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Abstract

Intracerebral hemorrhage (ICH), when a blood vessel ruptures within the brain, affects
approximately 15% of stroke victims in Canada. There are no proven neuroprotective treatments
ICH but two therapies, therapeutic hypothermia (TH) and iron-chelators, have gained preclinical
and clinical interest. Therapeutic hypothermia involves cooling the whole-body or brain to
typically 32-35°C and has robust neuroprotective effects for neonatal hypoxic-ischemic
encephalopathy and cardiac arrest. However, the literature on treating ICH is inconclusive.
Cooling lessens inflammation, edema and blood brain barrier damage after ICH; yet this has not
consistently led to neuroprotection or functional benefit. To better understand these conflicting
reports, this thesis investigated whether TH 1) does not mitigate key mechanisms of injury
following ICH and/or 2) causes side effects that negate protective effects. Also, since iron-
induced injury is a popular target in preclinical studies and causes greater neuronal death in ICH
compared to other types of brain injury that TH protects against, the iron-chelator bipyridine was
also evaluated. Our aim was to better understand the effects of TH on specific mechanisms of
injury and evaluate a potential therapy that could then be studied in the future as a combination

therapy with TH (e.g., an iron-chelator).

The first two sets of experiments used simplistic models of injury to directly study the impact of
TH on thrombin- and iron-induced injury. Thrombin is an important clotting factor that prevents
on-going bleeding, but is also neurotoxic causing cell death, inflammation and edema. In the first
study, thrombin was infused into the rats’ striatum followed by TH or maintained normothermia.
TH treated rats had a greater number of degenerating neurons two weeks post-infusion but there
was no effect on overall tissue loss, edema and functional impairment. This suggested that TH

delays but does not prevent ongoing thrombin-induced neuronal damage. In the second study,
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FeCl, was infused into the striatum to evaluate the influence of TH on iron-induced injury. This
model of injury causes tissue loss and neurodegeneration, edema, functional impairment and a
small amount of intracerebral bleeding. Therapeutic hypothermia significantly reduced bleeding
after FeCl» infusion but had no beneficial effect on any other measure. These results suggest that

two key mechanisms of damage after ICH are not treated by TH.

The third study focused on inflammation and hematoma resolution using a rodent model of ICH.
It is well known that TH is a potent anti-inflammatory which can be protective, however, we
hypothesized that this influence on inflammation would hamper the brain’s natural defenses for
containing and resolving the hematoma. Interestingly, despite a considerable reduction in
inflammatory cells, TH did not lead to a greater spread of iron into the perihematoma zone nor
did it impact the rise in non-heme iron, an indirect measurement of hematoma resolution. Most
importantly, we found that 40% of treated animals had significantly greater amounts of blood
volume a week following stroke (i.e., 3 days following end of rewarming). At time points when
treated animals were still being cooled, there was no increase in blood volume in treated groups
compared to controls. These data suggest that TH does not impair endogenous mechanisms of
hematoma containment and resolution but likely causes rebleeding following either treatment or
rewarming in some animals. This substantial increase in blood volume, even in only a few
animals, would likely counteract our ability to detect protective effects of TH in group averages.
The intermittent nature of the rebleeding could explain the inconsistent neuroprotection seen in

the literature and has important implications for clinical use.

In the last set of experiments, bipyridine was investigated using two rodent models of ICH,
collagenase and whole-blood, and the simplistic FeCl> model. The collagenase model causes on-

going bleeding by breaking down blood vessel walls. Bipyridine did not impact non-heme iron
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levels, edema or functional impairments in this model. In the whole-blood model, a bolus
injection of autologous blood, bipyridine was not protective. As well, bipyridine did not impact
FeCl-induced tissue loss, neurodegeneration or behavioural impairment. Bipyridine did cause
significant, transient hypothermia. Despite thorough evaluation of bipyridine, we found no
beneficial effects, which suggests to us that bipyridine would not be a suitable therapy to
combine with TH. In conclusion, TH did not effectively treat thrombin- or iron-induced injury

and may cause re-bleeding complications.
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Chapter One

General Introduction



1.1 Introduction

Over the past few decades, incredible progress has been made for cardiovascular diseases such as
heart disease and stroke. Research into the prevention and treatment of cardiovascular diseases
has led to a considerable decrease in the number of affected Canadians.! But despite these
advances there is more work to be done, as according to the Heart and Stroke Foundation of
Canada, heart disease and stroke are still major contributors to death, hospitalization, and
disability in Canada. In fact, currently one Canadian dies every 7 minutes due to heart attack or
stroke with stroke being the third leading cause of death in Canada.! Therefore, especially in
cases such as hemorrhagic stroke where there are still no therapies to treat victims and protect
brain tissue, more research is needed to improve outcomes for those afflicted with cardiovascular

diseases.

1.2 Stroke

Stroke, an interruption of blood flow to an area of the brain, can be categorized into two
main subtypes, ischemic and hemorrhagic stroke. Ischemic stroke is due a blockage of blood
flow resulting from an embolism or thrombosis. Hemorrhagic stroke is due to a ruptured blood
vessel which can occur within brain tissue (i.e., intracerebral hemorrhage (ICH)), in the
subarachnoid space (i.e., subarachnoid hemorrhage (SAH)), or in the ventricles. While both
ischemic and hemorrhagic strokes are devastating and can lead to mortality and permanent
impairments, hemorrhagic stroke is associated with a greater 30-day mortality and lasting
impairments.>* Of the types of hemorrhagic stroke, ICH is the most prevalent and is the focus of

this thesis.



