned ventricle ~ Vlesion

2.7 Statistical Analysis

All data were evaluated for heterogeneity and normality by plotting model residuals in a qqplot with
the addition of the Levene’s and Shapiro-Wilk test. For parametric data, a repeated measure ANOVA
followed by a Tukey’s HSD multiple comparisons post-hoc test was used. Part of ISOl and motor maps
post-hoc analysis applied the Kenward-Roger degrees-of-freedom correction test. For dataset
following a non-normal distribution, data was fitted in a generalized linear mixed model (GLMM)
with gamma distribution and analyzed using the Tukey’s HSD multiple comparisons test. The Mann-
Whitney U test with FDR correction was utilized within each individual day for corner turn test
analysis. After log transformation of the data, a T test with Welch’s correction was executed to
compare atrophy between the sham and ICH groups. All models except the corner turn test and
atrophy comparison had mouse as a random effect. Statistical models of motor map amplitude and
size considered mouse and hemisphere interaction as a random effect. A p-value of <0.05 was
considered significant in all cases. All analyses and graphs were completed using R (Version 4.3.1,
windows) in RStudio (Version 2024.04.02-764, windows) unless indicated otherwise. All singular

analysis will be specified in the result sections.

3. Results

3.1 ICH was delivered in the right striatum and led atrophy of the injured hemisphere

Following ICH induction, MRI images were acquired on days 3 and 14 post-ICH. Hematoma was

confirmed subcortically in the right hemisphere of all ICH mice 3 days after surgery as indicated by a
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white lesion contrasting with the darker tissue (Fig. 5A). One sham mouse was also imaged to
optimize MRI sequence, and no lesion was observed (data not shown). Considerable variability was
observed in the lesion volume across mice, ranging from 3.13 to 17.32 mm?3, with nearly half the
animals (n = 5) over 10 mm? and the remaining half (n = 6) falling below (Fig. 5B). On day 14, a
resolution of hematoma was observed. However, three mice showed an increase in lesion volume
compared to day 3 (0.42 — 2.845mm?3; 5B). A Tukey’s HSD pairwise multiple comparison showed

significant difference between the two timepoints (p = 0.0044)

Histological analysis revealed an atrophy of the lesioned hemisphere in ICH. A Welsh T test showed
significant difference between sham and ICH group in atrophy measurements (p = 0.001, Prism
v.8.2.1; Fig. 5D). Similar to day 3 MRI measures, ICH mice had a large range of atrophy, the smallest
having 0.77mm?3 difference between the injured and uninjured hemisphere and the largest 11.5mm?3.
Sham mice also showed atrophy, with some individuals exhibiting larger non-lesioned hemisphere
and others with greater lesioned hemisphere volume (Fig. 5D). Strikingly, a number of sham mice (n
= 3) had more atrophy in the injured hemisphere compared to the smallest ICH mouse atrophy.
Further analysis of the anterior-posterior distribution of ICH lesions showed the maximal lesion
volume close to 1mm anterior to bregma, corresponding to the anterior-posterior coordinate of the
collagenase injection (Fig. 5E). Overall, these results demonstrated that ICH was successfully induced
in the right striatum, with resolution of hematoma volume over time producing significant atrophy in

the lesion hemisphere.

Differences in stroke lesions have been observed between males and females in previous studies
(146). As such, sex difference was analyzed, but no significant differences were found between male

and female lesion volumes in MRI or histology (data not shown).
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Figure 5. Lesion Volume Measurements Performed Through MRI and Histology: MRI images (500um
thickness) of one mouse at post-ICH day 3 showing lesions in the right striatum. Scale bar represents
5mm and D (dorsal) — V (ventral), A (anterior) — P (posterior) axes are displayed at the bottom right. B.
Lesion volume (mm?) calculated from MRI images acquired at post-ICH day 3 and post-ICH day 14. C.
Workflow used to calculate atrophy of the injured hemisphere from the extracted brains after the 6
post-ICH weeks. Brains were sliced at 100 microns using a vibrotome, stained with Cresyl Violet and
then imaged. Atrophy was measured by subtracting healthy tissue of the uninjured hemisphere to the
healthy tissue of the injured hemisphere. D. Atrophy measurements (mm?3) compared between sham
and ICH groups. E. Anterio-posterior distribution of the lesion relative to bregma after 6 weeks post-
ICH.
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3.2 Acute sensorimotor deficits were identified following ICH induction

Different behavioral tests were performed for evaluation of sensorimotor deficits after generating
striatal injury. Forelimb sensorimotor coordination was assessed using the grid walking test. A
forelimb misstep score was calculated for each forelimb. Three days following ICH induction, the ICH
group showed a slightly higher missteps score compared to the sham group, indicating a larger
number of impaired forelimb missteps (Fig. 6B). However, at the end of the first week, scores were
similar between the two groups and stayed constant until week 4. Unexpectedly, sham animals
expressed an increase of impaired paw forelimb missteps starting week 4 until week 6. A Tukey’s HSD
pairwise multiple comparison fitted with a generalized linear mixed model showed significant

interaction effect between groups and timepoints (week 4: p = 0.025, week 6: p = 0.034).

Further investigation of the normalized missteps count to the total count of steps was completed
(Fig. 6D). The ICH animals demonstrated a progressive increase of impaired forelimb missteps
following ICH induction, presuming an enhanced difficulty to move on the grid with this forelimb. On
the other hand, the sham group exhibited a similar increase of impaired forelimb missteps starting
week 3 (Fig. 6D). Looking at the unimpaired forelimb, the ICH and sham mice missteps slowly
increased over time. Additionally, the total number of steps was not different between sham and ICH
groups at any timepoints, with a slight decrease of total steps for both groups starting on week 2 and
lasting until the end of behavioral testing, suggesting a reduction of activity in the test (Fig. 6D). A
Tukey’s HSD multiple comparison test fitted with a generalized linear mixed model demonstrated a
significant effect of time between baseline and weeks post-ICH in the ICH group (week 1-3: p < 0.003,
week 5-6: p < 0.0004; Fig. 6D). A significant effect was also found in the sham group when comparing
baseline with other timepoints (week 3: p = 0.039, week 4-6: p < 0.005). The same test found
significant group effect in the impaired forelimb on week 4 (p = 0.011). The unimpaired forelimb had
a significant effect of time between baseline and weeks post-ICH in both sham and ICH groups (ICH:

week 5: p=0.012, week 6: p =0.0002; sham: week 5: p <0.0001, week 6: p = 0.0022).
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Figure 6. Grid Walking Test: A. In the grid walking test, the mouse is placed on a meshed grid and is
allowed to walk on it. Every misstep with either the left or right forelimb was recorded. B. Box plot
displaying the rate of missteps for the contralesional (impaired) forelimb relative to total steps with
that forelimb. A higher score indicates more missteps of the impaired forelimb. C. Total number of
steps. D. Total count of missteps normalized to the total steps for both the impaired and unimpaired
forelimb. Stars (*) indicates significant difference, two stars (**) indicates significant difference
between days in both sham (green) and ICH (blue) group. Measurements were done at baseline, post-
ICH day 3 and over the 6 post-ICH weeks.

