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ABSTRACT

Background and aims: Stroke is currently the leading cause of long-term disability worldwide.
Despite the efforts to minimise these negative outcomes, few treatments have been approved
and have been mainly focused on the acute phase. This has led to a challenging situation
where more than 90% of stroke survivors will experience long-lasting impairments in motor
function and/or cognition. Therefore, clinical and pre-clinical research should focus on
improving the understanding of underlying mechanisms contributing to neurological damage
and functional impairment in later stages after stroke. One of the possible mechanisms that
could explain these impairments is the development of secondary neurodegeneration (SND)
in remote brain areas synaptically connected to the primary infarct site, such as the thalamus
and hippocampus. This process is especially interesting because it occurs over a timescale of
weeks to years after the primary infarct, providing a very interesting therapeutic target for
chronic stroke treatment. This thesis focused on investigating the evolution of the functional
outcomes after stroke and the mechanisms associated with these deficits (Chapter 3 and 4).
Additionally, | was interested in studying a potential therapeutic intervention such as growth
hormone (GH) to promote brain plasticity and alleviate motor and cognitive impairment

(Chapter 5 and 6).

Methods: The photothrombotic stroke model targeting the motor and sensory cortex was used
to induce ischemia in mice. A touchscreen platform was used to analyse cognitive
performance, and the grid walk and cylinder test were used to assess motor function. | also
analysed the changes occurring after stroke in different brain areas (peri-infarct, thalamus and
hippocampus) combining various molecular biology techniques such as Western Blot,
immunohistochemistry, immunofluorescence and various histological stainings. In chapters 5
and 6, | used recombinant human GH (rhGH) delivered subcutaneously via a mini-osmotic

pump for 28 days.



Results: Stroke significantly impairs multiple cognitive domains and these deficits last for
months after the primary infarction. Motor impairments were also long-lasting but a modest
spontaneous recovery was observed over time. These deficits were associated with SND
processes such as neuronal death, neuroinflammation (astrogliosis and microglia activation)
and accumulation of neurotoxic proteins (amyloid-f and a-synuclein) in the thalamus and
hippocampus (Chapters 3 and 4). Additionally, motor and cognitive impairment could be
reversed by using GH as a therapeutic intervention. GH enhanced functional outcomes
through a series of neurorestorative mechanisms including neurogenesis, synaptic plasticity

and cerebrovascular remodelling (Chapters 5 and 6).

Conclusion: Overall, in this thesis, | have deepened our understanding regarding cognitive
and motor impairment after stroke and the mechanisms associated with these impairments.
These important findings provide potential targets for translational medical research in the
future. Finally, | have demonstrated that GH is an effective treatment following experimental
stroke to promote brain plasticity and functional performance in the recovery phase after
stroke. My results are encouraging and support the idea that GH represents a promising

therapeutic intervention, which should be considered for clinical studies.



CHAPTER 1: INTRODUCTION

1.1. Stroke burden

Stroke is the second leading cause of death and the leading cause of long-term disability
worldwide (1). Each year stroke affects up to 15 million people globally, of whom almost 5
million die and another 5 million are permanently disabled (2). Stroke incidence increases
greatly with age, the risk double every decade after the age of 55 years in both men and
women (3). In Australia alone almost 56,000 people suffer from a stroke each year, and those
who survive require daily care. This presents a major financial burden estimated to be $5
billion per year (4). The biggest cost coming from loss of productivity, driven by the fact that
around 30% of stroke survivors are of working age, and followed by costs to the healthcare
system (4, 5). Therefore, it is crucial to better understand stroke pathophysiology and develop

new treatments for this complex disease.

In the past years, stroke research has been heavily focused on the development of acute
therapies, resulting in highly successful interventions and reduction in mortality rates, and
therefore increasing the numbers of stroke survivors living with the health impairments of
stroke. It is estimated that by 2050, stroke incidence will more than double and one million
people will require post-stroke care, treatment and rehabilitation in Australia (6, 7). It is well
known that stroke survivors mainly suffer from life-long impairment in motor and cognitive
function. Accordingly, future studies should focus on long-term treatments during the subacute
and chronic phases of stroke targeting both the motor functional recovery and the cognitive

impairment.

Therefore, in this thesis, | will investigate the trajectory of the motor and cognitive deficits
during the subacute and chronic phases post-stroke, and the cellular and molecular
mechanism occurring in the brain within this period. Moreover, | will focus on a new therapeutic

intervention to enhance recovery after stroke in a pre-clinical stroke model.



1.2. Ischemic stroke

Stroke is a neurological event caused by a disruption in the blood supply to the brain. There
are two main types of stroke. The first is known as haemorrhagic stroke, which is caused by
the rupture of a blood vessel followed by bleeding into the brain tissue. The second is ischemic
stroke, caused by an occlusion of a blood vessel (typically caused by an embolic or thrombotic
clot) leading to a reduction of blood flow to the innervated brain regions (8-10). Ischemic stroke
is the most common, as it accounts for approximately 80% of all strokes, and therefore will be
the focus of this thesis. Stroke results in damage of the affected brain area and this can
manifest itself in a wide range of symptoms such as muscle weakness, paralysis, impaired

speech, fatigue and cognitive deficits (11, 12) depending on the region in which it occurs.

Deprivation from oxygen and nutrients results in an ischemic cascade ultimately leading to cell
death and necrosis (13). Within minutes following a vessel occlusion, the reduced blood flow
leads to damage and death of the surrounding tissue. The tissue damaged after an ischemic
stroke can be divided into two regions: the core and the penumbra (Figure 1) (14, 15). The
ischemic core is the area suffering the greatest reduction in blood flow (<20% of normal) and
contains tissue therapeutically unsalvageable from cell death. The penumbra is the area
immediately surrounding the core, which contains tissue potentially salvageable. This area
displays only a moderate reduction in blood flow, which is sufficient to not cause immediate
neuronal death (14, 15). However, it is strongly affected by the neurotoxic factors released
from the core and therefore, immediate reperfusion is necessary to maintain tissue integrity.
If not salvaged, this tissue will die and become part of the infarct core, which will enlarge the
stroke lesion (13). Therefore, the aim of acute stroke therapies is to target the ischemic
penumbra and restore the blood flow as fast as possible. Despite decades of research, very

few treatments for acute stroke have been developed and approved.



Figure 1. Representation of the development of the infarct core and penumbra overtime after the
ischemic stroke. After stroke, the core undergoes irreversible cell death (grey). This core is surrounded
by tissue that it is still salvageable, the penumbra (yellow). If not salvaged this tissue will die and become
part of the infarct core.

1.3. Current therapies

Timing is a crucial factor in acute stroke treatment: the quicker the treatment, the more brain
tissue can be salvaged. Saver et al. (2006) in a systematic review estimated that patients
experiencing large vessel occlusion lose 120 million neurons, 830 billion synapses and 714
km of myelinated fibres each hour (16). Comparing those numbers to the normal aging
process, the stroke brain ages approximately 3.6 years every hour before any treatment is

administered.

Despite the hundreds of experimental papers that have investigated promising
neuroprotective strategies to salvage penumbral tissue and limit irreversible damage in
animals, there are just a few acute interventions currently available for ischemic stroke in

humans.

Thrombolysis: The current standard therapy for restoring blood flow in the occluded vessel
is intravenous administration of recombinant tissue plasminogen activator (tPA). tPA is
recognised to be capable of breaking down occluding clots by converting plasminogen to
plasmin (a clot degrading enzyme) which results in the cleavage of the fibrin mesh and

disruption of the integrity of the clot. After the clot is dissolved, the normal blood flow is
5



restored. Currently tPA is the gold standard and most efficient pharmacological intervention.
However, a clear disadvantage is that for tPA to be effective it has to be administered within
4.5 hours of the ischemic onset (17, 18). If administered after 4.5 hours, the risk of suffering
from complications such as intracranial hemorrhage, major systemic hemorrhage, and
angioedema increase significantly (19). Promisingly, a recent study by Ma et al. (20) has
suggested that the time window may be extended to 9 hours in patients with favourable
perfusion-imaging profile; however, further trials of thrombolysis within this time window are
required to confirm these findings. The limited time window of administration together with the
significant risk of complications associated with bleeding makes this treatment only
administrable in 5-10% of patients (21). This number can reach 20% in well-organised systems

of pre-hospital care (22).

Thrombectomy: Endovascular mechanical thrombectomy has recently been added as an
effective acute treatment for ischemic stroke. This therapy is based on using a stent retriever
to remove the clot (23). The therapeutic window for mechanical thrombectomy is around 6
hours; however, results from the DAWN (24) and DEFUSE 3 (25) trials suggest that the
therapeutic window for thrombectomy could be extended to up to 24 hours in carefully selected
patients who have a mismatch between the volume of brain tissue that may be salvaged and
the volume of infarcted tissue. A meta-analysis of five positive randomised control trials for
this approach (MR-CLEAN, EXTEND-IA, ESCAPE, SWIFT PRIME, and REVASCAT) (26-30)
demonstrated that clot retrieval greatly improves functional outcomes after stroke (31, 32).
Phan et al. (32) showed that a combination of thrombolysis and thrombectomy reduced the
relative risk ratio of disability in daily functioning by 30%, based on the modified Rankin Scale.
Despite these encouraging results, only a small percentage of hospitals provide 24/7

endovascular services (33).

Stroke care units: The routine management of patients in dedicated stroke care units has
been proven to significantly reduce death and disability. Patients in these units also present
with improved stroke clinical outcomes compared to those treated in general wards (34, 35).
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The improved outcomes are influenced by the comprehensive care, rehabilitation and

specialised resources that stroke patients receive in these stroke care units.

Secondary prevention: Apart from these acute therapies, secondary prevention is also an
important component of stroke treatment to avoid a recurrent stroke. The most beneficial
secondary stroke prevention (as well as primary) involves risk factor modification. Risk factors
for ischemic stroke can be divided into non-modifiable (age, gender, race and ethnicity) and
modifiable. Modifiable risk factors include hypertension, diabetes, smoking, alcohol
consumption, high cholesterol, atrial fibrillation, diet, physical inactivity and obesity (36).
Although each risk factor can occur individually, they commonly occur in combination.
Modifiable risk factors can be controlled and limited with medication or a change in lifestyle
habits and are therefore the main targets of secondary prevention. Hypertension is the most
important risk factor for ischemic stroke and it has been demonstrated that the use of anti-
hypertensive medication can reduce stroke recurrence by up to 40% (37). Administration of
antithrombotics such as aspirin after stroke are also aimed towards the secondary prevention
of a recurrent stroke. These drugs prevent platelet aggregation, further thrombosis and thus
recurrent stroke. However, benefits from these treatments are modest (21, 38). In addition to
drugs, lifestyle intervention is vital to secondary stroke prevention. Studies have shown that
combination of multiple approaches can reduce the risk of recurrent stroke by an estimated

80-90% (39).

Restoring the blood circulation in the affected brain area using any of the acute treatments
available is essential to minimise the negative outcomes after stroke. However, the majority
of stroke patients cannot receive either tPA or thrombectomy. This leaves a high percentage
of stroke survivors experiencing significant functional impairments and extended recovery
process (40). An additional therapeutic approach in acute ischemic stroke is to induce
neuroprotection to preserve the penumbra. Huge efforts have been invested into the
evaluation of these new acute therapeutic interventions using preclinical models of stroke.
Many animal studies have successfully demonstrated the efficacy of therapeutic interventions

7



targeted at blocking cell death in the penumbra. However, translation of promising therapies
fail during clinical trials (out of 100 trials, none provided enough evidence to support benefits
to stroke patients) (41, 42). These results suggest that new approaches should be adopted
and emphasis should be placed in fully understanding the mechanisms occurring during the
recovery phase of stroke. As such, in this thesis | will focus on examining how the brain
responds after stroke especially during the subacute and chronic phase, with the aim of

developing new interventions to enhance optimal brain repair and functional outcomes.

1.4. Functional disturbances after stroke

Stroke survivors are likely to experience a certain level of physical and cognitive impairment.
Additionally, studies have found that it was common that stroke patients who presented
significant disability 3 months after stroke did not achieve significant improvements at 12
months (40) and one-third of stroke survivors only attained poor functional outcome at 5 years
post-stroke. The severity of disability depends on numerous factors such as pre-comorbidities,

age, location and size of the stroke and response to treatment (43).

During an ischemic stroke, any blood vessel is susceptible to being blocked. However, the
middle cerebral artery (MCA) is the vessel most commonly occluded in patients (44). The MCA
supplies blood to a portion of the frontal, temporal and parietal lobes, which includes primary
motor and somatosensory cortical areas of the face, trunk and upper limbs, and in the
dominant hemisphere, the areas for speech (45, 46). Therefore, the most common
neurological consequence of stroke is impairment of motor skills, which manifests as
weakness in the muscles, paralysis, loss of sensation, hemiparesis and speech impairment.
Impairments in these areas greatly affect a patient’s quality of life, as they are unable to
perform tasks of daily living unassisted (47). Physical consequences of stroke also include the
development of chronic pain, incontinence, sight disturbances, changes in consciousness and

alertness, sleep disturbances, and inability to lift or hold objects (43).



In addition to the physical disability, a high number of stroke survivors also suffer from
cognitive impairment. The prevalence of cognitive impairment varies from 20% to 80%,
depending on the country, race, and diagnostic criteria (48). Cognitive impairment may
emerge from a disruption in the complex network interactions between cortical and subcortical
sites, through secondary mechanisms of injury. Therefore, this impairment does not
necessarily manifest immediately after stroke but often slowly develops overtime and several
studies have suggested that 15% to 38% of stroke patients meet the criteria of cognitive
impairment at 3 months post-stroke with the domains of learning, memory and attention mostly
affected (48-50). Longitudinal studies have further provided some understanding of the long-
term impact of stroke on cognitive functioning, with studies showing that approximately 20-
30% of stroke patient exhibit deterioration in cognition at 2 years post-stroke (51, 52). A recent
study by Delavaran et al. (53) showed that 46-61% of stroke survivors suffer from cognitive
impairment at 10 years post-stroke compared with age-matched healthy participants. Post-
stroke cognitive impairment is associated with increases in mortality rates, disability,
dependency and institutionalisation (54). Additionally, cognitively impaired stroke survivors are
at significant risk of experiencing further deterioration of their cognitive abilities and of
developing dementia one year post-stroke (55, 56). Indeed, it is estimated that the risk of
developing dementia following stroke is between 4 and 12 times higher than age matched
healthy controls (57, 58). In summary, it is evident that post-stroke cognitive impairment
significantly influences an individual’s quality of life and functional performance. Thus, stroke
survivors with cognitive impairment are less independent and need more care and assistance,
increasing the healthcare cost (54). This warrants a dedicated effort to develop therapeutic

strategies aimed at improving outcomes in this population.

1.4.1. Treatments for functional outcomes

The ultimate goal of all therapies is to improve patient outcome, and in the settings of stroke,
this involves reducing impairment and disability, and restoring functional and cognitive ability.

However, a very few advancements have been made regarding treatments to enhance

9



neurological and functional recovery. Some promising research directions have emerged but

the efficacy of these new therapies still need to be proven (Figure 2).

As previously mentioned, motor deficits are the most widely recognised impairments after
stroke, which restricts muscle movement or mobility. Recovery of the motor function is a
complex process that may occur through a combination of spontaneous and learning-
dependent processes (43). Currently, clinical practice in stroke rehabilitation focuses heavily
on exercise, physical therapy and occupational therapy aimed to provide stroke patients with
the greatest possible level of functional independence (59, 60). Although there are no clear
guidelines regarding the best practice, it is clear that rehabilitation should begin as soon as
possible after stroke (61) and could continue for months or years after the initial stroke event
(43). Recovery of the loss motor function through different rehabilitation techniques is a long
and slow process and just a few number of the therapies used routinely in the clinical setting
have been proven to be effective from systematic reviews (62). Therefore, efforts should be

placed in designing new therapeutic interventions to enhance recovery.

Figure 2. Summary of current experimental treatments for stroke recovery and how far they are from

being implemented in clinical practice. Image adapted with permission from (63).
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Cognitive impairment is also a widely known and problematic outcome for stroke patients.
Despite the fact that cognitive impairment has been identified as a targeted outcome of stroke
treatment, there is a higher emphasis on physical rehabilitation (64-66). Health professionals
tend to focus on physical measures and outcomes rather than cognitive deficits and executive
function likely due to the lack of effective evidence-based treatment options (48, 67). Some
studies have demonstrated that physical activity, as well as improving motor function after
stroke, may also improve cognitive performance (68). The emerging evidence in stroke
survivors is supported by animal models where exercise has been shown to induces an
increase in different trophic factors, which leads to improvement in cognitive function (69).
Cognitive rehabilitation, cognitive training, and psychological interventions have also been
used to alleviate cognitive deficits in humans (70). However, the efficacy of these interventions
is unclear and inconclusive due to the small numbers of research trials performed and the
contradictory results (71). Cognitive rehabilitation techniques have some important limitations.
Firstly, the treatments are generally just focused on singles domains, rather than multiple
domains. Given that stroke leads to deficits in multiple cognitive domains, it would be
unrealistic for a patient to undertake separate interventions for each cognitive domain, due to
the amount of time and effort that would be required. Additionally, cognitive rehabilitation

involves considerable time and resources.

These limitations of cognitive rehabilitation emphasise the need for alternate interventions to
improve the cognitive functioning of stroke patients. One alternative is the use of
pharmacological interventions. Some studies have examined the effects of
cytidinediphosphocholine, a widely used neuroprotective drug (72), in stroke survivors with
cognitive impairments. These studies showed improved orientation, attention and executive
function compared to the placebo group (73-75). Some pharmacological treatments used in
the clinical practice for Alzheimer’s disease have also shown to be promising for the treatment
of post-stroke cognitive impairment. For instance, different clinical trials using a cholinesterase

inhibitor such as donepezil, have suggested that donepezil has some benefits in the cognition

11



of patients with post-stroke cognitive impairment (76-79). Despite the positive results
presented by some of the studies, further investigations are warranted to determine the

efficacy of the different therapies.

The lack of therapies to treat cognitive deficits may be due to the lack of understanding of
basic mechanisms of neurological damage occurring in the brain during the recovery phase
after stroke. Therefore, in this thesis I will focus on understanding the processes occurring in
the subacute and chronic phases of stroke contributing to functional deficits, including

cognitive impairment.

1.5. Molecular mechanisms of ischemic stroke

1.5.1. The ischemic cascade

Immediately after the vessel occlusion, ischemia causes brain injury at a cellular level by
initiating a series of events, termed the ischemic cascade. Initially, the occlusion leads to a
loss of oxygen supply and ATP reduction in affected cells. This lack of ATP causes the failure
of ion pumps, which in turn leads to an excess glutamate release. These high levels of
glutamate cause a persistent activation of N-methyl-d-aspartate acid (NMDA) and a-amino-
3-hydroxy-5-methylisoxazole propionic acid (AMPA) receptors, resulting in excitotoxicity.
As the cell’'s membrane start to progressively degrade, they become more permeable and

eventually cause mitochondria failure and programmed cell death (41, 80, 81).

In later stages, the ischemic cascade causes an activation of microglia and astrocytes.
Microglia plays an important role in responding to the initial and later phases of the repair
process after stroke (82, 83). Astrocytes play a critical role in creating a tight structural barrier
crucial for sealing the core and preventing damage from further spreading into the surrounding

tissue (84). This is known as the glial scar.
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1.5.2. The neurovascular unit

It has been proposed that the failure of pre-clinical studies to translate into human stroke
therapies may be due to the fact that previous treatments have focused exclusively on
preventing neuronal death after stroke (85, 86). However, other cell types such as glial cells
are highly involved in the ischemic process and in fact account for the majority of the brain’s
cells. Neurons exist in the brain as part of a complex, intimately connected network with other

cell populations as part of what is known as the neurovascular unit (NVU) (87, 88).

The NVU, first defined by Harder et al. (89), is considered to be a functionally and structurally
interdependent multicellular complex, comprising neurons, inter-neurons, astrocytes,
microglia, oligodendrocytes, basal lamina, endothelial cells, pericytes and perivascular
macrophages (Figure 3). Each component is closely related to each other, forming an
anatomical and functional whole, which allow them to work in a synchronized and reciprocal
way. These connections between components are established through gap junctions and
adhesion molecules. This system of highly connected elements regulate blood flow and
cellular permeability to meet metabolic demands (90, 91). Each element of the NVU has its
own role during the stroke, and it has been proposed that successful recovery is achieved by
restoring the NVU (92-94). It appears that remodelling of the NVU continues for many weeks
and potentially months following stroke. However, it is not clear the role that each element of
the NVU plays during stroke recovery. Elucidating these endogenous neurorestorative
mechanisms might help in finding new therapeutic interventions aiming at further enhancing

recovery. Therefore, here | will focus on some of these key components.

Neurons: In the context of stroke, neurons in the core die within minutes after the ischemic
insult. These neurons can die through different pathways such as necrosis, apoptosis,
ferroptosis and autophagy (95-98). Considerable effort has been made to investigate these
cell death pathways, and some neuroprotective agents have been suggested to prevent
neuronal cell death and rescue penumbra tissue in animal models of stroke. However, in the

clinical trials these compounds have not showed any benefit (99).
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While ischemic stroke causes neuronal death and extensive brain damage, it also triggers
neurogenesis. This neurogenesis occurs in areas called neurogenic niches, which are the
subgranular zone (SGZ) and the subventricular zone (SVZ). Experimental studies have shown
an increased neuronal proliferation in the rodent SVZ after stroke. Newly proliferated neural
stem cells migrate to the infarct area, differentiate into mature neurons and integrate into the
lesion (100-102). Biopsies from ischemic human brains have also demonstrated stroke-
induced neurogenesis in the penumbra (103). However, this self-repair mechanism operates
only acutely after stroke and is insufficient to promote long-term recovery. Additionally, for the
newly proliferating neurons to be fully functional, they need to mature and integrate into the
existing neuronal circuits (104). These findings have been considered very promising as a

potential therapeutic target to enhance brain repair.

Figure 3. Schematic representation of the neurovascular unit (NVU) and its components. The
endothelial cells are connected with each other through tight junctions and adherens junctions to form
the brain blood barrier together with pericytes. This first protective layer is then surrounded by the

basement membrane and astrocytes endfeet. Astrocytes also communicate with neurons, which in turn
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send signals to alter the blood flow according to metabolic demand. Microglia are the immune cells of

the brain and respond to disturbances to protect the brain. Image adapted from (105).

Blood vessels: The cerebral vasculature is responsible for delivering oxygenated blood and
nutrients to the brain. After stroke, the cells around the occluded vessel die within minutes and
therefore restoration of the blood flow as quickly as possible is one of the main priorities (106).
In response to ischemia, the brain undergoes a series of self-repair mechanisms such as
increased cerebral blood flow, collateral circulation, angiogenesis and arteriogenesis.
Collateral vessels provide an alternate blood flow route to vital areas where the main supplying
vessel fails, increasing perfusion to tissue at risk of death (107, 108). Arteriogenesis is the
remodelling of pre-existing arterial anastomoses to fully developed and functional arteries.
This process is induced by physical forces (109, 110) and is a main mediator in increased
cerebral blood volume in the early stages. Good collateral supply together with arteriogenesis
are main contributors to good cerebral blood flow in the acute phase of stroke and this has

been strongly associated with better clinical outcomes (111-113).

Angiogenesis occurs in the later stages and consists in the formation of new blood vessels
from proliferating endothelial cells. Both experimental and clinical studies have shown that
angiogenesis in the penumbra is associated with higher rate of survival and enhanced
recovery after stroke (114, 115). The cellular mechanisms involved in angiogenesis are not
fully understood. It is clear that numerous growth factors, such insulin-like growth factor 1
(IGF1), brain derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF),
and Angiopoietin-1/2 (Ang-1/2) released after the ischemic event play a crucial role in
angiogenesis (116). While several experimental studies have demonstrated that these factors
promote angiogenesis after stroke (117), the use of these factors in clinical trials have so far
failed (118-120). The failure of angiogenesis therapies may be due to the fact that those
therapies consisted of one single angiogenic factor and the timing of administration. Future
therapeutic intervention targeting angiogenesis should instead include multiple angiogenic

factors.
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Astrocytes: In a healthy brain, astrocytes have several important roles in controlling blood—
brain barrier (BBB) permeability, brain homeostasis, regulating synaptic transmission,
secretion or absorption of neurotransmitters and metabolic support amongst others (121-125).
After stroke, the actions of astrocytes are extremely important and well characterised. Within
minutes after occlusion, the astrocytes respond by formatting a glial scar. This process
involves the change of astrocyte morphology by exhibiting a hypertrophy in their processes
and an increase in the expression of key cytoskeletal proteins, glial fibrillary acid protein
(GFAP) and vimentin (VIM) (82). These reactive astrocytes create a dense matrix of
extracellular matrix proteins that rapidly initiate the formation of the glial scar around the infarct
core. This glial scar is highly important as it seals off the site of injury and limits the spread of
toxic substances from dying cells into the surrounding undamaged tissue (126, 127). Li et al.
(82) demonstrated the importance of this scar in neuroprotection and brain repair by creating
GFAP and VIM knockout mice. These mice presented significantly larger infarct volumes than
wild type mice. A subsequent study by Liu et al. (128) also demonstrated that these knockout
mice exhibit persistently impaired motor function relative to the wild type. Additionally,
Hayakawa et al. (129) demonstrated that astrocytes can release and transfer functional
mitochondria to injured neurons after stroke to support cell viability. Although the formation of
the glial scar clearly has some benéeficial effects after stroke, it also has a negative impact in
the brain. Different studies have demonstrated that reactive astrocytes secret inhibitory
molecules, such as chondroitin sulphate proteoglycan (CSPG), which impede axonal
regeneration and re-innervation, leading to slower recovery within the central nervous system
(CNS) (130-132). Understanding the evolution of the reactive astrocytes and the glial scar
overtime is critical for the development of future interventions. Furthermore, astrocytes play
an important role in waste brain clearance. It has been demonstrated that the astrocytic
endfeet wrap around the brain vasculature forming a perivascular space, which allows the
clearance of interstitial solutes and waste products from the brain. This clearance is mediated

by aquaporin 4 (AQP4) water channels highly expressed in the endfeet of astrocytes (133).
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However, this clearance is disturbed after stroke (134), suggesting that this pathway might

represent a promising target.

Microglia: microglia are recognised as the resident immune cells of the CNS. Microglia carry
out many functions including scavenging, phagocytosis of cellular debris, antigen
presentation, synaptic pruning, secretion of neuroprotective cytokines and initiation and
regulation of pro-inflammatory and anti-inflammatory molecules (135-137). In the healthy
brain, microglia adopt a classical ‘resting’ phenotype characterised by a small soma with
multiple branching processes. In this state, microglia are continuously extending and retracting
their processes to monitor the microenvironment and rapidly respond to injury (138-140). After
ischemic stroke, microglia transition into an ‘activated’ phenotype in the area closest to the
infarction. Microglia retract their processes and adopt an amoeboid morphology with enlarged
cell somas and shorter processes, they can phagocytose debris and release high levels of
pro-inflammatory cytokines and free radicals (141). Activation and recruitment is triggered
within hours of stroke and their involvement in the processes occurring at the peri-infarct site
persist for a few weeks (142). In rodents, microglial activation has been reported as early as
one hour after stroke, while in the humans activated microglia have been detected within 24 —
48 hours (143-145). A substantial amount of research has been focussing on whether
activated microglia is ultimately harmful or beneficial for stroke recovery, with data supporting
both possibilities. The general consensus seems to be that microglia activation has both a
neuroprotective and neurotoxic effect after injury, depending on the specific neurotrophic
factors and cytokines released at different time points after stroke. Pro-inflammatory
cytokines, ROS, nitric oxide (NO) and proteolytic enzymes released in the early phases of
stroke are involved in the exacerbation of inflammatory process, BBB breakdown cytotoxicity,
the recruitment of peripheral immune cells and ultimately contribute to further neuronal
damage. However, in later stages microglia switch from a pro-inflammatory phenotype to an

anti-inflammatory phenotype (146).
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Different in vivo studies have recently outlined the importance of microglia in response to
ischemic stroke. Lalancette-Hébert et al. (147) demonstrated that suppression of microglia
activation and proliferation after stroke caused bigger infarcts and increased neuronal loss on
1 day and 3 days after stroke. These findings were also supported by Szalay et al. (148) and
Jin et al. (149). Contrary to this, a number of articles have supported the negative impact of
microglia in the stroke brain. Neher and his group (150) reduced microglia phagocytosis by
knocking out two phagocytic proteins. They observed that the knockout stroke rats presented
less neuronal loss and better functional recovery. Similarly, another study by Liu et al. (151)
has shown that the use of minocycline (a drug that inhibits microglia activation) for 4 weeks
resulted in a reduction in microglia activation, increased neurogenesis and improved functional
outcomes after stroke. Additionally, clinical studies have shown that administration of
minocycline to stroke patients promoted better functional recovery than the control group (152-
154). It needs to be highlighted that minocycline has also been shown to inhibit many other
peripheral immune processes such as expression of matrix metallopeptidase (MMP), T cell
infiltration, inflammatory cytokine production, apoptosis of oligodendrocytes as well as
reduced neuronal death (155-160). Therefore, minocycline may provide neuroprotection in the

ischemic brain via mechanisms that are independent of microglia.

The presented evidence suggests that microglial activation plays a critical role in stroke
recovery, although further research is required to determine whether this role is beneficial or
deleterious. Of special importance is to understand the temporal dynamic of microglia

activation weeks after stroke to develop interventions accordingly.

1.5.3. Secondary neurodegeneration

While most stroke research focuses on changes occurring within the surrounding areas of the
infarct, they are not the only regions affected. It has been documented that the brain exhibits
changes in regions remote from, but synaptically connected to, the primary site of ischemic
insult in the weeks and months following stroke (161, 162). This phenomenon is known as

secondary neurodegeneration (SND), and can be observed as atrophic brain regions by
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histopathological and neuroimaging techniques. SND was first described in 1914 by
Constantin von Monakow who originally termed this phenomenon as ‘diaschisis’ (163). Since
then, SND has been identified in humans following stroke and confirmed using a variety of
different neuroimaging approaches such as computerized tomography (CT) (164-167),
magnetic resonance imaging (MRI) (168-171) and diffusion tensor imaging (DTI) (172, 173).
In experimental stroke models, SND has also been consistently shown (161, 162, 174-177).
SND occurs over a longer period of time than the primary infarction process, and has recently
been associated with the development of a number of late phase functional recovery
disturbances, including neurological deficits, dementia, depression, cognitive impairment and

fatigue.

One brain region particularly susceptible to SND after cortical stroke is the thalamus. Specific
thalamic nuclei (ventral posteromedial nucleus, ventral posterolateral nucleus and posterior
complex of the thalamus) are highly connected with the ischemic cortex via thalamocortical
and corticothalamic projections (178-180). Degeneration within this area has been attributed
to retrograde degeneration of the thalamocortical fibers. Additionally, other brain regions have
been documented to be susceptible to SND, including the substantia nigra and the distal
pyramidal tract (Figure 4) (181-183). More recently, numerous studies have started focusing
their attention on the SND processes happening in the hippocampus. The hippocampus is one
of the main adult brain regions implicated in higher cognitive function, most notably learning
and memory processes. Interestingly, many stroke patients suffer from cognitive impairment
despite the fact that the hippocampus is not usually directly damaged by stroke. Experimental
studies have demonstrated an association between ischemic injury and secondary
hippocampal degeneration in mice (184-186). Clinical studies have also demonstrated a link

between hippocampal atrophy and cognitive dysfunction (187-189).

The development of SND occurs after neuronal damage at the infarct site and appears over
an extended period. The earliest signs of SND in remote areas have been observed in humans
after around one week post stroke and it can persist for years (161, 166). This prolonged time
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course has encouraged researchers to start considering SND as a potential therapeutic target
to prevent further neuronal death, enhance brain plasticity and improve functional outcomes

during the recovery phase after stroke.

SND has a clear negative effect on the quality of life in stroke survivors, however still relatively
little is known about this process and its link with the development of cognitive deficits.
Advancing our fundamental knowledge of how SND develops is a promising avenue to
increase our understanding in stroke pathophysiology, and a first step towards the
development of potential therapeutic interventions. Accordingly, | have directed much of my
investigative effort to model and understand SND using an experimental stroke models.
Specifically, | will focus on thalamic SND, as the literature suggests that this site is routinely

disturbed, and hippocampal SND due to its importance in cognitive function.

Figure 4. Schematic representation of secondary degeneration after MCAO. Occlusion of the MCA

causes neuronal death, axonal degeneration and gliosis in distant areas such as thalamus (Thal) and
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substantia nigra (SN). MCAdt, middle cerebral artery deep territory; MCAst, middle cerebral artery

superficial territory; Puta, putamen. Image adapted with permission from (161).

1.5.3.1. Mechanisms of SND

Neuronal death

SND represents an incredibly complex biological phenomenon. SND is a form of progressive
neuronal death accompanied by glial activation and neuro-inflammation in brain regions
remote to but synaptically connected to the infarct site. However, the mechanisms that lead to
neuronal degeneration in these areas are not fully understood. It is widely believed that part
of this degeneration is due to a process known as Wallerian degeneration (WD). WD develops
when a nerve fibre connection is cut or axonal transport is significantly disrupted (190, 191).
This anterograde and retrograde degeneration of fibres may cause excitotoxicity and oxidative
stress in remote regions, leading to neuronal death. Necrosis represents an important
mechanism for neuronal death in SND sites (192, 193). Additionally, morphological features
indicative of apoptosis, such as DNA fragmentation, nuclear condensation, apoptotic bodies
and increased caspase-3 activity, have also been observed in SND sites after stroke (194,
195). These findings support the possible involvement of necrosis and apoptosis in SND.
Together with neuronal death, SND is characterised by intense neuroinflammation (microglia

and astrocyte activation) as well as the accumulation of protein aggregates such as amyloid

B (AB) (Figure 5).