1.3 Intracerebral Hemorrhage (ICH)

Intracerebral hemorrhage is the second most common stroke accounting for 15-30% of all
strokes” and is associated with a 30-day mortality rate between 30-44%.>* This mortality rate is
predicated by hemorrhage volume, and in fact those with a large hemorrhage (i.e., volume >60
cm?®) have a 91% risk of mortality.* There are also high degrees of persistent impairments in ICH
survivors®* which increase the dependency of these survivors leading to high direct (e.g.,
rehabilitation) and indirect effects and costs (e.g., caregiver, workplace absenteeism).’
Unfortunately, there are no approved therapies for treating ICH with only medical management

and rehabilitation to aid patients.®

A number of risk factors are associated with intracerebral hemorrhage. These include
hypertension, family history of ICH, a personal history of ischemic stroke, gender, age, race, the
genotypes APOE ¢2 and €4, and warfarin use.”® Certain risk factors also influence the likelihood
of where the hemorrhage will occur. For instance, the APOE €2 and €4 genotypes and the
development of cerebral amyloid angiopathy is associated with lobar hemorrhages (i.e.,
hemorrhages occurring in white matter of the cerebrum or at the junction between white and grey
matter).> Hypertension (i.e., abnormally high levels of blood pressure (BP)), which is common
in all types, is more associated with deep structure hemorrhages such as the basal ganglia
including the thalamus and striatum).® Although anticoagulant therapies such as warfarin are
associated with increased risk of ICH they are also a standard therapy for those at risk or who
have had an ischemic stroke.! Warfarin not only increases the risk of ICH but also the risk of
hematoma expansion (i.e., ongoing bleeding), worsened outcomes and death.!%!? Hypertension is

the primary risk factor for ICH and much work has been and is currently being done to



understand how managing BP influences patient outcomes (please see section 1.3.1 for more

information).

1.3.1 Current Medical Management

Unfortunately, there are no well established therapies to treat ongoing brain damage after an ICH
and current practices rely on medical management to treat patients. This care during hospital stay
includes monitoring and management of certain factors including fever, clinical seizures, BP,
intracranial pressure (ICP), cerebral perfusion pressure, hemodynamics, and complications such
as dysphagia, cardiac events and infections.® Typically, the majority of the bleeding of an ICH
ceases within 3 hours but in 26-35% of patients there is ongoing hematoma expansion that
increases by at least a third.!*!* Computed tomography angiography is a useful imaging tool that
can pick up spot signs (indication of an area with on-going bleeding) and more spot signs are
predictive of a greater risk of hematoma enlargement.®!> Hematoma enlargement is associated
with a greater mortality and a worsened outcome;® however, therapies for enhancing coagulation
have proved to be ineffective. Phase III clinical trials of recombinant factor VIla (rFVIla) were
successful at limiting hematoma volume but this did not lead to improved outcomes.'® Fever is
also associated with a poorer outcome and hematoma growth,!” but there is no clear clinical and
preclinical evidence on the influence of temperature management on outcome.>!®!” As well, high
systolic BP is implicated in causing hematoma expansion, which has in part prompted the
recommendation for early BP management even prior to patient transfer out of the emergency

department.®

As previously mentioned, hypertension is a common risk factor for ICH but there has been
concern as to whether aggressive BP decreases may lead to ischemia in the brain. Generally,

lower levels of BP are associated with lower mortality and better outcome,*° but clinical trials



lowering high BP, did not improve mortality or functional outcomes.?!** Further exploratory
analyses of the ATACH II trial found that while intensive BP reduction led to a reduction in
hematoma expansion in deep ICH this did not lead to an improved outcome.?* This may be due
to the intensity of blood-pressure lowering causing ischemic injury in regions of the brain.>* The
data are inconclusive on this matter with some studies finding development of small ischemic

2326 while others fail to find a significant ischemic insult occurring after an ICH.® Several

lesions
trials (e.g., INTERACT II and ATACH) have now found that early, intensive lowering of
systolic BP to less than 140 mmHg is safe at least in small to medium size hemorrhages in

627 with hematoma volume, abnormal changes in white

patients with moderate hypertension
matter and microbleeds being bigger risk factors for ischemic lesions following ICH.?*> While

these trials show safety, more trials are needed to determine whether aggressive lowering of BP
improves outcome and a prospective phase II clinical trial (ADAPT II) is currently underway.*8

As well, for those exhibiting very high BP (>220 mmHg) and/or large hemorrhages, data are still

needed to determine safety and efficacy of intensive BP lowering.

Anticoagulant and antiplatelet therapies are also an important risk factor for ICH that may impact
outcome. There is inconsistent evidence that anti-platelet therapies affect hematoma expansion.®
Like lowering of BP, it is recommended that counteracting these therapies occur early after
ictus.® This is done by reversal therapies such as infusions of vitamin K plus fresh frozen plasma

infusions or coagulation factors such as pro-thrombin complex concentrates or rFVIla.®!6?

Common serious medical complications that arise after an ICH include dysphagia, aspiration and
pneumonia.® Dysphagia is the difficulty in swallowing and aspiration occurs when saliva or
foreign substances such as water or food are breathed into the respiratory tract. Both of these

complications are risk factors for pneumonia, the most common complication.®*° Monitoring



dysphagia and aspiration after stroke through early screening substantially reduces the risk for

pneumonia.®*

Although it is difficult and invasive to directly monitor ICP, in certain situations it may be
necessary such as when a patient has considerable intraventricular hemorrhage, a poor outcome
score on the Glasgow coma scale, and/or is starting to herniate.® An increase in ICP is more
common in young patients or supratentorial hemorrhages and the resulting hydrocephalus is
associated with a poor outcome.® To measure ICP directly a monitor can be implanted either
directly into brain tissue or in a ventricle.® While a catheter into the ventricle can also allow for
drainage of cerebrospinal fluid to decrease pressure it can also cause intraventricular
hemorrhaging.® There are several ways to mitigate increasing ICP including elevating the head to
30°, mild sedation, mannitol or hypertonic saline, cerebrospinal fluid drainage, hematoma
evacuation, or decompressive craniectomy but no studies have shown efficacy of ICP
management.’ Both hematoma evacuation and decompressive craniectomy are beneficial in life-
saving situations but there is no clear evidence of benefit especially in the case of supratentorial

hemorrhage.