In the corner turn test, sensory and orientation asymmetries were measured longitudinally. The
percentage of turns executed toward the lesioned side was calculated. A similar percentage of
ipsilesional turns was observed at baseline in the sham and ICH group (Fig. 7A). A large increase of
ipsilesional turn in ICH mice was observed on the first week, with individuals making 100% turn
toward their lesioned side. The impairment diminished in ICH mice by week 2 and kept decreasing
weekly, suggesting a recovery of turning asymmetry. Conversely, ipsilesional turn percentages were
qguantitively constant over all timepoints in sham mice. A Tukey’s HSD pairwise multiple comparison
demonstrated effect between baseline and other timepoints in ICH group (day 3: p = 0.0011, week 1:
p = 0.0144) and between groups (day 3: p = 0.0134; Fig. 7A). Overall, following striatal ICH, a
decrease of skilled walking ability with affected forelimb and sensory asymmetry were captured at

early timepoints, recovering by the third week.
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Figure 7. Neurological Deficit Score and Corner Turn Test: The neurological deficit score (NDS) and
the corner turn test. The NDS assessments consisted of the wire hanging test, the forelimb asymmetry
test and the forelimb outstretching test. The corner turn test helped evaluating turning asymmetry
after ICH. B. Percentage of ipsilesional turns in the corner turn test, with higher percentage indicating
mouse preference to turn right. Stars (*) indicates significant difference between sham (green) and
ICH (blue) groups. C. NDS score in which a higher score represents larger forelimb motor deficits. Stars
(*) indicates significant difference between sham (left) and ICH (right) groups.
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3.3 Cylinder test and NDS found long-lasting forelimb impairments in ICH animals

Grip strength, balance and locomotor functions of the forelimbs were evaluated and scored on a
scale from 0-3 in a neurological deficit score (Table 1). The baseline measurements showed no
deficits in both groups with a median score of 0 (Fig. 7C). ICH mice demonstrated an increase in their
score starting day 3 and lasting until the end of data acquisition, revealing impaired forelimb deficits
after surgery that lasted for multiple weeks. A Mann-Whitney U test showed significance difference
between groups at multiple timepoints (day 3: p = 0.0042, week 1: p = 0.0277, week 2: p =0.0035,
week 4: p = 0.004, week 5: p =0.0097, week 6: p = 0.0497; Fig. 7C).

The cylinder test evaluated spontaneous forelimb use when exploring in a cylinder. A contralesional
forelimb preference score was determined to examine which forelimb was most used during rearing
behavior. ICH and sham mice score were equivalent during baseline measurements and stayed
similar on day 3 (Fig. 8B). Interestingly, ICH animals showed a substantial drop of their contralesional
preference score at the end of week 1. This reduction of impaired forelimb use stayed similar until
the 6 week. A Tukey’s HSD multiple comparison test fitted with a generalized linear mixed model
showed significant effect of group (week 1: p = 0.0035, week 4-5: p < 0.035) and time (baseline-
week1: p =0.012, day 3-week 1: p 0.0012).

Following these results, the forelimb used to pushoff and the total wall contacts were measured in
all rears. In both metrics, the percentage of impaired forelimb utilisation at baseline was similar for
the sham and ICH groups (Fig. 8C-D). ICH mice showed reduced use of the impaired forelimb to
pushoff themselves on day 3 (Fig. 8D). This reduction stayed similar until week 6 post-ICH, when the
percentage returned near baseline, suggesting a recovery of the impaired forelimb use in the last
week (Fig. 8D). In contrast, percentage of pushoff impaired forelimb of sham animals were kept
constant throughout behavioral assessments. The percentage of total wall contacts from the
impaired forelimb, on the other hand, did not immediately changed after ICH induction. A decrease
of impaired forelimb use in the ICH group was observed starting at the end of week 1 and lasted until
week 6 (Fig. 8C). Comparatively to the pushoff forelimb, the sham group had a constant use of their
impaired forelimb for wall contacts throughout the weeks (Fig. 8C). A repeated measure ANOVA
found significant effect in the pushoff forelimb for time and group (p = 0.004, p = 0.0141

respectively). The Tukey’s HSD pairwise multiple comparison post-hoc found significant difference
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between baseline and week 2 (p = 0.0312) and between groups on the same week (p = 0.0353,
Kenward-Roger test). For the total wall contact, same tests were used and found significant effect of
group and time interaction (p = 0.0117) with significant difference between baseline and week 1 (p =
0.0214) and between groups (week 1: p = 0.0028, week 5: p = 0.039). In summary, these results
indicates that the impaired forelimb sensory and locomotor functions were altered longitudinally

after inducing ICH and did not completely recovery after 6 weeks post-ICH.
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Figure 8. Cylinder Test: A. For assessment in the cylinder test, each mouse is placed inside a plexiglass
cylinder in which it naturally rears up and touches the wall to explore its environment. Each time the
mouse used either its left or right forelimb within a rear was scored. B. Box plot displaying the animals’
preference to use their contralesional (impaired) forelimb. A lower score indicates less usage of the
impaired forelimb. C. Percentage of the overall count the animals utilized their impaired forelimb to
push themselves off. D. Percentage of the total wall contacts using the impaired forelimb. Sham group
is represented in green and ICH in blue. Stars (*) indicate significant different. Measurements were
done at baseline, post-ICH days 3 and over the 6 post-ICH weeks.

3.4 Striatal ICH did not alter cortical responses from sensory stimulation

Completed weekly, ISOl measurements allowed longitudinal visualization of blood flow responses in
the sensory cortex following forelimb vibro-tactile stimulus. The average response evoked for both
the impaired and unimpaired forelimb did not differ between sham and stroke mice (Fig. 9A, Fig.
S2A). On week 2, the response appeared smaller i.e lighter in gray contrast, in the injured
hemisphere when stimulating the impaired forelimb compared to the other timepoints (Fig. 9A)
However, when quantifying the stimulus evoked area size, no significant difference was found in
either group (Fig. S1A). Consistently, the non-impaired forelimb demonstrated no changes over time
in area size and maximum amplitude for both groups (Fig. S1A/C, Fig. S1B/D). A small number of

mice had bilateral responses in both forelimbs (Fig S1).

Further investigation of the evoked responses in sensorimotor-related Allen Mouse Brain Atlas areas
was performed to evaluate changes within functional regions. Evoked area and maximum amplitude
have been assessed within M1 as well as the FL and HL sensorimotor cortex. Response size of the
impaired forelimb in its contralateral hemisphere demonstrated no changes over time in any
anatomical regions (Fig. 9B). Surprisingly, the non-impaired forelimb evoked area in sham mice
presented an increase on week 6 (Tukey’s HSD: p = 0.017; Fig. S2B). Being the most activated region,
average traces of evoked signal were generated for the FL anatomical region. Looking in the
contralateral hemisphere of both forelimbs, no changes were detected over time (Fig. 10A, Fig S2A).
The trace peak amplitude within the injured hemisphere of ICH mice impaired forelimb on week 2
seemingly decreased in comparison to week 1 (Fig. 10A). Nonetheless, when assessing the measure

of evoked peak amplitude, no significant difference was found in the ICH group (Fig. 10B). Taken
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together, these results suggest that the sensorimotor cortex had no activation alterations from sensory

stimulation following subcortical ICH.
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Figure 9. ISOI: Evoked Area in Impaired Forelimb: A. Evoked blood volume response following sensory
stimulation in both sham (top) and ICH (bottom) groups over the 6 post-ICH weeks for the impaired
forelimb. B. Size of the response area (mm?) from forelimb stimulation within Allen Mouse Brain Atlas
anatomical regions of the injured brain hemisphere in both sham (green) and ICH (blue) groups over
the 6 post-ICH weeks for the impaired forelimb.
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Figure 10. ISOIl: Evoked Peak Amplitude in Impaired Forelimb: A. Average stimulus evoked signal
traces in FL area within sham (top) and ICH (bottom) groups over the 6 post-ICH weeks for the impaired
forelimb. The vertical solid line indicates the vibrotactile stimulus onset. B. Peak amplitude of evoked
response within the Allen Mouse Brain Atlas anatomical areas in the injured brain hemisphere for both
sham (green) and ICH (blue) groups over the 6 post-ICH weeks for the impaired forelimb.