Neuroinflammation

Some evidence support the idea that neuroinflammatory processes driven by microglia and
astrocytes may contribute to the neuronal damage at sites of SND; however, their exact roles
are yet to be fully described. In both humans and animals, cytokine upregulation and
microglial/astrocytic activation have been frequently detected before or concurrently with
neuronal damage in areas of SND, suggesting a detrimental role of neuroinflammation in the

development of SND (161). In support to this, the expression of pro-inflammatory cytokines
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(TNF-a and IL-6) released by astrocytes and changes in microglial activation have been
shown to precede neuronal death in the thalamus (196-198). Clinical studies have shown an
increased neuroinflammation in SND sites after stroke. Using MRI, Ogawa et al. (199)
demonstrated a persistent neuron loss and gliosis in the ipsilateral thalamus of stroke patients
at 1-12 months post middle cerebral artery occlusion (MCAOo). Further clinical studies showed
enhanced microglia activation in the ipsilateral thalamus which persisted for up to 2 years
post-stroke (200, 201). Similar results have been observed in other regions such as the
hippocampus. These clinical findings align well results obtained in animal studies. Several
rodent studies have shown an increased astrogliosis and microglial activation consistently in
areas of SND after stroke (185, 202-206). For instance, Dihne et al. (198) showed delayed
glial activation and neuronal loss in thalamic nuclei 14 days after MCAo. Most recently,
Patience et al. (203) observed an increased gliosis in different areas including the thalamus
and hippocampus at 4 weeks post-stroke. Neuroinflammation at sites of post stroke SND can

be observed 3 days after stroke and persist for weeks (143, 144, 162).

Several studies have used interventions to modulate the outcomes of SND. Schroeter et al.
(207) found significantly increased neurodegeneration and microglia activation in the
ipsilateral thalamus of osteopotin knockout mice. However, no effect was detected in the
infarct area. In another study, Zuo et al. (208) demonstrated that suppression of Cathepsin B
(protease involved in regulation of cell death and protein catabolism) after stroke has a
neuroprotective effect and reduces the activation of both microglial and astrocytic in the
ipsilateral thalamic nuclei. However, it had no effect on infarct volume. These findings support
the idea that neuroinflammatory mechanisms independent to those at the infarct site occur at
sites of SND. This is an important observation as it highlights the need to target the specific
mechanisms at sites of SND. However, in order to develop SND focused interventions a better

understanding of the underlying mechanisms and neuroinflammatory processes is required.
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Neurotoxic protein accumulation

Another key hallmark of post-stroke SND is the accumulation of neurotoxic proteins, such as
AB and a-synuclein (a-syn) (161, 209-211). The accumulation of these proteins may provide
an obvious explanation for a number of pathological disturbances known to emerge in the
months following stroke, such as cognitive impairment and dementia. For instance, it is well
know that the risk of developing dementia after stroke is substantially higher than age matched
controls (57). This disease is characterised by a progressive neurodegeneration and
accumulation of neurotoxic proteins, clinical features that are consistent with the SND
processes seen after stroke. While the link between stroke and the risk of developing dementia
and other cognitive deficits has not been proven yet, a lot of effort has been placed on these

outcomes in the context of SND.

AB is the most widely known neurotoxic protein and extensively implicated in
neurodegeneration (212-214). AB is produced as a monomer (AB40 and AB42) (215). These
monomers have the propensity to self-assemble into different soluble low molecular weight
oligomers, then form soluble high molecular weight oligomers, and eventually continue to
accumulate and aggregate to form insoluble Ap fibrils and plaques (213, 216). Classically, the
plaques have been linked to cognitive dysfunction; however, emerging literature has indicated
that soluble AR oligomers may be responsible for the disruption of cellular functions, including
calcium dysregulation, membrane depolarization, impairment of mitochondrial functions and
synaptic dysfunction (213, 214, 217, 218). More recently, it has also been demonstrated that
AB oligomers constrict capillaries and can deposit in cerebral vasculature (219). In rodent
studies, the accumulation of AB is particularly common and robust finding in SND sites.
Studies have shown that AB appears as a diffuse aggregate in thalamic SND sites 1-6 weeks
after stroke and over time transforms into plaque-like deposits at 9 months (211, 220). Our
group has also reported an increased accumulation of soluble AB oligomers within the

thalamus 6 weeks after stroke (221). Furthermore, pharmacological interventions to reduce
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AB accumulation in thalamic SND sites are associated with an improvement of functional

outcomes (209, 210, 222).

A second protein extensively implicated in neurodegeneration is a-syn. a-syn is involved in
synaptic activity and in normal condition is presented as a natively unfolded cytosolic protein.
In pathological conditions, such as Parkinson’s disease a-syn undergoes oligomerisation and
abnormal aggregation under different environmental conditions (223, 224). Similarly to AB,
recent evidence suggests that the oligomeric form of a-syn is responsible for the neuronal
toxicity and cognitive decline in neurodegenerative diseases through multiple mechanisms
such as inflammation, oxidative stress and autophagy (225-229). Interestingly, all these
pathophysiological mechanisms are similar to those present after stroke, however, the specific
role of a-syn in stroke is unclear. Some pre-clinical studies have previously demonstrated that
an ischemic insult can promote an increased a-syn expression, phosphorylation, and
aggregation in the brain (225, 230). Although there has been certain advancements in the last

couple of years, the involvement of a-syn in stroke is still largely unknown.

There are numerous possible mechanisms that could explain the increase in neurotoxic
protein accumulation: overproduction, a decrease in degradation and/or impaired brain waste
clearance. To this date, it is unclear which of these mechanisms is predominantly involved in
the increased deposition of these proteins and it is most likely a combination of all of them. A
deeper understanding of the mechanisms underpinning protein build-up may help identify an
appropriate therapeutic target in clinical trials. Therefore, in the chapter 3 of this thesis | will
investigate the link between an increased accumulation of neurotoxic proteins and the failure
of the clearance mechanisms. Additionally, in chapter 4 | aim to investigate the progression of

the neurotoxic protein accumulation overtime.
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Figure 5. Secondary neurodegeneration (SND) hallmarks. Stroke results in significant neuronal loss,

increase A3 accumulation, activated microglia and reactive astrogliosis in the SND sites. Th = thalamus.

1.6. Animal models of stroke

Focal ischemia

The use of animal models of stroke has contributed to our understanding of the cellular and
molecular mechanisms occurring in the brain after ischemic stroke. Rodents are widely used
in stroke research due to low mortality, ease of use, cost-effectiveness and similarities in
cerebrovascular anatomy to that of humans. Currently, there are several well established
models of experimental stroke. Each of them with their own set of advantages and
disadvantages that need to be carefully considered when selecting the most appropriate
model to answer a specific experimental question. These include: (i) mechanical occlusion of
the MCA (MCAo); (ii) thrombotic occlusion via injection of preformed clots or micro-emboli into
the MCA,; (iii) injection of endothelin-1 (a potent vasoconstrictor) and (iv) photothrombosis by

injection of Rose Bengal (231).

The MCAo model is one of the most commonly used experimental stroke models. In this
model, an intraluminal filament is introduced via the common carotid artery until it reaches the

origin of the MCA, resulting in the hypoperfusion of the MCA vascular territory (232, 233). The
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time of occlusion is variable but the filament is normally placed for between 60-120 minutes,
or permanently. This procedure does not required craniotomy. Alternatively, MCAo can be
induced using a clip, ligature or electrocoagulation which requires a craniotomy to directly
access the blood vessel, and therefore is not recommended as exposure of the brain can
significantly influence intracranial pressure and BBB function. One of the main advantages of
the MCAo model is that it strongly mimics human ischemic stroke because around 70% of
human strokes occur due to occlusion of the MCA (234). However, this model has certain
limitations. Firstly, it is characterised by significant variability in lesion size even within the
same mouse strain and has a significant risk of mechanically induced subarachnoid
haemorrhage (235). Secondly, MCAo produces large to very large infarctions and can damage
multiple areas of the brain such as thalamus and substantia nigra (236). Thirdly, it is a
technically complex procedure and time consuming, which reduces the number of animals
that can be used in experimental groups and affects the sample size (231). Finally, this model
can also cause serious complications, such as retinal injury and consequent visual dysfunction
(affecting behavioural assessments) (237), and impaired mastication and swallowing functions

due to damage to the external carotid artery (238).

The thromboembolic stroke model also closely mimics the pathophysiology of human stroke.
This involves the preparation of artificial or autologous clots ex vivo that then are injected into
the carotid artery (239). The major disadvantage is the large variations in lesion size and

location. Therefore, this model is not commonly used except to test thrombolytic agents.

Another model of focal ischemic stroke is local application of a potent vasoconstrictor, such
as endothelin-1, via stereotaxic intracerebral injection (240). This method is characterised by
being less invasive than MCAo, highly reproducible, causing minimal oedema and the ability
to precisely target specific brain circuits (241, 242). The main disadvantage is that endothelin-
1 receptors are also present in astrocytes and neurons (243), and therefore it has been
reported to promote astrocytosis and facilitate axonal sprouting (242). This model is not
suitable to investigate glial and neuronal responses.
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Finally, the photothrombotic stroke is a model of occlusion of small cerebral vessels
(approximately 25% of human ischemic stroke is caused by small vessel injury) (244, 245).
The infarct size generated by the photothrombotic stroke is relatively smaller compared to the
MCAo model, and it is usually located at the cortical area. This model induces ischemia by
intraperitoneal injection of photosensitising dye (e.g. Rose Bengal). This dye is allowed to
circulate in the bloodstream for a short period to ensure adequate dispersal to the cerebral
vasculature (Figure 6). Then, the dye is photoactivated using an external cold light source.
Once the dye is activated, it produces oxygen radicals that cause damage to the endothelium,
and activation and aggregation of platelets. This coagulation process subsequently induces
occlusion in the cortical vessels within the entire field of light exposure (246, 247). The
photothrombotic model allows for precise targeting of specific cortical areas and is highly
reproducible. The size and location of the infarct induced is consistent and reduces the
variability among lesions. These characteristics make this method ideal for the study of basic
cellular and molecular mechanisms and pathways, particularly in recovery studies (248).
Additionally, it is minimally invasive, relatively fast and easy to perform than other models,
which allows for an increased sample size. Multiples studies have also demonstrated that
photothrombotic strokes consistently produce SND in areas synaptically connected to the
cortex, making it ideal to study stroke-induced retrograde degeneration (205, 206, 221, 249).
The main disadvantage of this model is that it produces an infarct that is predominantly core,
with minimal penumbral tissue, which is quite different to human stroke (250). Another
limitation is that the rapid ischemic damage is associated with marked early cytotoxic and
vasogenic oedema, which is different from human stroke. Taking into account that the focus
of this thesis is to study long-term functional outcomes as well as the cellular and molecular
mechanisms involved, the photothrombotic stroke model was considered the most suitable

model and it was used in the studies of this thesis.
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Figure 6. Photothrombotic stroke model targeting the left somatosensory and motor cortices. (A)
Photothrombotic stroke set-up. (B) Visible cortical infarct caused by the stroke (dotted red circle). (C)
2,3,5-Triphenyltetrazoliumchloride (TTC) staining of damaged brain areas after photothrombotic stroke.

Red areas represent healthy/normal tissue, while white areas represents damaged/dead tissue.

1.7. Functional assessments in animal models of stroke

As mentioned before, rodents have served as an excellent model to develop a deeper
understanding of human stroke. Apart from assessing the histopathological, cellular and
molecular characteristics of stroke, it is also important to assess the functional outcomes after
experimental stroke and how these develop overtime. The evaluation of these functional
outcomes allows for the assessment of the degree of damage caused longitudinally. The
primary goal of stroke treatment is to improve the behavioural function in stroke survivors.
Therefore, using experimental models to identify the behavioural deficits is essential to
develop potential therapeutic treatments. The selection of adequate behavioural tests,
according to the area of the brain damage and the interventions tested, is essential for the

success of translational research.
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1.7.1. Sensorimotor assessment

Impairments in the upper and lower limb are commonly seen in humans, and therefore it is
necessary to use tests that measure homologous impairments in rodents (248). There are
many sensorimotor tests available for rodents, but none of them have been demonstrated to
be superior to others in fully characterising the different deficits that occur after stroke.
Additionally, in long-term studies, sensorimotor tests that are sensitive enough to chronic
impairments should be used. Therefore, it is recommended that a battery of different
sensorimotor test should be performed in order to obtain a better understanding of the array
of impairments and to prevent false-positive results. Although many different tests have been
developed, here | will just focus on discussing those most commonly used sensorimotor tests

in mice.

Cylinder test: One of the most commonly used test in rodents is the cylinder test, which is
used to evaluate spontaneous forelimb use (251). In this test, mice are placed in a transparent
glass cylinder and forelimb use during vertical exploration is evaluated by recording which
forelimb is used to touch the wall of the cylinder. The first forelimb to touch the cylinder during
a full rear is scored as a placement for that limb. Healthy animals will touch the wall equally
with both left and right forelimbs. While ischemic mice will tend to use more frequently the non-
impaired forelimb during vertical exploration (251). The cylinder task has been demonstrated
to be objective, easy to undertake and grade, no pre-training needed and it is sensitive to long
lasting deficits that other tests cannot detect (252). These characteristics make this test useful

test for long-term recovery studies.

Grid walk: The grid walking task, also known as the foot fault task, has been used to assess
motor impairments of limb functioning and placing deficits during locomotion in mice. Animals
are placed on an elevated grid with squares sized approximately 2x2 cm and recorded while
exploring the surroundings. The number of foot faults (paw slips through an open grid) made
by the right and left limbs are counted (251). Healthy mice will walk placing their paws precisely

on the grid. Stroke mice typically make significantly more foot faults with the impaired limb
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than non-stroke mice. It is a simple test, requires minimal equipment, no pre-training and it is

a sensitive test for detecting motor function impairments long-term after ischemia (253).

Staircase test: The staircase test is used to assess skilled reaching in mice. This test measures
the ability of mice to extend their forelimbs and grasp food pellets (254). Mice are positioned
in a chamber that contains an elevated platform with two staircases located on each side. The
design of the chamber allows the mice to only use the right forelimb to retrieve the pellets from
the right side and the left forelimb to retrieve the pellets from the left side. The staircases have
six steps with food pellets. Latency to grasp the pellet, number of pellets obtained from each
side and location in the staircase are measured to detect impairments (255). A healthy mouse
will collect the pellets rapidly while stroke mice take longer times and show a tendency to
grasp pellets with the non-impaired forelimb. It has been shown to be sensitive for detecting
long-term deficits. However, this test requires food deprivation and a complex and long training

periods.

Adhesive removal test: The adhesive removal test is typically used to evaluate sensory and

motor impairments after injuries to the sensorimotor cortex. During the test, a small piece of
adhesive tape is attached on each forepaw. The non-stroke mice rapidly sense the tape and
remove it quickly. Tactile responses are measured by recording the latency to contact (sensory
deficit) and remove (motor deficit) the adhesive tape. Mice with unilateral brain damage
typically take longer to contact and remove the adhesive tape from the impaired limb (252,
256). Detection of long-term deficits have been reported in some stroke model but not others

(257, 258).

Rotarod: Rotarod is one of the most commonly used tests to assess motor coordination and
balance after stroke. Mice are placed on a rotating cylinder where they will try to remain to
avoid falling onto a platform (259). The riding time is typically used as a parameter to evaluate
motor function. Animals with ischemia stay on the rotating cylinder significantly shorter times
(260). This test is easy to perform; however, it is not sensitive enough to distinguish

spontaneous recovery from therapy-induced recovery.
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Pellet Retrieval Task: This test is useful to examine an animal's ability to reach and retrieve a

single food pellet (261). Mice are placed in a chamber with an opening in the middle of the
front wall. The food pellets are placed in a tray located outside of the front wall. Mice must
reach through the small opening, grasp and collect the pellet. The pellet is placed in the
indentation opposite to their unaffected paw in order to assess unilateral brain damage.
Attempts, successes, failures and drops are scored as parameters to evaluate impairments.
Ischemic damage to the motor cortex results in impairments of skilled reaching (262). One
main disadvantages of this test is that mice are food restricted and require a long period of

pre-training to reach for food pellets.

Taking into account the advantages and limitations of the previously mentioned sensorimotor
assessments, | considered that the most appropriate and relevant tests to measure long-term
deficits and/or improvements in motor function after stroke are the cylinder test and grid walk.

Therefore, they will be the sensorimotor assessments used in this thesis.

1.7.2. Cognitive assessment

Apart from sensorimotor deficits, cognitive deficits often occur after stoke as a results of
damage to different brain areas. Since impairment in different cognitive domains are really
common after stroke, cognitive testing is a necessary component to understand the full scope
of the functional deficits. Preclinical tests should utilize models that reproduce common,
clinically relevant cognitive deficits, using a battery of test sensitive to multiple cognitive
domains. Additional effort should be made to monitor long-term behavioural changes to reflect
chronicity and evaluate progression of cognitive function. Some cognitive domains impaired
after stroke have been demonstrated in animal models (working memory, associative
memory), while others are lesser known due to lack of assessment methods available

(executive function, attention).

Classically, the Morris water-maze has been one of the most widely used behavioural tasks

to assess spatial learning and working memory in mice (263). Different variants of the initial
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method have been developed but they are all based in the same concept. Mice are placed in
a circular pool and they are trained to swim to locate a platform hidden underwater. Time to
reach the platform, time spent in each quadrant of the pool and swim path can be analysed to
study swimming behaviours and determine memory impairments. In ischemic animals, the
impairments observed when performing this task are long lasting (264-266). One advantage
of using the water maze over other mazes is that mice cannot use olfactory trails to find the
submerged platform and food deprivation is not required. However, this task presents multiple
disadvantages such as results might be confounded by motor impairments, ceiling effects and
hypothermia. Additionally, this task also relies on stressful circumstances to encourage

performance, a factor that it is known to negatively affect cognition.

The radial arm maze is another test used to study spatial working memory. The device
consists of a central platform with eight or twelve radial arms projecting from the centre with
food pellet placed at the end of these arms (267). Mice are placed in the centre and allowed
to explore the radial arms. Healthy mice will remember which arms they have previously visited
to collect the reward. Ischemic animals make more errors when searching for food, showing
impairment in working memory (268, 269). Similar to the water-maze, this task may be
confounded by sensorimotor deficits. Additionally, being a one-trial task mice do not have
sufficient time for habituation, making this task sensitive to other factors such as experimenter

handling, anxiety and environmental factors.

While all the previously mentioned classical behavioural tasks could still be useful, greater
emphasis should be placed on designing cognitive tasks that directly translate across species
and are clinically relevant. This can be achieved using automated rodent touchscreen
platforms that use testing paradigms analogous to those routinely used in humans (270).
These touchscreen platforms for rodents are computer-automated behavioural testing
methods based in visual stimuli and mice respond to a computer screen via a nose-poke
directly to the stimulus (Figure 7). This method is non-aversive and low-stress and instead it
relies on reward to motivate animals’ performance. Rodents are previously trained until they
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acquire a basic level of performance. Once they have reached a basic level, more complex
tasks can be introduced to mimic human cognitive tests. Cognitive performance is assessed
over numerous trials, conferring much higher sensitivity and enabling detection of cognitive
enhancements as well as decline. Mice are habituated into the touchscreen over a couple of
days, which reduces the potential of external factors to impact on the performance. Further,
these platforms contain a battery of numerous cognitive tests, including tasks to study certain
cognitive domains that cannot be tested with classical method such as attention and executive
function. Additionally, it offers the potential for a high degree of standardization, minimal
human involvement and is translationally relevant, as some of the tasks are direct analogues
of clinical tests (e.g., similar to human CANTAB (Cambridge neuropsychological test
automated battery) tests). Another advantage of using computer-generated visual stimuli is
that the stimuli can be easily adapted and manipulated depending on requirements (270, 271).
One potential limitation is that these tasks are time-consuming as they need to be completed
over numerous days. Another potential limitation is that touchscreen tasks require a good
motor function so that animals are able to cross the testing chamber, respond to the stimuli
presented in the screen and collect a reward. However, the motoric demand is much lower
than the one required in water-maze and arm maze (270, 271). These limitations should be
taken into account when performing these tasks; however, the advantages clearly outweigh
the few disadvantages. Most importantly, given the analogy between the rodent touchscreen
and the tests used in clinical populations, these tasks can be extremely useful to improve the
direct translation of specific findings into human populations as well as facilitate the
development of new therapeutic interventions. Therefore, a mouse touchscreen platform was

used for the experiments that form part of this thesis.
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Figure 7. Touchscreen platform for cognitive assessment in mice. (A) A visual stimulus is presented in
the touchscreen and the mouse must respond to the stimulus by nose poking the screen. If the mouse
select the correctimage, a liquid reward will be delivered in the rewards collection tray. (B) In the paired-
associate learning task (PAL) mice must select the symbol that appears in the correct location (S+) to
obtain a reward. This task measures associate memory and learning. (C) In the visual discrimination
reversal task (VDR) mice must select the correct image (S+) to obtain a reward. Once the performance
of the mice have reached ~70% correct responses, the images are reversed. The image that was
correct (S+) is now incorrect (S-) and vice versa. The first part of this task measures ability to

discriminate between two stimuli and the reversal measures behavioural flexibility.

1.8. Spontaneous recovery

It is well known that most stroke survivors achieve a certain level of recovery even without
direct rehabilitation, during the weeks and months following the infarct. This spontaneous
recovery is considered to be possible due to a variety of repair mechanisms coordinated by

glia, neurons and vasculature (87, 88, 93, 94, 272). Historically, it was long believed that the
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adult or injured brain was unable to remodel. However, in the last decades, this has been
disproven and in fact, strong scientific evidence have demonstrated that the adult brain has a
remarkable capability to respond to internal or external stimuli by reorganizing its structure,
function, and connections (273-275). This mechanism is referred to as brain plasticity and can
lead to a certain degree of spontaneous recovery after brain injury (Figure 8) (276). Plasticity
mechanisms mainly observed in animal models include: cortical remapping, change in the
trajectory of axons, modulation of certain neurotransmitters, synaptic plasticity, angiogenesis
and neurogenesis (275). Specifically, in this thesis | will focus in synaptic plasticity,

angiogenesis and neurogenesis.

Neurogenesis is one of the brains plasticity mechanisms that has been more commonly
studied. Evidence of neurogenesis has been well documented in primary ischemic sites in
both animal models and the human brain (104, 277-281). However, this process in SND sites
has not been fully explored yet. Sites of ischemia have been shown to start repopulating with
new neurons from 14 days and up to 12 months after stroke in animal models (280-285). Ling
et al. (286) and Chen et al. (287) showed that neurogenesis can also occur in the thalamic

SND sites at 14 days after stroke in rats.

Similarly to neurogenesis, the brain experiences complicated angiogenesis processes post-
stroke. The effect of angiogenesis in stroke recovery is widely considered to be beneficial.
Both pre-clinical and clinical studies have shown that increased angiogenesis in the penumbra
is associated with enhanced recovery and longer survival times (114, 115, 288). The increased
angiogenesis helps in the spontaneous recovery by “cleaning up” the necrotic tissue after
stroke (289, 290) and by creating a “vascular niche” to support the generation and migration

of new neurons (291, 292).

Synaptic plasticity is also known to play an important role in recovery after stroke. Synaptic
plasticity is necessary for maintaining neuronal networks and it is achieved through

improvements of communication in synaptic connections between existing neurons. Previous
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studies have demonstrated that an enhancement in synaptic plasticity promotes functional

outcomes after stroke (293).

Numerous studies have considered the impact of the above-mentioned mechanism in the
evolution of functional outcomes after stroke. Specifically, an area in which brain plasticity has
been extensively studied is motor recovery after stroke. As previously highlighted, motor
impairments are highly common in stroke patients and the quality of life of these patients are
dependent on the degree of motor recovery achieved. The first voluntary movements start to
manifest from 6 to 33 days after stroke and the biggest improvements happen in the first month
after stroke (294). Evidence of motor recovery after stroke has demonstrated that many forms
of brain plasticity occur at the same time. Injury to a region of the motor cortex can result in
spontaneous intra-hemispheric changes or shift to the uninjured hemisphere. On the other
hand, cognitive recovery after stroke has been less studied due to its complexity and the
variety of cognitive domains affected. Additionally, cognitive recovery might be more

influenced by SND processes (294, 295).

These advances in understanding the spontaneous brain repair after stroke have been
complemented by numerous therapeutic approaches with the goal of promoting brain
plasticity, and thus re-establishing function and reducing disability after stroke. Some studies
have concentrated on the days or weeks after a stroke, aiming to accelerate self-repair, while
others have targeted the chronic phase months or years after stroke. However, to date, no
therapeutic interventions have been approved clinically to enhance brain plasticity and
spontaneous recovery (294). Therefore, as part of my thesis | will study a new potential

therapeutic intervention to enhance brain plasticity and functional recovery after stroke.
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Figure 8. Schematic representation of the changes happening after stroke. During the first 24 hours
(hyper-acute phase) the main process occurring is neuronal death. This is followed by an acute phase
(1-7 days) driven mainly by inflammation and formation of the glia scar. In the following weeks and
months (subacute and chronic phases), the brain suffers a spontaneous endogenous plasticity which

in turn leads to improvements in functional outcomes. Adapted with permission from (296).

1.9. Growth hormone as a therapeutic intervention

1.9.1. Growth hormone

Growth hormone (GH) is an endogenous peptide hormone that is predominantly released into
the circulatory blood stream from the anterior pituitary gland. GH production and secretion is
controlled by the GH releasing hormone at the hypothalamus and inhibited by somatostatin
(297). This pleiotropic hormone controls several complex physiological processes, including
postnatal longitudinal growth in target tissues (liver, muscle, adipose and bone) and cellular
metabolism (Figure 9). It can act by directly binding to GH receptors (GHR) on target cells or
indirectly by generating insulin-like growth factor 1 (IGF-1) in the liver, which regulates the

paracrine production of IGF-1 in many other tissues (297, 298).

Most importantly, different studies suggest that the GH/IGF-| axis may also play an important
role in CNS functions, including neuronal growth, development and protection, myelin
formation and glial cell differentiation (299, 300). GHR have been identified in several areas
of the brain such as the choroid plexus, hippocampus, thalamus and hypothalamus in both

rodents (301) and humans (302, 303). IGF-1 receptor (IGF-1R) is expressed in neuronal stem
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cells, neurons and glial cells throughout the brain (304-306). Furthermore, whilst the pituitary
is considered to be the exclusive source for GH, studies have observed an endogenous
expression of GH in the hippocampus (307, 308). Additionally, growing evidence has
demonstrated that peripheral GH uptake from the blood to the brain may occur through

different routes.

Apart from stimulating brain plasticity, GH has also been shown to potentially improve
cognitive function in both animal and human studies (309, 310). For instance, GH
administration improves short-term and long-term memory in GH-deficient young adults (311)
and in rats (312, 313). In contrast, lack of GH in adult humans with hypopituitary is associated
with the impairment of most cognitive domains compared with matched controls, and these

symptoms can be reserved with GH replacement therapy (310).

Figure 9. Schematic representation of the beneficial effects of GH. GH is widely known for promoting
muscle, bone and longitudinal growth. Additionally, GH plays an important role in CNS functions,

including brain growth, neuronal repair as well as improving cognitive function.

1.9.2. Current clinical use

Currently, recombinant human GH (rhGH) is clinically approved by TGA/FDA for indications

in both the adult and paediatric population. In Australia, it is indicated as replacement therapy
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in adults with GH deficiency, short stature due to decreased or failed secretion of pituitary GH,
Turner syndrome, Prader-Willi syndrome and for treatment of growth disturbance in children
with chronic renal insufficiency. Its safety and efficacy are well-documented (314) and

therefore GH treatment is particularly attractive and ideally suited for clinical translation.

1.9.3. Growth hormone in brain injury and stroke

GH deficiency is a common feature of different neurological disorders. For instance, around
one quarter of patient with traumatic brain injury (TBI) and subarachnoid haemorrhage suffer
from GH deficiency shortly after injury (315). This deficiency has been linked with a variety of
cognitive issues including poor verbal learning, verbal short-term memory and attention.
Clinical studies have demonstrated that GH administration significantly improved cognitive
rehabilitation and quality of life in TBI patients (316-319). This positive effect in cognition has
been confirmed in experimental models of TBI together with increased expression of BDNF
and synaptophysin (320). The positive effect of GH on brain repair and cognitive function have
been also demonstrated in other neurological conditions such as severe frontal cortex lesion,
cortical ablation (321, 322), hypoxic-ischemic injury (323, 324), kainate-induced injury (325)

and after hypophysectomy (326, 327).

Recent clinical findings have also demonstrated the presence of GH deficiency after ischemic
occlusion starting from 7 days to years after stroke (328-331). Some of the potential
mechanisms that could explain the GH deficiency after stroke include direct occlusion/damage
to the pituitary gland, occlusion/damage to the hypothalamus (or brain regions responsible of
secreting GH regulatory hormones), inflammatory processes, secondary injury insults or a
combination of these mechanisms (328). Taking all this together, it is reasonable to think that
GH could be used as a therapeutic intervention to enhance neuroprotection and improve
functional outcomes after stroke. To date, a very limited amount of clinical studies have
investigated the therapeutic potential of GH. A pilot study by Song et al. (332) identified that
the long-term administration of rhGH (once a week for 24 weeks) resulted in significant

functional improvement and less fatigue. In another small clinical trial, Jin et al. (333) showed
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that administration of rhGH for 6 months on top of citicoline treatment resulted in further
functional improvement in stroke patients. Despite the promising results, further clinical

studies are still needed to confirm this restorative effect.

Additionally, some pre-clinical studies have demonstrated the beneficial effects of GH in the
stroke brain. Administration of GH has been proven to be successful in reducing the damage
in the penumbra by enhancing survival of neurons when administered acutely after stroke in
both in vivo (323, 324) and in vitro models (334). However, these previous pre-clinical studies
have only focused on the neuroprotective effect of GH during the acute phase post-stroke and
they did not analyse functional outcomes. This neuroprotective effect is different from the
much longer neuroregenerative plasticity that takes place during the recovery phase after
stroke. Surprisingly few studies have investigated the effect of a delayed administration of GH
after stroke in neuroregeneration and functional outcomes. In one of the only such studies to
date, Pathipati et al. (335) found that GH delivered directly into the lateral ventricle had the
ability to enhance spatial memory, as measured by the Morris water maze. A study performed
in our group (336) later confirmed these results by using a more sophisticated approach. They
demonstrated that GH significantly improved associative memory and learning in stroke mice,
as measured by a more translationally relevant platform such as touchscreen testing.
Additionally, the authors found a reduction in neuronal tissue loss, higher levels of
neurotrophic factors, increased angiogenesis, synaptogenesis and myelination within the peri-
infarct region. These two studies are the first evidence to show that delayed administration of
GH after stroke can positively influence cognition and brain plasticity. Given the fact that GHR
are expressed in many regions of the brain including the hippocampus, this may explain the
cognitive enhancement promoted by GH therapy and may represent a promising intervention
in the future. However, further evidence regarding the effect of GH in the hippocampus is
necessary to provide compelling evidence for the usage of GH after stroke. In addition, there
is still a large gap in our understanding of whether GH treatment could also enhance motor

function after stroke. Therefore, in the chapters 5 and 6 of this thesis, | will address this matter.
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CHAPTER 2: RESEARCH AIMS AND HYPOTHESES

2.1. Rationale

Stroke is the biggest cause of long-term disability in the world. Currently, intravenous
administration of tPA (thrombolysis) and endovascular clot retrieval (thrombectomy) are the
only treatments clinically approved for stroke treatment. These treatments are focused on
minimising brain damage and limiting complications acutely after stroke. However, despite the
advancements over recent decades, most stroke patients cannot benefit from these acute
therapies due to the short time window of action offered by tPA and the need of specialised
stroke centres to perform a thrombectomy. Therefore, most stroke survivors suffer significant
and often life-long motor and cognitive impairment. Motor impairment is usually addressed
using physiotherapy and specific rehabilitation, which is often a long and slow process. On the
other hand, cognitive impairment lacks of a specific treatment. New therapeutic interventions

to promote functional recovery and brain plasticity after a stroke would be highly desirable.

Currently, it is not clear why cognitive deficits appear post-stroke and several mechanisms are
likely to be contributing factors. Understanding the pathophysiological mechanisms occurring
after stroke, with special emphasis in the subacute and chronic phases, would be key to
broaden our knowledge regarding post-stroke cognitive impairment and to develop therapeutic
interventions. Post-stroke secondary neurodegeneration (SND) has come into focus as a
promising mechanism for cognitive impairment. This phenomenon is particularly interesting
because it occurs over a timescale of months to years following stroke, which would greatly
expand the time window for intervention. SND causes a progressive loss of tissues at sites
connected to the area damaged. Amongst the areas affected by SND, include the thalamus
and substantia nigra. More recently, some studies have started to focus their attention on the
hippocampus. The hippocampus is involved in higher cognitive function and indirect damage
to this region would explain cognitive impairment. It is well known that SND has a negative

effect on the quality of life of stroke survivors; however, there is still a large gap in our
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understanding about this process and its link with the development of cognitive deficits.
Therefore, it is necessary to further elucidate the exact mechanisms underpinning the

deleterious events of SND and its progression to different brain regions.

Neuronal death, neuroinflammation and accumulation of neurotoxic proteins are the main
hallmarks of SND. Recently, studies have focused on understanding the relative contribution
of the accumulation of neurotoxic proteins (such as AB and a-syn) to the development and
progression of post-stroke SND. Since these proteins have been linked with
neurodegenerative diseases, it is reasonable to consider they may play a crucial role in the
development of cognitive impairment post-stroke. The underlying mechanisms of the
accumulation of neurotoxic proteins over time after stroke and their link with cognitive deficits

post-stroke is at this stage unknown.