1.3.2 Pathophysiology

There are several mechanisms that contribute to cell atrophy and death after an ICH. Primary
injury, damage due to the mechanical force of blood tearing through brain tissue, occurs quickly
in the minutes to first few hours after the initial bleed and contributes substantially to the damage
after an ICH. As seen in the clinical literature, ~30% of patients will have hematoma expansion

over the ~24 hours after hemorrhaging begins, although the majority occurs within the first few



hours, which increases the risks of mortality and worsened impairments.!*!> The mass effect of
bleeding and rising edema levels can lead to an increase in ICP, which can further contribute to
damage and if high enough, such as in large hemorrhages, can cause herniation and mortality?’
and a decrease in cerebral perfusion pressure. A decrease in cerebral perfusion pressure may lead
to focal ischemic lesions in the surrounding tissue although the data on this is limited.®!
Management practices for mitigating primary damage are currently used (e.g., BP control,
anticoagulant reversal therapies); however, the typically quick nature of this damage makes

targeting primary injury difficult.

Secondary injury occurs in the hours to weeks following the initial bleed. This protracted time
course of injury and cell death provides potential targets for neuroprotective therapies. There are
several mechanisms of secondary injury that occur after ICH including inflammation, edema,
clotting factors, excitotoxicity, seizures, blood and erythrocyte components, oxidative stress and
blood brain barrier (BBB) disruption.**-** These mechanisms contribute to protracted cell death
that can occur over the hours to weeks after the initial bleed. The majority of our understanding
of injury after ICH is from animal work and a few clinical studies, and there is still much that
needs to be understood on the nature of injury after ICH. For more information on the animal
models used to understand ICH pathophysiology and potential treatments please refer to section
1.3.3. This thesis has focused on inflammation, clotting factors, and blood constituents as they
contribute to hemorrhagic stroke damage in a different manner than ischemic stroke which may

impact the effectiveness of TH for ICH.

While thrombin plays a key role in the clotting process and is thus important for mitigating the
bleed, it can also be neurotoxic. Thrombin is an enzyme that is a necessary component of the

coagulation cascade that is activated soon after bleeding starts. In response to blood vessel



damage, a series of processes in the coagulation pathway occurs and leads to the cleavage of
prothrombin to produce thrombin.*? Thrombin goes on to convert fibrinogen into the insoluble
fibrin protein which forms a clot with platelets.>> Thrombin is essential for curtailing the primary
damage of an ICH; however, thrombin itself is neurotoxic and can lead to acute cell atrophy,
neuronal death and functional impairments.**> This toxicity is due to thrombin-induced
inflammation, metalloproteinase production and BBB disruption, and edema.3?3*36-38
Antithrombotic agents (e.g., argatroban) and anti-inflammatory drugs (e.g., minocycline) have
shown benefit against thrombin-induced injury.**” It should be noted however, that along with
clot formation another potential benefit of thrombin is stimulating neurogenesis and
angiogenesis,>>** both of which may play an important role in recovery after ICH although this is

not clear.*"*

Inflammation is a necessary response when damage or infection occurs in the body, but like
thrombin, inflammation can also play a harmful role after ICH. The inflammatory response
contains and clears the damage that occurs but also inevitably injures normal healthy cells due to
the broad spectrum response of inflammation. There are several methods to evaluate different
aspects of the inflammatory response in preclinical studies such as characterizing cells through
histological staining (e.g., Perls’ Prussian blue stain for microglia/macrophages, Leder’s stain for
neutrophils) and immunohistochemistry (e.g., labelling Iba-1 for microglia), as well as, using
western blotting and rt-PCR for measuring levels and regulation of inflammatory markers (e.g.,
cytokines), respectively. This thesis focused on using the Perls’ Prussian blue stain to identify
and quantify microglia and macrophage cells as it has been previously used and was sufficient

for confirming the decrease in inflammation in cooling animals.!8434



Neutrophils are small white blood cells capable of crossing the BBB and appear within the first
hours after an ICH.*334%46 Other cell types that are part of the early inflammatory response
include macrophages that enter through the leaky blood vessels and microglia already in the
area.’>* Microglia are the brain’s resident inflammatory cells that are highly similar to
macrophages. Microglia are capable of phagocytosis and releasing pro-inflammatory cytokines
and chemokines which aid in proliferating the brain’s inflammatory response.**** Macrophages
are also capable of crossing the BBB and once activated become undifferentiable from microglia.
These cells begin crossing the BBB within the first few hours after the bleed and also release
pro-inflammatory molecules.** The inflammatory response continues to grow and peaks at about
3 days post-ICH, and inflammatory cells remain elevated in the peri-hematoma for weeks
following a stroke.>**”*% As part of the inflammatory response, these cells release matrix
metalloproteinases which contribute to BBB damage and thus vasogenic edema.**>"4" As well,
inflammatory cells generate reactive oxygen species causing oxidative stress which leads to
damage to the lipid membranes of neurons and other macromolecules and thus contributes to

cytotoxic edema, cell atrophy, and neuronal death.*

Despite the potentially harmful effects of inflammation, this response is also important for
containing and resolving the hematoma. While several studies have found beneficial effects with
anti-inflammatory therapeutics, such as minocycline,* others have found that peroxisome
proliferator-activated receptor game (PPAR-y) agonists (e.g., rosiglitazone) can be beneficial by
quickening hematoma resolution after ICH.>*>! PPAR-y is important for regulating the
phagocytosis response in inflammatory cells which allows for removal of erythrocytes from the

extracellular space before they can fully breakdown and release harmful by-products.>?



Inflammation is an innate response to mitigate damage, however, its proliferative and general

nature can become unmanageable and contribute to neuronal cell death.