3.5 Motor maps showed bilateral decrease in size and amplitude after striatal injury

Measurements of forelimb movements resulting from cortical activation using LBMM was used to
longitudinally evaluate the impact of subcortical ICH on motor representations in the brain. Motor
maps for the impaired forelimb of ICH mice showed differences compared to the sham animals from
week 1 until the end of data acquisition on week 6 (Fig. 11A). The maximum movement amplitude of
ICH mice was localized primarily in the ipsilateral hemisphere of the impaired forelimb with the
injured hemisphere evoking smaller forelimb movement. Conversely, the sham group showed
contralateral motor representations with larger evoked movement in the contralateral hemisphere
(Fig. 11B). The uninjured hemisphere showed no changes following ICH induction. In contrast to the
impaired forelimb, the non-impaired forelimb of the ICH group presented larger evoked movements
in the contralateral hemisphere (Fig. S4A). Interestingly, peak movement amplitudes were smaller in
the ICH group compared to the sham throughout the LBMM experiments (Fig. S4B), suggesting a
negative impact to the non-impaired forelimb as well. A Tukey’s HSD multiple comparison test fitted
with a generalized linear mixed model found significant difference between groups for peak
amplitude in the impaired paw (injured hemisphere: week 1-3: p < 0.005, week5: p = 0.035) and the
unimpaired paw (week 5:p = 0.026, week 6: p = 0.019).

Further investigation of different parameters of evoked movement amplitudes showed similar
results. The mean and sum of the maximum amplitude were assessed in both forelimbs. The
amplitude sums of the impaired forelimb in ICH mice were disrupted throughout the 6 weeks (Fig.
11E). Comparably, when stimulating the injured hemisphere, the movement amplitude average
showed a significant decrease compared to sham animals (Fig. 11D). The non-impaired forelimb
demonstrated low average and sum of movement amplitude in ICH mice (Fig. S4E). There were no
changes in the uninjured hemisphere on any weeks for both amplitude measurements. For the sum

of evoked movements, a Tukey’s HSD multiple comparison test fitted with a generalized linear mixed
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model was used for both forelimbs. An effect was found for the impaired forelimb in hemisphere
(week 1: p=0.0023, week 1-2: p = 0.01, week 6: p = 0.034) and group (week 1-3: p < 0.0015, week 4-
6: p <0.02). The unimpaired forelimb had significant difference between hemisphere (week 1-2: p <
0.004, week 3: p =0.024) and groups (week 1: p = 0.014, week 2: p = 0.023, week 4: p =0.041) A
repeated measure ANOVA was used for the evoked movement average and demonstrated an effect
in time and group interaction for the impaired forelimb (p = 0.0036). A Tukey’s HSD pairwise multiple
comparison showed significant difference between groups (week 1-3 & 5: p < 0.015, Kenward-Roger

test).

The average evoked movement of each sagittal coordinates were analyzed to visualize the amplitude
distribution within specific regions. Anterior to posterior distribution of the mean evoked amplitude
revealed larger evoked movements within the injured hemisphere in sham group compared to ICH
mice around bregma point (Fig. 12) At both acute (week 1-3) and chronic (week 4-6) timepoints,
sham animals displayed greater averaged movements amplitude in the coordinates representing the
CFA region (0.3mm to -1.5mm relative to bregma) from the impaired forelimb (Fig. 12A). A similar
trend is observable in the non-impaired forelimb, but only for the chronic timepoints across a

smaller distribution (0.3mm to -0.5mm; Fig. 12B).

The size of the motor maps has been analyzed to evaluate changes in the evoked movements area
following ICH induction. The injured hemisphere map size of ICH mice presented impairment with a
smaller area that lasted until week 6 post-ICH (Fig. 11C). A similar disruption was shown in the
unimpaired forelimb (Fig. S4C). No changes were observed in the uninjured hemisphere of both
forelimbs. A Tukey’s HSD multiple comparison test fitted with a generalized linear mixed model was
used for both forelimbs. Significant effect was found for hemisphere (week 1-3: p < 0.015, week 6: p
=0.019) and group (week 1/3: p < 0.03, week 2/4: p <0.006, week 5: p = 0.039) in the impaired
forelimb. The non impaired forelimb also had significant effect for hemisphere (week 1/3: p < 0.0035,
week 2: p = 0.0058) and group (week 1-2: p < 0.05, week 4: p = 0.19). To summarize, both forelimb
motor representations in unilateral lesioned mice decreased in size and peak amplitude when

stimulating the motor cortex bilaterally.
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Figure 11. Motor Maps Amplitude and Motor Maps Size for Impaired Forelimb: A. Motor maps of
the impaired forelimb representing the averaged movement amplitude per activation point within
both sham (top) and ICH (bottom) groups over the 6 post-ICH weeks. B-C-D-E. Different map analysis
compared between sham (orange) and ICH (blue) groups within both hemispheres for the impaired
forelimb. Stars (*) indicate significant difference between groups and dash (#) indicates significant
difference between hemispheres. B. Maximum movement amplitude. C. Averaged map size
calculated by the number of pixels activated. D. Movement amplitude average. E. Sum of total
movement amplitude
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Figure 12. Motor Maps Sagittal Coordinates Distribution of Mean Amplitude: A-B Mean amplitude
averaged for each sagittal coordinate showing movement amplitude anterior-to-posterior distribution
on the cortex between sham (orange) and ICH (blue) groups for both the impaired (A) and unimpaired
(B) forelimbs. Post-ICH weeks were combined in two groups: week 1 to 3 (circle; acute phase) and
week 4 to 6 (triangle; chronic phase).
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3.6 Larger movement latencies were observed in ICH mice

Analysis of an evoked movement time to reach its farthest position following cortical stimulation
allowed to investigate temporal modifications of forelimb movements after ICH. Both the sham and
ICH groups exhibited constant movement latencies over time in the uninjured hemisphere of the
unimpaired forelimb (Fig. 13C). The ICH mice demonstrated larger latencies as opposed to sham
animals in the injured hemisphere for both forelimb with a trend toward recovery on week 6 (Fig.
13B-C). In both forelimbs, ICH animals had larger latencies closer to the edges of the forelimb
representations, which was not as prominent in sham maps (Fig. 13A/D). Interestingly, although not
significant, the uninjured hemisphere of the impaired paw had an increase in latencies around week
3 (Fig. 13B). A Tukey’s HSD multiple comparison test fitted with a generalized linear mixed model was
used for both forelimbs. Significant differences between group in the impaired (week 2: p = 0.0454,
week 3: p =0.0205, week 4: p =0.0079, week 5: p = 0.0447) and unimpaired forelimb (week 2: p =
0.0168) were found. A significant effect was also observed between hemisphere in the impaired

forelimb (week 2: p =0.0479).
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Figure 13. Latency of Peak Movement Amplitude Maps: A & D. Average latency for evoked
movements to reach their peak displacement within both sham (top) and ICH (bottom) groups over
the 6 post-ICH weeks for the impaired forelimb (A) and unimpaired forelimb (D). B-C. Mean evoked
movement latency compared between sham (orange) and ICH (blue) groups within each hemisphere
for the impaired (B) and unimpaired (C) forelimb. Stars (*) indicate significant difference between
groups and dash (#) significant difference between weeks within a group.
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4. Discussion