After stroke, the adult brain has the ability to generate an adaptive response to promote
recovery, which includes the proliferation of new cells and differentiation into different
populations. However, this endogenous self-repair mechanism is limited and operates only
acutely after stroke. Therefore, an intervention that could potentiate this effect would be highly
desirable. GH has been postulated as a promising therapeutic intervention post-stroke. It has
been shown that GH has the ability to improve cognition in health and disease via stimulation
of brain plasticity processes in both rodents and humans. An important advantage of GH is its
approval profile, safety and efficacy, which makes GH treatment particularly attractive and
ideally suited for clinical translation. In the context of stroke, GH has already proved its ability
to enhance the survival of neurons and reduce damage in the penumbra when administered
acutely after stroke in rodents. Recently, delayed GH administration has been examined for
its ability to stimulate cognition after stroke. However, further questions remain unanswered.
Evidence regarding the neurorestorative effect of GH in the hippocampus are necessary to
provide compelling evidence for the usage of GH after stroke. In addition, there is still a large
gap in our understanding of whether GH treatment could also enhance motor function and

improve multiple cognitive domains after stroke.
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2.2. Aims and Hypotheses

The overall aim of this thesis is to investigate the link between the functional deficits after

stroke and the pathophysiological mechanisms with a specific focus on the subacute and

chronic phases. Additionally, | explored whether GH is suitable as a potential therapeutic

intervention to alleviate the functional deficits.

More specifically the aims are:

Investigate the link between cognitive impairment and SND processes, with a
particular focus on thalamic and hippocampal regions (publication 1)

Investigate cognitive and motor deficits long-term after stroke and whether they are
associated with SND processes (publication 2)

Determine the effect of delayed administration of rhGH on motor function and brain
plasticity in the peri-infarct region (publication 3).

Determine the effect of delayed administration of rhGH on cognition and brain

plasticity in the hippocampus region (publication 4)

The hypotheses associated with the work arising from this thesis are:

Stroke induce cognitive impairment is due to an increased accumulation of AR and o-
Syn in the brain and a reduced waste clearance (publication 1).

Stroke induce long-term motor and cognitive deficits is due to an increased neuronal
loss, AR accumulation, astrogliosis and microglia activation in the peri-infarct and
hippocampus (publication 2).

Delayed administration of rhGH, starting at 48 hours post-stroke, improves
performance in motor tasks and this is due to an enhancement in neurorestorative
processes within the peri-infarct (publication 3).

Delayed administration of rhGH, starting at 48 hours post-stroke, improves cognitive
performance and this is due to an enhancement in neurorestorative processes within

the hippocampus (publication 4).
43



CHAPTER 3: PUBLICATION 1

Visual discrimination impairment after experimental
stroke is associated with disturbances in the polarization
of the astrocytic aquaporin-4 and increased
accumulation of neurotoxic proteins

As per the peer-review paper accepted and published in: Experimental Neurology
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Abstract

Numerous clinical studies have documented the high incidence of cognitive impairment after
stroke. However, there is only limited knowledge about the underlying mechanisms.
Interestingly, there is emerging evidence suggesting that cognitive function after stroke may
be affected due to reduced waste clearance and subsequent accumulation of neurotoxic
proteins. To further explore this potential association, we utilised a model of experimental
stroke in mice. Specifically, a photothrombotic vascular occlusion targeting motor and sensory
parts of the cerebral cortex was induced in young adult mice, and changes in cognition were
assessed using a touchscreen platform for pairwise visual discrimination. The results showed
that the execution of the visual discrimination task was impaired in mice 10 to 14 days post-
stroke compared to sham. Stroke also induced significant neuronal loss within the peri-infarct,
thalamus and the CA1 sub-region of the hippocampus. Further, immunohistochemical and
protein analyses of the selected brain regions revealed an increased accumulation and
aggregation of both amyloid-f and a-synuclein. These alterations were associated with
significant disturbances in the aquaporin-4 protein expression and polarisation at the astrocytic
end-feet. The results suggest a link between the increased accumulation of neurotoxic proteins
and the stroke-induced cognitive impairment. Given that the neurotoxic protein accumulation
appeared alongside changes in astrocytic aquaporin-4 distribution, we suggest that the function
of the waste clearance pathways in the brain post-stroke may represent a therapeutic target to
improve brain recovery.

Keywords: a-synuclein, amyloid-f, aquaporin-4, cognitive impairment, stroke
Abbreviations: SND, secondary neurodegeneration; CSF, cerebrospinal fluid; ISF,

recirculation and interstitial fluid; AQP4, aquaporin 4; PAL, paired associate learning; Ap,
amyloid-f; VD, visual discrimination; a-Syn, a-synuclein; DG, dentate gyrus
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Introduction

Stroke is associated with an elevated risk of cognitive impairment and dementia (Kuzma et al.,
2018). Clinically, several studies have documented that up to 80% of stroke survivors
experience some level of cognitive deficit (Levine et al., 2015). The cognitive domains which
are commonly affected in stroke survivors include memory, learning and executive functions
(Sun et al., 2014). However, the cellular mechanisms behind these deficits are yet to be
determined. Although larger lesions are associated with greater cognitive impairment after
stroke, the size and location of the primary infarct do not reliably predict the extent of these
deficits (Gottesman and Hillis, 2010; Saczynski et al., 2009). One explanation for the modest
association between cognitive impairment and tissue loss is that prior work has not taken into
consideration loss of tissue at secondary sites. There is now mounting evidence demonstrating
that stroke initiates delayed tissue and neuronal loss in remote regions that are functionally
connected to the primary infarction site, a phenomenon increasingly referred to as secondary
neurodegeneration (SND) (Baumgartner et al., 2018; Ong et al., 2017a; Wang et al., 2004; Xie
etal., 2011).

SND has been consistently observed in clinical neuroimaging studies and in pre-clinical studies
(Ong et al., 2017a; Zhang et al., 2012b), develops within days and can last for weeks, months
and even years after the primary infarction. The key hallmarks of SND include neuronal death,
neuroinflammation and increased accumulation of neurotoxic proteins (such as amyloid-§
(AP)) (Iizuka et al., 1990; Kluge et al., 2018; Makinen et al., 2008; Patience et al., 2015; van
Groen et al., 2005). Recently, our research team has reported that the accumulation of AP
observed within the thalamus (a major site of SND) after stroke is associated with enhancement
of soluble AP oligomers (Ong et al., 2017b). Previous studies have also shown that these
neurotoxic proteins and in particular soluble oligomers are linked to cellular pathology and
cognitive decline within the context of neurodegenerative diseases (Lesne et al., 2006; Lesne
et al., 2013). Critically, these neurotoxic proteins continue to build up overtime after stroke
(Aho et al., 2006; Liu et al., 2015a; Sahathevan et al., 2016) and several studies suggest that
this might be due to a failure in their clearance (Arbel-Ornath et al., 2013; Garcia-Alloza et al.,
2011). It is well documented that paravascular cerebrospinal fluid (CSF) recirculation and
interstitial fluid (ISF) solute clearance is dependent upon the astroglial aquaporin-4 (AQP4)
water channel (Iliff et al., 2012; Peng et al., 2016; Wang et al., 2017), and disturbances in this
water channel has been previously linked with impaired clearance in different neurological
conditions (Iliff et al., 2014; Ren et al., 2013; Wang et al., 2012).

Our group has recently identified that stroke, induced through photothrombotic vascular
occlusion of the somatosensory and motor cortex, produces significant impairment of learning
and memory using a touchscreen based assessment of paired associate learning (PAL) (Ong et
al., 2018; Zhao et al., 2018). We further identified that the impaired performance was
associated with significant accumulation of amyloid-f (AP) within the peri-infarct territories
(Zhao et al., 2018). In this study, we aimed to determine whether the impairments that we
previously observed in PAL task performance after a cortical stroke are generalizable to other
cognitive domains. Specifically, we examined whether cognitive impairment are also
generalised to other forms of visual-spatial memory, such as that assessed using the visual
discrimination (VD) task (Horner et al., 2013). Further, we also intended to explore the
molecular and cellular mechanisms behind these deficits. We investigated the accumulation
and aggregation of not only AP but also a-synuclein (a-Syn), a second protein extensively
linked to neurodegeneration (Kim et al., 2016; Stoica et al., 2012). We considered the
accumulation of these proteins not only in the peri-infarct territory but also in SND sites, such
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as the thalamus and hippocampus. Finally, we investigated the changes in the polarization of
AQP4 in each of these regions.

Our primary hypothesis was that stroke would reduce the ability of mice to discriminate
between two different stimuli. Secondly, we hypothesised that these deficits might be due to
increased accumulation of AP and a-Syn in the brain. Finally, we proposed that disturbances
in the polarization of AQP4 might play an important role in the accumulation of neurotoxic
proteins and loss of neuronal cells, leading to cognitive impairment.

Materials and Methods

The data that supports the findings for this study are available from the corresponding author
on reasonable request. An extended methods section is provided in the Supplementary
Material.

Experimental design

Animal research was undertaken in accordance with the ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments). All the experimental groups were randomized,
and all outcome analyses were performed in a blinded manner. A total of 62 mice (C57BL/6
male, 10 weeks old) were used in this study. Details on animal numbers for each experiment
and inclusion/exclusion criteria are included in the supplementary material (Supplementary
Fig. 1). The first cohort (sham n=10, stroke n=11) were subjected to a mouse touchscreen
platform for VD task using images with a low similarity index (default images; fan and marble).
The second cohort (sham n=10, stroke n=11) were subjected to VD task using images with a
high similarity index and the brain tissue was used for histology analyses. The third cohort of
mice (sham n=7, stroke n=7) were allocated for western blotting. At day 0, mice were subjected
to photothrombotic occlusion or sham surgery. At day 3 post-stroke, mice were subjected to a
mouse touchscreen platform for VD task during 10 consecutive days (days 3 to 13). Motor tests
were performed one day before stroke/sham surgery and at day 14 before the mice were
euthanized. Brains and blood samples were collected at 14 days post-stroke.

Sample Size Calculation

Sample size was estimated using G*Power 3.1 software. To determine the sample size required
for the first and second cohort, we used preliminary data from the VD task (% correct rate at
final session; sham versus stroke), and we obtained an effect size of Cohen’s d=1.5. Allowing
a type 1 error of 5%, a=0.05 with the power of 80%, =0.2 we calculated a sample size of 9
mice per group. More than 9 mice per group would ensure that a stroke effect will be detected.
For the third cohort (western blot analyses), we obtained an effect size of d=2 and we calculated
a sample size of 6 mice per group.

Photothrombotic occlusion

Photothrombotic occlusion was performed as previously described (Zhao et al., 2017). This
model is recognised to possess a number of advantages, including that is highly reproducible,
has low experiment to experiment variance, controllable vascular occlusion size and location,
and is widely used and extensively validated (Corbett et al., 2017; Uzdensky, 2018). Briefly,
mice were anaesthetized by 2% isoflurane during surgical procedure on a temperature
controlled (37°C + 1) stereotaxic frame. The skull was exposed by incision of the skin along
the midline of the scalp. Rose Bengal (200 pl, 10 mg/ml solution in sterile saline, Sigma-
Aldrich, USA) was injected intraperitoneally. After 8 min, the skull was illuminated for 15 min
by a 4.5 mm diameter cold light source positioned at 2.2 mm left lateral of Bregma 0.0mm,
targeting the left motor and somatosensory cortices. For the sham group, the same surgical
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procedure was applied except Rose Bengal was replaced with 200 pl of sterile saline (0.9%
NaCl, Pfizer, Australia).

Visual Discrimination (VD) task

Mouse touchscreen operant chambers were used in the cognitive testing as described with
modifications (Horner et al., 2013), and were conducted in a blinded and randomised manner.
Mice were calorie restricted overnight before cognitive testing (allowed access to food after
cognitive testing for 5 hours, between 12:00 — 17:00 h). A liquid reward (strawberry milkshake)
was provided to motivate the performance of the mice. Mice were introduced to a series of
habituation and basic training tasks where they learn to associate a nose poke of the touchscreen
and the delivery of a liquid reward. Over 10 days all mice learnt to perform the task with a
minimum correct rate of 70%. Following general touchscreen training, mice underwent
photothrombotic occlusion surgery. Three days post-surgery, mice commenced the VD task.
Briefly, the procedure entailed simultaneous presentation of two stimuli; one was programmed
as being correct (S+) and one as being incorrect (S-). Whether the S+ was on the right or left
was determined pseudorandomly. When the mouse made a correct choice, S+, a tone was
triggered, the food tray was illuminated and the food reward was delivered (a correct trial was
recorded). If the mouse touched the incorrect image, S-, there was no reward delivery, no tone,
and the house light was turned on for 5s and a correction trial was initiated. Correction trials
consisted of repeated presentation of the previous trial until a correct response was made and
were not counted towards the trial limit or number of correct responses. In each VD session,
the testing ended once a mouse successfully completed 30 trials or reached a 60 min time limit,
whichever occurred first. All mice completed a total of 10 sessions.

Paw asymmetry assessment using the cylinder task

Motor function was evaluated by a cylinder test as previously described (Schaar et al., 2010).
Briefly, one day before stroke (day -1) and day 14 post-stroke, each mouse was placed in a
glass cylinder 9 cm diameter and 15 cm in height, and movements were recorded from both
sides for 10 min. Paw placement was determined by a researcher blinded to the experimental
condition. The first forelimb to contact the wall during a full rear was recorded as an
independent wall placement for that limb. The simultaneous contact of both the left and right
forelimbs to the wall during a full rear was considered as one placement for both limbs. A total
of 20 touches were scored. A final asymmetry score was calculated as the ratio of non-impaired
forelimb movement minus impaired forelimb movement to total forelimb movement.

Protein extraction and Western blotting

The peri-infarct territory (2 mm? around infarct core, Bregma +1.0 to -1.0mm), the thalamus
(Bregma -1.2 to -2.2mm) and the hippocampus (Bregma -1.2 to -2.5mm) were punched using
a 1 mm tissue punch. Samples were sonicated in 300 ul lysis buffer (50 mM TRIS buffer
pH7.4,1 mM EDTA, | mM DTT, 80 uM ammonium molybdate, 1 mM sodium pyrophosphate,
1 mM sodium vanadate, 5 mM b-glycerolphosphate, 1 protease inhibitor cocktail tablet, 1
phosphatase inhibitor cocktail tablet, final concentration) and centrifuged at 14000g for 20 min
at 4°C. The supernatant fractions were collected and pellet fractions were resuspended in 100
pL of sodium dodecyl sulfate buffer (2% SDS, 50 mM Tris pH 7.4). Protein concentrations
were determined by Pierce BCA protein assay kit (Thermo Fisher Scientific, USA) according
to the manufacturer’s instructions. Samples were mixed with sample buffer (2% SDS, 50 mM
Tris, 10% glycerol, 1% DTT, 0.1% bromophenol blue, pH 6.8). 15 pg of total tissue protein
samples were electrophoresed into Biorad Criterion TGC Stain-Free 4-20% gels. Gels were
transferred to PVDF membranes. PVDF membranes were washed in Tris-buffered saline with
tween (TBST) (150 mM NaCl, 10 mM Tris, 0.075% Tween-20, pH 7.5) and incubated in 5%
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skim milk powder in TBST for 1 h at room temperature. Membranes were incubated with
primary antibodies (amyloid-f, a-synuclein, NeuN, AQP4, GFAP, ADLH1L1, a-syntrophin or
dystrophin) overnight at 4°C and secondary antibody for 1 h at room temperature (see Suppl.
Table 1 for antibodies concentration). In between each incubation step, membranes were
washed in TBST. Membranes were visualized on an Amersham Imager 600 using Luminata
Classico or Luminata Forte western blotting detection reagents. The density of the bands was
measured using Amersham Imager 600 analysis software.

Histology Analysis

Cresyl Violet staining was performed as previously described (Ong et al., 2018). For
immunoperoxidase labelling and immunofluorescence, free-floating fixed sections
corresponding to peri-infarct (Bregma 0.0mm), and thalamus and hippocampus (Bregma -
1.5mm) were immunostained as described (Zhao et al., 2017). Images were acquired using
Aperio AT2 (Leica, Germany) or Leica TCS SP8 confocal microscope. ImageJ (1.50, National
Institutes of Health) and Matlab (R2015a, MathWorks) were used to estimate tissue loss and
to analyse intensity and area coverage of immunolabeling. AQP4 polarity analysis were
performed as previously described (Wang et al., 2012). In this case, each image was
thresholded uniformly at two different levels: a high and a low stringency threshold
(Supplementary Figure 3(e)). The low stringency threshold defined the overall area of AQP4
immunoreactivity, whereas the high-stringency threshold defined the area of intense AQP4
immunoreactivity that in control mice is localized to perivascular end-feet of the astrocytes.
The ratio of the low-stringency area to the high-stringency area was used to generate a value
defined as “AQP4 polarity”. The higher the AQP4 polarity, the greater proportion on
immunoreactivity was restricted to perivascular regions, whereas the lower the proportion, the
more evenly distributed immunoreactivity was between the perivascular end-feet and the soma.
(For detailed image analysis see Supplementary material).

Statistics

All data were expressed as mean+SD and were analyzed using GraphPad Prism v7.02. The
primary outcome measurement was differences between sham and stroke. Data from ELISA,
tissue loss, western blotting, immunohistochemistry and immunofluorescence labelling were
analyzed using 2-tailed t test. VD task (10 sessions temporal analysis) and motor test were
analyzed using 2-way ANOVA, followed by Sidak multiple comparisons. A p value <0.05 was
considered statistically significant.

Results

Cortical stroke induces cognitive impairment and motor deficits

Three days after the induction of the stroke targeting the motor and sensory cortex, the
cognitive performance of the mice were assessed using a mouse touchscreen platform for VD
task during 10 consecutive days (Fig. 1A). The first cohort of mice (sham n=10, stroke n=11)
was evaluated using two images with a low similarity index (‘marble-fan’ pair). We observed
a significant time effect (F4,76)=14.35, p<0.0001) but no significant differences in the % correct
trials in stroked mice compared with sham (Fig. 1B). The second cohort (sham n=10, stroke
n=11) were subjected to the same VD task, however images were substituted for a high
similarity index pair (‘ovals-rectangles’ pair). We found a significant decrease in % correct
trials in stroked mice compared to sham (F(1, 19)=23.74, p=0.0001) and a significant time effect
(F, 76=7.81, p<0.0001). In addition, post hoc analysis indicated a significant decrease in rate
of % correct trials at the fourth and fifth block of sessions in stroke mice compared to sham
(p=0.0179 and p=0.043, respectively) (Fig 1C). A range of metrics from the VD task were also
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collected for temporal analysis. There was no significant effect in the number of trials
completed within 60 minutes nor in time to complete 30 trials, however, there was a significant
increase in the number of total correction trials completed in stroke mice compared to sham
(p=0.0426) (Supplementary Fig. 2A, B and C).

Fig. 1. Cortical stroke affects mice ability to discriminate between two images with a high
similarity index, but not with low similarity index. (A) Experimental design timeline. (B) The
first cohort of mice (sham n=10, stroke n=11) were subjected to VD task using two images
with a low similarity index (‘marble-fan’ pair) (S+ correct and S- incorrect). No significant
differences were found in the % correct responses between sham and stroke mice. (C) A second
cohort (sham n=10, stroke n=11) was evaluated using a high similarity index pair (‘ovals-
rectangles’ pair). We found a significant decrease in % correct responses in stroked mice
compared to sham at fourth and fifth block of session. 1 block is the average of 2 sessions.
Mean £ SD (two-way ANOVA and Sidak’s multiple comparisons). *p<0.05; ***p<0.001.

The second cohort of mice were also tested for motor deficits one day before stroke and at 14
days post stroke. Locomotor asymmetry was evaluated using a cylinder task. Specifically, this
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evaluates the paw preference that mice exhibit for stabilising themselves while rearing within
a cylinder. Data on asymmetry scores indicated that there were no significant differences in
paw preference prior to stroke. However, at day 14 the stroke group exhibited a significantly
stronger preference for using their unaffected paw (the paw not connected to the damaged
hemisphere) relative to sham (p<0.0001) (Fig. 2A).

Cortical stroke induces neuronal loss in the peri-infarct region and in SND sites

In order to assess the damage that the cortical stroke induced in the brain, we first estimated
the tissue loss at bregma 0.0mm level using Cresyl Violet staining. We observed that the stroke
group had significantly increased levels of tissue loss relative to the sham group (p<0.0001)
(Fig. 2B).

To investigate whether neuronal loss occurs in the primary infarct area and in SND sites, we
evaluated the protein levels of the mature neuronal marker (NeuN) in the peri-infarct, thalamus
and hippocampus using Western blotting. Our analysis indicated a significant decrease in NeuN
levels in the peri-infarct (p=0.0003), thalamus (p=0.0023) and hippocampus (p=0.0093) (Fig.
20).

We further confirmed the protein data using immunohistochemistry NeuN staining. We
performed automated NeuN" cell count in peri-infarct and thalamus (Supplementary Fig. 3A).
Data showed a significant decrease in NeuN" cells in both the peri-infarct (p<0.0001) and
thalamus (p<0.0001) in stroke mice (Fig. 2D and E). In the hippocampus area, cell bodies are
very densely packed making NeuN" cell count difficult. Instead, optical density was assessed
using thresholding analyses (Supplementary Fig. 3B) in three different sub-regions of the
hippocampus: CA1, CA3 and dentate gyrus (DG). We found a significant decrease in threshold
material for NeuN only in the CA1 sub-region of stroke mice compared with sham (p=0.0138)
(Fig. 2D and E).

53



Fig. 2. Cortical stroke induces motor deficits and neuronal loss in the peri-infarct and in SND
sites at 14 days. (A) Locomotor asymmetry was evaluated at baseline (one day before stroke
induction) and at 14 days post-stroke using cylinder task (two-way ANOVA and Sidak’s
multiple comparisons). (B) Representative images of Cresyl violet staining at Bregma 0.0mm.
Tissue loss was calculated as contralateral (CL) hemisphere area—ipsilateral (IL) hemisphere
area. (C) Representative western blot and quantification of NeuN protein levels within the peri-
infarct (PI), thalamus (Th) and hippocampus (Hippo) for sham and stroke mice and loading
control B-actin (B-act). (D). Representative immunohistochemistry labelling for NeuN. Left
panel: red squares indicate the location of the peri-infarct, thalamus and hippocampus regions
examined. Right panels: higher magnification images (PI scale bar = 100pum, Th scale bar =
200um, Hippo scale bar = 300um). Dash area indicate the sub-regions of the hippocampus
studied (CA1, CA3 and dentate gyrus (DQG)). (e) Quantification of NeuN-positve cell within
peri-infarct and thalamus. In the hippocampus area, optical density of NeuN staining was
assessed using thresholding analyses. Mean + SD (2-tailed t-test) * p < 0.05, ** p <0.01 ***
p <0.001.

Cortical stroke leads to aggregation and accumulation of neurotoxic proteins
a-Synuclein: The supernatant and pellet fractions were analysed by western blotting for the
levels of a-Syn. We evaluated the monomer (14kDa), dimer (28kDa) and trimer (42kDa) levels.
In the peri-infarct region, we found a significant increase in a-Syn dimer and trimer levels in
both the supernatant and pellet fraction (supernatant dimer p<0.0001; supernatant trimer
p=0.0003; pellet dimer p=0.0005; pellet trimer p=0.0085). In the thalamus, a significant
reduction of monomer levels, and a corresponding significant increase in a-Syn trimer levels
were observed in the supernatant fraction only (supernatant monomer p=0.0021; supernatant
trimer p=0.015). No changes were detected in the pellet. In the hippocampus, we found no
significant changes in the supernatant, however, we identified a significant increase in both
monomer and trimer levels in the pellet fraction (pellet monomer p=0.0002, pellet trimer
p=0.0094) (Fig. 3A and B).

To further validate the western blot results and understand the spatial distribution of a-Syn
accumulation brain sections from different bregma regions corresponding with the peri-infarct
region (Bregma 0.0mm), thalamus and hippocampus (Bregma -1.5mm) were analysed by
immunohistochemistry using an antibody against a-Syn. Optical density of a-Syn staining was
quantitatively assessed using the threshold analysis. Using ImageJ software, we identified that
pixel intensity 120 detected genuine o-Syn immunoreactive material (Supplementary Fig.
3C).We found a significant increase in a-Syn accumulation in the peri-infarct (p=0.0198),
thalamus (p=0.0064) and hippocampus (CA1 p=0.0037, CA3 p=0.0004, DG p=0.0004) of
stroked mice compared to sham (Fig. 3C). Pearson correlation analysis showed no significant
correlation between the extent of a-Syn accumulation and cognitive performance within the
stroke group (r =-0.04335, Py =-0.01792x + 5422) = 0.8893).
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Fig. 3. Cortical stroke leads to aggregation and accumulation of a-Synuclein (a-Syn) at 14 days
post-stroke. Representative western blot and quantification of a-synuclein expression profile
within the peri-infarct (PI), thalamus (Th) and hippocampus (hippo) in the supernatant (A) and
pellet (B) fraction. Our analyses focused on the monomer (14kDa), dimer (28kDa) and trimer
(42kDa). (C) Representative images of a-Syn immunostaining and high magnification detail
(PI scale bar = 100um, Th scale bar = 200um, Hippo scale bar = 300um). Dash area indicate
the sub-regions of the hippocampus studied (CAl, CA3 and dentate gyrus (DQG)).
Quantification of material thresholded at the pixel intensity 120 shows an increased deposition
of a-Syn. Mean + SD (2-tailed t-test). * p <0.05, ** p <0.01 *** p <0.001.
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Amyloid-f: We investigated the AP aggregation status in both supernatant and pellet fractions.
Specifically, we quantitated the pentamer (25kDa), intermediate size oligomers (30kDa),
decamer (50kDa) and dodecamer (56kDa). In the peri-infarct area, we observed a significant
increase in all of the supernatant and pellet oligomers in stroke mice compared with sham mice
(supernatant pentamer p=0.00015; supernatant intermediate size oligomer p=0.0032;
supernatant decamer p<0.0001; supernatant dodecamer p=0.00096; pellet pentamer p=0.0032
and pellet decamer p=0.0008). In the thalamus, we found a significant increase in the decamer
both in the supernatant and pellet fraction (supernatant decamer p<0.0001; pellet decamer p=
0.0463). In the hippocampus, we observed a significant increase in the intermediate size
oligomers, decamer and dodecamer in the supernatant fraction (supernatant intermediate size
oligomer p=0.0059; supernatant decamer p=0.0033; supernatant dodecamer p=0.00039) and
decamer in the pellet fraction (pellet decamer p=0.0003) (Fig. 4A and B)

We also found a significant increase in AP immunolabelling at pixel intensity 120
(Supplementary Fig. 3C) in the peri-infarct (p<0.0001), thalamus (p=0.0378) and hippocampus
(CAT1 p=0.0003; CA3 p=0.0077; DG p=0.0085) in stroke mice compared with sham (Fig. 4C).
Pearson correlation analysis showed no significant correlation between the extent of AP
accumulation and cognitive performance within the stroke group (r = -0.1866, Py = .0.08497+x +
57.46) = 0.5828).
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Fig. 4. Cortical stroke leads to aggregation and accumulation of Amyloid-p (AB) at 14 days
post-stroke. Representative western blot and quantification of AP expression profile within the
peri-infarct (PI), thalamus (Th) and hippocampus (hippo) in the supernatant (A) and pellet (B)
fraction. Our analyses focused on different molecular weight oligomers (25kDa, 30kDa, 50kDa
and 56kDa). Our results showed a significant increase in different molecular weight oligomers
and accumulation after stroke. We observed a consistent increased of the 50kDa oligomer. (C)
Representative images of A immunostaining and high magnification detail (PI scale bar =
100pm, Th scale bar = 200pum, Hippo scale bar = 300um). Dash area indicate the sub-regions
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of the hippocampus studied (CA1, CA3 and dentate gyrus (DG)). Quantification of material
thresholded at the pixel intensity 120 shows an increased deposition of AB. Mean + SD (2-
tailed t-test). * p <0.05, ** p <0.01 *** p <0.001.

Cortical stroke promotes astrogliosis and AQP4 dysregulation primarily in the peri-
infarct region and thalamus

We next analysed the expression of astrocytic markers (ALDHI1L1 and GFAP) in the peri-
infarct region, thalamus and hippocampus at 14 days after stroke. Western blotting data
revealed a significant increase in both ALDHIL1 and GFAP in the peri-infarct (ALDHIL1
p=0.0024; GFAP p=0.0001), thalamus (ALDHIL1 p=0.00031; GFAP p=0.0001) and
hippocampus (ALDHI1L1 p=0.0126; GFAP p=0.0108) in stroke mice compared to sham (Fig.
5A and B). We further confirmed the protein data using immunofluorescence, and found that
stroke mice exhibited a significant increase in the GFAP-positive area in the peri-infarct region
(p<0.0001), thalamus (p<0.0001) and in all the hippocampal sub-regions studied (CAIl
p<0.0001; CA3 p<0.0001; DG p=0.0037) (Fig. 6B, E and H).

Then, we analysed if stroke induced disturbances in the AQP4 water channel. Here, we
observed a significant decreased in the AQP4 protein expression within the peri-infarct area
(p<0.0001) in stroke mice compared with sham. However, there were no significant changes
of AQP4 protein levels in the thalamus or hippocampus (Fig. 5C). These analyses provided us
with information about the protein expression profile. However, it is necessary to investigate
whether AQP4 remains polarised to perivascular astrocytic end-feet domains after stroke to
ensure proper clearance and water distribution. Therefore, we carried out complementary
immunofluorescence analyses co-labelling GFAP and AQP4. In sham animals, we observed
that AQP4 is highly polarised to the end-feet of the astrocytes, however, after stroke we
observed a clear mislocalisation of AQP4 (Fig. 6A, D and G). In addition to this qualitative
analysis, we also measured AQP4 polarity as described previously (Wang et al., 2012). Higher
AQP4 polarity values reflected expression levels of AQP4 in perivascular end-feet being
greater than in surrounding tissue, while lower AQP4 polarity reflected a more even
distribution between the perivascular end-feet and the soma. Our analysis revealed a loss of
AQP4 polarity in the peri-infarct (p=0.002) and thalamus (p=0.0103) regions of mice receiving
stroke compared with sham, but there were no significant changes in the hippocampus (Fig.
6C, F and I).
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Fig. 5. Cortical stroke promote astrogliosis, AQP4 dysregulation and disturbance in the
proteins of the dystrophin-associated complex at 14 days. Representative western blot and
quantification of astrocytic markers (GFAP (A) and ALDH1L1 (B) within the peri-infarct (PI),
thalamus (Th) and hippocampus (hippo). (C) Representative western blot and quantification of
aquaporin 4 (AQP4) water channel. Representative western blot and quantification of a-
syntrophin (D) and dystrophin (E) within the peri-infarct (PI), thalamus (Th) and hippocampus
(hippo). Mean + SD (2-tailed t-test). * p <0.05, ** p <0.01 *** p <0.001.

Finally, we investigated the protein expression profile of dystrophin and a-syntrophin, which
are proteins of the dystrophin-associated complex responsible for maintaining AQP4
polarisation to the end-feet of the astrocytes (Amiry-Moghaddam et al., 2004; Amiry-
Moghaddam et al., 2003; Neely et al., 2001; Nicchia et al., 2008). Western blot analysis
revealed a significant reduction in a-syntrophin within the peri-infarct (p=0.0054) and a
significant reduction in dystrophin within peri-infarct (p<0.0001) and thalamus (p=0.0464)
territories in stroked mice compared to sham (Fig. 5D and E).
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Fig. 6. Cortical stroke promote astrogliosis and AQP4 dysregulation. Representative
immunofluorescence images of peri-infarct (A), thalamus (D) and hippocampus (G) co-
labelled with GFAP (green) and AQP4 (red) (PI scale bar = 50um, Th scale bar = 100um,
Hippo scale bar = 200um). White dash area indicate the sub-regions of the hippocampus
studied (CA1, CA3 and dentate gyrus (DG)). Quantification of reactive astrogliosis (% area of
GFAP") in the peri-infarct (B), thalamus (E) and hippocampus (H). (C, F and I) Changes in
AQP4 polarity were also measured in these same regions. In sham animals, AQP4 is highly
polarised to perivascular end-feet of astrocytes. We observed a partial loss of the AQP4 polarity
in the peri-infarct and thalamus area but not in the hippocampus at 14 days post-stroke. Mean
+ SD (2-tailed t-test). * p <0.05, ** p <0.01 *** p <0.001.

Discussion

We showed for the first time that photothrombotic vascular occlusion of the motor and
somatosensory cortex has a significant impact on the ability of the mice to learn how to
discriminate between two different stimuli, as evaluated by a mouse touchscreen platform for
VD task. Secondly, we observed a significant loss of neuronal cells post-stroke in the peri-
infarct region and in SND sites, such as the thalamus and the CA1l sub-region of the
hippocampus. We then focused our investigation on a-Syn and AP, which have previously been
linked to cognitive impairment and neurodegenerative conditions. We identified an increase in
the accumulation and aggregation of these neurotoxic proteins in the peri-infarct, thalamus and
hippocampus. Finally, we demonstrated that stroke induces astrogliosis, AQP4 dysregulation
and disturbances in the dystrophin-associated complex. Collectively, these results suggest that
the cognitive impairment seen post-stroke might be due to an increased accumulation of
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neurotoxic proteins as a result of a failure of the clearance mechanisms to remove these waste
products from the brain.