Another major component of secondary injury after ICH is the neurotoxicity associated with
erythrocytes. While intact erythrocytes themselves may not be wholly toxic, these cells begin to

degrade in the first few days after an ICH>33-54

and the hemoglobin within these cells is toxic.
Hemoglobin consists of globin proteins and iron-containing heme. Hemoglobin is still contained
within erythrocytes 24 hours after ICH but begins to be released by two days>* and peaks in
edema following ICH correlate with release of hemoglobin.** Once hemoglobin breaks down,
heme is further broken down by heme oxygenase, an enzyme produced by inflammatory and
endothelial cells.’> Heme-oxygenase 1 (HO-1) levels are increased in response to heme-
hemopexin complexes and heme.’*>> After ICH, HO-1 levels increase over the first few days,
peaking at 3 days but return to normal levels by a month after stroke in rodents.>® From heme,
carbon monoxide, bilirubin, and ferrous iron are released and it is this free form of iron that is
potentially most toxic as a pro-oxidant.*>”® Non-heme iron levels, an indirect measure for
heme degradation, increase over the first week after ICH and remain elevated in the month
following stroke. *° Iron and hemoglobin toxicity is associated with edema, seizures,
inflammation, BBB disruption, and oxidative stress after ICH>"-%*-*? and is associated with acute
and long term cell death.®>** In fact, iron chelators have been a substantial focus of potential
therapeutics for ICH with several studies investigating deferoxamine.*> A more detailed
discussion on iron chelators as a treatment for ICH can be found near the end of this chapter

(please refer to section 1.5). To study hematoma resolution in this thesis we used two commonly

used indirect measures, non-heme iron levels and hematoma volume (i.e., hemoglobin content).
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To further evaluate iron, we used x-ray fluorescence imaging to spatially map and quantify iron

following ICH which has been previously done in our lab.>

The iron released from heme is free to participate in Fenton’s reaction where unbound ferrous
iron and hydrogen peroxide is converted to ferric iron, a hydroxide ion, and a hydroxyl radical.®
Hydroxyl radicals are one of the most potent pro-oxidants and substantially contribute to
oxidative stress.®® The brain and body have endogenous mechanisms for mitigating hemoglobin
and iron toxicity. Haptoglobin is found in blood plasma and binds free hemoglobin to allow for a
safe degradation of hemoglobin without release of free iron.>* In response to ICH, haptoglobin
production by oligodendrocytes increases over the first 3 days and may help mitigate
hemoglobin-induced toxicity as mice genetically engineered to over produce haptoglobin have
reduced functional deficits compared to wild-type mice.®® The brain (and body) also has
endogenous mechanisms to cope with free iron. Transferrin and its receptor are important for
short term storage and transportation of iron. Under normal conditions transferrin and transferrin
receptors are regulated in response to cellular needs of iron as transferrin is the main iron
transporting protein.>*®’ In the brain, transferrin is produced by oligodendrocytes and is
important for binding extracellular ferric ions>* and transports iron into cells through the
transferrin receptor.”® In the days following ICH, both transferrin and its receptor are
upregulated®® and this likely aids in the transportation of iron out of the extracellular spaces in

the brain.>*

Following ICH, the vast majority of the iron remains in the injured hemisphere as has been seen

H36:5%68 and in the clinic.®® Thus, to avoid chronic iron toxicity there

in both animal models of IC
is long term storage of iron via ferritin proteins which amalgamate into hemosiderin deposits.

Ferritin binds to ferrous ions and is composed of both a light- and heavy-chain and is an essential
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protein found in microglia, oligodendrocytes and epithelial cells.’**® The heavy chain acts as a
ferrioxidase to convert ferrous ions into the ferric form and the light chain forms the core where
ferric molecules can be stored.>® Ferritin expression is regulated by iron-regulatory proteins,
when iron levels are high the binding activity of these proteins to ferritin mRNA is low leading
to increased ferritin expression.>*%® In iron-regulating protein-2 knockout mice, there is greater
increase in levels of ferritin following ICH compared to wild-type mice at 3 days-post stroke.®’
The increase in ferritin levels in the knockout mice corresponded with lower levels of protein
oxidation following ICH® suggesting that increased ferritin expression is protective against
oxidative stress. Both increases in iron and heme levels in the brain can lead to increased
expression of ferritin.>* Therefore, it is not surprising that both the H- and L-chains of ferritin are
upregulated after an ICH by 3 days and remain at high levels by a week post ICH.® Ferritin
levels drop off but remain elevated by 28 days after ICH in rats.>® Thus, since iron has a great

capacity to cause damage there are endogenous mechanisms to mitigate iron damage.

As previously mentioned, iron can propagate oxidative stress through the creation of reactive
oxygen species but there are also endogenous antioxidants, such as superoxide dismutase,
catalase, and glutathione, to moderate oxidative damage. By 24 hours following ICH in rats,
there is a 50% increase in reactive oxygen species in the injured hemisphere compared to the
contralateral striatum.”® In one preclinical study, hydroxyl radical levels were increased above
sham levels by 6 hours post-ICH and remained above sham levels for at least two weeks.”! In
rodents, lipid peroxidation and DNA damage increases by 6 hours post-ICH, peaks at 3 days and
decreases but remains elevated for at least two weeks.”!"”> Nakamura and others®! found a similar
trend for DNA and protein oxidation with increases seen over the first few days and above

normal levels persisting for at least a week-post ICH in rats. Expression of Cu/Zn superoxide
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dismutase increases starting at 3 days post-ICH, peaks at day 7 and begins to decrease by 14
days’? to mitigate this oxidative stress. In preclinical studies, treatment with antioxidants can
diminish increases in hydroxyl radicals and oxidative stress’!*’> although the antioxidant NXY-
059 unfortunately did not pass clinical trials.”* While there are endogenous mechanisms for
managing hemoglobin, iron and oxidative stress, it is likely that these systems are overwhelmed
by the volume of blood in a hemorrhage. As well, acidity and oxidative stress, which can stem
from other sources such as inflammation and excitotoxicity, can cause release of iron from
ferritin and interfere with antioxidant activity.>* Therefore, much of the preclinical research for

hemorrhagic stroke has focused on the hematoma, iron toxicity and oxidative stress.