The results of this thesis revealed acute and chronic behavioral impairments over 6 weeks following
ICH induction in the dorsolateral striatum of mice. The first weeks were marked by impaired
locomotion, a decrease of spontaneous use of the impaired forelimb and turning asymmetry in
response to vibrissae stimulation. While some recovery was observed in earlier timepoints for
turning asymmetry and locomotion, the ICH animals showed long-lasting deficits in forelimb use.
These behavioral deficits were associated with disruption of the forelimb motor representations,
showing a decrease in evoked movement amplitude and map size. Evoked movement latency
presented similar time course of impairment. Our longitudinal mapping revealed some
reorganization within motor representations as both forelimbs showed an increase in map size and
amplitude overtime. Conversely, the sensory responses were not impacted by ICH, as no difference
was found between the sham and ICH groups. To our knowledge, this is the first study to evaluate
the relationship between behavioral recovery and bilateral sensorimotor map reorganization

following striatal ICH in the rodent brain.

4.1 Collagenase injection induced ICH leading to an atrophy of the lesioned hemisphere

To induce a striatal ICH, we used the collagenase model which enzymatically disrupts the blood
vessel wall leading to a subsequent haemorrhage. In our results, the lesion volume we measured
from T2 images exhibited an initial large lesion in subcortical regions on the third day post-ICH that
had significantly reduced by day 14, similar to what other studies have shown (144; Fig. 5A-B). The
collagenase rodent model has previously shown to generate a hematoma within the initial hours
after collagenase injection, followed by significant edema that gradually resolved in the ensuing
weeks (144). This injury progression is also comparable to what has been observed in ICH patients
(149). Moreover, the large variability in lesion volume that we observed in our ICH group, with a
14.19mm? difference between the smallest and largest lesion (Fig 5B), is representative of ICH
patients’ population, in which damage irregularity is a major factor in the difficulty of finding reliable
intervention. A more comprehensive understanding of the underlying mechanisms leading to lesion

heterogeneity is needed, stressing the importance of having pre-clinical studies introducing lesion
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variability (150,151). Surprisingly, three ICH mice showed a larger lesion at day 14 post-ICH
compared to day 3. This presence of a large lesion after 2 weeks could be explained by
perihemorrhagic edema. During the second phase of ICH injury, a long-lasting edema can be
observed, leading to aggravated outcomes (152). Disruption of the blood brain barrier and
neuroinflammation, among other processes, are thought to be the underlying factors contributing to
this phenomenon. Perihemorrhagic edema has been seen to grow over a duration of up to 3 weeks
in humans, with the peak occurring on the second week post-ICH (153). A similar process might have

happened in our mice, leading to a prolonged edema, even 2 weeks after surgery.

In the first 2 weeks, MRI images were acquired to longitudinally assess lesion volume in ICH mice.
The utilization of MRI imaging in lesion volume assessments is a common methodology in clinical
and pre-clinical studies (154,155). Its prevalent application for humans patients makes MRI a good
translational technique. However, doubts have been raised in the literature about the validity of MRI
images compared to histological analysis. In a study evaluating ICH in a collagenase rat model,
comparison of histological and MRI assessments for lesion volume showed significant variation at
week 4 and 6 post-ICH (144). In a similar rat model, Liu and colleagues found a significant difference
of lesion volume between histology and MRl measurements at day 14 and 56 after ICH onset (156).
Interestingly, correlation analysis between the two lesion volume techniques showed a high
correlation, indicating that both MRI and histology are reliable measures for lesion volume.
Consistently, meta-analysis and workflow development for injury evaluation have found considerable
correlation between MRI and histological lesion volume, arguing that both can be used

interchangeably (155,157).

Histological quantification at the end of our experimental timeline showed atrophy of the lesioned
hemisphere in all the ICH animals, with notable variability between the largest and smallest values
(Fig. 5D). A reduction of brain tissue volume is a common ICH consequence that occurs from the
mass effect in the early stages of the injury and appears when the edema and hematoma resolve.
This loss of parenchyma has been correlated with an increase density of neuronal cells and a
reduction of cell body size, potentially linked to abnormal neuronal activity (158). The resulting

atrophy is thought to be associated with the initial hematoma size, which could explain the variation
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observed in our atrophy volume. Intriguingly, studies have found that brain atrophy could instead be
protective and reduce the mass effect in ICH, leading to favorable outcomes (159). Atrophy in the
lesioned hemisphere was also observed in sham mice, with some individuals having larger atrophy
compared to ICH mice. The sham procedure consists of the insertion of the needle in the brain
parenchyma followed by saline injection. If the saline injection does not cause brain damage, the
needle itself goes through brain tissue, disrupting potential axons, connections and blood vessels on
its way down. By using a 33-gauge Hamilton syringe, the damage is limited but not completely
prevented. It is thus possible that this needle insertion might have caused damage to the brain tissue
resulting in some decrease of brain parenchyma volume. Many studies have used comparable sham
procedures and measured brain atrophy but did not report or measured the volume changes in the
sham animals (82,83). Other studies have shown atrophy in their sham animals as well (70,160,161).
The use of naive animals without any surgical intervention would be useful for future studies to
control for the syringe insertion and possibly offer more insight on the atrophy presence in sham
animals. Altogether, these results confirm the presence of a striatal injury in our collagenase model.
The injury progression followed the initial growth of hematoma and edema seen in ICH and

ultimately resulted in atrophy of the lesioned hemisphere.

4.2 Behavioral impairments followed striatal ICH with long-lasting forelimb sensorimotor functions
deficits

Assessments of sensorimotor function showed some impairments in the earlier timepoints that
recovered by the middle of the 6 weeks, while other test showed more chronic deficits. In the first
two weeks, a significant increase of normalized impaired forelimb missteps in the grid walking test
was observed in the ICH group but not in the sham animals, demonstrating a loss of coordination
and movement execution for the impaired forelimb (Fig. 6B/D). The basal ganglia network has been
correlated with the control of movement vigor, regulating the timing and velocity of execution. In a
study that inactivated the globus pallidus in macaques (162), one of the output regions of the
striatum, the speed of movement in a joystick task was greatly reduced, resulting in much slower
movements. Furthermore, the timing of continuous motor events by the integration of sensorimotor

information has been shown to be controlled by the basal ganglia, particularly the striatum (163). An
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injury to this network could impair the rapid execution of movement showing slower responses to
external stimuli. Walking on a meshed surface require the mice to constantly monitor their steps and
execute timed action to avoid slipping. Following striatal injury, this capacity may be impaired,
leading to an increased number of missteps (156). This movement vigor is thought to be modulated
by dopamine, where dopamine input reduction in the dorsal striatum leads to a loss of velocity and

fluidity of movement control, a pathophysiology commonly seen in Parkinson’s disease patients (35).