We utilised a photothrombotic stroke model in combination of a touchscreen platform to
advance our understanding in post-stroke cognitive impairment (Bussey et al., 2008).
Classically, the Morris water maze has been the gold-standard test for assessing cognition,
however, in the context of stroke recovery, this task is cofounded by motor impairment and a
ceiling effect that reduce its sensitivity in assessing cognition (Balkaya et al., 2018; Motris,
1984; Shepherd et al., 2016). Further, this task could be perceived as a stressful condition, a
factor that negatively affect cognition (Ong et al., 2017b; Zhao et al., 2017). To assess these
deficits, we chose a more sensitive and translationally relevant platform, utilising touchscreen
testing (Balkaya et al., 2018; Horner et al., 2013; Schaar et al., 2010; Shepherd et al., 2016).
Specifically, we focused on the VD task, in which mice must learn to consistently respond to
one of two visual stimuli to be rewarded. One of the critical variables that we wished to
determine was the relative difficulty of the stimuli presented. To address this, we considered
two image sets (low similarity and high similarity). When the low similarity pair was tested
(‘marble vs fan’ pair, typically used in previous studies (Morton et al., 2006; Romberg et al.,
2013)), no differences in cognitive performance were observed between stroked and sham
mice. We then considered the performance of mice using the high similarity pair (‘oval-
rectangles’ pair). In this case, we observed a significant decrease in the % of correct trials
between 10 to 14 days post-stroke in stroke mice compared to sham. Together, this data
identified that the sensitivity of the VD task to unmask cognitive deficits varies as a function
of the similarity of the image sets.

One important factor to consider in interpreting the VD performance data is the dependence of
the task on motor function. Clearly, the touchscreen tasks require intact motor function such
that subjects are able to traverse the testing chamber, respond to the screen, and collect a reward
(Horner et al., 2013). As such, one possible interpretation of the data we have reported is that
they reflect a motor impairment of the mice rather than a cognitive deficit. In favour of this
explanation, we did observe that stroked mice exhibited a stronger preference for using their
unaffected paw during a spontaneous rearing task, which is consistent with prior findings
(Zalewska et al., 2018; Zhao et al., 2017). However, despite this data, we could find no
evidence of a motor deficit impacting the VD task as neither the number of trials completed
within 60 minutes nor the time taken to complete 30 trials were statistically significant between
the sham and stroke groups. This result indicates that any motor deficits present did not
meaningfully affect the assessment of cognitive performance. This is consistent with a previous
observation from our group that stroke does not alter the distance covered using the open field
task (Zalewska et al., 2018). Given these results, we suggest that stroke affects the ability of
the mice to discriminate between two different stimuli with a high similarity index, and these
cognitive deficits are independent of the motor impairment caused by the photothrombotic
stroke.

We then examined tissue loss and neuronal loss in order to assess the damage that the cortical
stroke induced in the brain. Stroke mice exhibited a significant increase in tissue loss around
the infarct site, which is consistent with previous observations (Zalewska et al., 2017; Zhao et
al., 2017). The tissue loss after stroke includes loss of neurons (Karl et al., 2010), and neuronal
loss is expected in the primary infarct site and in SND sites (Baumgartner et al., 2018; Tamura
et al., 1991; Zhang et al., 2012b). Here, we identified a significant decrease in NeuN-positive
cells in the peri-infarct region, thalamus and also the CA1 sub-region of the hippocampus. The
decrease in the number of neurons in the hippocampus is an important finding that could
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explain the cognitive impairment seen after stroke and reinforces the idea that stroke induces
alterations in remote regions that are functionally connected to the primary ischemic area
(Wang et al., 2004; Xie et al., 2011). A recent study by Baumgartner et al. (2018) also supports
this idea by providing in vivo evidence that a sensorimotor stroke induces a dysfunction in the
hippocampal-thalamic network.

In terms of further considering the mechanisms involved in this neuronal loss and cognitive
impairment, we investigated whether stroke altered the aggregation and accumulation of two
neurotoxic proteins. First, we studied a-Syn, which is a natively soluble unfolded protein that
undergoes spontaneous aggregation under different environmental conditions and plays a
central role in chronic neurodegenerative diseases (Breydo et al., 2012; Stoica et al., 2012). In
the context of stroke, previous studies have shown that an ischemic insult in adult mice lead to
increased levels of a-Syn in the cortex (Kim et al., 2016; Unal-Cevik et al., 2011) and a
knockdown or knockout of a-Syn significantly decreased infarct volume and promoted better
motor recovery (Kim et al., 2016). To investigate the aggregation of a-Syn, we analysed both
supernatant and pellet protein fractions using western blotting. We observed an increase in a-
Syn oligomerization in all regions of neuronal loss. We further confirmed this observation
using immunohistochemistry. Oligomeric forms of a-Syn have been previously described to
be crucial structures underlying neuronal death and cognitive deficits in neurodegenerative
diseases through several mechanisms such as inflammation, oxidative stress and autophagy
(Dias et al., 2013; Pacheco et al., 2012). Interestingly, all these mechanism have been found to
mediate post-stroke neuronal death and therefore it is reasonable to hypothesise that a-Syn
might also play an important role in cognitive impairment after stroke.

A second protein extensively implicated in neurodegeneration is AP (Haass and Selkoe, 2007;
Lesne et al., 2006; Lesne et al., 2013). Here, we studied how stroke alters the A} aggregation
status in multiple regions of the brain. Previous studies have mainly focused on the AP
deposition in the peri-infarct region (Garcia-Alloza et al., 2011) and the thalamus (Ong et al.,
2017a; van Groen et al., 2005; Zhao et al., 2018). Our results showed a significant increased
oligomerization in these two regions and in the hippocampus after stroke. Interestingly, we
observed a consistent increase of the 5S0kDa oligomer within the supernatant and pellet fraction
of all the brain regions. Several studies have indicated that these A oligomers, rather than the
monomers or insoluble fibrils, may be responsible for the cellular pathology and cognitive
decline in Alzheimer’s disease (Lesne et al., 2006; Lesne et al., 2013). We also investigated
whether the plasma levels of AP40 and AP42 could be used as a predictor for cognitive
impairment after stroke; however, we did not observe significant differences (Supplementary
Fig. 4A and B). This is consistent with previous studies where blood levels of AP were only
increased in the first 3 days after stroke, and decreased to baseline levels by day 7 (Liu et al.,
2015b) and day 30 post-stroke (Howe et al., 2018).

Taking our findings on a-Syn and AP together, we suggest that that the aggregation and
accumulation of neurotoxic protein after stroke may be more widespread than expected,
involving regions far from the primary infarct. The association of neuronal loss and protein
aggregation suggest that greater levels of a-Syn and AP accumulation seen in the brain,
especially in the hippocampus, might be responsible for neuronal death and cognitive
impairment seen after stroke. In studies of neurodegenerative diseases, Wilson et al. (Wilson
et al., 2017) investigated the impact of the early AP accumulation on visual discrimination
dysfunction in an Alzheimer’s disease (AD) rat model. They observed an intraneuronal
accumulation of AP soluble oligomers occurring in the hippocampus and neocortex. This
accumulation of AP altered synaptic plasticity through persistent inhibition of long-term
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potentiation in the CA1 area of the hippocampus which, in turn, severely impaired the visual
discrimination learning. This similar effect might be also happening in the context of stroke.

There are several possible mechanisms to explain this increase in neurotoxic protein load: an
increase in the rate of production, a decrease in the rate of degradation, or impaired clearance.
Here, we focused particularly on the role of the clearance mechanisms in the accumulation of
these neurotoxic proteins. It is well documented that the astrocytes have end-feet processes
which wrap around the cerebral blood vessels, with a highly localised channel protein, AQP4
(Iliff et al., 2012; Mestre et al., 2018). AQP4 allows the bidirectional movement of water, which
allows the exchange of the CSF with the ISF of the parenchyma, and forms a gradient for the
removal of interstitial solutes (Verkman and Mitra, 2000). Reactive astrogliosis has been
associated with the loss of perivascular AQP4 polarization in several brain injury models (Iliff
et al., 2014; Ren et al., 2013; Wang et al., 2012). Therefore, we investigated whether the
reactive astrogliosis and AQP4 dysfunction were present in the primary infarct area and in sites
of SND. In this study, we found that widespread astrogliosis was evident throughout all the
regions studied in the brains of stroke mice, consistent with our previous study (Patience et al.,
2015). Our analysis also showed decreased levels of the AQP4 protein in the peri-infarct region
of stroke mice but no significant differences were found in the thalamus or hippocampus. It
should be noted that the assessment of AQP4 protein levels alone cannot conclusively
determine whether AQP4 remains polarised to perivascular astrocytic end-feet. We therefore
performed immunofluorescence analysis co-labelling GFAP and AQP4. AQP4 polarization
was assessed by image analysis as previously described (Wang et al., 2012). In the peri-infarct
and thalamus territories, AQP4 polarity was significantly reduced 14 days after stroke,
however, no significant differences were found in the hippocampus. The disturbances in AQP4
reported here are consistent with previous studies in stroke and different neuropathological
conditions (Ren et al., 2013; Wang et al., 2012; Zhao et al., 2018) and supports our hypothesis
that loss of perivascular AQP4 polarization might impair the clearance of neurotoxic proteins
away from the brain environment. AQP4 could represent a potential therapeutic target to
improve neurotoxic protein clearance. Previous pre-clinical studies have shown that the
accumulation of A after stroke could be ameliorated using different therapeutic interventions
targeting the AP production or clearance pathways (Sarajarvi et al., 2012; Zhang et al., 2012a;
Zhang et al., 2011). This reduction has also been linked to an improvement in functional
outcomes.

The investigation of AQP4 related proteins, such as the dystrophin-associated complex
proteins, showed significantly reduced expression of both a-syntrophin and dystrophin in the
peri-infarct area, and also significantly reduced dystrophin expression in the thalamus. These
proteins position AQP4 to the perivascular astrocytic end-feet membrane allowing the
bidirectional movement of water and solutes (Amiry-Moghaddam et al., 2004; Neely et al.,
2001; Nicchia et al., 2008). Previous studies have reported that a-syntrophin knockout (Amiry-
Moghaddam et al., 2003; Neely et al., 2001) and dystrophin-null (Vajda et al., 2002) mice
exhibited a dramatic reduction of AQP4 in astroglial end-feet surrounding blood vessels and
interfered with the transport of water across the brain-blood interface. Our results were
consistent with the immunofluorescence analyses that showed a reduction in AQP4 polarity
exclusively in the peri-infract and thalamus, indicating a possible role of a-syntrophin and
dystrophin in the AQP4 polarization disturbances and therefore the solute clearance after
stroke. One important consideration is that we did not directly quantify CSF clearance, and
future functional tests using in vivo/advanced imaging techniques are warranted to confirm the
role of AQP4 in neurotoxic proteins clearance after stroke.
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Our results have some limitations. Firstly, this is a cross-sectional study at 14 days post-stroke.
We cannot conclusively answer which of these processes has occurred first or identify any
underlying cause. In addition to the observed neuronal loss, accumulation of neurotoxic
proteins and dysregulation of astrocytic AQP4, well documented mechanisms such as trans-
synaptic apoptosis are most likely involved in the cascade of processes resulting in SND. This
warrants further investigation. Critically, this study is an important first step in building an
understanding of the post-stroke mechanisms affecting cognitive impairment. To gain a further
understanding of related mechanisms, a longitudinal investigation would be necessary.
Secondly, we have only examined discrimination learning and therefore other cognitive
domains such as executive function, working memory and attention should be investigated in
future studies. In addition, it would certainly be worthwhile to assess whether these cognitive
deficits persist long-term.

In conclusion, this study demonstrates that the induction of stroke in the motor and sensory
cortex induces cognitive deficits, specifically the ability to discriminate between stimuli with
a high degree of similarity. This provides further evidence that cognitive impairment induced
by stroke could be due to a series of secondary mechanisms, leading to the death of neuronal
cells at the thalamus and the CA1 sub-region of the hippocampus. Our findings of increased a-
Syn and A in the peri-infarct region, thalamus and hippocampus post-stroke suggest that these
neurotoxic proteins are likely to contribute to post-stroke cognitive impairment. Finally, we
also demonstrated that disturbances in the AQP4 polarization might play an important role in
the failure of removing these neurotoxic proteins from the brain environment. Therapeutic
strategies to improve brain waste clearance may be promising approaches to prevent post-
stroke cognitive impairment.
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Supplementary Methods

Animals

C57BL/6 male mice (10 weeks old) were obtained from the Animal Services Unit at the
University of Newcastle. Mice were maintained in a temperature- (21°C+1) and humidity-
controlled environment with food and water available ad libitum. Lighting was on a 12:12h
reverse light—dark cycle (lights on 19:00h) with all procedures conducted in the dark phase. In
all experiments, mice were acclimatised to the environment for a minimum of seven days prior
to the start of the experiment. Mice were housed between 2 to 4 per cage.

Tissue processing

At day 14, mice were deeply anaesthetised with sodium pentabarbitol. Blood samples
(approximately 400 mL) were collected transcardially using a 0.5ml syringe coated with 0.1M
EDTA and then centrifuged at 5000g for 10 min at 4°C. Plasma was collected, aliquoted and
kept in a -80°C freezer for further analyses. Following blood collection, mice were perfused
via the ascending aorta with ice cold 0.9% saline followed by ice cold 4% paraformaldehyde
(pH 7.4) for histological analysis. Brains were dissected and post-fixed for 4 hours in the same
fixative then transferred to a 12.5% sucrose solution in 0.IM PBS for storage and
cyroprotection. Serial coronal sections were sliced on a freezing microtome (Leica, North
Ryde, NSW, Australia) at a thickness of 30um. For western blotting, mice were deeply
anesthetized via intraperitoneal injection of sodium pentobarbital and transcardially perfused
with ice cold 0.1 % diethylpyrocarbonate in 0.9 % saline for 3 mins. Brains were dissected and
rapidly frozen in -80°C isopentane. Sections were sliced using a cryostat (-20°C) at a thickness
of 200um. The peri-infarct territory (2 mm? around infarct core, Bregma +1.0 to -1.0mm), the
thalamus (Bregma -1.2 to -2.2mm) and the hippocampus (Bregma -1.2 to -2.5mm) were
punched using a 1 mm tissue punch. Samples were stored frozen in -80°C until further analysis.

ELISA

The plasma were measured for amyloid-B 40 and amyloid-B 42 levels using commercially
available human/rat BAmyloid (40) ELISA kit (29464701, FUJIFILM Wako) and human/rat
BAmyloid (42) ELISA kit (29264501, FUJIFILM Wako) respectively, according to the
manufacturer’s instruction.

Cresyl Violet staining

Cresyl Violet staining was performed as previously described (Ong et al., 2018). Fixed sections
at bregma 0.0mm (one per mice) were mounted on glass slides and air-dried. Sections were
defatted in chloroform:ethanol solution for 8 min, followed by rehydration in a series ethanol
solutions: absolute (1 min), 95% (1 min) and 70% (1 min). Sections were stained in Cresyl
Violet solution for 15 min. Then, sections were washed in 70% ethanol (1 min), 95% ethanol
(1 min), differentiating solution (2 min) and absolute ethanol (3 x 1 min). Finally, the sections
were cleared in xylene (3 x 1 min) and cover slipped.

Immunohistochemistry

Free-floating fixed sections were immunostained as previously described (Zhao et al., 2017).
Peri-infarct (bregma 0.0mm), and thalamus and hippocampus sections (bregma -1.5mm) were
rinsed with 0.1 M PBS and incubated in 0.9% hydrogen peroxide for 30 min, followed by 3%
normal horse serum. Sections were incubated in primary antibody (amyloid-B, a-synuclein or
NeuN) for 72h at 4°C and then incubated with a biotinylated secondary antibody of
corresponding species for 2h at room temperature (see Supplementary Table 1 for antibodies
concentrations). Next, brain sections were incubated for 2h at 25°C with avidin—biotin-
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peroxidase complex and finally developed using a nickel-enhanced 3, 3’-diaminobenzidine
(DAB) peroxidase substrate. Tissues were processed simultaneously from both experimental
groups, and the DAB reactions were developed for exactly the same length of time following
the addition of glucose oxidase. After processing was completed, sections were washed and
then mounted onto chrome alum-coated slides and cover slipped.

Immunofluorescence

Free-floating fixed sections were co-immunostained using standard protocols as previously
described (Kluge et al., 2017; Tynan et al., 2013). Sections were rinsed, and non-specific
binding sites were blocked using 3% bovine serum albumin. Sections were incubated in both
primary antibodies (GFAP and AQP4) overnight at 4°C, followed by 2h incubation in
secondary antibodies for 2h at 25°C (see Suppl. Table 1 for antibodies concentration). Brain
sections were washed with PBS in between each incubation step and subsequently mounted
and cover slipped.

Image acquisition and analysis

Cresyl Violet staining: Images were acquired at 20x using Aperio AT2 (Leica, Germany). The
estimated tissue loss area [area of contralateral hemisphere — area of ipsilateral hemisphere]
was determined on Cresyl Violet stained sections with ImageJ software 1.50 a, NIH. The
quantitative analysis was undertaken specifically in the peri-infarct territory (Bregma 0.0mm).

Immunohistochemistry: Images of immunolabeling were obtained and analysed as described
previously (Ong et al., 2018; Ong et al., 2017). Briefly, images were taken at 20x magnification
by using an Aperio AT2. Whole mosaic SVS images were converted into TIFF images in
Matlab v2018b. Then, the mosaic images were cropped in the peri-infarct, thalamus and
hippocampus. For analysis of the cropped images of amyloid-f and a-synuclein labelling, pixel
intensity level considered to be optimal for detecting genuine differences in immunoreactive
signal was determined using ImageJ software to visualise thresholding of cropped regions at
individual pixel intensities. This threshold level was used to investigate group differences for
all labels (Supplementary Fig. 3(C)). Exhaustive automated NeuN cell counts were undertaken
in the cropped images corresponding to peri-infarct and thalamus using ImageJ software
(Supplementary Fig. 3(A)). In the hippocampus area, cell bodies are very densely packed
making automated NeuN cell count difficult in this brain region. Instead, we performed
thresholding analyses and chose the optimal pixel intensity that clearly reflected the
immunolabelled signal (Supplementary Fig. 3(B)).

Immunofluorescence: For AQP4/GFAP double labelling, high resolution confocal images of
immunolabeled brain sections were taken on a Leica TCS SP8 confocal microscope with a
Leica HC PLC APO 20x/0.70 (peri-infarct) and 10x/0.40 (thalamus and hippocampus)
objectives. For each region of interest, 30 um z-stacks with a step size of 1 pm were taken.
Imaging parameters (laser power, resolution and gain) were held constant throughout all
imaging sessions. To measure reactive gliosis (GFAP immunoreactivity), the emission
channels were split and the GFAP emission image was uniformly thresholded at a high
stringency (Supplementary Fig. 3(D)). The area of GFAP immunoreactivity was expressed as
a percentage of the overall field of view (ImageJ Software). We calculated the AQP4 polarity
for each image as previously described (Wang et al., 2012) (Supplementary Fig. 3(E)).
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Supplementary Table 1: List of antibodies used for western blot, immunohistochemistry and
immunofluorescence analyses.

Target Sources of antibodies Application Dilution
Amyloid-f Biolegend, anti-Amyloid-f (6E10), # SIG-39320 WB 1:1000
IHC 1:1000
NeuN Cell Signaling, anti-NeuN (D3S31), #12943 WB 1:2000
Millipore, anti-NeuN (clone A60), #MAB377 IHC 1:2000
a-Synuclein BD Bioscience, anti-a-Synuclein, #610787 WB 1:1000
IHC 1:1000
AQP4 Millipore, anti-aquaporin 4, #AB2218 WB 1:2000
IF 1:1000
GFAP Cell Signaling, anti- Glial Fibrillary Acidic WB 1:5000
Protein (GAS), #3670
Sigma-Aldrich, Anti-Glial Fibrillary Acidic IF 1:1000
Protein (GAS), #G3893
ALDHIL1 Millipore, anti-ALDH1L1 (N103/39), WB 1:2000
#MABN495
a-Syntrophin abcam, anti- a-Syntrophin alpha 1, #ab11187 WB 1:3000
Dystrophin abcam, anti-dystrophin, #ab15277 WB 1:1000
B-actin Sigma-Aldrich, Monoclonal Anti-B-actin-HRP WB 1:50000
antibody, A3854
Rabbit IgG Biorad, Anti-Rabbit-HRP antibody, #170-6515 WB 1:7500
ThermoFisher Scientific, anti-Rabbit IgG (H+L) IF 1:400
Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488, #A21206
Mouse IgG Biorad, Anti-Mouse-HRP antibody, #170-6516 WB 1:10000
Jackson ImmunoReseach, Anti-Mouse-Biotin, IHC 1:500
#115-065-003
ThermoFisher Scientific, anti-Mouse IgG (H+L) IF 1:400

Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594, #A21203

WB, western blot; IHC, immunohistochemistry; IF, immunofluorescence
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Supplementary Figures and Figure Legends
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Supplementary Fig. 1. Diagram for inclusion and exclusion of mice in this study. Mice were
removed from the study if we histologically identified that the stroke had not occurred. A total
of 24 sham mice were used for visual discrimination (VD) task using images with low
similarity index (Sham n=10; Stroke n=14). A total of 24 sham mice were used for VD task
using images with high similarity index (Sham n=10; Stroke n=14). This second cohort was
also used to assess motor function, blood were collected and the brains were used for histology
analysis. Finally, a total of 14 stroke mice were used for protein analysis of the brains (Stroke
n=7; Sham n=7).
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Supplementary Fig. 2. Metrics of the visual discrimination (VD) task for the high similarity
index pair (‘ovals-rectangles’ pair). There is no statistically significant between sham and
stroke mice in time to complete 30 trials (A) or number of trials completed within 60 min (C).
However, stroke mice perform significantly more correction trials (B) during VD than sham.
Mean+SD (two-way ANOVA and Sidak’s multiple comparisons). * p<0.05.
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Supplementary Fig. 3. Image procesing and analysis. (A) Automated NeuN cell counts were
undertaken in the peri-infarct and thalamus using ImageJ software. The original image (left)
were converted into a binary image (middle) and the black particles were counted (right) (scale
bar = 100um). (B) In the hippocampus area, we performed thresholding analyses and chose the
optimal pixel intensity that clearly reflected the immunolabelled signal using ImagelJ. The top
panels represent the original images. The bottom panels show material thresholded at the pixel
intensity (PI) 125. The number of pixels that were captured at and below PI 125 were then
expressed as a percentage of the total number of pixels in each image and this data were used
to investigate group differences (scale bar = 300um). (C) The same thereholding analysis were
performed for amyloid-f and a-synuclein labelling. Top panels represent the original images
and bottom panels represents material thresholded at PI 120 (scale bar = 100um). (D) To
measure GFAP immunoreactivity, confocal images (left) were uniformly thresholded at a high
stringency (right) using ImagelJ. The area of GFAP immunoreactivity was expressed as a
percentage of the overall field of view. (E) To analyse AQP4 polarization, AQP4 confocal
images were uniformly thresholded at two levels: low stringency and high stringency. Low
stringency included all AQP4-immunoreactive pixels within the image. High-stringency
threshold defined the area of intense AQP4 immunoreactivity that in sham mice is localized to
perivascular end-feet. “AQP4 polarity” was calculated as the ratio between low stringency and
high stringency areas. Higher AQP4 polarity values reflected expression levels of AQP4 in
perivascular end-feet being greater than in surrounding tissue, while lower AQP4 polarity
values reflected greater parity between perivascular and non-perivascular AQP4 expression.
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Supplementary Fig. 4. Stroke does not affect the levels of Amyloid-f in plasma. Plasma levels
of AB40 (A) and AP42 (B) were assesed using ELISA. Mean + SD (2-tailed t-test).
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Abstract

There is emerging evidence suggesting that a cortical stroke can cause delayed and remote
hippocampal dysregulation, leading to cognitive impairment. In this study, we aimed to
investigate motor and cognitive outcomes after experimental stroke, and their association with
secondary neurodegenerative processes. Specifically, we used a photothrombotic stroke model
targeting the motor and somatosensory cortices of mice. Motor function was assessed using the
cylinder and grid walk tasks. Changes in cognition were assessed using a mouse touchscreen
platform. Neuronal loss, gliosis and amyloid-f accumulation were investigated in the peri-
infarct and hippocampal regions at 7, 28 and 84 days post-stroke. Our findings showed
persistent impairment in cognitive function post-stroke, whilst there was a modest spontaneous
motor recovery over the investigated period of 84 days. In the peri-infarct region, we detected
a reduction in neuronal loss and decreased neuroinflammation over time post-stroke, which
potentially explains the spontaneous motor recovery. Conversely, we observed persistent
neuronal loss together with concomitant increased neuroinflammation and amyloid-8
accumulation in the hippocampus, which likely accounts for the persistent cognitive
dysfunction. Our findings indicate that cortical stroke induces secondary neurodegenerative
processes in the hippocampus, a region remote from the primary infarct, potentially
contributing to the progression of post-stroke cognitive impairment.

Key words: Cognitive impairment, Secondary  neurodegeneration,  Stroke,
Neuroinflammation, Amyloid-f3
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Introduction

Stroke is the second most common cause of death in the world, and the leading cause of
acquired disability ' 2. Of those who survive, over half remain physically dependent and
approximately two-thirds have some form of neurological impairment in the years following
stroke 3. While motor impairments are the most common and widely recognised post-stroke
complications ’, the neurological deficits caused by stroke go well beyond motor outcomes,
with up to 80% of stroke survivors suffering from cognitive impairment #!°. Such cognitive
impairment may persist long-term after the ischemic injury, and affect different cognitive
domains such as memory, learning and executive functions ''. Concerningly, a previous history
of stroke is known to be a major risk factor for development of dementia '2. In a recent report
from the Oxford Vascular Study, the one-year standardized morbidity ratio for incidence of
dementia was found to be 47.3% in survivors of a severe stroke, 5.8% following a minor stroke
and 3.5% in those with a transient ischaemic attack compared to age and sex matched
population 3. Given this, a better understanding of the neural mechanisms that underlie the
development of persistent cognitive impairment following stroke is crucial for both early
detection as well as development of targeted treatments.

It has been previously identified that stroke triggers a wave of secondary damage that causes
the progressive and inexorable loss of brain tissue at sites connected to the area damaged by
the initial infarction, a phenomenon known as secondary neurodegeneration (SND) % 1>, SND
develops within days after the primary infarction but may continue for some weeks, months
and even years after the initial stroke event !> '°_ and has been observed in both rodents and
humans "2, SND has recently been implicated as a potential modulator to a number of late
phase functional disturbances 2> ?*. The key hallmarks of SND include neuronal loss,
neuroinflammation and accumulation of neurotoxic proteins . Previous studies from our
group and others have consistently reported the ocurrence of these observations in the thalamus
and substantia nigra !72! 22°. While hippocampal atrophy has been reported after ischemic
stroke 2%3%31 little is known about the underlying molecular and cellular mechanisms. This is
significant, as the hippocampus is known to be highly interconnected with both the cerebral
cortex *? and thalamus *3, making it a potential key site for SND following stroke.

Recently, our group has identified that photothrombotic stroke within the motor and
somatosensory cortex produces significant impairment in a hippocampal-dependent visual
discrimination task using touchscreen based assessment at 14 days post-stroke 4. Interestingly,
although our cortical stroke model does not cause direct damage to the hippocampus, we
identified neuronal loss, astrogliosis and increased accumulation of neurotoxic proteins within
the hippocampus at 14 days post-stroke. These results clearly demonstrated that, despite the
primary infarct being confined to the cortex, the disturbances extended well beyond this to
include remote areas such as the hippocampus. While being an important landmark study to
build an understanding of the mechanisms behind post-stroke cognitive impairment, this study
left a number of important questions unanswered. Firstly, what is the timeline of progression
of cognitive deficits following stroke? Secondly, what is the association between post-stroke
functional outcomes and the key hallmarks of SND processes? In order to answer these
questions, a longitudinal study encompassing both longer time-points and a battery of different
cognitive tasks is necessary.

As such, in the present study, we comprehensively assessed both the functional and
neuropathological outcomes up to 84 days after cortical photothrombotic stroke. Specifically,
we assessed motor function using the cylinder and grid walk task, associative memory and
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learning using the paired associate learning task (PAL) and cognitive flexibility using visual
discrimination reversal task (VDR). The progress of brain tissue loss was assessed throughout
the rostrocaudal extent of the ischemic lesion. Furthermore, we investigated the pattern of
spatiotemporal changes of neuronal loss, gliosis and accumulation of amyloid-beta (A) within
both the primary cortical infarction sites and remote hippocampal regions at 7, 28 and 84 days
post-stroke.

Materials and methods

The data that supports the findings for this study are available from the corresponding author
upon reasonable request. See supplementary materials and methods for detailed protocols.

Animals

C57BL/6 male mice (10 weeks old) were obtained from the Animal Services Unit at the
University of Newcastle. Mice were maintained in a temperature- (21°C+1) and humidity-
controlled environment with food and water available ad libitum. Lighting was on a 12:12h
reverse light—dark cycle (lights on 19:00h) with all procedures conducted in the dark phase. In
all experiments, mice were acclimatised to the environment for a minimum of seven days prior
to the start of the experiment. Mice were housed between 2 to 4 per cage.

Experimental design

Animal research was undertaken in accordance with the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines. Experiments were approved by the University of
Newcastle Animal Care and Ethics Committee (A-2013-340) and conducted in accordance
with the New South Wales Animals Research Act and the Australian Code of Practice for the
use of animals for scientific purposes. All the experimental groups were randomized, and all
outcome analyses were performed in a blinded manner. A total of 85 mice (C57BL/6 male, 10
weeks old) were used in this study (Figure 1A). Details on animal numbers for each experiment
and inclusion/exclusion criteria are included in the supplementary material (Supplementary
figure 1). The first cohort (sham n=10, stroke n=14) were assessed on the VDR task and the
brain tissue was used for protein analyses. The second cohort (sham n=10, stroke n=14) were
assessed using a mouse touchscreen platform for the PAL task and underwent motor testing.
The brain tissue from this cohort was used for histological analyses. For both cohorts, at day
0, mice were subjected to either photothrombotic occlusion or sham surgery. At day 7 post-
stroke, mice were assessed on a mouse touchscreen platform on either the PAL task or VDR
task. Upon completion of the task, mice were allowed to rest for one month (extinction period).
At day 56 after stroke, the VDR task or PAL task was re-started. Motor tests were performed
on second cohort one day before stroke/sham surgery and at days 7, 28 and 84 post-stroke.
Finally, mice were sacrificed at day 84 post-stroke. A third cohort of mice were sacrificed at
either 1 week (stroke n=18) or 1 month (stroke n=19) post-stroke, and the brains used for
subsequent protein or histological analyses. This cohort was not subjected to functional testing,
and the brains were used as representative for the 1 week or 1 month time points.

Sample Size Calculation

Sample size was estimated using G*Power 3.1 software. We required n=10 per group for the
first and second cohorts, with an estimated standard deviation, SD=7 and an effect size of
Cohen’s d=1.7 allowing a type 1 error of 5% with the power of 80%.

Photothrombotic occlusion
Photothrombotic occlusion was performed as previously described 37,
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Cognitive testing

Mouse touchscreen operant chambers (Campden Instruments Ltd., UK) were used in the
cognitive testing as described with modifications ***°, and testing was conducted in a blinded
and randomised manner. Specifically, associative memory and cognitive flexibility was
assessed using the PAL task and the VDR task respectively.

Motor test
Cylinder test and grid walk test were chosen as motor assessments *°. Motor tests were
performed one day before stroke surgery and at days 7, 28 and 84 after stroke.

Tissue processing
Mice were sacrificed at different time points after surgery: 7, 28 or 84 days. Brains were either

paraformaldehyde fixed (histological analyses) or fresh frozen (western blotting) as previously
described 3* 4!,

Histological Analysis

Cresyl Violet and Sudan black staining was performed as previously described ***°. Free-
floating fixed sections were used for immunofluorescence and were co-immunostained using
standard protocols as previously described 2627,

Image acquisition and analysis

Cresyl Violet and Sudan Black stain imaging. Images were acquired at 20x using Aperio
AT2 (Leica, Germany). The estimated tissue loss area [area of contralateral hemisphere — area
of ipsilateral hemisphere] was determined on Cresyl Violet stained sections with Imagel
software 1.50 a, NIH. The quantitative analysis was undertaken specifically in the peri-infarct
territory (Bregma 0.0 mm). The estimated corpus callosum loss area was determined using
ImagelJ software [area of contralateral hemisphere - area of ipsilateral hemisphere].

Immunofluorescence. High resolution confocal images of immunolabeled brain sections were
taken on a Leica TCS SP8 confocal microscope with a Leica HC PLC APO 20x/0.70 (peri-
infarct) and 10x/0.40 (hippocampus) objectives. For each region of interest, 30 pm z-stacks
with a step size of 1 um were taken. Imaging parameters (laser power, resolution and gain)
were held constant throughout all imaging sessions.

- For NeuN labelling, extensive automated NeuN cell counts were performed using
Imagel software in the peri-infarct area. In the hippocampus, cell bodies are very
densely packed, making automated NeuN cell count difficult in this brain region.
Instead, we performed thresholding analyses and chose the optimal pixel intensity that
clearly reflected the immunolabelled signal .

- The area of GFAP immunoreactivity was expressed as a percentage of the overall field
of view (Image] Software) **.

- Microglia morphological analysis was performed using Iba-1 labelled images.
Quantitative analysis of soma and branch parameters was performed using a combined
multi-level thresholding and minimum spanning tree skeleton tracing approach as
described in Abdolhoseini et al. 42

Protein extraction and Western blotting
Protein homogenates from the peri-infarct and the hippocampus samples were obtained and
Western blotting performed as previously described 3% 3543,

Statistics
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All data were analysed using GraphPad Prism v7.02. The primary outcome measurement was
differences between sham, 7 days, 28 days and 84 days post-stroke. All values reported are
mean+SD. Data from tissue loss, western blotting and immunofluorescence labelling were
analysed using a one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
comparison. Cognitive tests and motor tests were analysed using a 2-way ANOVA, followed
by Sidak multiple comparisons. P<0.05 was considered statistically significant.

Results

Cognitive flexibility is impaired long-term after photothrombotic stroke

Seven days after the induction of the stroke targeting the motor and sensory cortex, mice
underwent assessment on a mouse touchscreen platform for VDR task to assess cognitive
flexibility. The task was performed for 25 consecutive days (sub-acute phase, 7-28 day),
followed by a one month rest period (extinction period). Then, the VDR task was re-initiated
at 56 days post-stroke (chronic phase, 56-84 day) (Figure 1A).

