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Abstract

The remapping of cortical networks after stroke is hypothesized to be one of the
mechanisms subserving functional recovery. Our understanding of cortical remapping
remains limited due to the inability to resolve which cells are active while performing

motor tasks with high temporal and spatial specificity.

The experiments presented in the first chapter of this thesis evaluate the ability of
the inducible Arc-CreER™:Rosa-YFP"" model to label cells in the motor cortex activated
by a motor-related behaviour. Through the modification of previously published 4-
hydroxytamoxifen treatment paradigms, this model can differentiate between animals that
performed the rotarod task at two time points and home cage controls. In addition, 65% of
cells active at the first behavioural time point are reactivated. Taken together, these data
suggest that the Arc-CreER™:Rosa-YFP"" model is able to reliably label networks used to

perform the same behavioural task at two time points.

The second chapter of this thesis details a pilot study in which the Arc-
CreER™:Rosa-ChR2:YFP" model was used to test the effect of daily optogenetic
stimulation of the contralateral cortex on functional recovery. The results of this chapter
suggest that stimulating the contralesional motor cortex may impair functional recovery.
Overall, the results of this thesis lay the foundation to use this model to investigate motor

networks in both naive and pathological conditions, such as stroke.
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1. Introduction

This thesis describes the establishment of a mouse model to label cells in the motor
cortex recruited during a behavioural task, and a pilot study using optogenetics to probe
the effect of contralesional cortex stimulation on stroke recovery. Within this introduction,
essential background on stroke recovery and models to investigate cortical reorganization

is described.

Stroke

A stroke occurs when all or part of the brain stops receiving blood resulting in cell
death!. Strokes are classified as either haemorrhagic or ischemic depending on how the
affected area is deprived of blood, and can be further categorized based on the number or
size of vessels affected, as well as the location of the infarct. Haemorrhagic strokes are
caused by a rupture of one or many blood vessels in the brain, which causes uncontrolled
bleeding. Haemorrhagic strokes are often fatal, and fortunately only account for
approximately 10% of all strokes?. The remaining 90% of strokes are ischemic, which
occur when part of the brain is deprived of blood due to the presence of a clot in an artery
or arteriole!. The blockage deprives the area of blood and nutrients, disrupting cellular
processes such as oxidative phosphorylation, which leads to an interruption in adenosine
triphosphate production, and the initiation of a cascade of cellular processes ultimately
leading to cell death?®.

Approximately 40,000 Canadians suffered a stroke in 2017%. Almost 80% of these
people survived their stroke, and most joined the over 400,000 survivors living with
disabilities caused by stroke!. Over 40% of stroke survivors suffer from moderate to severe

disability!. Further, the number of patients living with the effects of stroke is expected to



double in the next 20 years'. Not only is there an increase in emotional and physical
support required for stroke survivors, but there is also a large financial burden suffered®.
Stroke leads all other neurological conditions in Canada in terms of direct costs. It is
estimated to cost Canadians $2.5 billion per year®.

Collaborative efforts among institutions to author guidelines on stroke care have
increased the number of stroke survivors and has improved the care stroke survivors
receive. Most notably, the development of The Canadian Stroke Best Practice
Recommendations document was penned to offer information on the continuum of care
required for stroke patients®. These guidelines touch on a multitude of topics, from the
importance of knowing the three signs of stroke (facial drooping, weakness in one or both
arms, and slurred speech), allowing more patients to receive acute care, to providing

recommendations regarding physical rehabilitation.

Approved treatments for stroke

The incidence of stroke is on the rise, however there is also a larger percentage of
patients surviving than ever before. This is partially due to important advances in acute
care, such as the development of thrombolytic agents. Tissue plasminogen activator (tPA),
approved in 1996, is the only approved drug to treat acute stroke®. When administered
intravenously, tPA acts to dissolve clots, thus restoring blood flow to an occluded area of
the brain®’. Another successful acute treatment for stroke patients has been endovascular
surgery. This technique, famously shown to be effective at treating stroke in the double-
blind ESCAPE Clinical Trial (ESCAPE: Canadian Endovascular treatment for Small Core
and Anterior circulation Proximal occlusion with Emphasis on minimizing computerized
axial tomography to recanalization times)®. This surgical treatment involved inserting a
thin tube into an artery in the patient’s leg and guiding it towards the clot in the brain. Once
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the tube arrives at the clot, a stent is used to remove the clot®%. While both tPA and
endovascular surgery have been shown to be effective, both must be administered in a
relatively short window (five and seven hours after stroke onset, respectively)®.
Nevertheless, they have been effective in acute cases in restoring blood flow to the affected
areas and thus reducing, and in some cases reversing the effects of stroke, thus reducing
the number of deaths from stroke.

For those afflicted with stroke-induced disability, rehabilitation is viewed as the
gold standard of care for achieving maximal long-term recovery, and because of the wide
range of deficits experienced by stroke patients, rehabilitation is often administered in a
multidisciplinary way!!. Strategies such as the inclusion of exercise and fitness components
are common. Constraint-induced movement therapy (CIMT) can also be used as a method
of restricting the use of the non-paretic limb and is often used in concert with rehabilitation
to encourage usage of the affected limb!!. Although rehabilitation has been shown to be
effective’®!®, only 37% of patients with moderate to severe deficits receive access to
standard rehabilitation4. Furthermore, patients who do not make use of these treatments
often only achieve a partial recovery®. These factors illustrate the urgency with which new

treatments must be developed.

Preclinical studies and clinical trials in stroke recovery

Remarkably, in the absence of treatment both patients and pre-clinical models of
stroke demonstrate a limited degree of recovery. This recovery, termed spontaneous
biological recovery (SBR) is thought to be due to many different processes. For example,
the resolution of a brief period of diaschisis and edema and reduction in inflammatory
molecules are thought to partially underlie the early phases of SBR. Later during SBR, a
growing body of literature suggests a contribution of multiple processes, such as
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angiogenesis, neurogenesis, and reorganization of functional circuits®.  Many
experimental treatments and interventions for stroke patients seek to enhance recovery by
targeting these mechanisms. Tested interventions include chemical and biological
treatments, as well as novel rehabilitation techniques.

The importance of growth factors during development led researchers to believe
that they could be important for repair after stroke. Preclinical studies supported this idea,
with molecules such as brain-derived neurotrophic factor!’ and erythropoietin'®
administration significantly improving behavioural outcomes in animal models of stroke.
Less success has been observed in human patients treated with growth factors. This is
perhaps due to the difficulty that large molecules such as growth factors have in crossing
the blood-brain barrier (BBB), which therefore limits their ability to reach the site of
injury®. This difficulty crossing the BBB is shared by other large molecules, such as
monoclonal antibodies. These molecules are designed to bind to and neutralize molecules
that prevent growth, and thus facilitating recovery by creating an environment permissive
to growth?®. One such target is myelin-associated glycoprotein (MAG), which prevents
axonal growth. In a trial in which the humanized anti-MAG antibody GSK249320 was
administered 24-72 hours and then 9 days post-stroke, no significant improvements in gait
velocity were observed?’. However, the antibody was well-tolerated, and no safety
concerns were identified. The authors hypothesized that the failure to detect a significant
improvement in patients which received antibody treatment could be because the antibody
did not reach the target. This suggests that advances in shuttling large molecules across the

BBB need to be made before antibodies can become effective tools for stroke recovery.



Small molecules, such as selective serotonin reuptake inhibitors (SSRIs), have
enjoyed much greater success, and have even been used in large-scale double-blind trials.
Most notably, in the FLAME trial (FLAME: Fluoxetine for motor recovery after acute
ischaemic stroke), patients given SSRIs after stroke had significantly better outcomes at 90
days post-stroke??. Not only did the mood of those treated with SSRIs improve
significantly, but these patients also displayed an almost 10-point increase in Fugl-Meyer
score at 90 days post-stroke, even after adjustments for treatment centre, age, and history
of stroke. The authors hypothesized that this effect could be due to the serotonergic system
providing facilitation to the motor system, which would make sense, since SSRI treatment
was paired with rehabilitation training?.

Preclinical studies have also suggested other promising targets for stroke recovery.
One well-researched molecule is chondroitinase ABC (ChABC), which dissolves
chondroitin sulfate proteoglycans (CSPGs). CSPGs are a component of perineuronal nets
(PNNSs), which act to restrict plasticity in the brain by surrounding the soma and proximal
dendrites of neurons®*. Thus, by partially dissolving PNNs around the stroke or along the
corticospinal tract, the opportunity for plasticity is enhanced, which could lead to enhanced
recovery. A recent meta-analysis of studies using ChABC in pre-clinical studies of stroke
suggests that this treatment is effective in improving behavioural outcomes in animal
models of stroke?®. The hope of translating this treatment to human patients is promising,
especially when considering recent advances in controlling the expression of ChABC?.
However, many experimental treatments like ChABC have yet to face the test of clinical

trials.