In the corner turn test, the ICH group showed a considerable increase of ipsilesional turns in the
corner turn test compared to baseline measurements and sham mice in the first week following ICH
(Fig 7B). This spontaneous test was designed to measure sensory impairment, by examining the
orientation response to stimulation of the whiskers in a tight corner, in addition to forelimb and
postural asymmetries (164). Many other studies evaluating behavioral deficits in a striatal ICH rodent
model have shown asymmetry of turning behavior in the corner turn test (165-167). Our results
reiterate previous findings demonstrating sensorimotor deficits in the corner turn test at acute
timepoints following ICH. Additionally, our ICH mice turning asymmetry displayed recovery by week
2 post-ICH. This return in turning balance is linked with the decrease of edema and hematoma
shown in the MRI images, on day 14. Recovery of ipsiversive behavior in the corner turn test has
been showed at similar timepoints in other studies (168,169). The association between edema and
sensorimotor deficits have been assessed in ICH rodent model. The repercussion of thrombin excess
and hemoglobin degradation paired with the mass effect has been shown to participate in behavioral
deficits (170,171). Consequently, the progressive relief of the blood and excess water in the brain
could result in partial recovery. The corner turn test results, among other behavioral tests, have been
correlated with brain edema 24 and 72 hours after ICH induction in a collagenase mice model,

arguing for a role of this injury process in sensorimotor deficits (172).

While the corner turn test showed recovery on the second week post-ICH, the significant increase of
normalized missteps frequency for the impaired forelimb during the grid walking test lasted over the
6 weeks post-ICH (Fig 6D). However, starting from week 3, the sham animals began to execute more
normalized missteps from their impaired forelimb relative to their baseline measurement. A similar

increase of normalized missteps in the unimpaired forelimb over time was displayed for both groups,
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suggesting that the mice are less coordinated over time. Although not significant, analysis of the
total number of steps for one forelimb showed a decrease of steps over time (Fig. 6C). By repeating
the behavioral test multiple times, motivation and concentration of the mice might have decreased,
leading to lower precision of movement execution. Many other kinematics are implicated in this
behavioral test, such as the body position, the speed, the duration of swing phase and cadence, and
have been shown to recover at different timepoints (156,173). Further evaluation of the various
parameters of grid walking behavior could provide significantly more precise analysis and potentially
explain discrepancy in results observed when employing a more generalized analytical approach

such as missteps assessments.

While the grid walking test and corner turn test presented deficits in the earlier timepoints, the NDS
and cylinder test demonstrated impairments in both the acute and chronic phases of ICH injury. A
significant increase of deficit score in the NDS was exhibited by the ICH mice compared to the sham
group (Fig. 7C). This significance was presented until week 6, at which point several ICH mice
exhibited a score of 0 on week 6 post-ICH, while certain animals continued to display deficits. This
NDS was graded based on the Garcia scoring system, with evaluation of forelimb asymmetry in
extension and walking movement as well as the balance and strength of grip on a hanging wire.
Similarly to the corner turn test, in the early timepoints, a turning asymmetry was observed in ICH
mice when they walked on a flat surface utilizing only their forelimb. While this asymmetry reduced
over time, the use of the forelimb remained impaired for a longer period of time. More specifically,
wire grasping in the wire hanging task presented prolonged deficits. The implication of the striatum
in skilled forelimb movement has been assessed in many studies (146,174,175). In a study from
MacLellan and colleagues (146), the kinematics of a skilled reaching task were analyzed in ICH-
induced rats. By examining the different components of the reaching movement, they were able to
observe abnormal retrieving movements where the rats had trouble closing their digits around the
food pellet and rotate their forelimb to retrieve it. This apparent difficulty to execute finer motor
behavior might explain the increased score of our ICH mice in the wire hanging test where they
showed impairment to grasp the wire. Compensatory mechanisms were taken in account during the
scoring in which the use of the impaired forelimb wrist or shoulder to hold on the wire were

considered as deficits.
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Similar to NDS deficits during the chronic phase, the cylinder test showed a significant forelimb
preference in the ICH mice until week 5 post-ICH (Fig. 8B). A preference to use the unimpaired paw
was observed in comparison to sham mice who exhibited no discernible preference; this effect was
evident during the first week and persisted for 5 weeks. Strikingly, no significant difference of paw
preference score was observed on the third day post-ICH. When looking at the components of the
rearing behavior executed in the cylinder, a reduction of impaired forelimb utilization to push itself
off the ground was observed starting day 3, whereas the total wall contacts made with the impaired
forelimb only began to decrease later in week 1 (Fig. 8C-D). The accomplishment of pushing its body
off the ground involves movement execution and control from the distal forelimb, which was shown
to be impacted in our other behavioral tests. The forelimb utilization to touch the wall, on the other
hand, results from large unprecise movements that can use proximal forelimb action to compensate.
It is possible that following a reduction in their impaired forelimb use, ICH mice demonstrated
maladaptive learning initiated later in the week, reinforcing the utilization of their unimpaired paw
only. Maladaptive learning is a mechanism well known in stroke injury in which deficit of the
impaired limb are exacerbated by a reduction of its utilization (95). With a decrease in sensorimotor
neuronal activity early after stroke onset, the use of the impaired limb becomes difficult, forcing the
utilization of the other limb. By doing so, reinforcement of the motor activity from the unimpaired
limb occurs, which further depresses the impaired limb neuronal activity, resulting in inefficient
movement execution of the impaired limb (176). Enforcement of the impaired limb use by

constraining the other limb is an effective therapy utilized for stroke injury (177,178).

All behavioral deficits demonstrated recovery over the weeks, implying a compensatory mechanism
for the loss of striatal functions from ICH. With its role in sensorimotor functions and its many
connections with the striatum, the motor cortex could be part of this recovery process. Motor cortex
input is thought to play an important role in determining motor commands where the striatum
would be critical in the subsequent information modulation (179). This raises the possibility that the
motor cortex might have taken over some of the functional loss observed in ICH mice. A study from
Tamakoshi and others (83) has found an increase of neuronal activation and plasticity marker in the
bilateral sensorimotor cortex following motor skill training in rats lesioned by striatal ICH. In another

study replicating similar experiments (180), marker for plasticity were found in both trained and non-
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trained rat motor cortex, suggesting that some recovery process is proceeding in this brain region
after striatal injury. Overall, the various behavioral tests used to assess sensorimotor impairments
following striatal ICH in a collagenase mouse model exhibited both acute and chronic deficits and

recovered throughout the 6 experimental weeks.

4.3 Stimulus-evoked sensory responses are not impaired by striatal ICH

ISOI was used to assess the impact of a striatal injury on sensory representations in the sensorimotor
cortex. The stimulation of the impaired forelimb did not show any significant difference between
sham and ICH groups at any timepoints for both the peak amplitude and area size of the evoked
response (Fig. 9A, Fig. 10A, Fig. S1). Further examination of the ISOI response within anatomical
brain regions did not present any differences as well (Fig. 9B, Fig. 10B). Surprisingly, ICH animals
showed a larger evoked response, although not significant, in the first week compared to sham mice.
This unexpected result could be explained by neurovascular coupling disruption in the early stage

following stroke (136).