During the sub-acute phase, we found a significant decrease in the percentage of correct trials
in stroked mice compared to shams (F(1,19=11.99, p=0.0026), a significant time effect
(F21,399=10.72, p<0.0001) and no significant interaction effect (F21,399y= 1.367, p=0.1300). In
addition, post hoc analysis indicated a significant decrease in the percentage of correct trials in
the last two days of the VDR task (p=0.0407 and p=0.0243) in stroked mice compared to shams.
During the chronic phase, we also found a significant decrease in the percentage of correct
trials in stroked mice compared to shams (F1,19=7.867, p=0.0113), a significant time effect
(Fasz42=11.37, p<0.0001), and no significant interaction effect (F(15342=1.083, p=0.3673).
Post hoc analysis indicated a significant decrease in the percentage of correct trials in the last
two days of VDR task (p=0.0411 and p=0.0349) in stroked mice compared to shams (Figure
1C). A range of metrics from the VDR task were also collected for temporal analysis. There
were no significant differences between groups either in time to complete 36 trials, the number
of total correction trials completed, or the number of trials completed within 60 min
(Supplementary figure 2C and D).

Associative memory is impaired long-term after photothrombotic stroke

Associative memory was assessed using the PAL task at sub-acute (7-28 day) and chronic
phases (56-84 day), as described above (Figure 1A). During the sub-acute phase, we found a
significant decrease in the percentage of correct trials in stroked mice compared to sham
(F(1,20=4.855, p=0.0394), a significant time effect (F4,80=42.31, p<0.0001), and no significant
interaction effect (F4,80)=1.888, p=0.1207). In addition, post hoc analysis indicated a significant
decrease in the percentage of correct trials on the last day of the PAL task in stroked mice
compared to shams (p=0.0295; Figure 1B). During the chronic phase, we also found a
significant decrease in the percentage of correct trials in stroked mice compared to shams
(F1,20=9.925, p=0.0050), a significant time effect (F4,30=16.74, p<0.0001), and significant
interaction effect (F4,80=3.261, p=0.0157). Post hoc analysis indicated a significant decrease
in the percentage of correct trials at the last six days of the PAL task (p=0.0063; p=0.0440;
p=0.0265; p=0.0461; p=0.0409 and p=0.0129, respectively) in stroked mice compared to
shams (Figure 1B). A range of metrics from the PAL task were also collected for temporal
analysis. There was no significant effect either in time to complete 36 trials or in the number
of total correction trials completed. There was, however, a significant decrease in the number
of'trials completed within 60 minutes in the sub-acute phase in stroked mice compared to shams
(Supplementary figure 2A and B).
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Motor deficits are persistent long-term after photothrombotic stroke, with only modest
spontaneous recovery over time

The progression of motor deficits long-term after photothrombotic stroke was assessed using
two motor tests: the cylinder task and the grid walk task. We performed these tests prior to
stroke to establish a baseline, and at 7, 28 and 84 days post-stroke. Locomotor asymmetry was
evaluated using a cylinder task to evaluate the paw preference mice exhibit for stabilising
themselves whilst rearing within a cylinder. Data on asymmetry scores indicated that there
were no significant differences in paw preference prior to stroke. However, at day 7, 28 and 84
post-stroke, the stroke group exhibited a significantly stronger preference for using their
unaffected paw relative to sham (p=0.001 at day 7, p<0.0001 at day 28 and p=0.0004 at day
84) (Figure 2A). Motor function was further assessed using the grid walk task, evaluating the
ability of mice to effectively place their paws on an elevated grid during locomotion. There
was no difference in the number of foot faults before stroke. At day 7, 28 and 84 post-stroke,
the number of foot faults on the affected side (contralateral) was significantly higher in stroked
mice compared to shams (p<0.0001 at day 7, 28 and 84) (Figure 2B).

Photothrombotic stroke causes persistent brain tissue and neuronal loss

We used Cresyl Violet staining to estimate the tissue loss at Bregma 1.0 mm, 0.0 mm, -1.0 mm
and -1.5 mm. Rostrocaudal analysis of tissue loss revealed a significant increase in tissue loss
at Bregma 0.0 mm, 1.0 mm, -1.0 mm and -1.5 mm at all time points compared to sham (Figure
3A). Peak tissue loss was observed at 7 days post-stroke and then gradually reduced, suggesting
some spontaneous recovery from ischemic brain injury. We also evaluated the effect of stroke
on white matter tract loss using Sudan Black staining of myelin, given that stroke-induced SND
is a disruption of connections between the cortex and hippocampus. Specifically, we focused
on the corpus callosum between Bregma 1.0 mm and -1.5 mm, and assessed white matter tract
loss as the difference between the contralateral (CL) and ipsilateral (IL) hemispheric area
(mm?). We found a significant increase in white matter structural loss in the corpus callosum
at Bregma 0.0 mm at 7, 28 and 84 days post-stroke compared to shams. Additionally, we
observed white matter loss at Bregma -1.0 mm and -1.5 mm in stroked mice compared to shams
at both 7 and 28 days, but not 84 days, post-stroke (Supplementary figure 3).

We performed immunofluorescence-based cell counting within the primary infarct area and
hippocampus using the mature neuronal marker (NeuN) to investigate post-stroke neuronal
loss. We performed automated NeuN+ cell count in peri-infarct. Data showed a significant
decrease in NeuN+ cells in the peri-infarct of stroked mice at all time points compared to shams
(p=0.0003 at 7 days, p<0.0001 at 28 days and p=0.0173 at 84 days) (Figure 3B). In the
hippocampus cell bodies are very densely packed, making NeuN+ cell counting difficult.
Therefore, optical density was assessed using thresholding analyses in both the CAl and
dentate gyrus (DG) subregions of the hippocampus. We found a significant decrease in
threshold material for NeuN in the CA1 subregion at 28 (p=0.0424) and 84 days (p=0.0082) in
stroked mice compared with shams, however, there were no significant differences within the
DG (Figure 3C).

Stroke induces transient astrogliosis in the peri-infarct and hippocampus

To study the dynamic change of reactive astrocytes, we immunostained brain samples
corresponding to the peri-infarct region (Bregma 0.0 mm) and hippocampus (Bregma -1.5 mm)
using the astrocytic marker GFAP. Under normal conditions, astrocytes in the mouse cortex
usually express little GFAP. As expected, at 7 and 28 days post-stroke mice exhibited a
significant increase in the GFAP-positive area within the peri-infarct region compared to shams
(p<0.0001) (Figure 4A). However, there were no statistically significant differences between
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shams and stroke mice at 84 days post-stroke in the peri-infarct. It should be noted that the glial
scar is observed in this region. In the CA1 subregion of the hippocampus, we observed a
significant increase at days 7 (p=0.0003) and 28 (p=0.0318), but it was reduced to basal levels
by day 84 (Figure 4B). In the DG, we only observed a significant increase in the % of area
covered by GFAP at 7 days post-stroke (p=0.0021) (Supplementary figure 4A)

Persistent microglia activation long-term after stroke in peri-infarct and hippocampus
We performed immunofluorescence labelling of Iba-1, a widely used microglial/macrophage
marker, to investigate the long-term changes in microglial activation. High-resolution confocal
images were taken, and microglia morphological analyses were subsequently undertaken
within the peri-infarct area and CA1 and DG subregions of the hippocampus. Further, we
analysed the expression of a (CD11b) (microglial transmembrane protein and myeloid cells
marker) using western blotting.

In the peri-infarct area, morphological analysis indicated that the microglia had undergone a
shift toward a classically activated phenotype. Parameters indicating morphological microglial
activation (increase in cell number and increased soma area) peaked at 7 days post-stroke
(Figure 5A), with similar changes in microglial activation parameters also seen at 28 and 84
days post-stroke. At day 84, parameters including cell number and soma area were not
significantly different to sham mice; however, there was a significant difference in all other
parameters. These results indicate that there is persistent microglial activation up to 84 days
post-stroke in the peri-infarct region. CD11b protein levels were significantly increased at 7
days post-stroke, but were reduced to basal levels by day 28, and further deceased at 84 days
post-stroke (Supplementary figure 6A).

Within the hippocampus, microglial morphology analysis also revealed activated microglia
within this region. Relative to the sham group, following stroke the microglia within the CA1
area exhibited changes in all the parameters studied. Peak activation was observed between
days 14 and 28 post-stroke, with activation persistent up to 84 days post-stroke (Figure 5B).
Regarding the DG, we observed a significant increase in the number of cells but there were no
significant changes in other parameters (Supplementary figure 4B). Western blotting analysis
indicated that CD11b protein levels were significantly increased at 7 and 28 days post-stroke
compared with sham mice (Supplementary figure 6B).

Photothrombotic stroke leads to oligomerisation and accumulation of amyloid-p both in
the peri-infarct zone and in the hippocampus

We investigated AP oligomerisation status using protein homogenates taken from the peri-
infarct and the hippocampus. Specifically, we quantitated the pentamer (25 kDa), intermediate
size oligomers (30 kDa), decamer (50 kDa) and dodecamer (56 kDa) forms of AP. These AP
oligomers are linked to cellular pathology and cognitive decline **#°. In the peri-infarct area,
we observed a significant increase in pentamer, decamer and dodecamer in stroked mice
compared with shams at 7, 28 and 84 days (around 10-20 fold increase) (Figure 6A). In the
hippocampus, we observed a significant increase in dodecamer at all time points in stroked
mice compared to shams (around 2 fold increase) (Figure 6B).

To further qualitatively assess the spatial distribution of AP, we immunostained brain sections
from different Bregma regions corresponding with the peri-infarct region and hippocampus
using an antibody against AP. As expected, no immunofluorescence signal was observed within
the peri-infarct region in shams. However, in this same region, we observed a peak of AP
immunofluorescence at 7 days post-stroke, which was reduced at day 28. At day 84, we
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identified a change in the AP distribution pattern, from a scattered distribution to accumulation
around the cerebral vessels (Figure 7A). In the CA 1 subregion of the hippocampus, we detected
a peak of immunofluorescence at 7 and 28 days post-stroke, and a reduction at 84 days. At day
84, AP was observed to accumulate around the cerebral vessels in the CA1 subregion of the
hippocampus, but to a lesser degree compared to the peri-infarct region (Figure 7B). The
immunofluorescence signal appeared to be consistent in the DG throughout all experimental
groups (Supplementary figure 5).

Discussion

The main finding of the present study is that cortical photothrombotic stroke gives rise to a
persistent impairment in associative memory and learning, as well as in cognitive flexibility,
up to 84 days after the initial stroke. Cognition, as assessed by a mouse touchscreen platform
for the PAL and VDR tasks, showed significant and persistent deficits long-term following
stroke. In contrast, motor impairment slightly improved over time after the cortical
photothrombotic stroke. Secondly, we observed significant tissue and neuronal loss post-stroke
that persisted for at least 84 days in both the peri-infarct region and in CA1 subregion of the
hippocampus. We also investigated the involvement of neuroinflammation post-stroke and
found that microglia activation persisted for up to 84 days, while astrogliosis peaked at 7 days
and then decreased overtime. Lastly, we showed an increase in AP soluble oligomers in both
regions following stroke, and a shift in the spatial distribution of these aggregates towards the
cerebral vasculature. Collectively, these novel observations provide compelling evidence that
stroke affects multiple cognitive domains and that these deficits are persistent, whereas motor
function shows modest recovery overtime. Such cognitive deficits were associated with
concomitant neuropathology in the hippocampus, including neuronal loss, activation of
microglia and accumulation of AP, despite of this region being remote from the site of primary
infarct.

We used a photothrombotic stroke model targeting the motor and somatosensory cortices of
mice. As expected, cortical photothrombotic stroke resulted in a clear impairment of motor
function at 7, 28 and 84 days post-stroke, which is consistent with previous studies *°.
Following stroke, mice showed preferential use of the unaffected forelimb and an increase in
foot faults when using the impaired limb, with the greatest motor deficits observed on post-
stroke days 7 (grid walk task) and 28 (paw asymmetry). At post-stroke day 84, we observed a
modest spontaneous recovery of motor function. Concomitantly, Cresyl Violet staining showed
peak tissue loss at day 7 post-stroke, before being reduced thereafter. We also observed a
gradual loss of neurons in the peri-infarct area up to day 28, and then a gradual increase at day
84. This is consistent with the functional remapping of the sensorimotor cortex that we
hypothesise to be responsible for the slight recovery in motor function seen in the chronic phase
post-stroke in our model. Such remapping within the peri-infarct region is driven both by
axonal sprouting of new connections and by the birth of new neurons, which migrate from the
subventricular zone to the cortex of the peri-infarct region *’. Indeed, neurogenesis can be
stimulated by cerebral ischemia, with previous work demonstrating that the number of neural
progenitor cells is significantly increased in the peri-infarct region at 3-7 days post-stroke in
the photothrombotic model ***°. Further, at 56 days following photothrombotic stroke, mice
showed a functional reorganization of the sensory cortical maps for both the forelimb and
hindlimbs, as well as a modest but significant increase in motor neuron sprouting has been
observed *°. This was accompanied by the recovery of performance on a skilled reaching task,
although interestingly, in contrast to the current study, deficits on both the cylinder and grid-
walking task remained evident, suggesting that different types of sensorimotor function may
recover at different rates depending on stroke size and location ',
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Neuroinflammation is an important process that occurs in the brain after cerebral ischemia,
encompassing the activation of astrocytes and microglia. This response is at first beneficial and
necessary to promote brain repair; however, it becomes detrimental when it is prolonged 2-%°.
In this study, we observed an intense astrogliosis response, as characterized by the excessive
expression of GFAP, at 7 and 28 days post-injury in the peri-infarct region, which subsided by
day 84. Indeed, astrogliosis is an early response in the days following stroke, which evolves to
form the mature glial scar forms to wall off the infarcted tissue °. Next, we comprehensively
assessed the alterations of microglial morphology using Iba-1 immunolabeling and
complemented these results by analysing the expression levels of CD11b, which is a marker
commonly used to label microglia but also myeloid cells. Our in-depth analysis of the
microglial response revealed that microglial activation status peaked at 7 days post-stroke in
the peri-infarct region, before shifting to a less activated state by day 84, a similar pattern to
the observed astrocytic response. We observed a concomitant loss of neurons in the peri-infarct
area up to day 28, and then a gradual increase at day 84. The close temporal correlation between
the activation of astrocytes and microglia and neuronal loss highlights the potential importance
of astroglial- and microglial-mediated neuroinflammatory responses as a modulator of
neuronal survival. These results suggest that reduced neuroinflammation as well as brain tissue
and neuronal recovery in the peri-infarct region over time most certainty contribute to the
spontaneous motor recovery.

Next, we examined the long-term impact of cortical stroke on cognition. In our previous study,
we demonstrated that our stroke model induced impairment in the ability of mice to
discriminate between two images with a high degree of similarity at 14 days post-stroke >*.
Further, this photothrombotic stroke model has been reported to elicit long-term deficits in
learning and memory, as assessed by the Morris water maze *’. Critically, given that stroke
affects a range of cognitive domains, and these effects are known to be persistent long-term %
59 we sought to further understand the devastating effects of stroke on cognition, by using a
mouse touchscreen platform ®°. This mouse touchscreen platform is recognised to avoid some
of the limitations associated with classical assessments. For instance, the “classical gold
standard” Morris water maze is hampered by significant interpretational challenges, the
aversive nature of the protocol, and shares limited resemblances with human cognitive
assessments ** ©1> 62 Specifically, in the current study, we used the translationally relevant
mouse touchscreen platform to assess different cognitive domains. The PAL task assesses
associative memory and learning domains . This task has been extensively used in the clinical
assessment of cognition ®, and the task available for rodents is analogous to the one used in
clinical research ®°. On the other hand, the VDR task includes both visual discrimination and
reversal learning 3%, with discrimination learning providing a measure of perceptual ability
to discriminate between two stimuli, while reversal learning has been used to examine
cognitive flexibility 3% 7% One of the critical variables that we were interested in evaluating
in this study is whether the cognitive deficits observed at the subacute phase (7-28 day) would
persist or further decline when mice were tested in the chronic phase (56-84 day). We observed
a significant decrease in the percentage of correct trials in the subacute phase in stroked mice.
Furthermore, when these mice were tested in the chronic phase months after stroke, we detected
an even greater reduction in the percentage of correct trials in stroked mice compared to shams.
While we observed modest spontaneous motor recovery after stroke in mice, a novel and
important observation is that a stroke within the motor and somatosensory cortex resulted in
persistent cognitive impairment (up to 84 days). Such progressive and persistent impairment in
cognitive function mirrors that observed in stroke patients ® ':6% 70, For instance, Levine et al.
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demonstrated that stroke was associated with long-term cognitive dysfunction over 6 years
after the event 8,

Previous research has shown that the PAL task is dependent on the dorsal hippocampus ',
while the hippocampus is also known to play a role in the VDR task 2. The hippocampus
receives highly processed multi-modal sensory information from the cortex via its connections
with the entorhinal cortex, making it a potential key site for the development of SND pathology
32, Additionally, the hippocampus is also highly inter-connected with nuclei of the thalamus,
such as the anterior and mediodorsal nuclei, which are known to play a critical role in cognitive
function *3. Given that the thalamus is known to be a key site for SND pathology, it is possible
that Wallerian degeneration from the thalamus to the hippocampus may drive the development
of SND in this area. Although, currently little is known about the importance of SND processes
in the hippocampus long-term after stroke. Previous studies, including ours, have focused on
other SND sites, such as the thalamus, or on earlier post-stroke time points '718:2%27-29 Tn our
recent study, we documented a reduction in NeuN-positive cells in the CA1 region at 14 days
following stroke **. Based on this result, we hypothesised that this reduction in neurons in the
hippocampus might be an indicator of the persistent cognitive deficits observed post-stroke.
Indeed, with the findings of this study we have confirmed this hypothesis, demonstrating
persistent neuronal loss at 28 and 84 days post-stroke in the CA1l sub-region of the
hippocampus. The persistent loss of neurons over time in the CAl subregion is a critical
finding, due to the integral role that this region plays in cognitive processes such as learning
and memory 7> 74, Furthermore, although most strokes do not directly affect the hippocampus,
it is well established that the CA1 sub-region of the hippocampus is more sensitive to hypoxia-
ischemia insults and neurodegeneration than other areas of the brain 3% 3!:75_ Interestingly, we
observed the DG sub-region of the hippocampus to be spared, which could be due to
stimulation of neural cell proliferation within the DG after stroke 7®. Together these results
support an important role for SND processes in the hippocampus and may contribute to the
ongoing cognitive impairment observed after stroke.

There are several possible contributors to the observed persistent loss of CA1 neurons. We
examined neuroinflammation in the hippocampus, observing a peak in reactive astrogliosis at
7 days post-stroke, which returned to basal levels by day 84 in the CA1 sub-region, similar
pattern as observed in the peri-infarct region. These results suggest that astrocytes might play
a role in neuroinflammation in the early stages post-stroke, but this effect is dampened in
chronic phase following stroke. In contrast, microglial activation followed a different pattern,
at least within the CA1 subregion of the hippocampus, with activated microglia observed to
peak between day 7 and 28, and the activated morphology remaining at day 84 post-stroke.
Together, these findings show that neuroinflammation driven by microglia lasts long-term after
stroke, whereas the astrocytic response appears to resolve. Interestingly, in the hippocampus,
microglial activation was already detectable by day 7 post-stroke. However, we did not observe
hippocampal neuronal loss at that time point, suggesting that microglial activation might
contribute to the delayed neuronal death within the hippocampus by creating a pro-
inflammatory microenvironment, where microglial-induced neuroinflammation precedes
neuronal loss. It is well described that brain injury and cerebral ischemia switch microglia into
a prime state, where they have an increased pro-inflammatory response to secondary damage
signals 7. This is supported by previous experimental stroke studies demonstrating that chronic
activation of microglia is detrimental to the survival of new hippocampal neurons and impairs
cognition, whereas inhibition of microglial activation improves neurogenesis and cognitive
performance % ”°. Together, this evidence suggests that a potential exaggerated and prolonged
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microglial response might contribute to neuronal dysfunction and degeneration within the
hippocampus, manifesting as post-stroke cognitive impairment.

Taken together, we have identified important differences between the processes occurring in
the primary injury site (peri-infarct) and SND sites (hippocampus). In the peri-infarct region,
neuronal loss and neuroinflammation peaked early after stroke and spontaneously recovered at
later time points, which could explain the observed motor improvements. Contrary to this, in
the hippocampus, a region remote from the primary infarct, neuronal loss and
neuroinflammation persisted out to 84 days post-stroke, supporting our findings of long-term
cognitive deficits after stroke.

Furthermore, previous studies have linked AP accumulation with cognitive impairment and
neurodegenerative conditions ** %% 8%, Numerous clinical and experimental studies have now
described that AB deposition occurs in the peri-infarct region ®! and the thalamus ** # post-
stroke, and that such accumulation of neurotoxic proteins is highly associated with cognitive
impairment in stroke patients #3435 Indeed, we have recently reported increased levels of AB
in the hippocampus at 14 days post-stroke **. In the current study we found significantly
increased AP oligomerization in both the peri-infarct and hippocampal regions after stroke.
Interestingly, we observed a consistent increase of the 56 kDa oligomer at all time points in
both regions, in keeping with multiple studies which have suggested that these soluble Af
oligomers, and not the plaques, are linked to cognitive decline in the context of Alzheimer’s
disease *>> %%, There is emerging evidence suggesting that AP oligomers are responsible for
neuronal loss after experimental stroke via an uncontrolled feedforward neurodegeneration
loop 8%:86:87 AB oligomers released from ischemic cells can trigger pathological activation of
microglia through various pathways, which in turn induce a pro-inflammatory and high
oxidative stress microenvironment, both of which lead to neuronal death 8. It should be noted
that AP oligomers can also evoke pericyte-mediated constriction of cerebral capillaries, and
cause cerebrovascular dysregulation 3. In addition to our protein analyses, we assessed the
spatial distribution of these AP oligomers using immunostaining. Strikingly, we observed that
the distribution of AP seemed to slightly shift over time. At day 7 and 28 the AP adopted a
scattered distribution in the brain parenchyma, whereas at 84 days post-stroke the AP was
mainly accumulating around the cerebral vessels, although some AP remained also in the brain
parenchyma. AP deposits around the cerebral vessels was observed in the peri-infarct region,
and a lesser degree in the CAl subregion of the hippocampus. Our results complement a
previous study by Howe et al. which demonstrated that stroke induces increased perivascular
deposition of AP, and this effect is aggravated in aged mice at 30 days post-injury *°. Our
findings suggest that AP oligomers are not merely a consequence of stroke, but also actively
contribute to the damage of neurovascular unit and dysregulation of the brain waste clearance
systems, leading to post-stroke cognitive impairment.

In conclusion, here we demonstrated that cortical photothrombotic stroke causes impairments
in associative memory, learning and cognitive flexibility which persist for months after the
initial cortical infarction. Additionally, our spatiotemporal analyses provide further critical
insights regarding the cellular and molecular events leading to this impairment in cognition.
We demonstrate that there is persistent neuronal loss in an area critical in cognition, the CA1
subregion of the hippocampus. Such neuronal loss and cognitive impairment was associated
with persistent neuroinflammation and increased AP oligomerization that creates a hostile
microenvironment for neuronal survival and proliferation, which come together to create a
“perfect storm” of SND post-stroke. Our findings thus highlight the critical importance of
microglia and AP as potential key mediators in the progression of secondary damage post-
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stroke. Additionally, we observed a modest spontaneous recovery of the motor function during
the chronic phase, which was linked to brain recovery processes occurring in the peri-infarct
area. This may be drive spontaneous functional remapping of the peri-infarct region following
stroke. This spatiotemporal study has clear advantages by tracking translationally relevant
functional outcomes and associated neuropathological changes long-term after experimental
stroke. Nevertheless, further research is required to fully elucidate the brain mechanisms that
underlie the persistent cognitive deficits seen post-stroke, including how these are related to
the development of SND. As such, therapeutic strategies targeting neuroinflammation and
neurotoxic protein accumulation may be promising approaches to promote brain recovery and
enhance functional outcomes post-stroke.
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Figure legends

Figure 1. Cortical stroke impairs cognitive function. (A) Experimental design timeline. (B)
First cohort of mice underwent assessment on a visual discrimination reversal (VDR) task
during both the earlier (sub-acute phase) and later (chronic phase) stages post-stroke. We found
a significant decrease in % correct responses in stroked mice compared to sham both in the
subacute and chronic phase. (C) Second cohort of mice was assessed on the paired-associate
learning (PAL) task in an earlier stage post-stroke (subacute phase) and at a later stage (chronic
phase). We found a significant decrease in the % correct responses in stroked mice compared
to shams, both in the sub-acute and chronic phases following stroke. Mean+SD (two-way
ANOVA and Sidak's multiple comparisons). *p < 0.05; **p < 0.01. PT = photothrombotic
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Figure 2. Cortical stroke impairs motor function. (A) Locomotor asymmetry was evaluated at
baseline (one day before stroke induction) and at 7, 28 and 84 days post-stroke using the
cylinder test. (B) Foot faults were also evaluated using the grid walk test. Stroked mice
demonstrated significant deficits in both tests compared to shams, with a slight (non-
significant) recovery over time. MeantSD (two-way ANOVA and Sidak's multiple
comparisons). ***p < (0.001.

98



Figure 3. Cortical stroke induces neuronal loss within the peri-infarct area and hippocampus.
(A) Representative images of Cresyl violet staining at Bregma 1.0, 0.0, -1.0, -1.5 mm. Tissue
loss was calculated as contralateral (CL) hemisphere area—ipsilateral (IL) hemisphere area.
Stroke significantly increased tissue loss at all Bregma levels (mm?). (B) Representative
immunofluorescence labelling for NeuN in the peri-infarct. Left panel: red squares indicate the
location of motor (M1) and sensory cortex (S1) examined. Right panels: higher magnification
images (scale bar=50 um). (C) Representative immunofluorescence labelling for NeuN in the
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hippocampus. Left panel: red squares indicate the location of CA1 and dentate gyrus (DG)
examined. Right panels: higher magnification images (scale bar=100 pm). Mean+SD (Two-
way ANOVA and Turkey’s multiple comparison test). *p < 0.05; **p < 0.01; ***p <0.001.

Figure 4. Cortical stroke promotes astrogliosis. (A) Representative immunofluorescence
images of peri-infarct area labelled with GFAP (scale bar=50 um) and quantification of reactive
astrogliosis (% area of GFAP+). (B) Representative immunofluorescence images of the CAl
region of the hippocampus labelled with GFAP (scale bar=100 um) and quantification of
reactive astrogliosis. Reactive astrogliosis peaked at 7 days in both regions, which returned to
basal levels by day 84. Mean+SD (Two-way ANOVA and Turkey’s multiple comparison test).
*p <0.05; **p <0.01; ***p <0.001.
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Figure 5. Cortical stroke induces microglial activation (A) Representative
immunofluorescence images of the peri-infarct region and quantification of microglia
morphology over time (scale bar=50 um). (B) Representative immunofluorescence images of
the CA1 region of the hippocampus and quantification of microglia morphology over time
(scale bar=100 um; scale bar of magnification=50 um). White dotted square represents the area
of morphological analysis. Mean+SD (Two-way ANOVA and Turkey’s multiple comparison
test). *p <0.05; **p <0.01; ***p <0.001.
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Figure 6. Stroke leads to amyloid-f (AP) oligomerization. Our analyses focused on different
molecular weight oligomers (25 kDa, 30 kDa, 50 kDa and 56 kDa). (A) Representative western
blot and quantification of AP expression profile within the peri-infarct region. Stroke leads to
significant increase in AP 25 kDa, 50 kDa and 56 kDa at 7, 28 and 84 days. (B) Representative
western blot and quantification of AP expression profile within the hippocampus. Stroke leads
to significant increase in only AB 56 kDa at 7, 28 and 84 days. Mean+SD (Two-way ANOVA
and Turkey’s multiple comparison test). *p < 0.05; **p <0.01; ***p <0.001.

102



a Peri-infarct
Sham

(b) CA1

Sham

Figure 7. Stroke leads to amyloid-} (AP) aggregation which changes in distribution over time.
(A and B) Representative immunofluorescence images of AP immunostaining (red) and Lectin
(blue) and high magnification detail (peri-infarct scale bar=50 um, CA1 scale bar=100 pum).
AP expression switches from a scattered distribution in the parenchyma of the brain up to 28
days post-stroke to a localisation around the vessels at 84 days post-stroke in the peri-infarct
region and in the CAl sub-region of the hippocampus. At day 84, AP was observed to
accumulate around the cerebral vessels in the peri-infarct region, and a lesser degree in the
CA1 subregion of the hippocampus.
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Supplementary materials and methods

Photothrombotic occlusion

Mice were anaesthetized by 2% isoflurane and maintained under general anaesthesia for the
duration of the surgical procedure. Rose Bengal (200 pl, 10 mg/ml solution in sterile saline,
Sigma-Aldrich, USA) was injected intraperitoneally and allowed to circulate for 8 min. The
exposed skull was then illuminated for 15 min by a 4.5 mm diameter cold light source
positioned at 2.2 mm left lateral of Bregma 0.0 mm, targeting the left motor and somatosensory
cortices. For the sham group, the same surgical procedure was applied, except Rose Bengal
was replaced with 200 pl of sterile saline (0.9% NaCl, Pfizer, Australia) (337). This stroke
model produces relatively small penumbra area due to intense development of cell death in the
infarction core. Nevertheless, in this study, we considered the peri-infarct region as the tissue
that is in close proximity to the core infarct.

Motor test

Cylinder test. Spontaneous forelimb preference was evaluated by a cylinder test (338, 339).
Each mouse was placed in a glass cylinder and the forelimb use during vertical exploration was
evaluated. A final asymmetry score was calculated as the ratio of non-impaired forelimb
movement minus impaired forelimb movement to total forelimb movement ([# non-impaired-
# impaired movements]/total # movements).

Grid walk test. Sensorimotor function and motor coordination deficits during locomotion were
assessed by the grid walk test (338, 339). Each mouse was placed on an elevated grid with
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squares sized of approximately 2x2 cm. The number of “foot faults” made by the right and left
limbs were counted. A foot fault index was calculated as the ratio of non-impaired forelimb
foot faults minus impaired forelimb foot faults to total number of steps ([# non-impaired- #
impaired steps]/total # steps).

Cognitive testing

Visual Discrimination reversal (VDR) task (271, 337). Mice were calorie restricted
overnight before cognitive testing (allowed access to food after cognitive testing for 5 hours,
between 12:00 — 17:00 h). A liquid reward (strawberry milkshake) was provided to motivate
the performance of the mice. Mice were introduced to a series of habituation and basic training
tasks where they learned to associate a nose poke of the touchscreen with the delivery of a
liquid reward. Basic training was performed over 10 days. During the training sessions, stimuli
were displayed randomly on the screen one at a time. Stimuli consist of random shapes. One
stimulus was presented at a time, on one side of the screen. The other side of the screen was
left blank. The left or right position was chosen pseudorandomly, such that any image will not
be displayed on the same side more than 3 times in a row. The mouse must touch the stimulus
to elicit reward. If the mouse touched the blank screen, there was no response. All mice learned
to perform the task with a minimum correct rate of 70%.

Following basic touchscreen training, mice underwent photothrombotic occlusion surgery.
Seven days post-surgery, mice commenced the acquisition procedure of the VDR task. Briefly,
the acquisition procedure entailed simultaneous presentation of two stimuli; one was
programmed as being correct (S+; Fan) and one as being incorrect (S-; Marble). Whether the
S+ was on the right or left was determined pseudorandomly. When the mouse made a correct
choice, S+, a tone was triggered, the food tray was illuminated and the food reward was
delivered and a correct trial was recorded. Conversely, if the mouse touched the incorrect
image, S-, there was no reward delivery, no tone, and the house light was turned on for 5s and
a correction trial was initiated. Correction trials consisted of repeated presentation of the
previous trial until a correct response was made and were not counted towards the trial limit or
number of correct responses. In each session, the testing ended once a mouse successfully
completed 30 trials or reached a 60 min time limit, whichever occurred first. When the average
percentage of correct trials of all mice reached an average of 70% correct answers, the reversal
protocol started (at the 10" session). The reversal sessions are identical to the acquisition,
except that during reversal learning, the previously correct stimulus (S+) becomes the incorrect
stimulus (S—; Fan), while the previously incorrect stimulus (S—) becomes correct (S+; Marble).
All mice completed a total of 9 acquisition sessions, followed by a total of 10 reversal sessions.
Once the VDR task was completed, the mice were allowed to rest for one month (extinction
period). After the extinction period, mice performed the VDR task again.

Paired Associate Learning (PAL) task (271, 336). The task consists of two distinct phases,
basic training, whereby the animal learns the association between making contact with the
screen and the actual PAL task. In the task, three stimuli images (a flower, plane and spider)
were associated with a specific spatial location (left, centre, right respectively). In each trial,
two images were displayed at the same time, one in its correct location (S+) and the other in
an incorrect location (S-). All trials were mouse initiated and independent of the experimenter.
If the mouse touched the image in its correct location, a reward was provided. If the animal
touched the incorrect image or the correct image in its incorrect location, no reward (strawberry
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milkshake) was given, the tone did not sound and the house light turned on for a 5s duration.
Testing was stopped by finishing 36 trials or 1 hour (whichever happened first). All mice
completed a total of 25 sessions. Once the PAL task was completed, the mice were allowed to
rest for one month (extinction period) before performing the PAL task again.