Stimulation Therapies to Enhance Stroke Recovery

Studies of SBR, and specifically cortical reorganization, identified and described
the reallocation of functions that were previously under the control of the afflicted region
to other central nervous system regions. Some regions that have been shown to be
implicated in this process are the peri-infarct regions®’, as well as other distinct cortical
regions such as the non-affected contralateral hemisphere?®, the pre-motor cortex?®, and the
spinal cord®. Additionally, in both humans and preclinical models of stroke, changes in
excitatory-inhibitory balance of neural networks after ischemia are well-documented.
Specifically, after stroke, the lesioned cortex is hypothesized to exert a reduced
transcallosal inhibition of the contralesional hemisphere, while the contralesional
hemisphere exhibits an increased transcallosal inhibition of the ipsilesional hemisphere3!.
This results in an increase in excitability of the contralesional cortex, and a suppression of
the ipsilesional hemisphere. During the acute phase of recovery, intracortical disinhibition
of both the lesioned and unlesioned hemispheres is associated with recovery®!, while the
chronic phase of recovery is also associated with the organization of new circuits?-3,
Importantly, these changes occurring during SBR happen during a “critical window” of
plasticity in the weeks following a stroke>25-3,

Case studies and clinical trials using stimulation therapies for stroke recovery have
largely focused on either reducing the deleterious overexcitability of the contralesional
cortex or increasing the excitability of the ipsilesional cortex. Previous and current clinical
trials have largely used either repetitive transcranial stimulation (rTMS) or transcranial
direct current stimulation (tDCS). During rTMS, an electromagnet is placed above a brain
area of interest. By passing a current through the electromagnet and creating a brief

magnetic field, neural activity in the underlying neurons can be modulated. Low-frequency

6



rTMS involves stimulating the brain at <1 Hz, and causes local inhibition of the underlying
neurons, while high-frequency rTMS involves stimulating at >3 Hz which activates the
underlying neurons. A recently published summary regarding the clinical use of rTMS in
stroke recovery included almost 1000 stroke survivors in placebo-controlled trials that are
using either high- or low-frequency rTMS®. This review reported highly inconsistent
findings regarding treatment efficacy*%4!,

TDCS involves placing electrodes on both sides of the head and passing a current
through them to modulate cortical excitability*4?. Although little is known about the
underlying neurophysiological mechanisms, tDCS has proven to not only be effective in
certain cases, but also affordable, convenient, and simple to use. These aspects make it a
particularly attractive option for stroke treatment in an era of healthcare spending cuts.
Most importantly, a recent review found that for the treatment of motor deficits, tDCS was
only useful when used in the chronic phase of stroke recovery, but not the acute and sub-
acute phases*.

Some researchers have sought to use other means of stimulation to enhance stroke
recovery. For example, in a rat model of stroke, it has been shown that vagal nerve
stimulation (VNS) paired with rehabilitation more than doubled rats’ performance on an
untrained reaching task compared to rehabilitation alone*®. This effect is likely because
VNS paired with forelimb movements increases the representation of the forelimb in the
motor cortex, as has been shown in studies of the naive rat brain*t. In humans, it has been
shown in a small pilot study of 20 patients that VNS is not only safe and well-tolerated in

stroke patients*. Furthermore, when paired with rehabilitation, VNS results in a six-point



increase in Fugl-Meyer score over patients that received rehabilitation alone. Thus, this is
a potentially promising avenue of approach to treat stroke patients.

Clinical trials making use of stimulation techniques have become numerous in the
past years, and despite their increasing success, fundamental questions remain with respect
to the biological mechanisms underlying these improvements*®-*. Further, it is unknown
what types of cells take up the function of the infarcted region, and when they are becoming
active. Answering these questions will be crucial for the optimization of stimulation
paradigms, as well as to inform when and what areas and cell types would be best to
stimulate. In order to answer these questions, preclinical studies have begun using
optogenetic approaches to either stimulate or silence specific population of cells during

stroke recovery.

Pre-clinical stimulation and cortical reorganization studies

Pre-clinical studies of stroke have begun to shed light on which areas would be
ideal targets for stimulation therapy at various times during recovery as well as the
mechanisms underlying these effects. Of the many targets identified, the most intensively
studied has been the peri-infarct. Steinberg group demonstrated in a study that stimulation
of the ipsilesional primary motor cortex (M1) promoted functional recovery in a middle
cerebral artery occlusion (MCAo0) model of stroke*®. This was done using a Thy-1-ChR2
mouse, which allowed for the expression of the light-activated cation channel
channelrhodopsin-2 (ChR2) in excitatory layer V neurons. The authors hypothesized that
these effects were likely due to the increased expression of various neurotrophic factors,
which enhanced plasticity in the cortex after stroke. Using the same tools, the same group
published another paper three years later demonstrating that stimulation of the lateral
cerebellar nucleus (LCN) also improved stroke recovery®. The authors hypothesized that
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because the LCN provides excitatory input to the cortex, stimulation of the LCN provided
excitatory input to the ipsilesional cortex, allowing for an increase in expression of
neurotrophic factors in this region. These studies clearly support the ongoing clinical work
of stimulating the lesioned cortex.

The role of the contralesional cortex in stroke recovery has remained much more
controversial. Until recently, decreasing contralesional M1 excitability was thought to
improve recovery®l. It would therefore follow that increasing the excitability of the
contralesional hemisphere may reduce recovery. In disagreement with this hypothesis,
Cheng et al. (2014) reported that contralesional M1 stimulation had no effect on recovery.
This result is surprising, given that stimulation was done in a Thy1-ChR2 mouse, in which
many neurons were stimulated. Other studies took the opposite approach for determining
which areas are important for stroke recovery by selectively silencing specific areas of the
brain. These studies found that contralesional inhibition can exacerbate or improve
impairments based on the size of the stroke®>°3. More specifically, they found that the
inhibition of the contralesional hemisphere via lidocaine injections impairs motor
performance with the stroke-affected paw, while others have shown its inhibition with
muscimol improves motor recovery 4 weeks after stroke.

The lack of consensus on the efficacy of stimulation treatments and the role that
various areas of the brain play in stroke recovery supports the call for more research into
how motor networks reorganize after stroke. Therefore, to design well-informed clinical
stimulation trials, it is necessary to determine not only the motor networks that arise to take

up the function of the infarcted region, but also determine how these networks change.



Using immediate early genes (IEGS) to investigate the reorganization of functional
circuits

Immediate early genes (IEGs) get their name from their activation Kinetics. In
response to neural activity, they are transcribed in a matter of a few minutes, and protein
concentrations reach their peak within one to three hours, degrading soon afterwards>**.
Common examples of IEGs include c-Fos, Arc/Arg 3.1, zif268, and NPASA4.

These genes are often used as a marker of neural activity due to the quick and
transient nature of their activation. In general, experiments making use of IEGs involve
animals performing a behavioural task and sacrificing them at the time of peak protein
concentration. After tissue processing, post-hoc immunohistochemistry (IHC) is done to
visualize which areas express IEGs. With the proper controls, these types of experiments
allow for conclusions to be drawn regarding the activity of a brain region during the
behavioural task based on the presence or absence of IEGs. This technique is useful since
all active neurons in the brain can be observed. Additionally, more precise determinations
such as the location of the active neuron and colocalization analysis can be performed to
determine the phenotype of the active neurons. This methodology has been used in stroke
research and has been used to show that rats exposed to a combination of enriched
rehabilitation and daily reach training had higher levels of IEG expression in the
perilesional motor cortex and striatum, as well as contralesional motor cortex than rats that
received either individual intervention, and standard housing controls®®.

A limitation of using IHC to examine IEG expression is that it cannot distinguish
the degree of activation of each individual neuron. This is because the relationship between
the signal achieved from IHC and the amount of protein in a cell is generally not linear®’.

A second disadvantage is that only one behavioural time point can be examined in each
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animal, since they must be sacrificed to examine IEG expression. Thus, temporal changes
in network activation can at best be inferred, and one must contend with the error associated
with inter-experiment variability and not being able to examine network changes within

the same animal.

In vivo imaging of IEGs

Capitalizing on the use of IEGs, researchers have developed transgenic animals that
express fluorophores transiently in response to IEG gene activation. By implanting a
cranial window in the skull of these animals, researchers can visualize cells that are active
during a behavioural task by imaging the brain through the window. Importantly, the same
ensembles of cells can be visualized over the course of many behaviour trials.

This approach was taken by Cao et al. (2015) using Arc-GFP (GFP: green
fluorescent protein) mice®®. The animals performed the rotarod task over the course of
many days, and were imaged immediately after their training sessions to track the degree
of activity in each cell of interest by measuring its fluorescence intensity. The results from
this study showed that the level of fluorescence of each cell imaged during the rotarod
training predicted whether it would be retained in the motor network used to perform the
rotarod task or be dismissed. They also identified that the secondary motor cortex (M2)
was required for motor learning.

This same approach can be taken without the use of IEG-driven fluorophores by
substituting them for genetically encoded calcium indicators (GECIs). GECls, such as
GCaMP (and its variants), are a fusion protein of GFP and calmodulin, and have been used
extensively to image populations of neurons during behavioural tasks®®. During neural
activity, calcium flows into the cell, and binds to the calmodulin portion of GCaMP, and a
resulting conformational change causes the rapid deprotonation of the chromophore,
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allowing for increased absorbance of the excitation wavelength and ensuing bright
fluorescence. Given that intracellular calcium is rapidly chelated following neural activity,
these rapid changes in intracellular calcium concentration cause signals to be perceived as
a “flash” of fluorescence®. Thus, high temporal resolution can be achieved using GEClIs.
However, IEG-driven fluorophores and GECIs suffer from the same critical drawback.
When performing in vivo imaging, one must choose to either image the whole brain at a
superficial level using a CCD camera, or a smaller area of the brain with better depth and

resolution with a two-photon microscope.