1.3.3 Animal Models of ICH

There are several animal models used to investigate therapies for and build our understanding of
ICH. The two most widely used models are whole-blood and collagenase. In animal studies
strokes are typically induced in the striatum as this is a common location in patients.”>’® The
whole blood model involves an injection of autologous blood, typically obtained from the tail
artery, into the brain.”®”” In the collagenase model there is an injection of bacterial collagenase,
which degrades blood vessel walls, into the brain parenchyma leading to a bleed.’”®’® While
neither model perfectly exemplifies what happens in a human ICH, they both have their uses.
The whole-blood model does not involve the injection of a foreign substance and there is no
protracted bleeding or seizure activity which also do not occur in many ICH patients.® The
collagenase model causes a bleed in the brain and is associated with more long term cell death,
greater long term impairments, more inflammation, more BBB disruption and a larger increase in

179,80

ICP compared to the whole-blood mode as well as seizure activity.®! Another model used in
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experimental ICH studies involves feeding spontaneously hypertensive rats a high salt diet.®?

This model can lead to spontaneous hemorrhage but there is high variability in lesion size and

location making it difficult to use in controlled studies.®?

Other models used to study ICH take a reductionist approach to simplify the study of different
components involved in ICH. For instance, several studies have used hemoglobin or hemoglobin
components to better understand the role of each mechanism in ICH injury and how treatments
influence these mechanisms.%%® Intraparenchymal infusions of thrombin are used to help to
better understand thrombin-induced injury.*>-%**4® Thrombin-infusion causes acute
neurodegeneration and behavioural impairments® and has been shown to cause inflammation,
edema, BBB disruption and seizures.*®*%# Infusion of FeCl, is a reductionist model to
understand iron-induced injury in the brain.’”-6%6381:85 Thijg simplistic model of iron-induced
injury has been shown to cause oxidative stress, seizures, edema, inflammation and cell
death®”928185 which leads to on-going neurodegeneration and cell atrophy and lasting
behavioural impairments weeks post-infusion.®® Both the thrombin and iron reductionist models
have been previously used in the literature and have been shown to cause cell death and

behavioural impairments similar to the whole-blood and collagenase models.

In this thesis we used the whole blood, collagenase, thrombin-infusion and FeCl infusion
models. Most of the ICH work done used the collagenase model as it causes a bleed within the
brain and thus would involve greater thrombin activity due to the significant effect on blood
vessel walls as well as greater deficits and cell death. We used the reductionist models of
thrombin and FeCl; to isolate the effects of these types of injury specifically when using
therapeutic hypothermia and bipyridine. As with much of the ICH animal literature we produced

damage in the striatum as the basal ganglia is an area where ICH commonly occurs in humans.”

14



1.4 Therapeutic Hypothermia (TH)

Therapeutic hypothermia involves cooling the body below normal temperatures to protect the
central nervous system from damage. There has been much interest in using TH and temperature
management to treat and mitigate damage after several nervous system injuries. For instance,
previous stroke studies of some neuroprotective pharmaceuticals, such as MK-801, were found
to influence body temperature and when temperature was controlled and normothermia
maintained, those drugs lost their neuroprotective effects.®>3” Currently, TH is used to treat
neonatal hypoxic-ischemic encephalopathy (HIE) and cardiac arrest and is being studied
preclinically and clinically in other types of brain injury. Typically, TH is applied to the whole
body (i.e., systemically), but in neonates it is possible to use TH localised to the brain due to the
thinness of the skull at birth.®® There are presently no clinically available (approved) methods of
inducing localised TH to the brain in adults, but there are methods are various stage of
development. There is some debate as to what the ideal target temperature should be although the
range in most of the TH literature has been between 32-36°C. In this thesis, we have chosen a
target temperature of 33°C, considered here as a mild level of TH, as this has provided
considerable success in our lab for global and focal ischemia. As well, this is within the range of
the target temperature currently used in the clinic for cardiac arrest®® and neonatal HIE.®
Additionally, we used systemic TH in this thesis as it is what is currently used in adults in the

clinic and they are the population most likely to experience an ICH.
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1.4.1 History, Clinical Use and Complications

The use of cooling as a therapy is not a new concept.”®®! There is documented use of TH for
successfully treating ICH in 1848°% and there was interest in using TH to treat stroke in the early
20th century.”® In 1958, Howell and colleagues’® published a series of case studies in which TH
was applied to suspected ICH patients. Although the authors noted limited success in reducing
mortality, they were hopeful that TH could still be used to lower high levels of ICP.
Nevertheless, due to complications such as infection and rewarming issues, interest in cooling’s
therapeutic value began to wane by the 1970’s.°%! Fortunately, during the 1980’s and ‘90s
interest began to pick up especially for treating traumatic brain injury (TBI), cardiac arrest (and
the resulting global ischemia of the brain), ischemic stroke and neo-natal HIE.*'**7 It was
identified in animal studies that when given for a sufficiently long duration, TH could provide
substantial neuroprotection even with a delay after global®®*® and focal ischemia.!%-1> With this
renewed interest, there have been a number of preclinical and clinical studies in the past 30+
years evaluating temperature management, including TH, to treat spinal cord injury (SCI), TBI,

ischemic stroke, and hemorrhagic stroke.’!