The striatum has been shown to share connections with the sensory cortex and participates in the
integration of sensory information (43,181,182). Studies have illustrated that sensory stimulation
induces neuronal activation within the striatum, demonstrating a relay of sensory information from
the sensory cortex to the basal ganglia network (183,184). Direct stimulation or inhibition of
corticostriatal projections using optogenetics disrupted the performance of rats in a vibrotactile task,
implying a significant role of the striatum in vibrotactile information modulation (185). Moreover,
injury to the basal ganglia has shown to affect sensory responses in the brain (186—188).
Nonetheless, if the striatum participates in the modulation of sensory information, the
somatosensory pathway initiates outside of the striatum (189). Sensory information from the
forelimbs, for example, is received by hindbrain which relays it to the thalamus in the
ventroposterior nucleus. Thalamocortical axons are then sent to the neocortex by the internal
capsule and innervate S1. This functional circuit has likely not been impacted, or only minimally, by
our striatal lesion as preliminary investigations of the collagenase mouse model for this work

revealed minimal damage of the thalamus and internal capsule (data not shown). Additionally,
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similar results were found in a study from Bauer and colleagues (190). The sensory representations
were evaluated in an ischemic stroke mouse model that produced damage in different locations. One
group demonstrated exclusively subcortical damage, whereas two other groups showed both
subcortical and various cortical damage. Electrical forelimb stimulation revealed only a slight
reduction of the evoked response amplitude in the subcortical infarct group compared to the other
groups, with most of the sensory representation still present. This difference of sensory responses
from a subcortical stroke compared to stroke in both subcortical and cortical regions suggests that
damaging only subcortical regions impacts minimally the sensory representations in the
sensorimotor cortex. By injuring exclusively the modulator of sensorimotor cortex output, the initial
response coming from deeper brain regions may remain present in the cortex. The exact role of the
striatum in sensory functions is still not completely understood but our results suggest that

damaging the striatal structure does not lead to sensory representation disruption.

4.4 LBMM showed motor map alterations

The use of LBMM allowed us to evaluate the motor representations following ICH and how they
change over time. Sham animals demonstrated comparable motor maps to what has been previously
shown in the same mouse line (52; Fig. 11A, Fig. S4A). Contralateral activation with a well-defined
CFA on the posterior side and a smaller RFA positioned anteriorly are displayed throughout the 6
weeks. On the first week, a noticeable change was observed in the ICH group compared to the sham
group (Fig. 11A). Evoked movements from the impaired paw exhibited ipsilateral maps as opposed to
sham mice that presented larger amplitude in the contralateral hemisphere. The striking difference
appears in the contralateral hemisphere of the ICH animal maps, where a considerable shrinkage of
the representation is observed. This change was confirmed by a significant difference of movement
amplitude and motor map size between the sham and ICH animals in the injured hemisphere (Fig.
11B-E). A similar pattern was shown for latency of evoked movements where a significant difference
was displayed in the injured hemisphere of the impaired forelimb between both groups (Fig. 13).
Moreover, the unimpaired forelimb also showed damage in the injured hemisphere (Fig. S4) The
decrease evoked amplitude in motor maps could not be related to a major power reduction used to

elicit movement as the experiments were done based on motor resting threshold and the range of
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power was similar between sham and ICH animals (1-4mW). This study is not the first one to report
damage of motor maps from non-M1 injury. A reduction of contralateral-to-injured forelimb motor

maps after subcortical stroke has been reported by Gharbawie et al. study (142). Moreover, damage
in the lateral neocortex leaving M1 intact has also demonstrated reduction of motor map size

(141,191).

A first explanation for this functional motor impairment is distal injury from the acute inflammation
present in ICH. It has been shown in both humans and rodents that following ICH in deeper brain
regions, secondary injury represented by reduction of dendritic spine density and integrity lost of
white matter was observed in regions distal from the stroke site (192,193). Injury processes present
in remote regions from the initial stroke site brings the possibility of damage to cortical neurons.
Assessment of neuronal damage in the cortex in future studies would allow further analysis of

cortical neuron disruptions.

Injury to cortical connections with downstream target could be another justification for the
impairment of motor representations seen in our ICH mice. Indirect corticospinal connections going
through the basal ganglia regulate the processing of motor information (194,195). By inducing ICH in
the striatum, these connections might have been damaged. In both humans and rodents, the loss of
cortico-striatal projections following subcortical ICH was demonstrated (70,196,197). Injury of these
connections could possibly disrupt the afferent pathway to the spinal cord, resulting in a form of M1
deafferentation. Studies looking at M1 deafferentation through spinal cord injury have found similar
reduction of cortical motor representations (198—201). Using LBMM, Hilton and colleagues
measured evoked movements in mice after lesioning pyramidal tracts (199). An almost complete
ablation of the map was observed early after the injury and showed recovery by the second week.
Similar functional damage was observed as well in humans (202). In this study, TMS was used to
measure brain activity when participants with spinal cord injury contracted their hand muscles.
While the motor map area of control participants increased after muscle contraction, the map area
of spinal cord injured subjects reduced in size, demonstrating that M1 deafferentation led to
abnormal functional representations of their hands. The impact of corticospinal tracts damage on

motor maps is similar to what we observed in our ICH mice. It is important to note that a large
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portion of indirect corticospinal connections are situated in the internal capsule (203). However, as
mentioned earlier, the internal capsule was not, or minimally, damaged by our striatal stroke,
indicating that the possible damage to corticospinal afferent pathways would originate from the

striatum.

Most of the changes observed in our ICH mice motor maps were situated in the CFA. The sagittal
distribution of mean evoked amplitude showed a substantial difference between sham and ICH
animals in the coordinates related to the CFA (Fig. 12). Interestingly, a similar decrease pattern was
demonstrated in rats with pyramidal tract lesions, demonstrating further correlation with M1
deafferentation (200). The prominent damage in the CFA region of the motor maps follows the
topographical distribution of their connections with the striatum. RFA connections to the striatum
have been found to be denser and cover a larger part of the striatum compared to CFA inputs (204).
Projections from the CFA are restricted to the lateral and dorsolateral part of the striatum whereas
RFA innervations are found in most of the striatum with higher density in the ventral subregion. The
coordinates we used to induce ICH aimed the dorsolateral striatum with minimum damage to the
ventral part. With larger damage to the dorsolateral zone, most CFA connections would be damaged

compared to the RFA inputs where many projections in the ventral striatum would be largely intact.

The reduction of motor maps in the first week of LBMM experiments lasted for 5 weeks before
showing an initiation of recovery. While the injured hemisphere generated smaller evoked
movements in ICH mice, the uninjured hemisphere showed no difference compared to sham animal.
This ipsilateral activity of the impaired paw displays the importance of both hemisphere in the

recovery process following ICH and will be discussed in the next section.

4.5 Bilateral sensorimotor representations with no recovery over time

Bilateral activity for both forelimbs was observed during LBMM experiments and sensory mapping.
The sham animals showed motor maps with strong contralateral activity but stimulation of the
ipsilateral hemisphere evoked movements as well (Fig. 11, Fig. S4). Moreover, presence of bilateral
response when stimulating a single forelimb was observed in I1SOI results (Fig. S1). Evidence of

ipsilateral implication in unilateral movements has been shown in the past years (205-207).
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Moreover, bilateral motor representations have been previously generated with a similar dominance
for contralateral activity as seen in our maps (118,208). The sensorimotor cortices are joined by the
corpus callosum, a large tract of white-matter fibers composed of excitatory axons that innervate
inhibitory and excitatory neurons on the opposite hemisphere (209-211). This connection between
hemispheres is thought to participate in regulating unilateral activity via interhemispheric inhibition,

suggesting an important role for bilateral activity in motor control (212-215).