Inducible targeted recombination in active population (TRAP) models

Targeted recombination in active population (TRAP) models (not to be confused
with “Translating Ribosome Affinity Purification™) are inducible transgenic mice that
allow for temporal and spatial examination of active cell ensembles at two time points
within the same animal®. This is achieved via the combination of inducible IEG-driven
fluorophore expression with IHC for IEGs. All TRAP models are double transgenic mice
created by breeding together 1) an inducible Cre-estrogen receptor recombinase (CreER)
mouse, in which the expression of Cre is under the control of an IEG promotor; and 2) a
floxed STOP reporter mouse, in which the gene encoding a fluorophore is preceded by a
STOP codon which itself is flanked by two LoxP sites (i.e. floxed). The CreER is a fusion
protein of Cre recombinase and a mutated human estrogen receptor, whose activity is
tamoxifen-dependent. In response to the binding of its ligand, tamoxifen, the CreER
exposes its nuclear localization signal and translocates to the nucleus (Figure 1)8%. When
the CreER is in the nucleus, it cuts the DNA at the LoxP sites, thus excising the STOP
codon and allowing for permanent expression of the reporter fluorophore only in cells that
express CreER at the time of tamoxifen injection. Inducible TRAP models are unique in
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that CreER expression is driven by that of IEGs®. Therefore, unlike traditional inducible
models, CreER expression is 1) not limited to a specific type of neuron since it makes use
of an IEG’s promoter, and 2) transient, since it occurs only within a limited window of
neuronal activity yet is able to permanently label active cells. As a result, this model can

label networks active during behavioural tasks. The cells recruited to perform that task will
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Figure 1: Labeling neuronal populations using the Arc-CreER™:YFP mouse. Neurons
active during a behavioural task express Arc (and therefore CreER™). If OH-Tam is
present while CreER™ is available for recombination, the active cells will express YFP.
If there is either no activity or no OH-Tam, the cells will not express YFP. Modified
from Guenthner et al. (2013).

become active and express CreER, and if tamoxifen is present at this time, the cells will
indelibly express the fluorophore. To date, three TRAP models have been created. Liqun
Luo’s laboratory at Stanford University created both a Fos-CreER™ and Arc-CreER™
mouse, and Rene Hen’s laboratory at Columbia University created an Arc-CreER'™
mouse®’.

The first paper using a TRAP model was published in 2013 by Guenthner et al.

(2013%2). They created both a Fos-CreER™ and Arc-CreER™ mouse and demonstrated that
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recombination in the primary somatosensory cortex, specifically the whisker barrel cortex,
was sensory input-dependent. This was shown in an elegant experiment using two groups
of mice. In one group, all but one whisker on the left side of the mice’s faces were plucked
which resulted in only one fluorescently-labeled whisker barrel. In the other group, only
one whisker was plucked on the left side of the face which resulted in every whisker barrel,
except the one corresponding to the plucked whisker being labeled. Using other modalities
of sensory input, they also demonstrated substantially more recombination in response to
stimulation and tamoxifen administration when compared to control groups that received
only sensory stimulation or tamoxifen injection. In addition to these experimental controls,
the authors compared the amount of tamoxifen-independent recombination between their
two models. Surprisingly, they found some tamoxifen-independent recombination
occurring in both the Fos-CreER ™ and Arc-CreER? mice, with more in the Arc-CreER™?,
which they suggested was due to Arc’s higher level of baseline expression. They further
showed that the administration of 4-hydroxytamoxifen (OH-Tam), the active form of
tamoxifen, allowed for a much shorter labeling window when compared to tamoxifen.
Finally, they demonstrated that these models are sensitive to labeling of hippocampal cells
active during the exploration of novel environments. Thus, this paper provided strong
support for the usage of these models for labeling populations activated during behaviour.

In 2014, Rene Hen’s group published their own Arc-CreER™ mouse in two high
impact publications®®*, Denny et al. (2014%3) found that the strength of fear memories can
be predicted based on the degree of reactivation in the hippocampal dentate gyrus (DG)
and Cornu Ammonis region 3 (CA3). Later that year, Root et al. (2014%*) used this mouse

to investigate the pathways involved in odour discrimination®. Similar to the findings by
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Guenthner et al. (2013%), Denny et al. (2014%) found that mice treated with OH-Tam
increased the specificity of cells labeled when compared to tamoxifen®®. To determine the
functional role of the active cells in learning, both papers used a novel approach of
combining their Arc-CreER ™ mice with the use of optogenetics. Specifically, they crossed
their Arc-CreER™ mice with either floxed-STOP-Archaerhodopsin-3-GFP (Arch) or
floxed-STOP-ChR2-YFP mice. This allowed Denny et al. to selectively silence (with Arch)
or activate (with ChR2) neuronal populations that are recruited during a fear conditioning
task by shining light through a fiber optic wire into the hippocampal dentate gyrus (DG) or
Cornu Ammonis region 3 (CA3)%. It also allowed Root et al. to silence the pathways
involved in discriminating between aversive or appetitive odours®. These high-impact
results demonstrated the strength of this system to reliably target specific populations of
neurons and advanced the field by combining TRAP models with optogenetics to influence
the activity of cells recruited during a behavioural task. These models have since been used
to investigate memory decline in Alzheimer’s disease®.

Following the publication of these seminal findings, these models have provided
insight into and investigated the cellular populations of the prefrontal cortex associated
with appetitive (cocaine) and aversive (shock) stimuli. Most recently, using the TRAP
models developed in Liqun Luo’s laboratory, Ye et al. (2016%7) combined TRAP
approaches with CLARITY in order to demonstrate at a whole-brain level the cells
recruited by each stimulus, and most importantly, the other brain locations to which they
connected. Together, these publications strongly support the strength and utility of TRAP

models. These models are enticing for work in stroke recovery, since the populations of
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neurons recruited at various times during the process of recovery can be labeled and

stimulated optogenetically.
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2. Aims and hypotheses

Aims
1) To establish a model in which cells active during a behavioural task at two separate
time points can be labeled.
2) Evaluate the effect of stimulating contralesional motor cortex cells recruited to

perform a behavioural task on stroke recovery.

Hypotheses
1) We hypothesize that the Arc-CreER™ mouse will reliably label cells motor cortex
cells recruited to perform a behavioural task.
2) We hypothesize that contralesional activation of motor cortex cells recruited to

perform a behavioural task will impair recovery after stroke.
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3. Methods

Animals

All animals were bred and housed in the University of Ottawa Animal Care and
Veterinary Services facility. Both the Arc-CreER"™:Rosa-YFP" and the Arc-
CreER™:Rosa-ChR2:YFP" breeding pairs were previously published and gifts from our
collaborator, Dr Christine Denny®®. After weaning animals were group-housed on a 12-
hour light cycle (lights on at 7:00 EST, lights off at 19:00 EST). Animals had food and
water available ad libitum. The temperature and humidity in the housing room was kept at
23°C and 28%, respectively. All animal procedures were conducted with the approval of
the University of Ottawa's Animal Care Committee and in accordance with guidelines set

out by the Canadian Council of Animal Care.

For the motor network labeling experiments presented in Chapter 1, the
experimental mice (10-12 weeks old) were heterozygous for Arc-CreER™ and Rosa-
YFP™. The mice were individually housed one week prior to behavioural testing. For the
in vivo optogenetic experiments presented in Chapter 2, the mice were all heterozygous for
Arc-CreER™ and Rosa-ChR2:YFP™. Animals were individually housed immediately

following optic fiber implant surgery.

Behaviour

Adhesive removal: The adhesive-removal task is an assessment of sensorimotor

function®®. Briefly, mice are placed into an empty cage for one minute, and then a 3x3 mm
piece of tape is placed on each one of their paws. The time it takes for the mouse to contact
and remove each one of the pieces of tape is recorded. The animals have a maximum of

two minutes to remove both pieces of tape. If they fail to do so during the training phase,
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the tape is left on. If they fail to remove the tape during any of the post-stroke testing days,
it is removed from their paws before they are returned to their home cage. Animals were

trained once per day for five days. Training and testing took place in the morning.

Rotarod: The rotarod test is used as an assessment of motor ability including motor
learning and gross limb coordination®. The rotarod was used in these experiments as a
method to induce robust activation in the primary and secondary motor cortices, as
previously published using the Arc-GFP mice®®°. During this task, mice were placed on
the rotarod (Med Associates) that was set to rotate at 2 revolutions per minute (RPM). The
speed of the rod increased to 20 RPM within one minute. The test was ended when either
two minutes expired, or the mice fell off the apparatus. The mice landed on a metal plate,
which then triggered the apparatus to stop and record the time at which the mouse fell.

Mice were exposed to the rotarod 10 times per session, with no intertrial interval.

Cylinder: The cylinder task is an assessment of spontaneous forelimb use’* and was
used for the stimulation experiments in Chapter 2. It involves placing the mouse in a 10-
centimetre glass beaker and, as it rears, observing how much time it spends using each one
of its forepaws to support itself. Ethovision XT 11 was used to record, and The Observer

XT 13 was used to score the data (Noldus).