Currently, TH 1is clinically used to treat cardiac arrest and neonatal HIE. According to the
2016 Canadian Guidelines for the use of targeted temperature after cardiac arrest for post-
resuscitative care, the typical target temperature range for TH is 32-34°C with rewarming at a
rate of 0.25-0.5°C/hour.?® While there are no recommendations on treatment time windows it
was highlighted that the effectiveness of TH diminishes the longer it takes to reach the target
therapeutic temperature. Therapeutic hypothermia is recommended for both inpatient and
outpatient cardiac arrest and can be initiated by trained paramedics in a pre-hospital setting to

start treatment as early as possible.®” According to the Canadian Pediatric Association, TH is the
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only approved neuroprotectant for neonatal HIE.®® The target temperature for treating HIE in
infants ranges between 32.5-35°C with a temperature of 34+0.5°C considered ideal. Cooling
should be initiated within 6 hours from birth and is recommended to last between 48-72 hours,
although the optimal duration has not been adequately evaluated. The recommended rewarming
rate is 0.5°C every 1-4 hours. As previously mentioned, in neonates TH can also be applied
selectively to the brain via a cooling caps® but the majority of clinics use systemic cooling
methods due to low costs and feasibility and this is done via cooling blankets/packs or passive
cooling.®® Although systemic TH is most widely used, there is no clear neuroprotective

advantages associated with one method over the other although there is some evidence.?31%

There are different methods for inducing systemic TH in adults although it is not clear
whether one method is superior to another. These methods have been used in clinical studies for
a variety of brain injuries such as ischemic and hemorrhagic stroke, cardiac arrest, TBI, and
SCI.9496.104-196 Ope popular method involves cooling the body externally with servo-controlled
cooling blankets which are placed over the skin and can be supplemented with alcohol and ice
baths.**%197 Endovascular cooling involves implanting a device, such as a tube or balloons, that
surround blood vessels (e.g., femoral vein or inferior vena cava) and is flushed with cold
fluids.!9%:196.198 This method cools the blood which is circulated throughout the body. The
RhinoChill Device™ causes intranasal cooling that induces rapid cooling by spraying a
perfluorocarbon—oxygen mixture into the nasal cavity which causes evaporative cooling. This
method is typically used to induce TH while systemic methods then maintain TH.!?”!% Since it
is important to reach the target temperature in cardiac arrest as quickly as possible, the RINSE
trial evaluated whether injecting chilled saline into the peritoneal cavity while on the way to the

hospital would improve outcomes compared to initiating TH at the hospital.'' While they were
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unable to find a benefit of prehospital induction of TH in that trial, others argue that it may be

useful in hospitals without optimized standardized post-cardiac arrest care.!!!

There are a number of adverse effects and complications associated with TH including
infections, shivering, cardiac arrhythmias, coagulopathy and rewarming related issues. One of
the most common associated adverse outcomes is infections such as pneumonia.!'?"!1¢ This stems
from the potent anti-inflammatory effects TH has on the body which increase the susceptibility
of the patient to contracting an infection or dealing with a pre-existing infection. This is further
complicated by the fact that stroke most often occurs in the aged population who may already

have compromised immune systems and stroke can further diminish the immune response.!!7-!18

Another common complication is the innate shivering response of the body to cooling.”!:112113.116
Shivering increases metabolic demand and causes vasoconstriction thereby impacting the ability
to reach target core body temperature.”’!'>!1® While shivering can be mitigated through drugs
such as meperidine and buspirone,!!>!1>116 this may cause other harmful effects such as
increased risk of pneumonia due to swallowing impairment and aspiration.''> As well, the
pharmacokinetics of drugs is changed when the body is cooled making it difficult to predict and
respond to the drug’s actions during cooling.”! Shivering protocols that involve drugs, skin
warming and/or early monitoring can be useful in mitigating this complication.''>!1¢ Another
adverse effect is cardiac arrhythmias such as bradycardia, tachycardia, and arterial fibrillation
which may occur during TH or while the patient is undergoing rewarming.”"-!'4116 Coagulopathy
can occur and increase the risk of bleeding;'!'*!1%!!” however, this is depth dependent with drops
below 35°C but above 33°C having an impact on platelet function but temperatures below 33°C

further interfering with other aspects of the coagulation cascade such as enzyme clotting

action.!' While coagulopathy is a potential concern, clinical trials have found combining TH
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with thrombolytic drugs to be safe in ischemic stroke.!'?> Generally, TH should not be used in

actively bleeding patients or in patients with severe acidosis.'!”

Finally, there are complications associated with rewarming. Joshi and others'? found that during
rewarming, cerebral blood flow (CBF) autoregulation was impaired in patients undergoing
cardiopulmonary bypass surgery and the authors commented that impairment in CBF
autoregulation may contribute to risk of stroke. While they did not compare rates of rewarming
in this study, it does show a potential complication with rewarming. In one early trial of severe
ischemic stroke, 30% of subjects died during TH or rewarming due to rebound increases in ICP
with shorter rewarming being associated with a greater increase in ICP. !> Complication with
rewarming can be mitigated by active, slow rewarming as opposed to passive or rapid
rewarming'?!"'>* or by the duration of TH treatment.'*> A preclinical study of TBI found that
slow rewarming led to normal vascular responsiveness following treatment while rapid
rewarming was associated with impaired vascular responsiveness.'?> Another TBI study found
that rats who underwent slower rewarming had significantly less axonal damage than rats who
underwent fast rewarming.'?> When rewarming occurs too quickly several adverse events can
occur including oxygen consumption and electrolyte imbalance and resulting cardiac and
metabolic issues, disrupted glucose homeostasis, impaired CBF, and increased inflammation and
oxidative stress.!?!"'>* Some of these effects, such as the increased inflammation and electrolyte
imbalance, may lead to a rebound in edema. In fact, a study from our lab found that rapid
rewarming from TH localized to the brain led to an increase in edema after large hemorrhages,
with levels even above animals who had been kept normothermic.'?® As well, Jiang and
colleagues'? found that following TBI in patients, ~5 days of TH lessened rebound ICP after

rewarming compared to ~2 days of treatment, likely due to lower levels of edema. Therefore,
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while rewarming is a known issue, both the duration of TH and rate of rewarming can mitigate
the negative impacts of rewarming. Unfortunately, optimal rates of rewarming and duration of

TH have not been well studied in stroke patients or preclinical ICH research.