If the sham mice demonstrated contralateral motor maps, the ICH animals on the other side showed
greater ipsilateral activity compared to the opposite hemisphere in the impaired forelimb (Fig. 11A-
E). Significant difference between movement amplitude and map size of both groups was observed
for the 5 first weeks following ICH onset (Fig. 11B-E). This disbalance of hemispherical activity is
commonly seen following stroke injury. A common concept across the mammalian brain is that with
a reduction of intrahemispheric connectivity comes an increase of interhemispheric connections
(216,217). By injuring cortical projections within one hemisphere, a stroke can lead to increased use
of transcallosal connections. Indeed, damage caused in the lesioned hemisphere have been shown
to consolidate and create new connections with the opposite hemisphere, and is also paired with an
increase of ipsilateral activity (73,94,218). Similar processes have been observed following

subcortical ICH as well (219-221).

The ipsilateral dominance in our ICH animals’ motor maps were present for a prolonged period of
time (6 weeks post-ICH; Fig, 11A). Although the enhanced activity of the contralesional hemisphere
is thought to act as a compensation mechanism, many studies argue that this compensation can lead
to maladaptive plasticity (222—-225). As discussed earlier, the increased use of the unimpaired
forelimb can lead to a depression of the other forelimb motor control. The interhemispheric
imbalance observed after stroke injury can exacerbate the inactivation of the lesioned hemisphere
(226). In accordance with the interhemispheric inhibition concept, augmented activity in the
contralesional hemisphere may result in an increase inhibition of the lesioned hemisphere,
potentially worsening the loss of activity already present. In a clinical study by Murase et al. (227),
they demonstrated that patients injured with chronic subcortical stroke had an unusual high

interhemispheric inhibition when using their impaired hand. Moreover, inhibition of the
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contralesional hemisphere in humans injured by a stroke led to facilitation in using their impaired
hand (96). The persistent ipsilateral activity in our ICH mice motor representations might result from
this maladaptive plasticity. By not forcing any constraint on their unimpaired forelimb, the animals
were free to use any forelimb they preferred. It is possible that the increase utilization of the
unimpaired forelimb exhibited in the behavioral tests have led to greater activity of the non-lesioned

hemisphere, inducing abnormal interhemispheric inhibition.

However, an initiation of recovery seems to occur by week 6. The significance between sham and ICH
groups in the motor map size and movement amplitude disappears by week 6 where a reduction
trend is shown in the values (Fig. 11. B-D). This recovery is similar to the behavioral deficits
improvements observed in the cylinder test and NDS. While the mice were left with the opportunity
to employ any forelimb they want, the behavioral test used weekly may have functioned as a form of
rehabilitation therapy. The rigorous enforcement and practice of utilising the impaired limb is a
prevalent rehabilitation program employed with stroke patients (96). The training and enhance use
of the impaired forelimb could overcome the maladaptive plasticity. The spontaneous behavioral
tests we used were not specialized for such therapy, but they did engage the mice in weekly testing
of the forelimbs. This has potentially contributed to an improvement of the impaired paw use, slowly

resulting in functional cortical recovery.

Another explanation for this recovery observed in motor maps is the idea that there is transcallosal
excitation instead of inhibition. Studies have debated the hypothesis of interhemispheric inhibition
(228). The stimulation of both hemispheres in the brain showed an ipsilateral excitability with a
decrease of activity in the contralateral hemisphere (229). Moreover, Waters and colleagues (230)
have tested the connections between both hemispheres by evaluating cortical activity during motor
learning. They found that both hemispheres participated in better results of a skilled task without
any reduction of performance when stimulating the ipsilateral cortex, arguing for an
interhemispheric cooperation. Interestingly, and in concordance with this process, the non-impaired
forelimb showed recovery in the injured hemisphere earlier than the impaired paw (Fig. S4),
suggesting that the increased utilization of the unimpaired forelimb in acute timepoints might have

helped in the recovery of its ipsilateral hemisphere by coordinated excitation. The possible
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excitability collaboration between both hemispheres could have helped in the recovery of our ICH

animals’ motor maps over time by facilitating the lesioned hemisphere activity.

5. Conclusion

5.1 Significance

The understanding of the recovery progression following ICH is still incomplete in the literature. The
aim of this study was to provide a better comprehension of the injury and recovery process following
a striatal ICH by assessing functional and behavioral changes. Although many studies have looked at
behavioral deficits and connectivity alterations following a striatal ICH, we were the first one to

investigate the longitudinal impact on bilateral sensorimotor maps in relation to behavioral deficits.

Striatal ICH in the collagenase mouse model demonstrated a variety of outcomes in lesion damage
which correlated with the heterogeneity of ICH injury observed in the human population. We
reiterated the evidence of acute and chronic motor behavioral impairments with progressive
recovery shown in previous studies. By following a novel experimental timeline utilizing non-invasive
LBMM and ISOI in ICH mice, we showed that striatal ICH impaired motor representations in the
cortex without damaging sensory maps. While similar findings have been demonstrated in the past,
this study was the first one to evaluate the sensorimotor functions in both hemispheres. To
compensate for the loss of functions in the ipsilesional hemisphere, larger contralesional activity in
the injured mice was seen after ICH induction. This contralesional dominance lasted for 5 weeks
before demonstrating a trend toward recovery. This recovery initiation was paired with a recovery of
impaired forelimb utilization. Additionally, the unimpaired forelimb motor representations recovery
preceded the impaired forelimb. Overall, LBMM, ISOI and behavioral testing highlighted the complex
injury progression occurring after ICH and the brain capacity to undergo plasticity to overcome the

resulting deficits.
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5.2 Limitations and future direction

5.2.1 Isoflurane neuroprotection

One limitation of this study is the use of isoflurane during surgery. Although surgeries were done
efficiently, within a limited timeframe and utilizing the lowest isoflurane settings possible, the animal
remained under anesthesia for approximately an hour. Isoflurane has been studied as a
neuroprotective agent regulating inflammation and reducing apoptosis in brain injuries with benefits
observed when used as a pre- or post-conditioning treatment (231-233). In an ICH mouse model,
exposure to isoflurane for a duration of one hour post-surgery resulted in a marked reduction of
brain edema and cellular apoptosis which was related to better behavioral outcome (234). These
studies suggest that using isoflurane during ICH induction may introduce a confounding variable in
the injury consequences by acting as a protective agent. The utilization of different anesthetics, such

as xylazine and ketamine, could overcome this limitation in the future.

5.2.2 Anesthesia-induced LBMM and I1SO!

Another limitation is the weekly use of anesthesia in our sensorimotor data acquisition. Isoflurane
and a cocktail of ketamine and xylazine were administered to the mice to keep them under an
anesthetized state during experiments. Although the repetitive use of xylazine and ketamine is not
known to induce any long-term behavioral changes, ketamine displayed synaptic plasticity when
administered in subanesthetic dose (235,236). Conversely, multiple use of isoflurane has been shown
to cause mild distress with changes in exploratory behavior and food intake (237). However, these
effects were exhibited after multiple anesthesia sessions within a day and repeated every 3-4 days.
Our mice were induced once a week for approximately an hour, possibly limiting the negative effect
of isoflurane. Nevertheless, in future studies, the experiment could be done in awake mice,
preventing the utilization of anesthesia, and providing a more comprehensive understanding of ICH

progression by replicating the awake state of the brain.
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5.2.3 Baseline measurements

In this study, we used a chronic cranial window to allow longitudinal and minimally invasive
evaluation of cortical functions. A limitation of this technique came when we paired it with the
collagenase model, preventing baseline measurements acquisition. Since our ICH mouse model
involved an intracranial injection, the chronic window could not be implanted prior to ICH induction,
preventing LBMM and ISOI before the surgery. While sham animals were used as a control for the
sensorimotor maps experiments, the baseline assessments would have provided a comprehensive
and complete evaluation of striatal ICH impact on sensorimotor functions within the groups.
Moreover, sham mice received an injection as well, leading to the disruption of brain parenchyma by
the needle tract. The use of a naive group of mice, with only the transcranial window implantation,

could allow control for needle damage in brain tissue.