OH-Tam treatment

Three different OH-Tam treatment protocols were utilized in experiments within
this thesis and are described in detail within the results section. To reduce the stress
associated with intraperitoneal injection, mice were handled and injected with sterile

normal saline once per day for 5 days, one week prior to start of the experiment.
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OH-Tam delivered in oil (two mg per animal): OH-Tam was prepared in oil and

administered as previously described®®. Briefly, a 10 mg/mL solution of OH-Tam was
prepared by first dissolving OH-Tam powder (H6278; Sigma) in 100% ethanol (EtOH),
and then in corn oil. Pinpoint sonication was used to ensure a complete dissolution (70%
power, 1 minute total time, 10 seconds on, 5 seconds off). Each animal, regardless of
weight, received 200 uL of prepared OH-Tam solution (2 mg). Animals were placed into
a dark room for one day prior to OH-Tam injection. Five hours after OH-Tam injection,
animals were exposed to a behavioural task to label the recruited networks. Animals were

left in the dark room for two days after behaviour to ensure minimal background labeling®2.

OH-Tam delivered in saline (5 mag/kg): OH-Tam was prepared in DMSO and saline

as previously described®’. Briefly, a 1 mg/mL solution of OH-Tam was prepared by first
dissolving OH-Tam in dimethyl sulfoxide (DMSO, D5879; Sigma), then
polyoxyethylenesorbitan monolaurate (Tween-20, P9416; Sigma). The final solution
contained 1 mg/mL OH-Tam, 2.5% DMSO, and 1% Tween-20 dissolved in sterile 0.9%
saline. Each animal received 5 mg of OH-Tam per kg body weight. Animals were placed
into a quiet room with normal light cycle the day before OH-Tam injection to ensure
minimal background activation. Animals were injected with OH-Tam three hours post-

behaviour, left in the room overnight, and returned to their housing room the next morning.

OH-Tam delivered in saline (40 mg/kqg): OH-Tam was also prepared at a higher

concentration than previously described. A 2.5 mg/mL solution of OH-Tam was prepared
by first dissolving OH-Tam in DMSO, then Tween-20. The final solution contained 2.5
mg/mL OH-Tam, 2.5% DMSO, and 2% Tween-20 dissolved in sterile 0.9% saline. Each

animal received 40 mg of OH-Tam per kg of body weight. Animals were placed into a
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quiet room with normal light cycle the day before OH-Tam injection to ensure minimal
background activation. Animals were injected with OH-Tam either three hours post-

behaviour, left in the room overnight, and returned to their housing room the next morning.

Photothrombosis surgery

Ischemia was induced in the motor cortex of mice using the previously-described
photothrombosis stroke model’2. Briefly, mice were anesthetized with 5% isoflurane and
1% oxygen, and placed under a heat lamp. Animals were given an injection of Rose Bengal
(10mg/ml, R3877-5G; Sigma) and mounted into the stereotaxic frame. The skull was
exposed, and the stroke coordinates were measured relative to Bregma (0.7 AP, +1.5 ML,
3 cm laser height). Five minutes after the Rose Bengal injection, a green laser (532 nm, 25
mW, MGM20; Beta Instruments) was used to irradiate the brain for ten minutes. After
irradiation, the scalp was closed with tissue glue, and 2% bupivacaine was administered as
an analgesic. Body temperature was maintained between 36.5 and 37.5 °C using a rectal

temperature probe attached to a feedback heating blanket (Harvard Apparatus).

In Vivo optogenetics apparatus

Optic fiber implant surgery: Fiber optic implants were stereotaxically implanted

into the motor cortex by Anthony Carter (Canadian Partnership for Stroke Recovery) and
David Lemelin (then-Béique lab member). After anesthesia, animals were mounted onto a
stereotaxic frame and two holes were drilled, one at M1 (Bregma 0.7 AP, -1.5 ML, -0.5
DV) for the fiber optic implant, and another 2 mm posterior to the first for the skull screw
(B002SG89KW; Antrin Miniature Specialties). After lowering the implant and skull screw
into the skull, the base of the implant and entire skull screw were covered in dental cement

(431011; GC America). Once the dental cement had dried, the skin was sealed with tissue
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glue (Vetbond, 084-1469SB; 3M), and transdermal bupivacaine was applied to the
incision.

Fabrication of optogenetic implants and patch cords: The implants consisted of a

100 pm fiber optic wire in a 110 um ceramic ferrule, with the fiber optic wire protruding
from one end of the ferrule. 100 um fiber optic wire (FG105LCA; Thorlabs) was stripped
and cut to a length of 7.5 mm. This allowed for 0.5 mm to protrude from the end of a 100
um ceramic ferrule (MM-FER2007C-1270; PFP). Epoxy (F120; Thorlabs) was applied to
the implant and allowed to cure for two days before polishing. Patch cords were made in a
similar way. After stripping both ends of a 60 cm section of 200 pm fiber (FG200LEA;
Thorlabs), a 200 um ceramic ferrule (MM-FER2007C-2300; PFP) was placed onto one
end, and a LC connector and white boot were placed on the other (MM-CON2007-2300-
9-WHT; PFP). Implants and patch cords were polished using four calcined alumina
polishing sheets of increasingly fine grit (all from Thorlabs: 5 um grit; LF5P, 3 um grit;
LF3P, 1 um grit; LF1P, and 0.3 um grit; LFO3P). A polishing disk (M1-80754; PFP) and
polishing pad (M1-46165; PFP) were used to ensure that implants did not break during the
polishing process. Implants and patch cords were tested using a power meter (PM20A;

Thorlabs) to ensure consistency of light delivery across animals.

Optogenetic stimulation

Optogenetic stimulation was delivered using a light generation system. This system
consisted of a computer running the Radiant software (Plexon), which communicated the
frequency and intensity instructions to an optical driver (PlexBright, Plexon). The optical
driver in turn was routed to a commutator (PlexBright Dual LED Commutator; Plexon), to
which a blue LED was connected (465 nm, PlexBright Head-Mounted LED Module;
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Plexon). A patch cable was then used to deliver light from the LED to the fiber optic
implant, and into the brain to activate ChR2. A split sleeve (SM-CS125S; PFP) was used

to connect the patch cord to the implant.

Mice were lightly anesthetized with 4% isoflurane before patch cords were
connected to their implants. Mice were stimulated in the morning, and at least four hours
prior to any behavioural test. After receiving optogenetic stimulation, animals were

anesthetized once again, and the patch cords were disconnected from their implants.

Transcardial perfusion

Ninety minutes after behaviour or optogenetic stimulation, animals were deeply
anesthetized with 0.1 mL of sodium pentobarbital (Euthanyl, 65 mg/mL), and perfused for
six minutes with 1X phosphate-buffered saline (PBS), and then for 10 minutes with 4%
paraformaldehyde (PFA) in 1X PBS (both 4°C, pH 7.4, 7 mL/minute). Brains were
removed and post-fixed in 4% PFA for one hour, and cryoprotected in 30% sucrose with

0.1% sodium azide (NaN3, 71290; Sigma) until sectioning.

Immunohistochemistry

Brains were sectioned at a thickness of 40 um using a freezing microtome (SM
2010R; Leica) and placed serially into nine wells filled with 1X PBS with 0.1% NaNs. All
sections were taken out of the PBS+NaNs solution and rinsed three times in 1XPBS.
Sections were then put into blocking solution for one hour. The blocking solution contained
3% normal donkey serum (NDS, 017-000-121; Jackson ImmunoResearch) in free-floating
(FF) carrier solution. The FF carrier was made of 0.1% Triton X-100 (BP151500; Fisher)

and 0.1% Tween-20 in 1XPBS. After blocking, solutions were transferred into primary
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antibody solutions (appropriate primary antibodies and 3% NDS in FF carrier) for 24 hours
at 4 degrees Celsius with gentle shaking. Primary antibody concentrations were: 1:5000
for chicken o-GFP (for YFP, GFP-1020; Aves), 1:5000 for rabbit a-c-Fos (226 003;

Synaptic Systems), 1:1000 for guinea pig a-Arc (156 005; Synaptic Systems).

The following day, all sections were rinsed three times in 1XPBS for five minutes
and incubated with secondary antibodies (all 1:500, from Jackson ImmunoResearch) and
protected from light with tin foil. Antibodies used were AlexaFluor 488 a-rabbit (711-545-
152), CY3 a-chicken (703-165-155), CY3 a-guinea pig (706-585-148). After secondary
antibody incubation, sections were rinsed three times in 1XPBS for five minutes, and
incubated for five minutes with 4'6-diamidino-2-phenylindole (DAPI, nuclear
counterstain, 10236276001; Sigma). Sections were then rinsed three more times, mounted
onto charged SuperFrost Plus slides (Fisher, 1255015), and coverslipped with #1 coverslips

(12-545M; Fisher) and ImmuMount mounting medium (2860060; Fisher).