1.4.2 Clinical Trials

While TH has only been approved to treat neuronal injury in cardiac arrest and neonatal
HIE, several studies have been conducted to determine the safety and efficacy of using TH in
other types of injuries. Despite the side effects mentioned in section 1.4.1, TH does appear to be
safe for a variety of brain injuries. For example, Abou-Chebl and others'?” found cooling via the
Rhino-Chill Device™ to be safe for patients who had a TBI, ischemic stroke, or ICH. The
following section will describe the current clinical literature for using TH to treat SCI, TBI,

ischemic stroke, and of most interest for this thesis, intracerebral hemorrhage.

While there is currently not enough evidence to warrant recommendation in care
management guidelines for SCI, early clinical studies have found TH to be safe for patients who
have a SCL.?!1%.127 Madhavan and others'?’ found that intravascular cooling for 24 hours
immediately post-surgery was safe, with patients experiencing better than expected outcomes. A
phase I clinical trial found that SCI patients who received intravascular cooling for 48 hours had
a similar complication rate to case-matched controls and this preliminary evidence suggested that
TH provides benefit beyond spontaneous recovery.'% With this early clinical success and
positive results in preclinical studies,'?® a randomized controlled trial is being conducted as part
of the Miami Project to further investigate intravascular cooling for SCI (Identifier:

NCT02991690).
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There have been several clinical studies evaluating TH for TBI with guideline
recommendations for using TH for at least 48 hours.”” The research on using TH to treat TBI is
of interest to ICH, as there is bleeding and parallel mechanisms of injury (e.g., elevated ICP) in
certain cases of TBI. Unfortunately, the recent clinical literature has not been promising. An
early clinical trial failed to find benefit at 6 months with the exception of one subgroup that had
early initiation of TH and surgical removal of the hematoma.’"!* Some evidence has suggested
that TH may be a useful treatment for cases of TBI with high ICP.! To further investigate this
effect on ICP the Eurotherm3235 clinical trial studied the impact of TH in TBI patients with high
ICP (> 20 mm Hg)."*? Initial investigation found that not only was there no difference in ICP but
there was also an increase in unfavourable outcomes in the treated group compared to control
group receiving clinical management.'3® Another large randomized controlled trial evaluated
early initiation of TH in those with severe TBI but did not find functional benefit at 6 months.'**
The heterogeneity of TBI may make it difficult to find an adequate treatment that suits all
patients and targeting specific subgroups may lead to more successful translation.'* As well, as
previously mentioned the duration of TH and rewarming may impact the effectiveness of the

treatment in TBI patients.!'?

There 1s abundant preclinical literature on using TH to treat ischemia with largely
positive data on neuroprotective effects when duration and depth of cooling are taken into
account.!9!1® Early clinical trials found cooling to be safe and feasible in treating large ischemic
strokes and able to reduce elevated ICP.%!3! These early pilots also noted that the rate of
rewarming could have an impact on rebound ICP and related mortality with slower rewarming
being more protective than passive rewarming. A larger randomized study, ICTuS-L, evaluated a

combination of TH with intravenous thrombolysis vs. intravenous thrombolysis alone.!'? The
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combination therapy proved to be safe and feasible but the sample size was too small to
determine efficacy'!? and a phase III trial was initiated using the same protocol with the
exception of including chilled saline infusion to quicken the time to reach target temperature.'!?
Unfortunately this trial, ICTuS-2, was unable to reach adequate recruitment numbers before
expiration of funding and the sample size was too small to determine efficacy.!!® As well, the
best medical practice for treating ischemic stroke was changed with the development of intra-
arterial neurothrombectomy. While unable to determine efficacy, authors found their cooling
protocol to be feasible. Another phase III clinical trial in Europe, EuroHYP-1, was also initiated
to evaluate combination of TH and best medical practice vs. best medical practice alone but this
trial was terminated prior to reaching full recruitment.'*> While the results from clinical trials for
ischemic stroke are unclear, it should be noted this is due to lack of power to detect efficacy, not
due to mixed and conflicting results. As well, pilot studies found TH to be useful for mitigating

elevated ICP, which may be particularly beneficial for patients with large ischemic stroke.

There have been several small-scale trials evaluating the use of TH to treat ICH as well as
two larger randomized clinical trials that are currently underway. During the 1950°s Howell and
colleagues’® carried out a series of case studies evaluating TH for ICH. While the results they
observed were not overly positive with only 2 out of 8 patients surviving, the authors were still
optimistic that TH could be used to treat elevated ICP. Since then, only a small handful of human
ICH studies have been conducted. In a small study of prolonged, pharmacologically-induced TH,
Dohi and others!** found that in hemorrhagic stroke (i.e., both ICH and SAH combined) TH can
effectively lower markers of inflammation early after the stroke. However, this effect was only
transient and there were no differences by 4 days post-stroke. Of note, the results of both the ICH

and SAH patients were combined and the effects on ICH alone, which has a different
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pathophysiology than SAH (i.e., lack of vasospasms), were not clear. More encouragingly,
another small study involving only ICH, found that in patients with a substantial hematoma
volume (~56 mL) TH applied for 8-10 days could prevent the steep and profound rise in edema
seen in historic controls with comparable hematoma volumes.'® The authors of this study also
found that those treated with TH had better functional outcome and lower mortality at 3 months
and 1 year post-stroke. Unfortunately, this was not a randomized study (i.e., comparison to

historic controls) and involved a small sample size. Still the results of this trial are promising.