5.2.4 Spontaneous behavioral task for a motor skilled-related brain region

While the striatum participates in movement control and decision-making behavior, it also plays a
major role in skilled motor movement (18,34). The utilization of spontaneous behavioral test enabled
the evaluation of behavior without any training needed, providing no confound of motor learning on
the ICH recovery. However, utilizing a skilled motor task in future research could further assess the
impact of striatal injury in this functional component. Additionally, the striatum is also thought to
store learned motor skills once they are acquired, but this remains a debate in the literature (238). It
would be interesting to examine the impact of a striatal injury at different period of a skilled-task

training in ICH rodents to provide additional evidence on the striatum role within motor learning.

5.2.5 Neurovascular coupling disruption and I1SOI

ISOI assessment uses neurovascular coupling as a measurement of the sensory response. However,
neurovascular coupling has been demonstrated to be impaired following an ischemia episode in the
brain (136,239). In a study by Sunil et al. (240), neuronal response were examined simultaneously
with hemodynamic response. The neurovascular coupling showed a high correlation with neuronal

firing in healthy conditions but induction of a stroke led to a disconnection between the two
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measurements in the first week after injury onset. This dysregulation of the hemodynamic response
early after stroke indicate that acute ISOl measurements could inaccurately represent sensory

response.

5.2.6 Individual correlation between sensorimotor mapping, behavior and ICH lesion size

By utilizing non-invasive imaging and stimulation techniques, longitudinal assessments within the
same animals were completed, allowing for investigation of recovery over time. Additionally, using
mice as an animal model provides for individual identification of each subject. Nonetheless, no
correlation measurements were achieved in this study. Since there is a still an uncomplete
knowledge of the lesion size impact on stroke recovery (241), analysing the correlation between the
sensorimotor mapping experiments, the behavioral deficits and the lesion size could provide a better

understanding of the recovery process.

5.2.7 Age group in ICH

The prevalence and incidence of ICH in humans is greater in the older population (<70 years old) (2).
To reliably study ICH injury, old mice should be utilized in order to mimic the natural changes
occurring in aging brain (242). The mice in our study were relatively young (3-4 months old), but
their faster recovery and larger resilience to complications after brain injury facilitated the evaluation
of spontaneous recovery. Regardless, the results of this study contribute to the understanding of

recovery in a healthy population, which is not conforming to the global ICH incidence.
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6. Supplemental Figures
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Figure S1. ISOI Evoked Response from Sensory Stimulation in Both Hemispheres: A-D. Evoked
response within each hemisphere for both sham (orange) and ICH (blue) group over the 6 post-ICH
weeks. Area size of evoked response in both impaired (A) and non-impaired (C) forelimb. Response
peak amplitude in both impaired (B) and non-impaired (D) forelimb.
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Figure S2. ISOIl: Evoked Area in Non-Impaired Forelimb: A. Evoked sensory maps in both sham (top)
and ICH (bottom) groups over the 6 post-ICH weeks for the non-impaired forelimb. B. Size of the
response area (mm?) from forelimb stimulation within Allen Mouse Brain Atlas anatomical regions of
the uninjured brain hemisphere in both sham (green) and ICH (blue) groups over the 6 post-ICH weeks
for the unimpaired forelimb.
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A. Non-impaired Forelimb: Stimulus Evoked Signal Amplitude
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Figure S3. ISOI: Evoked Peak Amplitude in Non-Impaired Forelimb: A. Average traces of the evoked
response in FL area within sham (top) and ICH (bottom) groups over the 6 post-ICH weeks for the
unimpaired forelimb. The vertical solid line indicates the onset of the vibrotactile stimulus. B. Peak
amplitude from evoked signal within the Allen Mouse Brain Atlas anatomical areas in the uninjured
brain hemisphere for both sham (green) and ICH (blue) groups over the 6 post-ICH weeks for the
unimpaired forelimb.

67



40

©w
(=]

Movement Amplitude
N
=)

-
(=

15

=
o

o

Movement Amplitude

I
«

25

Sagittal Axis (mm)
(=]

.
[
o

25

Sagittal Axis (mm)

[mm

Non-impaired Forelimb: Maximum Movement Average

Sham Group

25 0 25
Coronal Axis (mm)

ICH Group

-2.5 0 2.5
Coronal Axis (mm)

Week 1 Week 2 Week 3

Peak Movement Amplitude -
Non-impaired Forelimb

Week 4
Post-ICH Week

C.

Movement Amplitude

M

Week 5 Week 6

Motor Maps Size -
Non-impaired Forelimb

Uninjured Hemisphere | | Injured Hemisphere Uninjured Hemisphere | | Injured Hemisphere
801 #
*
*
*
#
. *
% 60 #
= *
# 8
o
[1+]
=
40
20
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5
Post-ICH Weeks Post-ICH Weeks
Sham
- ICH
Average Movement Amplitude - N Sum of Movement Amplitude -
Non-impaired Forelimb Non-impaired Forelimb
Uninjured Hemisphere ][ Injured Hemisphere ] Uninjured Hemisphere | { Injured Hemisphere
1000
*
3
3 750
=
E *
<
-
]
g 500
-
>
)
=
250
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

Post-ICH Weeks

Post-ICH Weeks

68



Figure S4. Motor Maps Amplitude and Map Size for Unimpaired Forelimb: A. Averaged motor maps
for the unimpaired forelimb representing the movement amplitude per stimulation point within both
sham (top) and ICH (bottom) groups over the 6 post-ICH weeks. B-C-D-E. Different map
interpretations compared between sham (orange) and ICH (blue) group within both hemispheres for
the unimpaired forelimb. Stars (*) indicate significant differences between groups and dash (#)
represents significant differences between hemispheres. B. Peak movement amplitude. C. Average
map size calculated by the number of pixels activated. D. Movement amplitude average. E. Sum of
total movement amplitude.

Subtests

Score

Forelimb Extension

Forelimbs are
symmetrical

Impaired forelimb
does not extend as
much as unimpaired
side

Impaired forelimb
held close to body
and minimal
movement

Impaired forelimb
does not move at all

Forelimb Outstretching

Walks in straight
line and
forelimbs are
outstretched

Walks toward
impaired side and
forelimbs are
outstretched

Walks heavily toward
impaired side and
impaired forelimb
does not outstretch
well

Impaired forelimb
does not move or
outstretch

Forelimb Wire Hanging

Both forelimbs
grab the wire

Impaired forelimb
grabs but not able to
support weight

Grabs with wrist of
impaired forelimb

Can’t grab the wire
with the impaired
forelimb

Table 1. Neurological Deficit Score: Scoring scale description of the three NDS subtests. Subtests are

scored on a scale of 0-3, 0 representing normal behavior and 3 showing severe deficits in the mouse.
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