Acquisition of images and quantification of YFP+ and c-Fos+ cells

A modified version of the protocol set out in Mufioz et al. (2017) was followed to
quantify the number of YFP+ and c-Fos+ cells in the motor cortices’. Every ninth section
throughout the caudal forelimb area (AP +1.0 to O, relative to Bregma) was examined. In
total, three sections from each animal was examined. In each section, the upper and lower
parts of the M1 and M2 cortices were scanned using an epifluorescent microscope at 20x
magnification (Zeiss, Axiolmager M2). Twenty-four images were taken for YFP and c-Fos
analysis (three sections per animal, upper and lower M1 and M2 on both sides of the brain).
M1 and M2 were defined according to the Paxinos and Watson Brain Atlas. Briefly, M2
was defined as 0.5 mm from the midline, and M2 was defined as 1.5 mm from the midline,
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and immediately lateral to M2. The upper layers were defined as layers 1 and 2-3, and the
lower layers were defined as layers 5A, 5B, and 6. Optical sectioning was performed using
the Apotome.2 attachment (Zeiss). Images were deconvolved using default settings in the
Zen Blue software (Zeiss). Three-dimensional images were loaded into Imaris 9 (Bitplane).
YFP+ (average size 15 um) and c-Fos+ (average size 10 um) cells were detected
automatically. After manual corrections were applied to the automatic cell detection, the

distance between the YFP and c-Fos cells was set to 7 pm.

Quantification of Arc+ and c-Fos+ cells

One representative image from lower M1 in the most anterior section was used to
quantify the number of c-Fos+ and Arc+ cells throughout the entire section. Using Zen,

cells were identified as either Arc+, c-Fos+, or Arc+ and c-Fos+.

Lesion volume analysis

All sections with ischemic damage were mounted onto SuperFrost Plus charged
slides and allowed to dry for 12-14 hours. Slides then underwent the following steps to
visualize stroke damage. Slides were dehydrated in: 1) 70% EtOH for 10 dips, 2) 95%
EtOH for 20 dips, 3) 100% EtOH for 20 dips. Slides were then rehydrated by proceeding
in the reverse order of the dehydration: 4) 95% EtOH for 20 dips, 5) 70% Ethanol for 10
dips, 6) MQ H20 for 1 minute. After rehydration, the slides were stained in 0.25% cresyl
violet acetate (0.25% cresyl violet dissolved in Acetate Buffer (0.5% sodium acetate,
0.003% acetic acid, 1.4% ethanol in distilled H2O) pH 4.0): 7) Cresyl violet for 6-7 minutes,
8) MQ H:0 for 10 dips, 9) 70% EtOH for 10 dips, 10) 95% EtOH for 10 dips. Slides then

underwent differentiation: 11) 0.25% glacial acetic acid in 100% EtOH for 6 dips, 12) 95%
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EtOH for 10 dips, 13) 100% EtOH for 10 dips. Finally, slides were immersed in clearing
agent (Citrisolv, 22-143-975; Fisher), to remove of any remaining residue: 14) Citrisolv
for 1 minute, 15) Citrisolv for 3 minutes. Slides were then coverslipped with DPX

mounting media (44581; Sigma) and left to dry overnight

Statistical Analyses

All statistical analyses were performed in Prism 6 (GraphPad). Analysis of two
independent groups was done using an unpaired t-test, dependent groups were analyzed
using a paired t-test. Bivariate data was analyzed using a two-way analysis of variance
with repeated measures used when indicated. Multiple comparisons were done using a

Holm-Sidék test. Family-wise type 1 error was set at a=0.05.
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4, Results

Aim 1: Using the Arc-CreERT2:YFP mouse to identify cells in the motor cortex that
are active during SBR.

Is labeling in the motor cortex of Arc-CreER™2:YFP"f mice OH-Tam-dependent?

To determine the networks recruited during a motor task, Arc-CreERT?:YFPf
mice®® were acquired from our collaborator, Dr. Christine Denny, at Columbia University
(New York, NY). To confirm that YFP+ expression was OH-Tam-dependent, mice
performed the adhesive removal task in the presence or absence of OH-Tam treatment.
This task was chosen because it is a well-validated sensorimotor task®® and, in the long
term, we wished to label the cells recruited at various time points up to 90 days post-

stroke’?.

The timeline for this experiment is shown in Figure 2A. This experiment made use
of the procedures developed by Denny et al. (2014%%). Individually-housed mice began
bilateral training on the adhesive removal task once per day for five days prior to labelling.
During this time, animals improved both their time to contact and remove the tape (Figure

2B-C).

Two days after the last day of training, mice were placed into a dark room to
mitigate the risk of non-task-related recombination. The next day, half of the mice were
given an injection of OH-Tam. Five hours later, all mice performed the adhesive removal
task with one paw to elicit activation of the motor cortices. Mice were left in the dark for
two days after OH-Tam injection to again mitigate the risk of non-task-related
recombination. As shown in Figure 2D, those that received a vehicle injection had

negligible amounts of staining, (<5 YFP+ cells in the motor cortices). Only animals that
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Figure 2: Labeling in the ArcCreER™:YFP mouse is OH-Tam dependent. A
Experimental timeline. B Adhesive removal training. C Adhesive removal
performance on day of OH-Tam injection. D Representative images of YFP
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received OH-Tam had substantial amounts of labeling. This confirmed the results from
previous studies showing that labeling in these models is OH-Tam-dependent®3%, It also

suggested that the adhesive task can be used for labeling ensembles in the motor cortex.

Does performing the adhesive task produce activity-dependent labeling in the motor
cortex?

The next step in validating the reliability of motor cortex labeling in the Arc-
CreER™ mouse model was to determine whether YFP expression was dependent on the
animals performing the adhesive task. The design of this experiment was similar to the one
described in Figure 2A, except all animals received OH-Tam, and mice were randomly
assigned to either perform the adhesive removal task or remain in their home cage (Figure
3A). During adhesive training, mice reduced their time to remove the tape from their paw
(Figure 3B). As expected, following OH-TAM injection mice quickly contacted and

removed (average 15 seconds) the tape (Figure 3C).

Surprisingly, the analysis of the YFP+ cells revealed that in both animals
performing the adhesive removal task and home cage controls showed a high degree of
variability in the number of YFP+ cells in the motor cortex (Figure 3D). It was expected
that YFP expression in the motor cortex would be greater in the animals that performed the
adhesive task than in the ones left in their home cage. One possible reason this occurred
was that this labeling paradigm is unable to distinguish between cells activated by
performing the adhesive task and those activated during home cage behaviours, such as
walking, grooming, or eating. We therefore sought to increase the labeling specificity in
our model by increasing the “signal-to-noise ratio” of the labeling in this model. We

hypothesized this could be accomplished by “increasing the signal” in this system by
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having the animals perform a task which elicits greater activity in the motor cortex to
increase the number of YFP+ cells recruited by the behavioural task. Alternatively,
“decreasing the noise” in this system would result in greater degree of task-specific labeling
by reducing the number of YFP+ cells captured by home cage activation. This could be

achieved by shortening the labeling window.

Does performing the rotarod task increase labeling specificity in the motor cortex?
To increase the signal, we examined whether rotarod performance would induce

greater YFP labeling than the adhesive removal task. The rotarod task seemed like an ideal

task, since it has been previously shown to elicit strong activation in the motor cortices and

has been used in previous studies of motor behaviour®® ™,

The timeline for this experiment is shown in Figure 4A. One week after being
individually-housed, animals were pre-trained on the rotarod. The protocol for the rotarod
included 10 trials, with no inter-trial interval, as the animals were immediately placed back
onto the rotarod after they had fallen off (Figure 4B-D). After pre-training, mice were left
in a dark room. The next day, animals were given an injection of OH-Tam, and five hours
later exposed to the rotarod. Rotarod performance during pre-training and on the day of

OH-Tam were similar (Figure 4 E-G).

Mice were left in the dark for two days after the day of OH-Tam injection. Mice
were sacrificed one week after OH-Tam injection for examination of YFP+ cells.
Quantification of the number of YFP+ cells revealed no difference between animals
exposed to the rotarod and those that remained in their home cage (Figure 5). Given that

we did not observe any obvious difference in YFP labeling between home cage controls
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Figure 5: Quantification of cells labeled during rotarod using OH-Tam dissolved in oil.
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cells. Error bars represent SEM.
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and rotarod animals, we decided not to proceed with the quantification of c-Fos+ or

colabeled cells.

This result suggested that using rotarod, a task which takes longer to perform and
has been shown to be IEG-dependent’®, was insufficient to achieve specific labeling. This
result also led us to believe that perhaps decreasing background activation by altering the

OH-Tam treatment paradigm may be required.

Does increasing the activity in the motor cortex and reducing the labeling window
result in specific labeling?

To reduce the amount of background activation captured by our YFP labeling, we
sought to shorten the window during which OH-Tam is bioavailable. To accomplish this,
we made use of a protocol published in a paper by Ye et al. in late 2016. In this paper, the
authors put forth a method of dissolving and administering OH-Tam so that the drug was
only bioavailable for one to two hours. This labeling window was much shorter than the

six-hour window achieved when dissolving OH-Tam in oil and ethanol®” ",

The timeline for this experiment is in Figure 6A. For this experiment, animals were
put through the same experimental plan as the previous experiment, except that OH-Tam
was delivered in DMSO and saline three hours post-rotarod, and the animals were left on
a regular light cycle. Rotarod performance was similar between pre-exposure, the day of
OH-Tam, and the day of sacrifice (Figure 6B-G). Analysis of the YFP+ cells also showed
that the animals exposed to the rotarod showed a trend toward an increase in the number
of YFP+ cells (Figure 7). This suggests that using this formulation of OH-Tam is capturing
less background activity and can therefore differentiate between animals that remained in

their home cage and those that performed rotarod. However, when YFP counts were
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compared to those of the previous experiment (Figure 5), it appeared that the animals that
received this new formulation of OH-Tam had significantly fewer YFP+ cells than their
counterparts who received OH-Tam delivered in oil. This could be because the labeling
window was shortened, but also because the dose of OH-Tam for this experiment was five
mg/kg, as opposed to two mg (80 mg/kg in a 25 g mouse) used when delivering the OH-

Tam in oil.