Tissue processing

Mice were sacrificed at different time points after surgery: 7, 28 or 84 days. For histological
analysis, mice were deeply anaesthetised with sodium pentabarbitol and perfused via the
ascending aorta with approximately 10 ml ice-cold 0.9% saline followed by approximately 40
ml ice-cold 4% paraformaldehyde (pH 7.4). Brains were then dissected and post-fixed for 4
hours in 4% paraformaldehyde, then transferred to a 12.5% sucrose solution in 0.1 M PBS for
storage and cryoprotection. Serial coronal 30 pum thick sections were sliced on a freezing
microtome (Leica, North Ryde, NSW, Australia). For western blotting, mice were deeply
anesthetized via intraperitoneal injection of sodium pentobarbital and transcardially perfused
with ice-cold 0.1% diethylpyrocarbonate in 0.9% saline for 3 mins. Brains were rapidly
dissected and frozen in -80 °C isopentane. Sections were sliced using a cryostat (-20 °C) at a
thickness of 200 um. The peri-infarct territory (2 mm2 around the infarct core, Bregma +1.0 to
-1.0 mm) and the hippocampus (Bregma -1.2 to -2.5 mm) were isolated using a 1 mm tissue
punch and samples were stored at -80 °C until further analysis (340).

Histological Analysis

Cresyl Violet. Fixed sections at Bregma 1.0, 0.0, -1.0 and -1.5 mm were mounted on glass
slides and air-dried. Sections were defatted in chloroform:ethanol solution for 8 min, followed
by rehydration in a series of ethanol solutions: absolute (1 min), 95% (1 min) and 70% (1 min).
Sections were stained in Cresyl Violet solution for 15 min, then washed in 70% ethanol (1
min), 95% ethanol (1 min), differentiating solution (2 min) and absolute ethanol (3 x 1 min).
Finally, the sections were cleared in xylene (3 x 1 min) and cover slipped (337).

Sudan black. Sections were mounted and rinsed with 70% ethanol, followed by 15 min
incubation with Sudan Black B solution (Sigma-Aldrich, USA). After staining, sections were
rinsed with 70% ethanol and water and counterstained with nuclear fast red solution for 5 min
(Sigma-Aldrich, USA) (341).

Immunofluorescence. Free-floating fixed sections were co-immunostained using standard
protocols (342). Sections were rinsed, and non-specific binding sites were blocked using 3%
bovine serum albumin. Sections were incubated in primary antibodies (GFAP, Ibal, A}, NeuN)
overnight at 4 °C, followed by a 2 hour incubation in corresponding secondary antibodies at 25
°C. For blood vessel detection, Lectin staining was performed together with the secondary
antibody incubation (see Supplementary Table 1 for antibodies and concentrations). Brain
sections were washed with PBS in between each incubation step and subsequently mounted
and cover slipped.

Protein extraction and Western blotting

The peri-infarct territory (Bregma +1.0 to -1.0 mm) and the hippocampus (Bregma -1.2 to -2.5
mm) were isolated using a 1 mm tissue punch. Samples were sonicated in 300 pl lysis buffer
(50 mM TRIS buffer pH 7.4, | mM EDTA, | mM DTT, 80 uM ammonium molybdate, | mM
sodium pyrophosphate, 1 mM sodium vanadate, 5 mM b-glycerolphosphate, 1 protease

106



inhibitor cocktail tablet, 1 phosphatase inhibitor cocktail tablet, final concentration) and
centrifuged at 14000 G for 20 min at 4°C. The supernatant fractions were collected and protein
concentrations determined using a Pierce BCA protein assay kit (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions. Samples were mixed with sample buffer
(2% SDS, 50 mM Tris, 10% glycerol, 1% DTT, 0.1% bromophenol blue, pH 6.8). 15 pg of
total tissue protein samples were electrophoresed into Biorad Criterion TGX Stain-Free 4-20%
gels. Gels were transferred to PVDF membranes, washed in Tris-buffered saline with tween
(TBST) (150 mM NaCl, 10 mM Tris, 0.075% Tween-20, pH 7.5) and incubated in 5% skim
milk powder in TBST for 1 hour at room temperature. Membranes were incubated with primary
antibodies (AP and CD11b) overnight at 4 °C and secondary antibody for 1 hour at room
temperature (see Supplementary Table 1 for antibody concentration). In between each
incubation step, membranes were washed in TBST. Membranes were visualized on an
Amersham Imager 600 using Luminata Classico or Luminata Forte western blotting detection
reagents. The density of the bands was measured using Amersham Imager 600 analysis
software (337).

Supplementary Table 1: List of antibodies used for western blot and immunofluorescence
analyses.

Target Sources of antibodies Application Dilution
Amyloid-f Biolegend, anti-Amyloid-f (6E10), # SIG-39320 WB 1:1000
IF 1:1000

CD11b Abcam, anti- CD11b, #ab75476 WB 1:2000

NeulN Millipore, anti-NeuN (clone A60), #MAB377 IF 1:2000

Iba-1 WAKO, anti-Iba-1, #019-19741 IF 1:1000

GFAP Sigma-Aldrich, Anti-Glial Fibrillary Acidic IF 1:1000
Protein (GAS), #G3893

Lectin Vecton Laboratories, DyLight 649 Lycopersicon IF 1:1000
esculentum (Tomato) lectin #DL-1178

B-actin Sigma-Aldrich, Monoclonal Anti-B-actin-HRP WB 1:50000
antibody, A3854

Rabbit IgG Biorad, Anti-Rabbit-HRP antibody, #170-6515 WB 1:7500
ThermoFisher Scientific, anti-Rabbit IgG (H+L) IF 1:400

Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488, #A21206

Mouse IgG Biorad, Anti-Mouse-HRP antibody, #170-6516 WB 1:10000
ThermoFisher Scientific, anti-Mouse IgG (H+L) IF 1:400
Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594, #A21203

WB, western blot; IF, immunofluorescence
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Supplementary figures
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Supplementary Figure 1. Diagram for inclusion and exclusion of mice in this study. Mice
were removed from the study if we histologically identified that the stroke had not occurred. A
total of 85 mice were used in this study. A total of 24 mice were used for visual discrimination
reversal (VDR) task and sacrificed at 84 days post-stroke to perform protein analysis of the
brain. A total of 24 mice were used for paired-associate learning (PAL) task and sacrificed at
84 days post-stroke to perform histology analysis. A third cohort of mice were sacrificed at
either 1 week (stroke n=18) or 1 month (stroke n=19) post-stroke, and the brains used for
subsequent protein or histological analyses. This cohort was not subjected to functional testing,
and the brains were used as representative for the 1 week or 1 month time points. A total of 18
and 19 mice were sacrificed at 7 and 28 days post stroke respectively. Brains were used for
protein and histology analysis.
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Supplementary figure 2. Metrics of the paired-associate learning (PAL) and visual
discrimination (VD) task. For the VDR task, we measured number of trials completed within
60 min, time to complete 36 trials and total number of correction trials in the subacute (a) and
chronic phase (b). The same metrics were measure for the PAL task during the subacute (c)
and chronic phase (d). Mean£SD (two-way ANOVA and Sidak's multiple comparisons). **
p<0.01
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Supplementary figure 3. Stroke induces white matter tract loss. Images represent Sudan Black
B staining at Bregma levels 1.0, 0.0, -1.0 and -1.5mm. Quantification of white matter loss was
measured as a difference between the contralateral (CL) and ipsilateral (IL) hemisphere. We
observed white matter loss at Bregma -1.0 mm and -1.5 mm in stroked mice compared to shams
at both 7 and 28 days, but not 84 days, post-stroke. Mean+SD (Two-way ANOVA and Turkey’s
multiple comparison test). *p < 0.05; **p < 0.01.
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Supplementary figure 4. (a) Representative immunofluorescence images of DG region of the
hippocampus labelled with GFAP (scale bar = 100 um) and quantification of reactive
astrogliosis (% area of GFAP+). (b) Representative immunofluorescence images of the DG
region and quantification of microglia morphology over time (scale bar = 100 um; scale bar of
magnification = 50 um). White dotted square represents the area of morphological analysis.
We observed a significant increase in the number of cells but there were no significant changes
in other parameters. Mean+SD (Two-way ANOVA and Turkey’s multiple comparison test).
*p <0.05; **p <0.01; ***p <0.001.
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Supplementary figure 5. Representative immunofluorescence images of A} immunostaining
(red) and Lectin (blue) and high magnification detail (scale bar=100 pm) in the DG region of
the hippocampus. The immunofluorescence signal appeared to be consistent in the DG
throughout all experimental groups.
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Supplementary figure 6. Stroke increases the expression of CD11b, a microglial activation
marker. (A) Representative western blot and quantification of CD11b expression profile within
the peri-infarct. (B) Representative western blot and quantification of CD11b expression
profile within the hippocampus. MeantSD (Two-way ANOVA and Turkey’s multiple
comparison test). *p < 0.05; **p <0.01; ***p < 0.001.
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Abstract: Motor impairment is the most common and widely recognized clinical outcome after stroke.
Current clinical practice in stroke rehabilitation focuses mainly on physical therapy, with no
pharmacological intervention approved to facilitate functional recovery. Several studies have
documented positive effects of growth hormone (GH) on cognitive function after stroke, but
surprisingly the effects on motor function remain unclear. In this study, photothrombotic occlusion
targeting the motor and sensory cortex was induced in adult male mice. Two days post-stroke, mice
were administered with recombinant human GH or saline, continuing for 28 days, followed by
evaluation of motor function. Three days after initiation of the treatment, bromodeoxyuridine was
administered for subsequent assessment of cell proliferation. Known neurorestorative processes
within the peri-infarct area were evaluated by histological and biochemical analyses at 30 days post-
stroke. This study demonstrated that GH treatment improves motor function after stroke by 50-60%,
as assessed using the cylinder and grid walk tests. Furthermore, the observed functional
improvements occurred in parallel with a reduction in brain tissue loss, as well as increased cell
proliferation, neurogenesis, increased synaptic plasticity and angiogenesis within the peri-infarct area.
These findings provide new evidence about the potential therapeutic effects of GH in stroke recovery.

Keywords: Ischemic stroke, growth hormone, motor recovery, neurogenesis, neuronal plasticity,
vascular remodeling

1. Introduction
Stroke is a leading cause of disability globally [1]. The most common and widely recognised
neurological impairments caused by stroke are deficits in motor function [2]. Therefore, motor-based

rehabilitation techniques have been developed to promote the recovery of motor impairments in stroke
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patients [3-7]. Current clinical practice for impaired sensorimotor functions are mainly based on
physical therapy starting within 48 hours of stroke onset, which can last for as long as months and years
after the stroke [4,8]. Rehabilitation after stroke is often a long and slow process, and therefore the
development of new effective therapeutic strategies that can enhance the recovery of brain function
and improve functional outcomes are highly desirable. An innovative solution may be the use of a
pharmacological strategy to promote a pro-restorative environment within the brain. One promising
strategy in this regard is growth hormone (GH).

The therapeutic potential of GH on brain repair after brain injury or stroke has been considered in
both human [9-18] and preclinical [19-24] studies. GH, a peptide hormone released from the anterior
pituitary gland, plays an important role in brain growth, development and function [11]. Critically,
prior work has documented the widespread expression of GH and GHR in the rat brain [25], and the
ability of GH to stimulate the genesis of neuronal stem cells [26] and endothelial cells, as well as to
promote synaptogenesis [27]. It is well known that any injury to the adult brain generates an adaptive
brain repair response, which includes the proliferation of new cells and differentiation into different
populations [28-31]. Previous experimental studies have shown that ischemic injury induces
proliferation of newly born neurons in the subventricular zone, migration of these immature neurons,
and localization within the peri-infarct region [31-36]. However, this self-repair mechanism operates
only acutely after stroke and is insufficient to promote long-term recovery. Interestingly, several
experimental studies have shown that GH can promote these neurorestorative or plasticity-promoting
processes beyond what occurs with spontaneous recovery after brain injury or stroke, and this
increased neurorestoration is closely linked with improvement in functional outcomes
[9,11,15,18,37,38]. Despite the fact that the positive effects of GH in the adult brain have been extensively
studied, it is still not clear whether GH could promote motor function after stroke.

In previous studies, we assessed the pro-cognitive effects of peripherally administered GH after
experimental stroke and the possible underlying mechanisms leading to such effects. We found that
GH treatment promotes cognitive recovery after stroke, however sensorimotor effects were not
evaluated. In addition, we found an increased expression of neurotrophic factors, markers of
synaptogenesis and myelination, and the formation of new blood vessels [39]. However, there is still a
large gap in our understanding of whether GH treatment could also enhance motor function after
stroke, and whether this is associated with neurorestorative processes within the peri-infarct regions.

In this study, we aimed to evaluate whether GH treatment could promote motor function after
experimental stroke. Our primary hypothesis was that mice who received stroke that were then treated
with recombinant human growth hormone (rhGH) for 28 days, starting at 48 hours post-stroke, would
improve performance in motor tasks relative to non-rhGH-treated stroke mice. Our secondary
hypothesis was that the rhGH-treated stroke mice would show an enhancement in known
neurorestorative processes within the peri-infarct region. We assessed cellular and molecular changes
using comprehensive and cross validated approaches including bromodeoxyuridine (BrdU) tagging,

co-immunolabelling, and western blotting analyses.
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Figure 1. (A) Experimental timeline. Photothrombotic stroke was induced in all mice. Two days post-
stroke, mice were randomly treated with either saline or rhGH via mini-osmotic pumps for 28 days. At
day 3 mice were injected with BrdU for 5 consecutive days. Mice were assessed by motor tests at one
day before stroke (pre-stroke), one day after stroke (post-stroke) and 29 days post-stroke (post-
treatment). (B) Diagram illustrating the site of photothrombotic stroke induction (grey area) at Bregma
0.0 mm. Red squares represent the area of the peri-infarct region selected for immunofluorescence
analyses. The peri-infarct territory, which is found in the 2 mm around the infarct core, was dissected

for protein analysis. Bar =1 mm.

2. Results
2.1. GH treatment improves motor function

We treated the mice with either saline (n=10) or thGH (n=10) using a mini-osmotic pump, starting
at 48 hours post-stroke for 28 days. Mice were assessed for motor deficits one day before stroke (pre-
stroke), one day after stroke (post-stroke) and at 29 days post-stroke (post-treatment) (Figure 1). We
used the cylinder task to evaluate locomotor asymmetry. This task evaluates the forelimb preference
that mice utilise for upright postural support when rearing up on the cylinder wall. Data on the
asymmetry scores indicated that there were no significant differences in forelimb preference prior to
stroke. One day after stroke, all mice showed a significantly stronger preference for using their
ipsilateral (unaffected) forelimb. At 29 days post-stroke, we found a significant motor improvement
(50.32%, p=0.0123) in thGH-treated stroke mice compared with saline-treated mice (Figure 2A). Motor

function was also assessed using the grid walk task. This task evaluates the ability of mice to effectively
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place their paws on an elevated grid during locomotion. As expected, there was no difference in the
number of foot faults before stroke. One day after stroke, the number of foot faults on the contralateral
(affected side) was significantly higher in all stroke mice. At 29 days post-stroke, there was a significant

effect of thGH treatment on motor function recovery (64.27%, p<0.0001; Figure 2B).

Figure 2. The effects of recombinant human growth factor (thGH) treatment post-stroke on motor
function. (a) Asymmetry scores were evaluated by the cylinder test, which shows that mice that
received rhGH treatment significantly improve motor function. (b) A foot fault index was evaluated by
the grid walk test, which also shows an improvement in motor function after rhGH treatment. In all
panels, red colour designates saline treatment and blue designates rhGH treatment. Mean+SD. n.s =no

significant. *p<0.05 and ***p<0.001.
2.2. GH treatment increases plasma IGF-1 levels

rhGH treatment administered post-stroke significantly increased IGF-1 (Saline treatment 289.9 +
36.14 vs. thGH treatment 433.5 + 44.2 ng/ml, 49.51%, p<0.0001) and IGFBP-3 (Saline treatment 254.3 +
50.06 vs. thGH treatment 293.7 + 26.1 ng/ml, 15.49%, p=0.0405) levels in plasma, assessed at time of
sacrifice. These results have confirmed that commercially available rhGH has significant effects on
mouse physiology when delivered subcutaneously via mini-osmotic pump. Further, we assessed the
association between plasma IGF-1 and motor performance. A Pearson correlation analysis showed a
significant positive correlation between plasma IGF-1 levels and cylinder task performance post thGH
treatment (r=-0.6789; Py =-0.002513x + 1339=0.0010) (Supplementary Figure 3a). There was also significant a
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correlation between plasma IGF-1 levels and the grid walk task performance post rhGH treatment

(r=0.8879; Py =0.0003785x - 0.1977<0.0001) (Supplementary Figure 3b).
2.3. GH treatment reduces tissue loss

Using Cresyl Violet staining we estimated the tissue loss at 0.0 mm and -2.0 mm from Bregma. We
found a significant decrease in tissue loss at Bregma 0.0 mm at 30 days post stroke in mice treated with
rhGH (29.89%, p=0.0088; Figure 3).

Figure 3. Cresyl violet staining of brain sections from Bregma 0.0 mm and -2.0 mm. Tissue loss was
calculated as contralateral (CL) hemisphere area — ipsilateral (IL) hemisphere area (mm?). *p<0.05 and
***p<0.001. Bar = 1 mm.

2.4. GH treatment promotes cell proliferation and neurogenesis within the peri-infarct region

We assessed several selected neurorestorative effects of rhGH after stroke using an
immunolabelling approach. Firstly, we performed BrdU and NeuN co-labelling (Figure 4A). BrdU is
an analogue of the nucleoside thymidine, which can be incorporated into replicating DNA and
therefore can be used to identify proliferating cells [40]. In the peri-infarct region, we found a significant
increase in the number of BrdU-positive cells in stroke mice treated with rhGH compared with saline
treated mice (109.67%, p=0.0035; Figure 4B). We also observed an increase in the number of NeuN-
positive neurons (9.10%, p = 0.0256) (Figure 4C). To assess whether these proliferating cells have
differentiated into neurons, we analysed co-localisation of BrdU and NeuN labelling. thGH treatment
post-stroke significantly increased the number of BrdU-NeuN-positive cells (139.44%, p =0.0073; Figure
4D).

Next, we analysed the levels of doublecortin (DCX), a marker of immature neurons [41]. DCX is a
microtubule-associated protein, which is necessary in the proliferation of progenitor cells during
neurogenesis [42,43]. Optical density of DCX immunofluorescence images within the peri-infarct were
quantitatively assessed using a threshold analysis protocol. This immunofluorescence data revealed a

significant increase in material thresholded for DCX (201.97%, p = 0.0115, at pixel intensity 225; Figure
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5A) in stroke mice treated with rhGH compared with saline treatment. We further confirmed this
histology data using a western blot protocol. The protein homogenates from the peri-infarct region of
stroke+saline and stroke+rhGH cohorts were analysed along with a sham+saline cohort. We found a

significant increase in DCX levels (0.44 fold, p = 0.0010; Figure 5C) after rhGH treatment.
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Figure 4. rhGH treatment promotes cell proliferation and neurogenesis in the peri-infarct region. (A)
Representative immunofluorescence images, which are co-labelled with BrdU (yellow) and NeuN
(blue), with orthogonal view also presented (far right). The white arrowhead shows a co-labelled cell
visualized in orthogonal view. (Scale bar =50 pm). thGH treatment post-stroke significantly increased
the number of BrdU-positive cells (B), NeuN-positive cells (C) and BrdU-NeuN-positive cells (D).
Mean+SD. *p<0.05 and **p<0.01

2.5. GH treatment promotes expression of GIuR1 within the peri-infarct region

We also assessed the levels of AMPA Receptor 1 (GluR1). GluR1 is a receptor implicated in synapse

formation, stabilization, and plasticity [44]. The immunofluorescence data revealed a significant

122



increase in material thresholded for GluR1 (203.54%, p = 0.0003, at pixel intensity 220; Figure 5B) in
stroke mice treated with rhGH compared with saline treated mice. The western blot data also shows a

significant increase in GluR1 (0.49 fold, p = 0.001; Figure 5D) levels after rhGH treatment.

Figure 5. Increased expression of both DCX and GluR1 in the peri-infarct region after thGH treatment.
(A) Representative confocal images of peri-infarct areas co-labelled with DCX (green) and Neurotrace
(blue) and high magnification (Scale bar =50 um). Quantification of material thresholded at the pixel
intensity 225 shows an increase in DCX-positive structures after rhGH treatment. (B) Representative
confocal images of peri-infarct areas co-labelled with GluR1 (green) and Neurotrace (blue), and high
magnification (Scale bar =50 pm). Quantification of material thresholded at the pixel intensity 220
shows increased GluR1-positive structures after thGH treatment. (C) Representative western blot and
quantification using anti-DCX antibody within the peri-infarct region. Quantification revealed
increased expression of DCX in rhGH treated mice. (D) Representative western blot and quantification
using anti-GluR1 antibody within the peri-infarct region. Quantification revealed increased expression
of GluR1 in thGH treated mice. Mean+SD. *p<0.05, **p<0.01 and ***p<0.001.

2.6. GH treatment promotes angiogenesis within the peri-infarct region
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We next analysed the brain vasculature after thGH treatment (Figure 6A). To assess vascular
density, we used Lectin as a blood vessel staining and we performed a digital reconstruction of vessels
for analysis of the immunofluorescence images. We found a significant increase in the percentage area
covered by Lectin within the peri-infarct region in stroke mice treated with rhGH compared with saline
treatment (18.20%, p = 0.0129; Figure 6B).

To assess whether the BrdU-positive cells have differentiated into endothelial cells, we performed
co-labelling analyses of BrdU with Lectin. We found that rhGH treatment post-stroke significantly
increased the number BrdU-Lectin-positive cells (98.91%, p = 0.0103; Figure 6C).

Figure 6. rhGH treatment promotes angiogenesis in the peri-infarct region post-stroke. (A)
Representative immunofluorescence images of cells co-labelled with BrdU (yellow) and Lectin (purple)
and orthogonal view (far right). The white arrowhead shows a cell visualized in orthogonal view. (Scale
bar =50 pm). thGH treatment post-stroke significantly increased the % of area that was positive for

Lectin (B) and the number of BrdU-Lectin-positive cells (C). Mean+SD. *p<0.05.
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3. Discussion

The main finding of the present study is that GH treatment improves motor function after
experimental stroke. Specifically, GH treatment for 28 days starting 48 hours post photothrombotic
stroke significantly improved motor function, when compared with non-GH-treated stroke mice.
Motor function was assessed using two different tasks; and in both tasks, GH treatment significantly
improved motor deficits. GH treatment reduced the preference for spontaneous use of ipsilateral
forelimbs during the cylinder task and decreased the number of foot-faults on grid walk task. Secondly,
we studied selected neurorestorative processes, which have been previously linked to motor
improvement. We observed an increased in proliferation of progenitor cells, neurogenesis, increased
synaptic plasticity and angiogenesis within the peri-infarct area. Collectively, these results provide
novel evidence supporting the use of GH after stroke to enhance known neurorestorative processes
within the peri-infarct region, leading to an improvement in motor function.

In our previous study, we demonstrated that GH treatment post-stroke stimulates cognitive
recovery in mice [39]. However, we did not investigate whether GH could improve motor function
after stroke. Currently, therapies that promote functional motor recovery after stroke are exclusively
limited to physical rehabilitation and secondary prevention, with only a modest degree of recovery
[45]. While rehabilitation plays an important role in recovery from stroke, a pharmacological therapy
to enhance this recovery would be highly desirable. GH is a particularly interesting option due its
approval profile, efficacy and safety. Furthermore, there is now building evidence demonstrating that
GH treatment in addition to standard rehabilitation can significantly contribute to the motor recovery
of an acquired brain injury [9-24,37,46,47]. For instance, Heredia et al. [18,37] observed that
administration of GH subcutaneously together with rehabilitation significantly improved motor
function in rats as measured by the paw-reaching-for-food task. Therefore, we were motivated to
extend the existing preclinical literature to consider GH treatment for its ability to ameliorate motor
impairments after stroke [14].

In the present study, we aimed to investigate the effect of GH alone on motor function using a
photothrombotic stroke model. Specifically, we utilised a battery of tests to assess the impact of GH on
motor function. The cylinder and grid walk tests are standard motor function assessments, which have
been extensively validated and used in experimental stroke studies [48]. As expected, photothrombotic
vascular occlusion of the motor and somatosensory cortices resulted in a clear impairment of motor
function at 1 day post-stroke which persisted for up to 30 days. The stroke mice showed preferential
use of the unaffected forelimb and an increase in foot faults when using the impaired limb(s). Critically,
GH treatment had a significant effect on enhancing recovery from these motor deficits at 30 days post-
stroke, ameliorating the preferential use of the unaffected limb and reduction in the number of foot
fault errors, thus confirming our primary hypothesis. It should be noted that our findings differ from
the results from a study conducted by Pathipati et al. [14]. Although they found minor positive effects
on motor recovery as assessed by a forepaw inhibition test, they did not observe any significant
difference in forelimb asymmetry (cylinder task) after stroke between the GH and vehicle treatment
groups. This discrepancy may be accounted for by different experimental stroke models
(photothrombotic vs middle cerebral artery occlusion) and GH delivery (subcutaneous vs

intracerebroventricular). In addition, we identified that GH treatment enhanced circulating levels of
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IGF-1 and its primary circulating binding protein IGFBP-3. Previous studies have demonstrated the
effect of IGF-1, a primary mediator of GH, on improving motor function after stroke [49,50]. Our data
also suggests that higher circulatory levels of IGF-1 are associated with better motor outcomes.

To extend our understanding of the mechanisms behind the positive effects of GH on motor
function, we also examined the impact of GH in known neurorestorative processes. Specifically, we
focused on proliferation of progenitor cells, neurogenesis, synaptic plasticity and cerebrovascular
remodelling. We observed a significant reduction in the tissue loss from the ipsilateral hemisphere at
Bregma 0.0 mm in stroke mice treated with GH, which is consistent with our previous observation [39].
To interpret these results, we have to consider that in this study we started the GH treatment at 48h
post-stroke. At this time point, most of the neurons within the infarct would have died [51] and
therefore we would not link the decrease in tissue loss to a neuroprotective effect of GH. Instead, we
would suggest that the reduction of tissue loss of the ipsilateral hemisphere is attributed to an increase
in neurorestorative processes. To support our hypothesis, we used BrdU tagging to assess proliferating
cells. We observed an increased number of BrdU-positive cells within the peri-infarct regions in stroke
mice treated with GH, which is consistent with previous studies demonstrating that GH promotes cell
proliferation within the central nervous system [52,53]. Critically, these progenitor cells are known to
release neurotrophic factors to provide an environment which may contribute to neural network
remodelling and functional recovery [54,55].

We then studied the fate of these newly proliferating cells. Firstly, we analysed the number of
BrdU-NeuN-positive cells and we observed an increase in the number of these cells in stroke mice
treated with GH. We would interpret that the new proliferating cells have differentiated (or matured)
into neurons, supporting the idea that GH promotes neurogenesis after stroke [56]. Secondly, we
considered the levels of expression of DCX, a protein mainly expressed by immature neurons in
neurogenic niches [57-59]. Interestingly, previous studies have demonstrated that the number of DCX-
positive cells positively correlates with recovery from functional deficits after stroke and, on the other
hand, conditional ablation of DCX deteriorates both short- and long-term functional outcomes post-
stroke [60-62]. Specifically, Jin et al. [61] showed that depletion of DCX exacerbated sensorimotor
behavioural deficits measured by rotarod, limb placing, and elevated body swing tests. Here, we
showed that GH treatment in stroke mice also resulted in a significant increase in DCX-positive
structures and protein levels within the peri-infarct region. The ability for GH to promote neurogenesis
within the peri-infarct region after stroke is a critical finding, as previous studies reported an
association between functional motor recovery and the number of newly born neurons in the motor
and somatosensory cortex after ischemic injury [63].

Synaptic plasticity is also known to play a critical role in recovery post-stroke [64]. We investigated
the AMPA receptor subunit GluR1, which is implicated in synapse formation, stabilization, and
plasticity [65-67]. Previous studies have indicated that an enhancement in synaptic plasticity,
specifically AMPA signalling, promotes motor recovery after stroke [68]. Clarkson et al. [68] showed
that positive allosteric modulators of AMPA receptors enhance motor recovery when administered
after stroke, while AMPA receptor antagonists impair motor recovery in a photothrombotic stroke
model. Here, we identified an increase in GluR1-positive structures and protein levels within the peri-

infarct region post-stroke in the GH treated group. This finding further supports that GH plays an
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important role in synaptogenesis after stroke, as we previously observed an increase in the protein
levels and density of synapsin-1 after GH treatment in a stroke model [39].

Post-stroke angiogenesis is an essential process to restore brain function, leading to functional
recovery [69]. Over several weeks after stroke, spontaneous proliferation of capillary endothelial cells
and a gradual increase of revascularization has been observed [70-72]. Furthermore, most of the
neurorestorative agents that improve functional outcomes after stroke or brain injury increase
angiogenesis [73-77]. For instance, Chen et al. demonstrated that statins effectively enhanced motor
function and this beneficial effect appeared to be mediated by an increased in angiogenesis,
neurogenesis and synaptogenesis [76,78]. In addition, GH has been previously associated with
angiogenesis in various areas of the brain. Sonntag et al. demonstrated that GH treatment increases
cerebrocortical arteriolar density in aged rats [79]. It is therefore reasonable to propose that
angiogenesis might be upregulated in the brain after GH treatment, and may contribute to the
improvement in motor function. Here, we analysed vessel density in the peri-infarct area using
immunofluorescence labelled tomato-Lectin, which binds to glycoproteins located in the glycocalyx
and in the basal membrane of endothelial cells [80]. Our results indicate that GH increases vessel
density and area coverage at day 30 days post-stroke. Critically, we observed an increase in the number
of BrdU-Lectin-positive cells in the mice treated with GH following stroke, suggesting that GH has the
ability to enhance angiogenesis. These findings align with our previous study where we showed that
GH has a positive effect on cerebrovascular remodelling by increased density and area coverage of both
cluster of differentiation 31 (CD31) and collagen-IV—positive cells, which are typical endothelial cells
markers commonly used to identify blood vessels.

One potential limitation of this study is that we did not considered the effect of GH on
inflammatory processes after stroke. It is well documented that neuroinflammation also plays an
important role in the pathophysiology of acute brain ischemia. Such phenomena are characterized by
rapid activation of microglia, astrogliosis, infiltration of peripheral immune cells and production of
pro-inflammatory cytokines [81-87]. Interestingly, GH has been previously demonstrated to induce
gliogenesis [11]. It would certainly be worthwhile to investigate the effect of GH on neuroinflammatory
processes after stroke in future studies.

In conclusion, in this study we demonstrated that peripheral GH treatment improves motor
function post-stroke. This motor improvement is associated with enhancement of neurorestorative
processes such as cell proliferation, neurogenesis, synaptic plasticity and angiogenesis. Collectively our
results reinforce the concept of using GH as a useful therapeutic tool in promoting brain recovery post-
stroke. This may be clinically relevant as there are studies documenting high incidence of GH
dysregulation after stroke [88-90]. While our results are encouraging and support earlier promising
results from our group and others, further research should consider how long after the initial stroke we
could start the treatment, what would be the optimal dose and timing required to promote functional
recovery and how long after the cessation of the treatment do the positive outcomes persist for, as well
as the interaction of the treatment with common comorbidities. Further, the usage of GH as an adjuvant
during rehabilitation after stroke should be considered. We propose that GH appears to represent a

promising therapeutic intervention after stroke and should be considered for clinical studies.
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4. Materials and Methods
4.1. Animals

Male C57BL/6 mice (10 weeks; n =48) were provided by the Animal Services Unit at the University
of Newcastle. Mice were housed in cages with food and water available ad libitum in a temperature-
(21°C+1) and humidity-controlled environment. The room lighting was set on a 12:12 hour reverse
light-dark cycle with lights on at 19:00. All animal procedures were conducted during the dark phase.
Prior to the initiation of the experiments, mice were allowed to acclimatise to the environment for seven
days. Experiments were approved by the University of Newcastle Animal Care and Ethics Committee
(A-2014-432) and conducted in accordance with the New South Wales Animals Research Act and the
Australian Code of Practice for the use of animals for scientific purposes. The ARRIVE guidelines
(Animal Research: Reporting of In Vivo Experiments) were adhered for all animal procedures. Mice
were randomized into the experimental groups. Behavioural assessments, histological and
biochemistry analyses were performed in a blinded manner (see Supplementary Figure 1 for details

about animal number and inclusion/exclusion criteria).
4.2. Sample size calculation

Sample size was estimated using G*Power 3.1 software. Calculations were made based on
previous data on thGH treatment after experimental stroke [39], we obtained an effect size of d=1.6.
Allowing a type 1 error of 5%, a=0.05, with the power of 80%, 3=0.2, we calculated a samples size of 8

animals per group.
4.3. Experimental design

The first cohort of mice (n=24) was used to investigate the neurorestorative effects of rhGH in
promoting motor function recovery, and to explore the underlying mechanisms using histological
analysis (see Figure 1A for timeline). Day 0, all mice underwent photothrombotic occlusion. Treatment
with thGH (1.4 mg/kg body weight per day) or saline began on Day 2. thGH was delivered
subcutaneously via mini-osmotic pumps and continued for 28 days. At day 3 post-stroke, mice were
injected with BrdU (50 mg/kg body weight/day, Sigma-Aldrich, USA) continuing for 5 consecutive
days. Motor function was assessed one day prior to stroke (pre-stroke), Day 2 (post-stroke) and at 29
days post-stroke (post-treatment). On day 30, mice were euthanized using sodium pentabarbitol.
Plasma samples were collected for analysis of insulin-like growth factor 1 (IGF-1) and insulin-like
growth factor-binding protein 3 (IGFBP-3) levels using ELISA kits. After blood was collected, mice were
perfused and brains collected for histological analysis.

The second cohort of mice (n=24) was generated for protein biochemical analysis of the peri-infarct
territory. Day 0, all mice were randomly allocated to receive either photothrombotic occlusion or sham
surgery. Treatment with thGH (1.4 mg/kg body weight per day, or saline control) or saline began on
Day 2, subcutaneously via mini-osmotic pumps for 28 days. Mice were sacrificed on day 30 and brains

collected for biochemical analysis.
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4.4. Photothrombotic occlusion

Photothrombotic occlusion was performed as described previously [91-93]. Firstly, mice were
anesthetized with 2% isoflurane and placed on a temperature controlled (37°C + 1) stereotaxic frame.
Mice received an intraperitoneal injection of Rose Bengal (200 pl, 10 mg/ml solution in sterile saline,
Sigma-Aldrich, USA) or sterile saline (0.9% NaCl, Pfizer, Australia) before the skull was exposed by
incision of the skin. At 8 min post-injection, a cold light source (4.5 mm diameter) was placed on the

skull at 2.2 mm left lateral of Bregma 0.0 mm for 15 min.
4.5. Mini-osmotic pump placement

Mini-osmotic pump placement was performed as previously described [94]. Briefly, at 48 hours
post-stroke, mice were anaesthetized with 2% isoflurane. An incision was made in the skin between the
scapulae to create a subcutaneous space for the mini-osmotic pumps (Model 2004, Alzet, USA). The
mini-osmotic pumps were filled with 200 ul of either rhGH (Somatropin 10 mg/1.5 mL, SciTropin A,
SciGen, Australia) or sterile saline. The pumps deliver 0.25 ul/hour for 28 days (0.04 mg rhGH per day).
After the pump was placed into the subcutaneous space, the skin incision was closed with staples. The

surgical procedure was performed in a temperature- (37°C+1) controlled environment.
4.6. Motor test

As outlined in the experimental design, motor tests were performed one day pre-stroke, one day
post-stroke and at 29 days post-stroke.

Forelimb asymmetry was assessed by a cylinder test as previously described [86,92,95]. Briefly,
each mouse was placed in a glass cylinder. The locomotor activity was recorded using video cameras
from two different angles. The first forelimb to touch the wall of the cylinder during a full rear was
scored as a wall placement. When both forelimbs (left and right) simultaneously touched the wall of
the cylinder, it was considered as one placement for each forelimb. A total of 20 forelimb placements
per mouse were scored by a blinded researcher. The forelimb asymmetry score was calculated as the
ratio of non-impaired forelimb placement minus impaired forelimb placement to total forelimb
placement.

Deficits in limb placement were evaluated by grid walk test as previously described [92,95].
Briefly, each mouse was placed on a grid (2x2 cm?) elevated from the ground. The locomotor activity
was recorded using video cameras from two different angles. A “foot fault’ was scored when a mouse
failed to place their paw on the bars of the grid. The number of foot faults on each side was counted
over a total of 60 steps by a blinded researcher. A foot fault index was calculated as the ratio of non-

impaired foot faults minus impaired foot faults to the total number of steps.
4.7. ELISA

Commercially available ELISA kits were used to measure plasma levels of IGF-1 (mouse/rat IGF-

1 Quantikine ELISA (MG100; R&D systems, MN)) and IGFBP-3 (mouse IGFBP-3 ELISA (EMIGFBP3;
Thermo Fisher Scientific)), according to the manufacturer’s instructions.
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4.8. Histological Analysis

The first cohort of mice were perfused transcardially using 0.9% saline followed by 4%
paraformaldehyde (pH 7.4, both solutions kept in ice). Brains were collected and post-fixed for 4 hours
in 4% paraformaldehyde. Brains were then transferred to a 12.5% sucrose solution in 0.1M PBS and
stored until sliced. Brains were sliced (coronal sections) using a freezing microtome (Leica, North Ryde,
NSW, Australia) at a thickness of 30 um and kept in an antifreeze solution at 4°C. Fixed brains were
later used for histological analyses.

Cresyl violet staining was performed as previously described [86]. Coronal brain sections (2
sections per brain, Bregma 0.0 and -2.0mm) were mounted on glass slides and allowed to dry for 1 hour.
Sections were defatted in chloroform: consisting of submersion in ethanol solution for 8 min, followed
by rehydration in absolute ethanol, 95% ethanol and 70% ethanol. Sections were stained in Cresyl Violet
solution for 15 min. Then, sections were washed in 70% ethanol, 95% ethanol, differentiating solution
and absolute ethanol. Finally, the sections were cleared in xylene and cover slipped.

Immunofluorescence staining performed as previously described [85,96]. Free-floating fixed
sections were rinsed in PBS, and 3% bovine serum albumin was used to block non-specific binding. For
BrdU staining, antigen retrieval was performed before the blocking step as follows: 10 min HCl (1M)
incubation on ice, 10 min HCI (2M) incubation at room temperature, 20 min HCl (2M) incubation at
37°C, 10 min borate buffer (0.1M) incubation at room temperature and three washes in PBS +0.1% triton.
Sections were incubated with the appropriate primary antibody (DCX, GluR1, BrdU, NeuN) overnight
at 4°C. After the primary antibody incubation, sections were washed and incubated in corresponding
secondary antibodies for 2h at room temperature (see table 1 for antibody concentrations and acronym
description). For blood vessel detection, lectin staining was performed together with the secondary

antibody incubation. Finally, brain sections were mounted on glass slides, air-dried and cover slipped.
4.9. Image acquisition and analysis

Cresyl Violet images were acquired at 20x magnification using Aperio AT2 (Leica, Germany). The
estimated tissue loss area was determined as the area of contralateral hemisphere - area of ipsilateral
hemisphere using Image] software. Bregma levels 0.0 and -2.0 mm were used for analyses.

Co-immunofluorescence high resolution images of the peri-infarct area (Figure 1B) were taken on
a Leica TCS SP8 confocal microscope with a Leica HC PLC APO 10x/0.40 objective. For the peri-infarct
region of interest, 30 pm z-stacks with a step size of 1 um were taken. Imaging parameters (laser power,
resolution and gain) were held constant throughout all imaging sessions. Exhaustive automated BrdU
and NeuN cell counts were performed using Image] software (Supplementary Figure 2A). For analysis
of DCX and GluR1 labelling, we performed thresholding analyses and chose the optimal pixel intensity
that clearly reflected the immunofluorescence signal (Supplementary Figure 2C). To measure vessel
coverage (% Lectin-positive area), Lectin emission image was uniformly thresholded at a high
stringency (Supplementary Figure 2B). The area of vessel coverage was expressed as a percentage of

the overall image (Image] Software). For BrdU-NeuN-positive and BrdU-Lectin-positive co-labelling,
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we used the plugin ‘colocalization’ for Image]. The colocalized points of two 8-bits images were

highlighted by this plugin, and will appear as black points (Supplementary Figure 2D).
4.10. Protein extraction and western blotting

The second cohort of mice were transcardially perfused with cold 0.9% saline for 3 min. Brains
were dissected, snap frozen in isopentane and stored at -80°C. A cryostat (-20°C) was used to slice the
brains (coronal sections) at a thickness of 200 um. The peri-infarct territory (2 mm? around infarct core,
Bregma +1.0 to -1.0 mm) of each section was punched using a 1 mm tissue punch. Samples were stored
in -80°C for further biochemical analysis.

Protein extraction and subsequent western blotting were performed as previously described
[91,97,98]. Briefly, peri-infarct tissue samples (Figure 1B) were sonicated in 300 ul lysis buffer. The
components of the lysis buffer were 1% SDS, 1 mM ethylenediaminetetraacetic acid, 1 mM
dithiothreitol, 80 uM ammoniummolybdate, 1 mM sodium pyrophosphate, 1 mM sodium vanadate, 5
mM (-glycerolphosphate, 1 protease inhibitor cocktail tablet, 1 phosphatase inhibitor cocktail tablet in
50 mM TRIS buffer pH 7.4. The samples were centrifuged at 14000 G for 20 min at 4°C. Then,
supernatants were collected into new tubes to separate from the pellet fractions. For determination of
protein concentration, a Pierce BCA protein assay kit was used (Thermo Fisher Scientific, USA) per
manufacturer’s instructions. All supernatant samples were adjusted to 1.5mg/ml. The samples were
mixed with sample buffer (2% SDS, 50 mM Tris, 10% glycerol, 1% DTT, 0.1% bromophenol blue,
pH 6.8). For western blotting, 15 pg of lysate was loaded per lane and electrophoresed to Biorad
Criterion TGC Stain-Free 4-20% gels. Gels were transferred to polyvinylidene fluoride membranes.
After transferring, membranes were blocked with 5% skim milk for 1 h at room temperature. Then,
membranes were incubated with the primary antibody (DCX or GluR1, see table 1 for antibody
concentrations) in a rocking plate overnight at 4°C. The following day, membranes were washed with
tris-buffered saline, 0.1% Tween and incubated with the appropriate secondary antibody for 1 h at room
temperature. Membranes were visualized on an Amersham Imager 600 using Luminata Classico
western blotting detection reagent. The Amersham Imager 600 analysis software was used to analyse

the density of the bands.
4.11. Statistical analyses

All data were analysed using GraphPad Prism v7.02 and are expressed as mean + SD. Tissue loss
and motor test data were analysed using 2-way analysis of variance (ANOVA) followed by Sidak
multiple comparisons. ELISA, western blotting and immunofluorescence labelling were analysed using
2-tailed t-tests. Pearson correlation was used to determine the association between motor performance

and plasma IGF-1. A p value <0.05 was considered statistically significant.
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GH Growth hormone
rhGH Recombinant human growth hormone
BrdU Bromodeoxyuridine

IGF-1 Insulin-like growth factor 1
IGFBP-3 Insulin-like growth factor-binding protein 3

CL Contralateral

IL Ipsilateral
NeuN Neuronal nuclei
DCX Doublecortin

GluR1 AMPA Receptor 1
CD31 Cluster of differentiation 31
ELISA Enzyme-linked immunosorbent assay
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Supplementary figures and legends
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Supplementary Figure 1. Diagram for inclusion and exclusion of mice in this study. Mice
were removed from the study if we histologically identified that the stroke had not occurred,
or if malfunction of the mini-osmotic pumps had occurred. A total of 24 mice were used to
assess motor function, and their brains were used for histological analysis (Stroke + Saline,
n=12; Stroke + rhGH, n=12). A total of 24 sham mice were used for protein analysis of their
brains (Sham + Saline, n=6; Stroke + Saline, n=8; Stroke + rhGH, n=10).
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Supplementary Figure 2. Image processing and analysis. (A) Automated NeuN+ and BrdU+
cell counts were undertaken in the peri-infarct area using ImagelJ software. The original images
(left) were converted into a binary image (middle) and the black particles were counted (right).
(B) To assess the area covered by vessels, we used lectin staining. Confocal images (left) were
uniformly thresholded at a high stringency (right) using ImageJ. The Lectint+ area was
expressed as a percentage of the overall field of view. (C) To analyse the DCX and GluR1
staining, we performed thresholding analyses and chose the optimal pixel intensity that clearly
reflected the immunolabelled signal using Imagel]. The left panels represent the original
images. The right panels show material thresholded at the pixel intensity (PI) 220 (DCX) and
225 (GluR1). The number of pixels that were captured at and below PI 125 were then expressed
as a percentage of the total number of pixels in each image and this data was used to investigate
group differences. (D) To assess the number of BrdU+ cells that have differentiated into
neurons and blood vessels, we performed co-labelling analyses. Both channels (NeuN + BrdU
or Lectin + BrdU) were merged together (left images). We then used the plugin ‘colocalization’
within ImageJ. This plugin highlights the colocalized points of two 8-bit images. The
colocalized points appear in black (right images). The black particles were counted. Scale bar
for all the images = 50um.
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Supplementary Figure 3. Higher circulatory levels of IGF-1 are associated with better motor
outcomes. (A) Pearson correlation analysis shows a significant positive correlation between
serum IGF-1 levels and cylinder task performance post thGH treatment (r=-0.6789; Py - -
0.002513*x + 1.339=0.0010). (B) Pearson correlation analysis shows a significant correlation
between serum IGF-1 levels and grid walk task performance post thGH treatment (r=0.8879;
Py = 0.0003785%x - 0.1977)<0.0001). x-axis represents plasma IGF-1 (ng/mL).
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Abstract: Cognitive impairment is common after stroke, and disturbances in hippocampal function are
often involved, even in remote non-hippocampal injuries. In terms of hippocampal function, growth
hormone (GH) is known to affects plasticity and cognition. We aimed to investigate whether GH
treatment after an experimental cortical stroke could enhance remote hippocampal plasticity and the
hippocampal-dependent visual discrimination task. C57BL6 male mice were subjected to cortical
photothrombotic stroke. Stroke mice were then treated with either saline or GH at 48hrs after occlusion
for 28 days. We assessed learning and memory using mouse touchscreen platform for the visual
discrimination task. We also evaluated markers of neural progenitor cells, synaptic plasticity and
cerebrovascular remodelling in the hippocampal formation. GH treatment significantly improved the
performance on visual discrimination task after stroke. We observed a concomitant increased number
of bromodeoxyuridine-positive cells in the dentate gyrus of the hippocampus. We also detected
increased protein levels and density of doublecortin, a neuronal precursor cells marker, as well as
glutamate receptor 1 (GLuR1), a synaptic marker. These findings provide further neurobiological
evidence for how GH treatment could be used to promote hippocampal plasticity, in a remote region
from the initial cortical injury, and thus enhance cognitive recovery after stroke.

Keywords: Cognition, growth hormone, hippocampus, neurogenesis, synaptic plasticity, visual
discrimination

1. Introduction

Stroke leads to cognitive impairment partly due to the disruption of hippocampal function.
Recent studies provide evidence that stroke causes hippocampal structural changes and dysregulation
of hippocampal networks, leading to memory decline in humans [1-5]. Interestingly, cerebral ischemia
has been shown to stimulate proliferation of endogenous neural progenitor cells in animal models [6],
and stroke patients [7]. Previous studies have suggested that ischemic stroke triggers increased
proliferation of neural progenitor cells in hippocampal subgranular zone [8-14], and migration of these
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cells to the damaged areas [15-18]. However, these potential self-repair mechanisms are thought to
operate only for a restricted time period after stroke, with the number of newborn neurons being
insufficient for full tissue repair and their existence being transitory [19]. Recent findings suggest that
a significant portion of newborn neurons generated after stroke reveal aberrant morphology and fail to
correctly integrate into pre-existing networks [20,21]. Given the capacity of this regenerative
mechanism is limited, a therapeutic intervention that can stimulate neurogenesis and promote the
integration of newborn neurons would be highly desirable to promote post-stroke recovery of
cognition.

Interestingly, the pro-cognitive effects of growth hormone (GH) have been demonstrated in
multiple neurological conditions, including traumatic brain injury [22]. GH has been shown to
stimulate the genesis of neurons and endothelial cells, as well as to promote myelination and
synaptogenesis [23]. Importantly, we have recently shown that GH treatment after photothrombotic
vascular occlusion of the somatosensory and motor cortex, promoted a marked improvement in the
performance of associative memory cognitive domain as measured by the paired-associate learning
task [24]. We additionally found an enhancement of neurorestorative processes, such as increased cell
proliferation, neurogenesis, increased synaptic plasticity, myelination and angiogenesis within the
peri-infarct region, most likely contributing to the improvement of motor outcomes [24-28]. However,
we did not investigate the pro-cognitive effects of GH treatment on other cognitive domains and
possible neurorestorative changes in the hippocampus. Early studies by Pathipati at al. demonstrated
that intracerebroventricular delivery of GH after experimental stroke improved spatial memory using
the Morris water maze test, however, they did not investigate changes in the hippocampus [29]. Thus,
there are limited studies documenting the role of GH on hippocampal plasticity in the context of stroke
recovery.

Therefore, an important question that we wanted to address in the current study was how GH
treatment could enhance neurorestorative processes within the hippocampus remote to a cortical
stroke, thus leading to an improvement in overall post-stroke cognition. Specifically, we examined
changes in the density, distribution and protein expression of markers of neural progenitor cells in the
hippocampal formation, using bromodeoxyuridine (BrdU) tagging and doublecortin (DCX). We also
examined changes in the AMPA receptor subunit glutamate receptor 1 (GluR1), which plays an
important role in synaptic plasticity. In addition, we examined changes in cerebrovascular density,
using Tomato Lectin, a blood vessel staining. We assessed the effect of GH treatment on learning and
memory using mouse touchscreen platform for the hippocampal-dependent visual discrimination (VD)
task [30,31].

2. Results
2.1. GH treatment improves cognitive function

Cognitive function was assessed by hippocampal-dependent VD task for 18 consecutive days
(Fig. 1). We found a significant increase in % correct rate in r-hGH-treated stroke mice compared with
saline (Fq,18=7.402, p=0.014), and a significant time effect (F¢90=27.80, p<0.0001). Post hoc analysis
indicated an increase in the % of correct rate at the fourth, fifth and sixth block of sessions in r-hGH-
treated stroke mice (13.54%, p=0.036; 16.12%, p=0.007 and 18.52%, p=0.001, respectively). We also
observed a significant increase in the number of trials completed within 60 minutes (F,18=13.00,
p=0.002), and decrease in the time required to complete 30 trials (F(1,18=10.35, p=0.005) in r-hGH-treated
stroke mice (Fig. 1B). Post hoc analysis indicated an increase in the number of trials completed within
60 minutes from the third to sixth block of sessions (11.60%, p=0.0002; 9.47%, p=0.0033; 9.80%, p=0.0022;
9.10%, p=0.0053), and a decrease in the time required to complete 30 trials from forth to sixth block of
sessions (13.67%, p=0.0009; 14.28%, p=0.0005; 19.39%, p<0.0001) in r-hGH-treated stroke mice.
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Pearson correlation analysis shows a significant correlation between plasma insulin-like
growth factor 1 (IGF-1) levels and the performance of hippocampal-dependent VD task at the final
session; percentage correct rate (r = 0.4492; P (v-o1102x+3084) = 0.0469), trials completed within 60 min (r =
0.4536; P (v=0.04704x + 7.385) = 0.0446), and time to complete 30 trials (r =-0.6186; P (v=-0.1180x + 87.70) = 0.0036).

Figure 1. (A) Experimental design. (B) Illustration of the visual discrimination (VD) task. Images
represent the pair of stimuli used for the task (‘ovals-rectangles’ pair) (S+ correct and S- incorrect). A
variety of metrics were measured to assess cognitive performance in mice treated with recombinant
human growth factor (r-hGH) compared to saline. Mean+SD (two-way ANOVA and Sidak's multiple
comparisons). *p<0.05; **p<0.01 and ***p<0.001.

2.2. GH treatment promotes cell proliferation and neurogenesis in the dentate gyrus (DG)

We assessed BrdU/NeuN co-labelling and doublecortin (DCX) levels in two different sub-
regions of the hippocampal formation: CA1 and DG (Fig. 2A). r-hGH treatment significantly increased
the number of BrdU-positive cells in the DG (78.1%, p=0.004, Fig. 2B), but not in the CA1 (Fig. 2C).
There were no differences in area of thresholded material for NeuN, NeuN protein levels and the
number of BrdU-NeuN-positive cells (Fig. 2). r-hGH treatment significantly increased the material
thresholded for DCX in the DG (82.0%, p=0.002, Fig. 3A). We also found a significant increase in DCX
protein levels (0.25-fold, p=0.001; Fig. 3C) in r-hGH-treated stroke mice.
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Figure 2. (A) Left panel: Schematic picture illustrating the location of the hippocampus region
examined (CA1 and dentate gyrus (DG)). Right panel: Representative immunofluorescence images of
bromodeoxyuridine (BrdU; red) and neuronal nuclei (NeuN; green) (scale bar=100 pm). (B and C)
Quantification of BrdU-positive cells, thresholded NeuN material and BrdU-NeuN-positive cells in the
CA1l and DG. (D) Representative western blot and quantification of NeuN protein levels in the
hippocampus. For full immunoblots, see Supplementary Materials. Mean+SD (2-tailed t-test). *p<0.05.

2.3. GH treatment promotes expression of GIuR1 within the hippocampal formation

We performed immunofluorescence analysis for a synaptic marker (GluR1) in the hippocampal
formation. The immunofluorescence data revealed a significant increase in material thresholded for
GluR1 in the CA1 (79.0%, p=0.007, at pixel intensity 220) and DG (113.3%, p=0.006, at pixel intensity
220) in r-hGH-treated stroke mice (Fig. 3B). Further, an increase in GluR1 protein levels (0.24-fold,
p=0.001; Fig. 3D) was found in r-hGH-treated stroke mice.
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Figure 3. (A) Representative immunofluorescence images and quantification of doublecortin (DCX;
green) in the CAl and DG (scale bar=100 pm). (B) Representative immunofluorescence images and
quantification of glutamate receptor 1 (GluR1; green) in the CA1 and DG (scale bar=100 pm). (C and D)
Representative western blot and quantification of DCX and GluR1 protein levels in the hippocampus.
For full immunoblots, see Supplementary Materials. Mean+SD (2-tailed t-test). **p<0.01.
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2.4. GH treatment had no effect on the formation of cerebral vasculature within the hippocampal formation

We analysed the density of the brain vasculature in the hippocampal formation using
immunofluorescence labelled Tomato Lectin, which binds to glycoproteins located in the glycocalyx
and in the basal membrane of endothelial cells. We observed no statistically significant differences in
the area covered by Tomato Lectin and the number BrdU-Lectin-positive cells in the hippocampal
formation. Further, no significant changes in Collagen IV protein levels in r-hGH-treated stroke mice
(Fig. 4).
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Figure 4. Analysis of cerebrovascular remodelling within the hippocampus region. (A) Representative
immunofluorescence images of BrdU (red) and Tomato Lectin (green) and high magnification detail
(scale bar=100pum) in the CA1 and DG subregion of the hippocampus. (B) Quantification of the number
of BrdU-Lectin-positive cells and % of area covered by Tomato Lectin in the CA1. (C) Quantification of
the number of BrdU-Lectin-positive cells and % of area covered by Tomato Lectin in the DG. There
were no significant differences in any of the parameters between stroke mice treated with r-hGH and
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the saline group. (D) Representative western blot and Collagen IV protein levels in the hippocampus.
For full immunoblots, see Supplementary Materials. Mean+SD.

2.5. GH treatment promotes restoration of white matter disturbances

We evaluated white matter tract alterations in the corpus callosum using Sudan Black staining
of myelin at Bregma 0.0mm and -2.0mm. We found a significant decrease in white matter structural
loss in corpus callosum at Bregma 0.0mm (122.0%, p=0.036) and Bregma -2.0mm (54.4%, p=0.035) at 30
days post-stroke in r-hGH-treated stroke mice (Fig. 5).

Figure 5. Sudan Black staining of white matter tracts from the corpus callosum (Bregma 0.0mm and -
2.0mm). White matter loss was calculated as contralateral hemisphere area — ipsilateral hemisphere
area (mm?2). Mean+SD. *p<0.05. Sale bar=1mm.

3. Discussion

We demonstrated that GH treatment after experimental cortical stroke stimulates proliferation
of neural progenitor cells and increases synaptic plasticity within the hippocampus, a remote region
from the initial cortical injury, in parallel with improvements in hippocampal-dependent VD task.
While long-term GH treatment after experimental stroke has been previously shown to improve
cognitive function [24,29], this is the first study to our knowledge to comprehensively show both
functional and hippocampal plasticity of GH treatment. Thus, the present study extends the
understanding of how GH treatment acts on hippocampal plasticity to promote post-stroke cognitive
recovery.

Our group recently established that cortical photothrombotic stroke impairs the ability of mice
to discriminate between stimuli with a high degree of similarity [31]. Although our cortical stroke
model does not cause a direct damage to the hippocampus, we observed an indirect significant decrease
in the number of neurons within the hippocampus at 2 weeks post-stroke [31]. It should be noted that
a cortical stroke could also induce a dysfunction in the hippocampal-thalamic network [32]. While
cerebral ischemia causes persistent neuronal loss in remote regions that are functionally connected to
the primary infarction site [33,34], interestingly, it also triggers a transient proliferation of endogenous
neural progenitor cells in the DG of the hippocampus [6,35]. Importantly, we previously demonstrated
that GH treatment after experimental stroke promotes associative memory cognitive domain as
measured by the paired-associate learning task [24]. However, we only investigated the
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neurorestorative effects of GH treatment within the peri-infarct regions [24]. The observed
enhancement of recovery-promoting mechanisms within the peri-infarct area is most likely
contributing to the improvement of motor outcomes [25], whereas the promotion of hippocampal
neurogenesis and increased synaptic plasticity reported here are likely to be of importance for
improved cognition.

The present study reports novel evidence that GH treatment promotes hippocampal
neurogenesis, remotely from the cortical injury, and enhances the performance of hippocampal-
dependent VD task. Our findings further suggested that higher levels of plasma IGF-1 are associated
with better performance in hippocampal-dependent VD task, which is consistent with prior findings
[24,36]. GH can exert its effects directly or indirectly via its mediator insulin-like growth factor 1 (IGF-
1) on hippocampal plasticity [37]. Firstly, GH receptor expression is widespread in the brain and there
are studies supporting a passage of GH over the blood-brain-barrier, therefore, GH may have direct
effects on the brain [38]. Secondly, it is possible for GH to increase production and secretion of local
IGF-1 in the brain [39,40]. Thirdly, GH induces the secretion of IGF-1 in the circulatory system, and
peripheral IGF-1 can penetrate the blood-brain-barrier to exert effects on the brain [41,42]. However, it
is not possible for our experimental design to specifically elucidate which mechanisms are involved.
Nevertheless, we would suggest that it is most likely a combination of these pathways. We used BrdU
tagging, to assess whether there is an increase in neural progenitor cells. We also evaluated the
expression of DCX, a marker of immature neurons [43]. Our results showed an increased number of
BrdU-positive cells and expression of DCX in the DG subregion in GH-treated stroke mice. Together,
these findings of increase neurogenesis are critical, as recovery of the cognitive function following
stroke depends on cellular plasticity in the hippocampal formation [14,44].

We also investigated other key neurorestorative processes in the hippocampal formation or in
its vicinity. Firstly, we assessed synaptic plasticity by measuring the AMPA receptor subunit GluR1,
which plays an important role in synapse formation, stabilization, and plasticity [45-47]. We found
GluR1-positive structures and protein levels were increased in the hippocampus in GH treated mice.
While the results might be an indication for higher synapse numbers or higher synaptic activity, it
should be noted that GluRl1 may be found also extrasynaptically [48]. Future comprehensive
investigation on synaptic changes using co-immunolabelling of synaptic structures and high resolution
microscopy is warranted. Secondly, given that stroke induced remote secondary neurodegeneration is
a disruption of connections between cortex and hippocampus [31,32], we evaluated white matter tract
disturbances. The results from Sudan Black staining suggest that GH treatment provides restorative
effects on white matter structural loss. Together, these results are particularly interesting when
considered in conjunction with the cognitive function findings. Thirdly, we explored the effect of GH
treatment on cerebrovascular remodelling. In our previous studies, we showed that GH has the ability
to enhance angiogenesis, and increases the density and area coverage of both CD31 and Collagen IV-
positive cells in the peri-infarct region [24,25]. In the current study, we analysed vessel density in the
hippocampus area using immunofluorescence labelled Tomato Lectin. However, GH treatment did not
affect the % area covered by Tomato Lectin or the number of BrdU-Lectin-positive cells in the
hippocampal formation, as we have previously shown in the peri-infarct area. These results suggest
that some effects of GH appears to be global in the brain, while others are more brain region specific
and cell type specific.

There are two important points regarding the experimental design of the current study that

require consideration. Firstly, we used r-hGH for practical purposes and translational point of view. r-
hGH is much accessible than mouse GH, and has been used in a wide setting of mouse experimental
models with expected GH-related results. However, there some differences in the actions of r-hGH and
mouse GH. Although r-hGH stimulates the GH receptor and an increase in serum IGF-I, there is also a
potential minor stimulation of prolactin receptors [49,50]. Nonetheless, it appears that prolactin is not
able to induce local IGF-I, at least not in the skeleton [51]. Therefore, this does not compromise the
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results, but gives an alternative mechanism. Secondly, we administered r-hGH subcutaneously via
mini-osmotic pumps for 28 days after experimental stroke, as we accounted for the impact of stress due
to repeated injections. However, continuous infusion of GH may disrupt the endogenous GH pulsatile
secretion, and different modes of GH administration can have minor different effects on the brain
[52,53]. This warrants further investigation using programmable pumps.

4. Conclusion

We have shown that GH treatment can enhance neurogenesis and synaptic plasticity in the
hippocampus, a remote region from a cortical injury, thus leading to improvement in cognition after
stroke. Promisingly, small clinical studies have identified that GH treatment ameliorates cognitive
impairment in stroke patients [36,54]. Further, due to the high incidence of GH deficiency in stroke
survivors [55,56], GH treatment may represent a useful therapeutic intervention for many patients
during stroke recovery.

5. Materials and Methods

5.1. Animals

All animal experiments were approved by the University of Newcastle Animal Care and Ethics
Committee (A-2014-432) and undertaken in accordance to the Animal Research: Reporting of In Vivo
Experiments guidelines. C57BL/6 mice (male, 10 weeks old, n=48) were obtained from the Animal
Services Unit at the University of Newcastle. Mice were maintained in a 12:12h reverse light-dark cycle
(lights on 19:00h). All procedures conducted in the dark phase.

5.2. Sample size calculation

Sample size was estimated using G*Power 3.1 software. Using previous and preliminary data
[24,25], we obtained an effect size of d=1.6. Allowing a type 1 error of 5%, a=0.05, with the power of
80%, p=0.2, we calculated a samples size of 8 animals per group.

5.3. Experimental design

The experimental design of this study was as described in Figure 1A [24]. A total of 48 mice
were used in this study. All the experimental groups are randomized, and all outcome analyses were
performed in a blinded manner.

The first cohort of mice (n=24) was used to assess cognitive function, and brains were collected
for histological analysis. At day 0 (D0), all mice were subjected to photothrombotic occlusion. At D2,
mice were randomly allocated to receive either r-hGH or saline at 1.4 mg/kg body weight per day
subcutaneously via mini-osmotic pumps for 28 days (Stroke+Saline n=12 and Stroke+r-hGH n=12). At
D3 mice were injected with BrdU (50 mg/kg body weight) for 5 consecutive days. To evaluate cognitive
function, mice were subjected to mouse touchscreen platform for visual discrimination (VD) task for 18
days (days 9 to 26 post-stroke). At D30, mice were euthanized and brains collected. Mice were excluded
from the study if we histologically identified that the stroke had not occurred or malfunction of the
mini-osmotic pumps. Within the saline group, one mouse had to be excluded due to post-surgery death
and another one due to no stroke. Within the r-hGH group, we had to exclude one mouse due to pump
malfunction and two mice due to a problem with the perfusion procedure.

The second cohort of mice (n=24) was used for biochemical analysis. At DO, mice were subjected
to photothrombotic occlusion or sham surgery (Stoke n=18 and sham n=6). At D2, stroke mice received
r-hGH or saline as described above (Sham+saline n=6, stroke+saline n=8 and stroke+r-hGH n=10). At
D30, mice were euthanized and brains collected for western blotting. Within this second cohort, one
mouse from the Stroke+r-hGH group had to be excluded for not having a stroke.
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5.4. Photothrombotic occlusion

Photothrombotic occlusion was performed as described previously [31,57,58]. Briefly, mice
were anesthetized by 2% isoflurane during surgical procedure on a temperature controlled (37°C+1)
stereotaxic frame. Rose Bengal (200ul, 10mg/ml solution in sterile saline, Sigma-Aldrich, USA) was
injected intraperitoneally. At 8 min post-injection, the skull was exposed and illuminated for 15 min by
cold light source positioned at 2.2mm left lateral of Bregma 0.0mm. For the sham group, the Rose Bengal
injection was substituted with 200yl of sterile saline (0.9% NaCl, Pfizer, Australia).

5.5. Mini-osmotic pump placement

Mini-osmotic pump (Model 2004, Alzet, USA) placement was performed as preciously
described [24,25,59]. At D2, the mini-osmotic pumps were implanted. An incision was made in the skin
between the scapulae where the mini-osmotic pump was inserted. The pumps were filled with 200 ul
of either recombinant human growth hormone (r-hGH, Somatropin 10mg/1.5mL, SciTropin A, SciGen,
Australia) or sterile saline. The delivery rate of the pumps was 0.25ul/hr for 28 days (0.04 mg r-hGH

per day).

5.6. Visual discrimination (VD) task

Mouse touchscreen operant chambers were used in the cognitive testing as described [30,31],
and were conducted in a blinded and randomized manner. Briefly, mice were calorie restricted
overnight before cognitive testing. Strawberry milkshake was used as a reward to motivate the
performance of the mice. First, mice were trained to learn to associate a nose poke of the touchscreen
and the delivery of the reward. Following training, mice underwent photothrombotic occlusion
surgery. At D9, mice were subjected to the VD task. This task entailed simultaneous presentation of
two stimuli; one correct (S+) and one incorrect (S-). The S+ stimulus appeared pseudo-randomly either
in the right or left part of the touchscreen. When the mouse selected the correct choice, S+, a tone was
triggered, the reward tray was illuminated, and strawberry milkshake was delivered to the tray. If the
mouse selected the incorrect image, S-, there was no reward delivery, no tone, the house light was
turned on for 5 s, and a correction trial was initiated. In each VD session, the testing ended once a mouse
successfully completed 30 trials or reached a 60 min time limit, whichever occurred first. All mice were
subjected to a total of 18 sessions.

5.7. Tissue processing

For the first cohort, mice were anaesthetised with sodium pentobarbital. Mice were perfused
via the ascending aorta with ice-cold 0.9% saline followed by ice-cold 4% paraformaldehyde (pH 7.4).
Brains were dissected and post-fixed for 4 hours in the same fixative then transferred to a 12.5% sucrose
solution in 0.1M phosphate buffered saline (PBS) for storage and cryoprotection. Serial coronal sections
were sliced on a freezing microtome (Leica, North Ryde, NSW, Australia) at a thickness of 30pum.

For the second cohort, mice were anaesthetised with sodium pentobarbital, and transcardially
perfused with ice cold 0.9% saline. Brains were dissected and rapidly frozen in -80°C isopentane. Brain
sections were sliced using a cryostat (-20°C) at a thickness of 200um. The hippocampal formation
(Bregma -1.2 to -2.5mm) samples were dissected, and stored frozen in -80°C until further analysis.