Can c-Fos be used as a marker of active cells at the second behavioural time point?
Previous studies using TRAP mice have used endogenous Arc protein as a marker
of active cells at the sacrifice behavioural time point®®®’. However, since Arc mMRNA has
been shown to be translated locally at synapses in response to synaptic activity (making it
difficult to colabel with our somatic YFP marker), and Arc mRNA has also been shown to
be shuttled between neighboring cells, we sought to use another marker of cellular activity
at the sacrifice time point®»">7¢, The IEG c-Fos has been previously shown to have similar
activation and degradation kinetics to Arc protein®. To determine whether c-Fos was a

suitable proxy for Arc, we sought to quantify the overlap in Arc and c-Fs expression.

As shown in Figure 8A, in this experiment the animals were pre-exposed to the
rotarod, and the next day re-exposed to the rotarod and sacrificed 90 minutes later. On
average, mice remained on the rotarod for a total of six metres (Figure 8B).
Immunohistochemistry revealed that over 95% of the cells that expressed c-Fos also
expressed Arc. Similarly, over 95% of the cells that expressed Arc also expressed c-Fos
(Figure 8C and D). This finding confirms previous reports®2%, and thus all subsequent

analyses of cells active at our second behavioural time point will be done using c-Fos.
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Do cells colabel when performing rotarod one week apart?

Using the same animals as used in Figures 6 and 7, we sought to examine whether
animals that performed rotarod at the time of sacrifice had more c-Fos+ cells than home
cage controls. Indeed, rotarod animals had significantly more c-Fos+ cells in their motor
cortices than home cage controls (Figure 9). The comparison of the number of colabeled
YFP+ c-Fos+ cells (Figure 10) between home cage control and rotarod animals did not
yield a significant difference. However, the home cage control animals showed less

variability in both measures.

Both groups had similar percentages of YFP+ cells that were also c-Fos+ (Figure
10D, YFP+ c-Fos+/ total YFP+). This percentage is also in alignment with the amount of
reactivation observed in the original paper in which this method was published®’. Since
previous work using rotarod had demonstrated region specific activation, we too sought to
separate our analyses by area (Figure 11). Specifically, it appeared that the large increase
in c-Fos+ cells in rotarod animals was due primarily to an increase in c-Fos+ cells in the

upper M1 and M2.

We noticed that the number of YFP+ cells labeled using the paradigm published by
Ye et al. (2016°%") was much lower than the number of cells recruited when using OH-Tam
delivered in the way described by Denny et al. (2014%) This was most likely due to the
difference in dose between the two paradigms. In this publication, the authors used two mg
of OH-Tam per animal (80 mg/kg in a 25 g mouse), whereas the paradigm published by
Ye et al. used five mg/kg. We hypothesized that we could increase the number of cells

labeled with YFP by simply increasing the dose of OH-Tam delivered in saline.
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Does increasing the dose of OH-Tam delivered in saline result in more labeling?

To determine whether increasing the dose of OH-Tam would result in more YFP
labeling, another cohort of mice was put through the same experimental paradigm, except

this cohort received a 40 mg/kg dose of OH-Tam three hours post-behaviour (Figure 12A).

Pre-exposure performance was similar to that of prior experiments and did not show
any difference in rotarod performance on the day of OH-Tam or sacrifice (Figure 12B-G).
Analysis of labeled cells showed that mice exposed to the rotarod had significantly more
YFP+, c-Fos+, and YFP+ c-Fos+ cells than home cage controls (Figure 13C-E). Rotarod
mice also had a significantly higher percentage of YFP+ cells that were also c-Fos+ (Figure
13F). When cell counts for this experiment were separated by area (Figure 14), it appeared
that all areas showed an increase in the number of YFP+, c-Fos+, and YFP+ c-Fos+ cells.
All areas also showed an increase in the percentage of YFP+ cells that were also c-Fos+.
The difference in number of YFP+ and colabeled cells between rotarod animals and home
cage controls was greatest in the lower M1 and M2 cortices. These results show that this
labeling paradigm can label and differentiate between mice performing rotarod and home

controls, thus suggesting that this labeling method is activity-dependent.

Are cells active at the OH-Tam the same cells active at the sacrifice time point?

To further shed light on the reliability of this model to examine reactivation of the
same motor network at different behavioural time points, another cohort of animals
performed rotarod in conjunction with OH-Tam administration, but not at the point of
sacrifice (Figure 15A). These animals should therefore have similar levels of YFP labeling

to the rotarod animals in the previous experiment (Figure 13C). These mice should also
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M2 (t=5.583, df=48, p<0.0001), and upper M2 (t=4.176, df=48, p=0.0001). Error bars represent SEM.
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have levels of c-Fos labeling to the home cage controls of the previous experiment (Figure

13D).

Rotarod performance (Figure 15B-G) was similar between this experiment and the
last (Figure 12B-G). Analysis of YFP+ cells demonstrated that animals in this experiment
had a similar number and distribution of YFP+ cells in the motor cortex when compared
to the rotarod animals of the previous experiment (Figure 16B compared to Figure 13C).
There was also a similar number of c-Fos+ cells to the home cage controls of the previous
experiment (Figure 16E compared to Figure 13D). These animals also had a similar number
of colabeled cells, and a similar percentage of YFP+ cells that were also c-Fos+ to the
control animals of the previous experiment (Figure 16H and J compared to Figure 13E and
F, respectively). This result also suggests that this model, when used in conjunction with
40 mg/kg OH-Tam delivered in saline, reliably labels networks in the motor cortices

recruited by a motor task.

Is our c-Fos staining protocol sensitive enough to detect differences in rotarod
behaviour?

To determine whether our c-Fos staining protocol was sensitive enough to detect
differences in c-Fos expression between animals that traveled different distances on the
rotarod, all rotarod and c-Fos data was pooled from the experiments in which in animals
performed RR at endpoint (Figure 17; pooled animals described in Figures 6A and 12A).
We hypothesized that there would be a positive correlation between rotarod performance
and the number of c-Fos+ cells. Indeed, there was a significant positive correlation between
the number of c-Fos+ cells and rotarod performance. This suggests that the c-Fos staining
protocol used is sufficiently sensitive to detect differences in the number cells active during
RR performance.
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Figure 16: Quantification of cells active during rotarod at time of OH-Tam injection, and
in home cage at time of sacrifice. Representative images, counts of total number of cells,
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J Percentage of YFP+ cells that were also c-Fos+. K percentage of YFP+ cells that were
also c-Fos+ separated by area.
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Aim 2: Pilot study to determine if stimulation of the contralesional motor cortex
alters functional recovery.

To determine whether contralesional activation of neurons can influence stroke
recovery, we made use of the same Arc-CreER™ mouse, this time crossed with a floxed-
STOP-ChR2 mouse to make Arc-ChR2 mice. The resulting mouse model allowed us to

express ChR2 in cells that were recruited by a behavioural task.

As described in Figure 18A, after being implanted with a fiber optic wire in the
right M1, mice were individually-housed. Two weeks later, all mice began pre-training on
the adhesive removal test, and were tested for baseline cylinder performance. Mice which
displayed a unilateral deficit on either task or did not learn the adhesive removal task were
excluded (six and three mice, respectively). After pre-training on the adhesive and cylinder
tasks, mice were given a PT stroke in their right M1. These experiments were performed
using the OH-TAM protocol developed by Denny et al. (2014%%) and prior to our studies

above using Ye et al. (2016°") .

The day after stroke, mice were placed into a dark room. On the second day after
stroke, mice were given an injection of OH-Tam in oil and ethanol, followed by the
adhesive removal task five hours later. Mice were left in the dark for two days after OH-
Tam injection to mitigate the risk of non-task-related recombination. To confirm stroke-
induced behavioural deficits, post-stroke behaviour testing was completed during the first
week after stroke. The adhesive test was repeated on the third day post-stroke, and the
cylinder test was performed on the fourth day after stroke. After the first round of post-
stroke behavioural testing, mice were assigned one of either the control or the group that
received optogenetic stimulation (stim) groups. The control group underwent the same
procedures as the stim group but did not receive optogenetic stimulation. Six days after
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stroke, mice began receiving daily optogenetic stimulation (Figure 18B-D) of the
contralesional M1 in the home cage. On the day of endpoint, mice received optogenetic

stimulation and were sacrificed 90 minutes later.

After five days of training on the adhesive task, mice learned to contact and remove
the pieces of tape (Figure 19A-B). On average, at two-three days post-stroke both the time
to contact and time to remove the tape from the paw contralateral to the stroke was longer
than during pre-stroke performance. Although the average times for both time to contact
and remove were longer post-stroke, this was only significant for the control mice. We
believe this is due to the large amount of variability in the data as well as the relatively

small sample size of this pilot experiment.