5.8. Immunofluorescence

Free-floating fixed sections were co-immunostained as previously described [60,61]. For BrdU
staining, antigen retrieval was performed before the blocking step as follows: 10 min HCI (1M)
incubation on ice, 10 min HCI (2M) incubation at room temperature, 20 min HCl (2M) incubation at
37°C, 10 min borate buffer (0.1M) incubation at room temperature and three washes in PBS+0.1% Triton
X. Sections were blocked using 3% bovine serum albumin, then incubated with appropriate primary
antibody (DCX, GluR1, BrdU, NeuN) overnight at 4°C, and followed by 2h incubation in corresponding
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secondary antibodies at 25°C (see Table 1 for antibodies concentration). Tomato Lectin staining was
performed together with the secondary antibody incubation. NeuroTrace was used to counterstain
sections after immunocytochemical detection of DCX or GluR1. Brain sections were washed with PBS
in between each incubation step.

5.9. Sudan black staining

Sudan black staining was performed as previously described [62]. Briefly, sections were
mounted and rinsed with 70% ethanol followed by 15 min incubation with Sudan Black B solution
(Sigma-Aldrich, USA). After staining sections were rinsed with 70% ethanol and water and 5 min
counterstained with nuclear fast red solution (Sigma-Aldrich, USA).

5.10. Image acquisition and analysis

Immunofluorescence high-resolution confocal images were taken on a Leica TCS SP8 confocal
microscope with a Leica HC PLC APO 10x/0.40 objective. For each region of interest, 30um z-stacks
with a step size of 1um were taken. Imaging parameters (laser power, resolution and gain) were held
constant throughout all imaging sessions. Exhaustive automated BrdU cell counts were performed
using Image] software. For analysis of NeuN, DCX and GluR1 labelling, we performed thresholding
analyses and chose the optimal pixel intensity that clearly reflected the immunofluorescence signal. To
measure vessel coverage (% Lectin* area), the emission channels were split and the Lectin emission
image was uniformly thresholded at a high stringency. The area of vessel coverage was expressed as a
percentage of the overall field of view (Image] Software). For BrdU/NeulN and BrdU/Lectin co-labelling,
we used the plugin ‘colocalization’ for Image]J. This plugin highlights the colocalizated points of two 8-
bits images. The colocalizated points appear black by default.

Sudan Black images were acquired at 20x using Aperio AT2 (Leica, Germany). Specifically, we
focus on the corpus callosum and we assessed white matter loss as a difference between the
contralateral and ipsilateral hemispheric area (mm2). The quantitative analysis was undertaken
specifically in two sections (Bregma 0.0 and -2.0mm).

5.11. Protein extraction and western blotting

Protein extraction and western blotting were performed as previously described [63,64].
Hippocampus samples were sonicated in 300ul lysis buffer (50mM tris(hydroxymethyl)aminomethane
buffer pH 7.4 containing 80uM ammoniummolybdate, 5mM B-glycerolphosphate, ImM dithiothreitol,
1mM ethylenediaminetetraacetic acid, 1% sodium dodecyl sulfate, ImM sodium pyrophosphate, ImM
sodium vanadate, 1 cOmplete™ protease inhibitor cocktail tablet, and 1 PhosSTOP™ phosphatase
inhibitor cocktail tablet) and centrifuged at 14000g for 20 min at 4°C. Supernatants were collected and
protein concentrations were estimated by Pierce BCA protein assay kit (Thermo Fisher Scientific, USA).
Sample buffer (2% sodium dodecyl sulfate, 50mM tris(hydroxymethyl)aminomethane, 10% glycerol,
1% dithiothreitol, 0.1% bromophenol blue, pH 6.8) was added into the supernatants. To determine the
protein levels of NeuN, DCX, GluR1 and Collagen IV, the protein homogenates from sham+saline (n=6),
stroke+saline (n=8) and stroke+r-hGH (n=9) were analysed together on 26-well gels. 15ug of protein
lysate was electrophoresed into Biorad Criterion TGX Stain-Free 4-20% gels and transferred to
polyvinylidene fluoride membranes. The membranes were blocked with 5% skim milk in TBST for 1 h
at room temperature and incubated overnight at 4°C with the appropriate primary antibody: NeuN,
DCX, GluR1 and Collagen IV (see Table 1 for antibodies concentration). The next day, membranes were
incubated with secondary antibody for 1 h at 25°C. In between each incubation step, membranes were
washed in TBST. Chemiluminescence signals were detected on an Amersham Imager 600 using
Luminata Classico western blotting detection reagent. The density of the bands was measured using
Amersham Imager 600 analysis software. The protein markers were normalized to -actin (as loading
control), and were expressed as a fold change of mean+SD for each group relative to the mean of the
sham+saline group.
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5.12. Statistical analyses

All data were expressed as mean+SD, and were analysed using GraphPad Prism v7.02. The
primary outcome measurement was differences between Stroke + Saline and Stroke + r-hGH. Data from
western blotting, immunofluorescence labelling and white matter loss were analysed using 2-tailed t-
test. VD task (18 sessions temporal analysis) was analysed using 2-way ANOVA, followed by Sidak
multiple comparisons. A p value <0.05 was considered statistically significant.

Table 1: List of antibodies used for western blot and immunofluorescence analyses.

Sources of antibodies Application  Dilution
BrdU Sigma-Aldrich, mouse anti-BrdU, #B8434 IF 1:1000
NeuN Cell Signaling, rabbit anti-NeulN (D3531), #12943 WB 1:2000
IF 1:1000
DCX abcam, rabbit anti-doublecortin, #ab18723 WB 1:1000
IF 1:1000
GluR1 Cell Signaling, rabbit anti-AMPA Receptor 1 WB 1:2000
(GluAl), #13185
IF 1:1000
Collagen IV Abcam, rabbit anti-collagen IV, #ab6586 WB 1:1000
B-actin Sigma-Aldrich, Monoclonal Anti-p-actin-HRP WB 1:50000
antibody, A3854
NeuroTrace ThermoFisher Scientific, NeuroTrace™ 640/660 IF 1:1000
Deep-Red Fluorescent Nissl Stain, #N21483
Tomato Lectin Vector Laboratories, DyLight 649 Lycopersicon IF 1:1000
esculentum (Tomato) Lectin #DL-1178
Rabbit IgG Biorad, Anti-Rabbit-HRP antibody, #170-6515 WB 1:7500
ThermoFisher Scientific, anti-Rabbit IgG (H+L) IF 1:400
Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488, #A21206
Mouse IgG Biorad, Anti-Mouse-HRP antibody, #170-6516 WB 1:10000
ThermoFisher Scientific, anti-Mouse IgG (H+L) IF 1:400

Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594, #A21203

WB, western blot; IF, immunofluorescence
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Supplementary figures and legends

Supplementary Figure 1. Raw immunoblots corresponding to GluR1, DCX, NeuN, Collagen
IV and B-actin.

165



CHAPTER 7: DISCUSSION

In this thesis, | have documented a number of novel findings and potential significant outcomes
that may explain the underlying mechanisms of functional deficits post-stroke, with an
emphasis on the subacute and chronic phases of the recovery. Critically, | have established
how delayed exogenous administration of GH can modulate brain recovery and restore
functional deficits. Firstly, in publication 1 (chapter 3), | identified that stroke at the motor and
somatosensory cortex impairs the ability of mice to distinguish between two stimuli at 14 days
post-stroke; | linked these deficits with SND processes occurring in the thalamus and
hippocampus. Secondly, in publication 2 (chapter 4), | showed that stroke mice suffered from
motor deficits and cognitive deficits that lasted during the follow-up period of 84 days after the
initial ischemic injury; these deficits were associated with alterations in multiple molecular and
cellular mechanisms in the peri-infarct and hippocampus. Thirdly, in publication 3 (chapter 5),
| revealed that the motor deficits can be alleviated following a delayed administration of rhGH,
starting at 48 hours post-stroke and continued for 28 days; these improvements were
supported by enhanced neurorestorative processes in the peri-infarct region. Lastly, in
publication 4 (chapter 6), | demonstrated that delayed administration of rhGH also enhances
cognitive performance post-stroke, which is associated with cell proliferation, neurogenesis
and synaptic plasticity within the hippocampus. The results presented provides platforms for
the future direction of stroke research and potentially the pathways to overall long-term stroke

recovery.

7.1. Cortical stroke not only causes motor deficits, but also delayed and persistent

cognitive impairment

The primary aim of the chapters 3 and 4 was to investigate the effect of cortical stroke on
functional outcomes over a period of 3 months, with particular emphasis on cognitive function.
The importance of this study relies on the fact that cognitive impairment is a major stroke

outcome that directly affects the quality of life of stroke survivors, however, the mechanisms
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behind these deficits are yet to be elucidated. Characterisation of the temporal profile of the

functional deficits is essential to facilitate investigations into the progression of stroke.

In these studies, the photothrombotic model of vascular occlusion was chosen to induce
stroke. The advantages of this model are very relevant for the purposes of this research.
Firstly, it is highly consistent, minimally invasive, relatively simple and a fast technique.
Secondly, the motor and somatosensory cortex could be precisely targeted which is ideal for
the study of SND processes and associated functional outcomes. Furthermore, other stroke
models such as MCAo are known to be notoriously variable and can lead to damage in a
number of locations such as the thalamus and hippocampus. Thirdly, | primarily focused on
the recovery phase post-stroke and understanding the brain pathophysiological mechanisms
during this phase and therefore the presence or absence of the penumbra was largely
irrelevant. Considering everything, the photothrombotic model had many advantages over
other preclinical stroke models. Therefore, this is the model | decided to use for all my

experiments.

The stroke model chosen causes occlusion in the vessels of the left somatosensory and motor
cortex, which would result in expected motor deficits. Therefore, | first investigated motor
function. During the process of selecting a proper motor test, | gave importance to the least
stressful, relatively shorter tests with no pre-training required and able to measure motor
deficits long-term. Based on these pre-requisites, | chose two motor tests that fulfilled the
aforementioned criteria: the cylinder test and the grid walk (343). As expected, both the
cylinder and grid walk tests showed the significant impact of stroke on motor function. There
was a spontaneous recovery of the motor function over time after stroke, which is consistent

with previous evidence (64, 294, 344, 345).

Then, | investigated cognitive function in sham versus stroke mice. To assess cognitive
function in rodents multiple tasks have been developed over the years. Rather than the
classical maze-based tasks, here | chose the rodent touchscreen platform because it is a

clinically and translationally relevant approach (270, 271). This platform is automated, highly
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sensitive to deficits as well as improvements, requires minimal experimenter involvement,
utilises food reward to motivate performance and most importantly is similar/analogous to the
ones used in humans (271). Here | used a battery of different touchscreen tests to analyse
different specific cognitive domains as it is well established that stroke survivors suffer from a
variety of cognitive deficits. Additionally, as these deficits are known to last for years after an
ischemic event, | analysed cognitive performance over a period of 3 months. The cognitive
domains investigated were: ability to discriminate between two different stimuli (visual
discrimination task (VD)) (271), associative memory and learning (paired-associate learning
task (PAL)) (346, 347) and cognitive flexibility (visual discrimination reversal task (VDR)) (271,
348). All these tasks are based on the same principle where mice must choose the correct
stimulus to be rewarded. These tasks have been previously validated for identifying complex

cognitive deficits in rodents (349, 350).

The results collected from the VD task showed that stroke mice performed this task
significantly worse than sham mice (as measured by the percentage of correct answers) only
when the images presented had a high degree of similarity. Additionally, the data obtained
from the PAL and VDR task also revealed that memory, learning and cognitive flexibility were
severely impaired after stroke for at least 84 days. My findings expand on the existing literature
showing that stroke patients suffer from impairments in a range of cognitive domains and these
effects are known to be persistent long-term (189, 351-353). These findings are very important
and suggest that, despite inducing stroke in the motor and sensory cortex, the functional

deficits go beyond motor and/or sensory impairments.

These results regarding the functional outcomes after stroke are important as it demonstrates
that there is a spontaneous recovery of motor function, but a persistent decline in various

aspect of cognition for months after the initial infarction.
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7.2. Cognitive impairment is associated with key hallmarks of SND

| have demonstrated in the chapter 3 and 4 that a cortical stroke at the motor and
somatosensory cortex can cause persistent cognitive impairment, however the underlying
mechanisms reigning these cognitive deficits are still unknown. Therefore, the second aim for
chapter 3 and 4 was to investigate whether these deficits are associated with SND processes
by using different time-points during the course of 3 months. These time-points ranged from
the subacute phase (7 and 14 days after stroke) to the chronic phase (28 and 84 days post-

stroke).

In the experiments undertaken, | analysed the molecular and cellular changes occurring in the
brain after stroke in different regions, such as the peri-infarct territory and SND sites (thalamus
and hippocampus). The peri-infarct territory is the area immediately adjacent to the infarct and
the area where the most significant levels of repair processes can be observed (273).
Thalamus is the main SND site and it is highly connected to the somatosensory cortex through
a number of thalamocortical and corticothalamic projections (180). This area acts as a transfer
centre for somatosensory signals to the somatosensory cortex (179). The hippocampus is the
area where | specifically focused my attention on, as it is responsible for high cognitive
processes such as learning and memory (354). The hippocampus is connected to the
thalamus through hippocampal-thalamic connections, which has been demonstrated to be

dysregulated after stroke (185).

In the peri-infarct, | observed a reduction in the NeuN labelling at earlier time points (day 7, 14
and 28) which then modestly increased at day 84. Similarly, tissue loss peaked at day 7 post-
stroke before improving thereafter. These results suggest a proliferation of neuronal progenitor
cells in this region. Microglial activation peaked in this area between day 7 and 28 after
photothrombotic occlusion to then gradually subside at day 84. Furthermore, reactive
astrogliosis peaked at 7 days and then was gradually reduced until it was indistinguishable
from sham animals. These results on brain recovery in the motor and somatosensory cortex

(peri-infarct area) over time, might explain the modest spontaneous motor recovery observed.
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Then, | studied the cellular and molecular disturbances in SND sites. Previous studies from
our group and others have mostly studied SND processes occurring in the thalamus after
stroke (198, 204-206, 221, 249). Therefore, here | decided to mainly focus my attention on the
hippocampus due to the lack of studies addressing the role of this region in the progression of
cognitive impairment long-term after stroke. The observations were slightly different in the
hippocampus compared to the peri-infarct area; specifically | found robust changes in the CA1
subregion. Neuronal loss started at 14 days post-stroke and persisted up to 84 days in the
CA1 subregion. Microglia activation peaked around 28 days post-stroke and remained highly
active after 84 days. Additionally, reactive astrogliosis peaked at 7 days and then was reduced
to basal levels at 84 days. Interestingly, we observed the DG sub-region of the hippocampus
to be spared, which could be due to stimulation of neural cell proliferation within the DG after
stroke (355). The persistent neuronal loss over time and increased neuroinflammation in the
CA1 subregion is a critical finding due to the role that this region plays in cognitive processes
such as learning and memory. Further, it has been demonstrated that although most of strokes
do not directly affect the hippocampus, the CA1 subregion of the hippocampus is more
sensitive to ischemia than other areas of the brain (186, 356, 357). It should be noted that in
my studies | found no evidence of direct hippocampal damage due to stroke, which suggests
that stroke causes brain network dysregulation. Together these findings support the idea that
SND processes in the hippocampus could be involved in the persistent cognitive deficits seen

long-term after stroke.

In order to further understand the mechanisms involved in this neuronal loss and cognitive
impairment, | investigated whether stroke altered the aggregation status and accumulation of
neurotoxic proteins, which is another hallmark of SND. | analysed amyloid-g (AB) and a-
synuclein (a-Syn), both of which have been previously associated with neurodegenerative
diseases (212-214, 223, 358). | observed an increased oligomerization of both neurotoxic
proteins in the peri-infarct and hippocampus. Assessment of AB using western blotting

indicated that stroke was associated with a considerable elevation relative to sham,
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specifically stroke mice exhibited greater levels of the 56 kDa oligomer in all the regions and
it was persistent for months after stroke. Interestingly, the oligomeric forms of these neurotoxic
proteins have previously been associated with cognitive deficits and neuronal loss in different
brain diseases (213, 214, 229). The oligomers cause a variety of deleterious effects in neurons
including disruption of cell membrane integrity, impairment of mitochondria function and
neuroinflammation (218, 359-361). Therefore, the greater levels of a-Syn and AR observed in
the stroke brain weeks after stroke, particularly in the hippocampus, could explain post-stroke

cognitive impairment.

There are several potential explanations for the higher levels of a-Syn and AB seen in the
brain after stroke. Stroke might induce fundamental disturbances in neurotoxic protein
production, degradation or clearance. Here, | focused on the role of the clearance
mechanisms. To examine this possibility, in the chapter 3 | analysed AQP4 polarization
changes after stroke. It is well known that, under physiological conditions, AQP4 is localised
in the astrocytic end-feet which wraps around the cerebral blood vessels, allowing the
bidirectional movement of cerebrospinal fluid (CSF) and removes waste products from the
brain (133, 362). After brain injury, reactive astrogliosis causes disturbances in the AQP4
polarization and impairs clearance (363-365). Here, | observed widespread astrogliosis
throughout all the regions and a reduction in AQP4 polarity in the peri-infarct area. These
results support the hypothesis that stroke induces a loss of AQP4 polarization, which impairs
the clearance of neurotoxic proteins away from the brain environment and leads to neuronal

loss and impairment in cognitive function.

In the chapter 4, | further demonstrated that the accumulation of AB is, at least partly, due to
failure in its clearance. | performed immunohistochemistry analysis to assess the spatial
distribution of AB within the brain tissue. These analyses revealed that in the peri-infarct region
the distribution of AP shifted from a scattered distribution in the brain parenchyma to
accumulation around the blood vessels at 3 months post-stroke. However, this effect was not
as pronounced within the hippocampus. This finding is important as the accumulation of AR
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around the vessels has been highly associated with the risk of developing vascular dementia
(366, 367). These results together with the results presented in the chapter 3 provide more
evidence to suggest that the accumulation of neurotoxic proteins could be due to a failure in
clearance. This process together with neuronal loss and neuroinflammation might contribute

to the development of cognitive impairment in stroke survivors.

While these studies are comprehensive and provide an important first step in building an
understanding of the mechanisms behind post-stroke cognitive impairment, it should be
documented that there are several limitations. One important consideration is that | did not
directly quantify CSF clearance, and therefore | am unable to conclude that the accumulation
of neurotoxic proteins is due to a failure in the CSF clearance. Future functional tests using in
vivo imaging techniques are warranted to confirm the clearance disturbances after stroke.
Additionally, to confirm the role of AQP4 in this clearance pathway, future studies should use
AQP4 knockout mice or AQP4 blockers. The following has been added: Lastly, the
photothrombotic stroke model produces relatively small penumbra area weakening its
resemblance to human stroke. Therefore, future studies should use artery targeted
photothrombotic models (which widens the penumbra) (368) to assess whether the presence

of a penumbra influences SND and the associated mechanisms.

My results in addition to previous studies support the idea that the accumulation of neurotoxic
proteins is most likely due to disturbances in clearance pathways after stroke (369). However,
while the failure in the clearance of neurotoxic proteins is a plausible explanation, it is also
worthwhile noting that the excessive production or decrease in degradation may play a role.
Future studies should address the involvement of these potential mechanisms in the

accumulation of neurotoxic proteins and the development of cognitive deficits.

Despite the presented limitations, these studies provide a detailed account of the SND
processes occurring in the brain over the first 84 days post-stroke. My findings are important
as they add to the growing body of literature linking SND with cognitive deficits after cortical

stroke. ldentification of these key mechanisms will provide guidance for future stroke research
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and the development of pharmacologic intervention aimed at targeting these mechanisms

(Summary of findings figure 10).

Figure 10. Summary of findings observed in chapter 3 and 4. A. Motor and cognitive performance at 7,
14, 28 and 84 days post-stroke. Motor function is slightly recovered long-term after stroke, while
cognition remains impaired long-term. Results are presented as relative to sham. B. Schematic
representation of processes occurring in the peri-infarct region (motor and sensory cortex) at 7, 14, 28
and 84 days post-stroke. All the processes peak around 1-2 weeks post-stroke to then be reduced in
the following weeks. C. Schematic representation of processes occurring in the hippocampus after
stroke. In this region, there is a delay in the response compared to peri-infarct. Neuronal loss starts
around 2 weeks and persists for up to 3 months. Microglia activation peaks at 2 weeks and persists for
up to 3 months. AB accumulation remains high for 3 months. Reactive astrogliosis is high in the first
and second week after stroke and then reduced to basal levels. * VD task was significant when using
images with a higher degree of similarity, but not when using images with a lower degree of similarity.

N/A = not available. n.s. = not significant.
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7.3. Growth hormone improve motor function after stroke

In chapters 3 and 4, | established the potential mechanisms involved in functional deficits after
stroke. Here, | aimed to target these mechanisms to improve motor function and enhance
brain repair using recombinant human growth hormone (rhGH). GH is widely known for its
ability to promote growth in target tissues and cellular metabolism. However, GH has also
been shown to play an important role in the central nervous system (CNS) functions, such as

neurogenesis, synaptic plasticity and angiogenesis (299, 300).

In the experiments undertaken, all mice were subjected to photothrombotic stroke and then
were randomly allocated to receive either rhGH or saline delivered subcutaneously via mini-
osmotic pumps. Treatment started 48 hours post-stroke and continued for 28 consecutive
days. Even though subcutaneously placement of mini-osmotic pumps required an extra
surgical procedure, | chose this method over daily injections to reduce the stress caused on
the mice due to the use of needles and the daily handling. Additionally, these osmotic pumps
effectively deliver a pre-determined amount of rhGH daily for 28 days. To ensure that the rhGH
was biologically active and it was being delivered properly, | analysed the levels of plasma
IGF-1 at end-point and observed a significant increase in the GH group. The rhGH effect was
also confirmed by the increased levels of plasma IGF-1 at end point. The treatment was
commenced 48 hours post-stroke based on two major considerations. Firstly, | was interested
in investigating the neurorestorative effects of GH, rather than neuroprotection as most of the
neurons would have died after 48 hours. Secondly, | based my decision on preliminary data
from our group (non-published). In these preliminary findings, we observed a transient
increase in circulatory GH levels, peaking at 24 hours, which returned to basal levels at 72
hours post-stroke. Therefore, | decided to start after 48 hours to maintain GH at high levels
levels. To evaluate motor function, | chose the same motor test as the ones outlined in chapter
4 (cylinder test and grid walk test). As expected, photothrombotic stroke significantly impaired
motor function at one day after stroke and persisted for up to 30 days. Critically, rhGH
treatment had a robust effect on enhancing motor recovery at 30 days post-stroke. This data
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adds to the previous literature suggesting that GH treatment together with standard

rehabilitation can significantly promote motor recovery after brain injury (322, 324, 335, 370).

To explore the possible underlying mechanisms contributing to the improved motor function
following rhGH treatment, neurorestorative processes in the peri-infarct regions were firstly
examined. Specifically, | focused on tissue loss, proliferation of progenitor cells, neurogenesis,
synaptic plasticity and cerebrovascular remodelling. As predicted, stroke mice treated with
rhGH demonstrated smaller infarct volume, relative to the stroke mice treated with saline.
Further, to assess cell proliferation | used BrdU tagging. | observed an increased number of

BrdU-positive cells within the peri-infarct regions.

| then studied the fate of these newly proliferating cells. | observed that part of the new cells
had differentiated into neurons, supporting the idea that GH has a neurogenic effect after
stroke. To support these findings, | also considered the expression of doublecortin (DCX), a
protein mainly expressed by immature neurons. Mice treated with rhGH expressed higher
levels of DCX reinforcing the idea that GH promotes neurogenesis. Interestingly, earlier
studies have demonstrated that the number of DCX-positive cells positively correlates with
recovery from functional deficits (371, 372), which could explain the ability of GH to improve
motor function. Apart from proliferating and migrating to the damaged areas, these new
neurons need to integrate as part of the exiting neuronal circuits. Therefore, | also analysed
synaptic plasticity in this region. Specifically, | investigated the glutamate receptor 1 (GIuR1),
which plays an important role in synapse formation, stabilization, and plasticity, and have been
previously linked with motor recovery after stroke (293, 373). | identified that GIuR1 was

elevated within the peri-infarct region post-stroke in the GH treated group.

Part of the newly proliferative cells also differentiated to form new blood vessels at 30 days
post-stroke, suggesting that GH has the ability to promote angiogenesis. Additionally, GH
increased vessel density and area coverage. Post-stroke angiogenesis is an essential process
to restore the blood flow in the affected area and enhance brain function (374) and therefore

greatly improves motor function recovery.
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Apart from the above mentioned neurorestorative effects, it is well known that GH treatment
promotes motor development and strength, by increasing muscle and bone growth (375, 376).
This direct effect of GH on muscle mass and function might be also contributing to the
improved motor function observed in those mice treated with GH. Ong et al. (336) documented
an increase in body weight in stroke mice treated with GH compared to saline. However, they

did not investigate whether this is due to an increased in muscle and/or bone growth.

These novel findings regarding the ability of GH to promote motor function after stroke are
highly important as it could be used to boost recovery and improve the quality of life of stroke
patients. Currently, the majority of stroke survivors are highly dependent and unable to perform
tasks of daily living unassisted. These findings represent an important first step for the
consideration of GH as a therapeutical intervention. This therapy could be used together with
physical rehabilitation to accelerate the motor recovery, as shown in small and pilot clinical

trials after TBI and stroke (316-318, 332).

7.4. Growth hormone improves cognitive function after stroke

In the previous study, | demonstrated the potential use of rhGH to improve motor function and
promote neurorestorative processes in the peri-infarct area post-stroke. In addition to the
physical disability, a high number of stroke survivors also suffer from cognitive impairment.
Previous research conducted in our group showed that GH stimulates cognitive recovery, as
measured by the paired-associate learning task (PAL) (336). Ong et al. (336) also reported
that GH increased neurorestorative processes in the peri-infarct. However, they did not
explore changes occurring in other cognitive-related brain regions. Therefore, | decided to
further investigate the effect of rhGH on cognitive function and whether these improvements

are associated with neurorestorative processes in the hippocampus.

It is well known that stroke affects different cognitive domains and therefore using a battery of
tests to understand the complexity of the disease would be required. As mentioned earlier, in

a previous study conducted by our group (336), we analysed the effect of GH on associative
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memory and learning. Alternatively, to complement these findings, | decided to investigate
visual discrimination (VD) using a touchscreen platform. The selection of this task was based
on the results obtained in the chapter 3, where | already demonstrated that stroke leads to
impairment in the VD task performance. Here, my results showed that stroke mice treated with
rhGH performed the task significantly better than the saline group over a period of 18 days,

as measured by the percentage of correct answers.

To extend our understanding of the positive effect of GH on cognitive function, | also examined
the impact on neurorestorative processes, such as neurogenesis, synaptic plasticity and
cerebrovascular remodelling in the hippocampus. | focused my attention on the hippocampus
region, as previous studies have suggested that the hippocampus may be the primary region

underlying the VD task (377-379).

My results showed an increased number of new proliferating cells in the dentate gyrus (DG)
of the hippocampus in stroke mice treated with GH. The DG of the hippocampus, together with
the subventricular zone (SVZ), is considered the main area of adult cell proliferation (380).
Therefore, this result suggests that GH alone can affect hippocampal plasticity. These results
are consistent with previous findings demonstrating that GH affects cell genesis both under
brain injury and in the intact adult brain (324, 381-383). In addition to cell proliferation, | also
observed increased neurogenesis and synaptic plasticity in the hippocampus as measured by

the levels of DCX and GIuR1 respectively.

The final mechanism that | explored was cerebrovascular remodelling. Previous studies
showed that GH had a positive effect on angiogenesis by increasing vessel density and area
covered in the peri-infarct region (336). However, here | found no significant differences in the
area covered by blood vessels when comparing the hippocampus of mice that received GH
treatment with mice that received saline. This result suggests that the hippocampus responds
differently compared to the peri-infarct region. Angiogenesis in the peri-infarct (116) and
thalamus (286) region have been previously confirmed after stroke. However, further studies

are required to confirm whether this angiogenic effect also occurs in the hippocampus. This
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region is not directly affected by the stroke itself and, as demonstrated in my previous chapter,
the SND processes did not commence in this region until weeks after the primary infarction.
Therefore, one month after stroke might be a very early time point to detect significant changes
in angiogenesis. Future studies should analyse the angiogenic effect of GH in the

hippocampus at later stages.

The results presented in this study expand on pre-existing literature showing that GH improves
cognition in both health and disease populations (309, 310, 324, 332, 335, 336). Additionally,
| demonstrated that GH has a wide range of neurorestorative effects that could have a

potential role in a clinical setting.

Despite the promising results presented in chapters 5 and 6, additional work is required to
improve our understanding of the effects of GH in the brain. For instance, the effect of GH in
glia cells were not studied. Glia cells, including astrocytes and microglia, account for the
majority of the brain’s cells and play an important role in neuroinflammation. Therefore, future
studies should consider these cell populations. Additionally, further studies regarding the
appropriate time of administration, duration of the treatment and dosage as well as the

interaction of the treatment with common comorbidities are still needed.

The safety and efficacy profile of GH has been widely documented (384). However, as with
any medication, there are inherent risks of long-term morbidities that must be evaluated. A
recent comprehensive review of available published data from GH registries, representing
data from real-life clinical practice and covering over 150,000 patients from 1988-2016,
identified that there was no evidence to indicate that GH treatment increases mortality, new
malignancy, or stroke (314). Nevertheless, it is worthwhile to take into account other risk such
as diabetes when considering the implementation of this therapy in future clinical trials. In
summary, the results presented in chapters 5 and 6 support the idea that GH could be used
as a pharmacological intervention to enhance motor and cognitive recovery. An important
advantage presented in these studies is that rhGH can improve these functional outcomes

when delivered days after stroke. This greatly increased the time window of treatment, which
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currently is just limited to a couple of hours after the ischemic event (Summary of findings

figure 11).
A
Performance at 28 days post
GH treatment
Cylinder Task T 50%
Grid Walk Task T 60%
Visual Discrimination Task T 249%
B
Peri-infarct Dentate gyrus of CAl of hippocampus
(M1 and S1) hippocampus
BrdU-positive cells T 109% T 78% ns.
NeuN-positive cells T 10% ns. ns.
Doublecortin . o s
expression T 200% T 82% -
GluR1 expression T 204% T 113% T 79%
% Area vessels T 18% ns. ns.

Figure 11. Summary of findings observed in chapter 5 and 6. A. Motor and cognitive performance after
rhGH treatment relative to saline treatment. B. Neurorestorative processes occurring in the brain after

GH treatment in the peri-infarct and hippocampus relative to saline treatment. M1 = motor cortex S1 =
somatosensory cortex. n.s. = not significant.
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CHAPTER 8: CONCLUSIONS

In conclusion, the data presented in this thesis have demonstrated several novel and important

findings:

Stroke significantly impairs visual discrimination, learning, memory and behavioural
flexibility in mice that continued during the follow-up period of 84 days.

Stroke severely impaired motor function in the early stages and in later stages there is
a modest spontaneous recovery.

The cognitive impairment long-term after stroke is associated with SND processes in
remote brain regions from the primary infarction.

The accumulation of neurotoxic proteins in the stroke brain is associated with
disturbances in the clearance mechanisms, as measured by the levels of AQP4
polarisation and the accumulation of AB around the vessels.

rhGH treatment starting at 48 hours post-stroke significantly improves motor function.
This improvement is associated with the enhancement of neurorestorative processes
in the peri-infarct area.

rhGH treatment starting at 48 hours post-stroke significantly improves visual
discrimination. This improvement is associated with the enhancement of

neurorestorative processes in the hippocampus.

The findings presented here may have significant clinical implications. Firstly, | developed a

further understanding on the evolution of the functional deficits long-term after the ischemic

onset. This thesis describes how cognitive impairment lasts for months after the initial stroke

and affects a variety of cognitive domains, while the motor deficits slightly improve overtime.

Secondly, | have described the potential cellular and molecular mechanisms involved in the

pathophysiology of stroke during the recovery phase. Importantly, | found that stroke induces

a continuous accumulation of neurotoxic proteins, persistent neuroinflammation and neuronal

loss in different brain areas. The identification of these mechanisms in correlation with

functional deficits strongly suggests an interaction and functional connection between the two.
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An important consideration is that all these processes are key hallmarks of SND and develop
in the weeks and months following stroke, which greatly prolongs the time course of
therapeutic action. Therefore, these results point at SND as a promising therapeutic target to

promote functional recovery.

Finally, in this thesis, | proposed GH as a new therapeutic intervention that has the ability to
promote brain repair and improve functional outcomes. To date, the vast majority of pre-clinical
research has focused on preventing tissue loss that occurs at the time of stroke
(neuroprotection). Despite decades of research, very limited treatments for acute stroke have
been developed and clinically approved. This suggests that new interventions should be
directed at targeting mechanisms during the recovery phase of stroke and promote
neurorestorative processes. Therefore, in this thesis | focused on investigating an intervention
that could be delivered days after stroke and still have positive effects. | demonstrated that
GH treatment (starting at 48 hours post-stroke) stimulates both motor and cognitive
performance as well as promotes brain repair mechanisms in the peri-infarct and
hippocampus. The presented evidence positions GH as a promising and useful therapeutic
tool in the recovery phase after stroke. Future clinical studies are still necessary to confirm

these pre-clinical findings.

In conclusion, the outcomes of this research are important in terms of furthering our
understanding regarding the pathophysiology of stroke and in terms of new potential
therapeutic interventions. Additionally, findings from this thesis are also likely to have
implications more broadly in other neurological disorders such as TBI or subarachnoid
haemorrhage. | anticipate that this evidence will hopefully be used to rethink the current
approaches to the treatment of stroke, reduce disability in stroke patients and improve their

quality of life.
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