The same analysis of the group that later received optogenetic stimulation revealed
non-significant deficits on the time to remove the tape. Three weeks after stroke, although
it seemed that neither group’s performance returned entirely to baseline, it appeared that
the control group recovered slightly more than the group that received stimulation.
However, the large amount of variability observed prevented definite conclusions from

being drawn.

Before stroke, both the control and stim groups used their paws equally when
rearing in the cylinder. After stroke, both groups used their contralesional paw significantly
less. While there was a significant increase in the control group’s affected paw use three
weeks after stroke, there was no such increase in the stim group. Taken together, these
preliminary data obtained with a relatively small sample size suggest that the stimulation

of the contralesional network recruited two days post-stroke hinders recovery.
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Figure 19: Daily optogenetic stimulation of the contralesional cortex prevents SBR. A
Adhesive contact training. B Adhesive removal training. C Adhesive contact performance
before stroke, one week post-stroke, and three weeks post-stroke. Significant effect of time (F,
26)=5.126, p=0.0133), but not of stimulation treatment or interaction. Sham-stimulated animals
displayed a difference in performance when comparing pre-stroke to one-week post-stroke
(t=2.956, df=26, p=0.0131) and one- to three-week post-stroke performance (t=2.058, df=26,
p=0.0498). D Adhesive removal performance before stroke, one week post-stroke, and three
weeks post-stroke. Significant effect of time (F, 26=7.311, p=0.0030), but not of stimulation
treatment or interaction. Sham-stimulated animals displayed a difference in performance when
comparing pre-stroke to one-week post-stroke performance (t=3.069, df=26, p=0.0099).
Stimulated animals showed a trend toward significance when comparing pre-stroke to one
week post-stroke performance (t=2.184, df=26, p=0.0763). E Cylinder performance before
stroke, one week post-stroke, and three weeks post-stroke. Significant effect of time (Fe,
26)=18.18, p<0.0001), but not of stimulation treatment or interaction. Significant differences in
pre-stroke versus one week post-stroke performance were detected in both the sham-stimulated
(t=3.806, df=26, p=0.0015) and stimulated groups (t=4.747, df=26, p=0.0001). Significant
differences in one week versus three week post-stroke performance was detected in the group
that received sham stimulation (t=1.545, df=26, p=0.0294).
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Stroke volumes

To verify whether the effects of optogenetic stimulation on adhesive and cylinder
performance were due to differences in the size of the strokes, lesion volume analysis was
performed. There was no significant difference in lesion volume between animals that
received optogenetic stimulation and sham stimulation (Figure 20). This supports our
hypothesis that the optogenetic stimulation of the contralesional hemisphere does not affect
stroke size and lends strength to our conclusion that contralesional stimulation has a

deleterious effect on stroke recovery.

55



. Mimimum .Average Maximum

1'%

m-)
o
e

)

o
[=2]
1

Lesion Volume (m
=} (=]
N B

Control Stim

Figure 20: Daily optogenetic stimulation of the contralesional cortex does not alter lesion
volume. A Representative schematic. B Stroke volume (t=0.4512, df=11, p=0.6606).
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5. Discussion

Elucidating the biology underlying the plasticity observed following a stroke,
including the reorganization of motor control, should facilitate the discovery of new
treatments which harness this plasticity for therapeutic gains. In humans and animal
models, the functions governed by the stroke-afflicted region can be reallocated to many
different brain regions. However, the specific types of cells being recruited in these regions
remain elusive. The experiments in Chapter 1 of this thesis demonstrate the feasibility and
validity of using a TRAP mouse model to label cells active during a behavioural task.
Specifically, we demonstrate the ability of the ArcCreER™ model to label cells recruited
during the rotarod task, as supported by a significant correlation between number of cells
labeled and performance on the rotarod task. Further, we show that 65% of these cells
within the motor cortex are reactivated when performing this task a second time. In Chapter
2, experiments combine the use of the Arc-ChR2 mouse with optogenetics to evaluate the
effect of daily stimulation of the contralesional motor cortex cells used to perform the
adhesive removal task in the acute phase of stroke recovery. The findings from this pilot
study demonstrate the feasibility of this approach and suggest stimulation of these
contralesional cells may reduce recovery. Together, the results from both of these chapters
set the groundwork for the use of this model to investigate the cells used to perform a motor
task before stroke, and during the various stages of recovery.

Aim 1: Evaluating the ability of the ArcCreER™ mouse to label cells recruited to
perform a motor task

When using the adhesive test to label the active network, our results showed that
the labeling in the motor cortex was dependent on OH-TAM treatment but was

unexpectedly not dependent on performance of the adhesive task. There were no
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differences observed in the number of active YFP+ cells in the motor cortex between home
cage control animals and those performing the adhesive task. We hypothesized that this
lack of difference could be due to the animals being able to remove the tape very quickly,
with an average of 15 seconds (range 10-30 seconds). Since OH-TAM has been shown to
be bioavailable for four to six hours when administered in oil and EtOH®®’, this suggests
that this paradigm is not sensitive enough to use with the adhesive task. Thus, since the
task was so short compared to the labeling window, it may not have induced enough of an
increase in activity from the baseline level induced by home cage activities, such as
grooming, eating, and nest-building. In support of this hypothesis, all other publications
using TRAP models have made use of stimuli that were salient and/or repetitive
stimuli8063646667 These include foot shocks, cocaine, flashing lights, and exposure to
odours, all of which are likely to elicit more activity in their respective brains than a single
15-second bout of tape removal in the motor cortex. These results therefore suggest a
limitation of TRAP models may be that they cannot reliably label cells activated during the
adhesive task.

Since the rotarod task had been shown to induce strong activation of the motor
cortices in Arc-GFP reporter mice®® 7, this task was utilized to test the ability of a variety
of OH-TAM treatment paradigms to detect activity-dependent labeling within the motor
cortex. When using the same OH-Tam administration paradigm as Denny et al. (2014%3),
administered in oil and EtOH with the rotarod behavioural task, surprisingly there was not
a difference in the number of labeled cells between animals that remained in their home
cage and those performing the rotarod task. In comparison to other TRAP studies®® our

results showed more labeled cells in the motor cortex of the home cage control mice. This
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paradigm did work previously in the hippocampus®*®, which could perhaps be due to the
lower level of background activity in this area, as well as the salient nature of foot shocks
used in their fear conditioning task. Together, these factors likely resulted in a better signal-
to-noise ratio, and thus more specific labeling.

Through another series of experiments that utilized a different method of
administering OH-Tam in saline and DMSO®""4 and modifying the dosage of OH-TAM,
we established a protocol that showed the Arc-CreER ™ mice could be used reliably to label
activity-dependent behavior. This protocol used the same OH-Tam administration
paradigm as published by Ye et al. in 2016, which has a one- to two-hour labeling
window?®’, except that the dosage of OH-Tam was increased to 40 mg/kg. In support of this
treatment working, the rotarod animals had significantly more YFP+ cells and c-Fos cells,
when compared to the home cage control animals. Additionally, another experiment in
which mice performed rotarod at the time of OH-Tam injection but not at the time of
sacrifice showed the ability of this model to specifically label cells recruited by a
behavioural task. These animals had a similar number of YFP cells to mice that performed
the rotarod task in other experiments using the same OH-Tam treatment paradigm, and as
expected, also had a similar number of c-Fos cells to the control group. Thus, this treatment
paradigm appeared to allow for the labeling of cells active during rotarod performance.
However, it remains to be determined if increasing the dose of OH-Tam for this treatment
paradigm alters the window; it is possible that an increase in OH-Tam dose lengthens the
labeling window. Future experiments will therefore evaluate how adjusting the time
between OH-Tam administration and rotarod behaviour alters the number of YFP+ cells

labeled.
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One of the greatest advantages of TRAP models is their ability to label neurons
active at two behavioural time points. In other publications, cells active at a first
behavioural time point were labeled using indelible fluorophores such as YFP®® or
tdTomato®®”; whereas cells active at the second time point are labeled using IHC for
various IEGs, such as Arc or c-Fos®3%7, The decision to use c-Fos as a marker of activity
at the second behavioural time point was made for two reasons. Most importantly, it is a
better choice as a marker of activity than Arc since Arc mMRNA has recently been shown to
be shuttled between cells’™ 8. This could potentially lead to the translation of Arc protein
in neighboring cells which are not active. Second, since Arc protein is highly enriched in
the dendrites, and since YFP is most concentrated in the soma, collocating the two is more
difficult than collocating YFP with a nuclear antigen such as c-Fos. It had been previously
determined that Arc and c-Fos have similar activation kinetics®. Therefore, it was not
surprising that they colabeled at 96% when the animals were made to perform the rotarod
task and sacrificed 90 minutes later. Given the advantages of using c-Fos and its similarity
in activation Kkinetics to Arc, c-Fos was the best choice of IEG to use in this project.

After separating our analysis of active cells by region in both motor cortices, it was
clear that the increase in number of cells in the rotarod group came from an increase in the
upper layers of M1 and M2. The flow of information in the motor cortex generally runs
from the superficial to the deep layers, with the former mostly receiving input from the
sensory cortices and the latter from the frontal cortices’”’®. Thus it is possible that this
increase in activity in the upper layers of the motor cortex is originating in the sensory
cortices. These results are not completely in accordance with the results obtained by Cao

et al.”®, in which they found that there was a larger increase in cells specifically in M2 over
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M1 from a similar rotarod paradigm using an Arc-GFP reporter mouse. Our results suggest
an equal activation of M1 and M2, specifically the upper areas of these regions. One
potential difference in our findings could be attributed to differences in analysis, with our
work counting total cells and Cao et al.”® examining cell counts per unit area. Thus future
work could reanalyze our results using stereological assessments. In order to paint a more
complete picture of the activation occurring during rotarod, the phenotype of the active
neurons would also need to be determined. This can be accomplished by staining for
markers of excitatory and inhibitory neurons, such as the vesicular glutamate transporter
(VGLUT) or the vesicular GABA (gamma-aminobutyric acid) transporter.

Another interesting finding from these studies using the different treatment
paradigms has been that the number of c-Fos+ or Arc+ cells has consistently been much
greater than the number of YFP+ cells. This result has been obtained by others using TRAP
models®’, although never well-discussed. It could be due to a difference in the ability of
these mice to label active cells at the first time point with YFP, versus the endogenous
expression of c-Fos or Arc which are detected by IHC at the second time point. In relation
to this, there are notable differences in the level of brightness in the c-Fos+ or Arc+ IHC-
labeled cells, as has also been observed by others®. This raises the question of whether all
c-Fos+ cells were active to the same degree. It is possible that staining with a more dilute
concentration of the c-Fos antibody would result in the detection of only the brightest cells
observed using this current protocol (data not shown). In the future, it may be interesting
to analyze the degree of colocalization of c-Fos and YFP in cells of varying c-Fos
immunofluorescence intensity. Our analysis, however, was using c-Fos antibody at a level

that detected all c-fos expressing cells (determined through a dilution curve, not shown)
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and appeared to be specific. This is also further supported by the significant positive
correlation between the number of c-fos+ cells and distance mice traveled on the rotarod.

There are additional experiments that would help determine the sensitivity and
reliability of the Arc-CreER™ model to measure cells active during motor tasks. For
example, unilateral and bilateral stimulation of the forepaw of the animals would allow us
to assess the degree to which stimulation elicits activation in the brain, as was done by
Guenthner et al. (2013%%). This would have the advantage of avoiding usage or activation
of the paws through home cage behaviours such as walking or grooming. Additionally, it
will be helpful to assess the ability of this model to label cells active during a unilateral
behaviour task. The expected outcome of this work based on the work of others showing
regional reorganization®, would be a robust increase in the number of YFP+ cells labeled
on the side contralateral to the paw being used to do behaviour, in comparison to minimal
activation in the ipsilateral cortex. This work is especially important for our future aims in
stroke recovery, since stroke induces unilateral deficits, and contralateral activation has
been observed following stroke®® . Given our findings in this study that show that this
model can be used to identify active cells, it is exciting to think of the potential of this
model to examine 1) the cells active before stroke and in the acute phase of stroke
recovery, and 2) the cells active during the acute and chronic phases of SBR. Additionally,
combining this model with the use of whole-brain imaging, as was done in the paper by Ye
et al. (2016°") would provide information on how cells are reorganizing in the brain.
Aim 2: Optogenetic activation of the contralesional motor cortex impairs SBR

In this pilot experiment, we sought to determine the effect of daily stimulation of

cells active in the contralesional motor cortex during a behavioral task with the goal of
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determining if this would alter functional recovery. This was the first set of experiments in
our lab combining the use of the Arc-CreER™ model and in vivo stimulation. These studies
were performed in concert with the work described in Chapter 1. Many experiments not
included in this thesis sought to establish the methodology required for the completion of
this pilot experiment. These included, for example, experiments to establish the
optogenetic stimulation apparatus.

From the small sample size of this pilot experiment, it appeared that the mice that
received stimulation had a reduction in recovery. This effect was most pronounced in the
results obtained from the cylinder task. The results obtained from the adhesive removal
task were trending towards significance, and confounded by differences in baseline deficits
between the control group and the group that received optogenetic stimulation. Overall
these results demonstrate the feasibility of the methodology to perform this study and
encourage future studies to use this model.

There were limitations of this pilot experiment presented in Chapter 2 which
prevented us from drawing any definitive conclusions and would need to be adjusted prior
to performing future experiments. First, the paradigm used to label cells recruited by the
adhesive removal task post-stroke was also not optimal since these studies were performed
prior to the work shown in Chapter 1. By administering OH-Tam in oil and EtOH, it is
conceivable that we were labeling and therefore stimulating cells that were not related to
performing the adhesive task. This would make our results less like those of previous
TRAP papers®54 and more like those which used transgenic models to stimulate all
neurons in a specific area’®*. Repeating this experiment using the optimal OH-Tam

paradigm described in Chapter 1 should therefore shed light on whether these results
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extrapolate to only the active network being labeled. Future work will also confirm which
population of cells expressed ChR2 and were being stimulated. This could be performed
by using IHC to detect c-Fos+ cells that are also YFP+, as has been done for other previous
TRAP papers®3%4,

Despite these limitations, it is interesting to consider how our results compare with
the only other preclinical study by Cheng et al. (2014*°) that has utilized optogenetics to
evaluate the effect of stimulation of the contralesional cortex on functional recovery. In
this study, no effect of contralesional stimulation was observed. The reason we obtained
conflicting results remains unknown, but could be due to differences in stroke size, or
number of neurons stimulated. Finally, cells involved in the behavioural task are labeled
regardless of phenotype, meaning that TRAP models label cells regardless of their
function, be it excitatory, inhibitory, or neuromodulatory. This means that although we are
delivering optogenetic stimulation, we might not be exciting to the same degree as if we
used a Thy-1-ChR2 mouse.

Indeed, the role of the contralesional cells during stroke recovery has been a rich
area of debate®38, After stroke, the contralesional hemisphere is thought to exert an
increase in transcallosal inhibition on the ipsilesional cortex. Thus, many have sought to
inhibit the contralateral hemisphere, with the hope of reducing this deleterious transcallosal
inhibition of the infarcted cortex®!. This approach is supported by studies proposing that
the reestablishment of activity in ipsilesional M1 is perhaps one of the most important
factors dictating motor recovery®, and the degree of transcallosal inhibition from the

contra- to the ipsilesional hemisphere is proportional to motor impairment®. Thus, our
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results support the current literature from human clinical trials that support that
contralesional activation is deleterious for recovery®%8!,

Although it cannot be determined from this study, it is interesting to speculate the
mechanism by which activation of the contralateral side is deleterious. One hypothesis is
that contralesional activation is inhibiting the ipsilesional cortex transcallosally. If this is
the cause of the lack of recovery in the group that received optogenetic stimulation, it would
follow that ipsilesional stimulation in the same timeframe would ameliorate recovery.
Another reason there may not have been recovery in animals that received optogenetic
stimulation could be that stimulation reinforces the initial network recruited to perform the
behavioural task, and this network is not the same one used at later time points.
Hypothetically, normal recovery could entail using different motor networks at two days
post-stroke versus at three weeks post-stroke to complete the same task. It would therefore
follow that stimulating the network used at two days post-stroke might not allow for normal
reorganization or SBR to occur. If this hypothesis is correct, it might be that stimulation of
the ipsilesional cortex within this same timeframe is deleterious for recovery as well.

One of the limitations of TRAP models using optogenetics is that labelling and
stimulation is behaviour-dependent. As shown in the data presented in this thesis, not all
animals had a substantial deficit on the adhesive removal test post, which was used to
induce ChR2 expression. Thus in animals without deficits, we might have been stimulating
neurons which were normally recruited to perform that behaviour task, whereas in others
with deficits, we would have been stimulating the “reorganized” network. Future studies
will need to account for this variability when required sample sizes are determined. This

limitation, however, can also be a strength. With a large enough sample size, a sub-analysis
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of mice with varying degrees of behavioural deficits can be completed. We could therefore
investigate whether the results we are observing are the general result of stimulation, or if
the effects are dependent on the cell populations initially labeled. Another interesting and
important caveat is that all neurons, regardless of their individual level of activity, are
labeled if they are active above a certain threshold when OH-Tam is present. Whether it
was very active or just active enough to induce ChR2 expression, all labeled cells will
express ChR2 to the same degree. Thus, no inferences about the importance of each cell or
the role that each cell is playing in the network can be made. More importantly, all cells,
regardless of degree of initial activation, will receive the same amount of optogenetic
stimulation. This means that some cells which are only meant to be active to a small degree
and maybe peripherally related to the motor network will receive the same stimulation as

an adjacent cell that is perhaps centrally important to the same network.
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6. Conclusion

In this project, we established that the Arc-CreER™ mouse line can be used to
determine which cells were recruited during a behavioural task. By testing and modifying
two published OH-Tam administration paradigms, we determined the optimal way to
dissolve and administer OH-Tam for labeling in the motor cortex. We further found in a
pilot study that activation of the contralesional motor cortex may impair functional
recovery. This thesis therefore lays some of the essential foundation to evaluate how motor

networks reorganize during the various phases of stroke recovery.
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