A couple of small ICH trials have evaluated the use of TH in combination with another
therapy with group sizes ranging from 25-38 per group. Bi and others'** found that in patients
with a large hemorrhage, TH in combination with minimally invasive evacuation of the
hematoma marginally improved functional outcome and lowered peri-hematoma levels of
inflammation compared to the surgery alone. In a study involving a moderate sized hematoma,
TH combined with mannitol significantly improved functional outcome up to 3 weeks post-
treatment versus mannitol treatment alone.!*> Interestingly, the study also found that at a week
post-treatment, patients treated with the combination therapy also had an increase in regional

cerebral blood flow in the lesioned area.

The promising data from these small trials have prompted two multisite, randomized controlled
trials, one conducted in Europe and one in North America. The Cooling in Intracerebral
Hemorrhage (CINCH) trial is enrolling 50 patients with large hemorrhages from Germany and
Austria who will be randomized to an 8 day TH treatment or medical management treatment.'*°
At 8 and 11 days post-ICH, hematoma volume and perihematoma edema will be measured and

mortality and/or functional outcome will be assessed at 30, 90, and 180 days. In the United

States, the Targeted Temperature Management after Intracerebral Hemorrhage (TTM-ICH) trial
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is enrolling 50 patients with a minimum baseline hematoma size of 15 mL and patients will
receive either 72 hours of TH or maintained normothermia.'*’” Neurological deterioration and
mortality over the first week will be evaluated as well as functional outcome at discharge and 90
days. Hematoma volume and edema will also be evaluated at 24, 48, 72, and 168 hours. As
described in this section, there has been promising clinical research in other modalities of
nervous system injury suggesting there is hope that TH can be used to treat ICH, a brain injury
that currently has no neuroprotective therapies. However, as outlined in the following section the

preclinical data is not clear that TH is a suitable neuroprotective therapy for ICH.

1.4.3 Preclinical Studies of Intracerebral Hemorrhage

Although there is abundant research on using TH to treat experimental ischemic stroke,
there is less research on using TH to treat ICH in animals. Preclinical studies of ischemic stroke
are generally positive; however, the studies in ICH are less robust particularly when evaluating
neuroprotection and functional improvement.'% In experimental ICH, several animal studies
have found TH to be neuroprotective and/or improve behavioural deficits;!*3*! however, other

studies have failed to find neurological or function benefit of TH*!42-146

or had mixed efficacy
results.'*’ This intermittent protection is surprising as there are numerous overlapping
mechanisms of secondary injury common to both ischemic and hemorrhagic stroke that are
mitigated by TH (e.g., inflammation, BBB damage, etc.). Within our own lab there has been
inconsistent protection, even when matching for ICH models and controlling for treatment
parameters such as depth of cooling, time to initiation, duration and rate of rewarming. For
example, MacLellan and colleagues'*’ found neuroprotection and functional benefit a month

post-ICH when systemic hypothermia was delayed for 12 hours. When they used a similar
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protocol to evaluate combined use of rehabilitation and TH vs. each treatment alone they failed
to find a protective effect on either tissue loss or behaviour, although there were differences such
as the size of the lesion and the model of ICH.'® Thus, more studies are needed to better
understand the influence of TH on ICH-induced injury to better understand the inconsistent

neuroprotection that can occur even by the same authors.

While the data on efficacy of TH after ICH has been mixed there have been a number of
consistent effects. Edema is the most commonly used endpoint in ICH preclinical studies,
although its ability to translate to long term neuroprotection and functional benefit is unclear.”® It
has been well established by different investigators that TH can mitigate edema in several I[CH
animal studies **138-142.146.199.150 However, not all studies have found a reduction in edema despite
finding benefit on other measures such as tissue loss and ICP.!?%!%7 Interestingly, John and
Colbourne'?® found that rewarming may have an impact. While they failed to find a beneficial
effect of local TH on large hemorrhages, they did find that in animals who underwent fast
rewarming had greater levels of edema than treated animals who had slow rewarming. The lack
of benefit on edema even with slow rewarming in this study may be due to the late initiation of
TH (24 hours post-ICH), which is necessary to avoid bleeding complications in animals who
undergo large hemorrhages induced by collagenase. When directly compared, some studies have

found early initiation of TH lowered edema while late induction did not.**!4?

Perhaps unsurprisingly, a number of other effects of TH on mechanisms of secondary
damage that may explain TH’s fairly robust effect on edema such as inflammation and BBB
disruption. Several studies have found that TH reduced inflammation, whether it is number of
44,139,141,146,150 [y £,

cells or other markers of activation such as increases in cytokines.

MacLellan and others* found TH to reduce the number of inflammatory cells by approximately
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50%. As well, matrix metalloproteinase 9, which can increase BBB disruption, is mitigated by
TH as there is a reduction in the levels of the protein as well as the number of matrix
metalloproteinase 9 positive cells.!**!*! Blood brain barrier disruption has been consistently
mitigated by TH in many ICH preclinical studies.**!?8-141:146 [t should be noted in the majority of
these studies that also evaluated efficacy and found benefits, they looked early after ICH (i.e.,
within 3 days).!*31*! Those that looked later (i.e., a week or more post-ICH) and found
improvements in edema, inflammation and/or BBB dysfunction, failed to find neuroprotection

and/or behavioural benefit.**142.146

Cooling has been studied for its effects on other mechanisms of injury albeit not to the same
extent as neuroprotection, functional benefits, edema, inflammation and BBB disruption. For
example, Kawanishi and others'*® found that when TH is delayed 6 hours it significantly reduced
DNA oxidative damage. Others have found TH to have a protective effect by upregulating
proteins involved in anti-apoptotic pathways, including Bcl-2.13%14%141 Klahr and others'**
evaluated localized TH on seizure activity but unfortunately did not find that TH reduced the
incidence of seizures, the number of animals that experienced seizures or the duration of
seizures. As previously discussed in section 1.3.2, excessively high levels of ICP can be a major
and sometimes fatal consequence of ICH in humans. Additionally, as discussed in section 1.4.2,
clinical research for ischemic stroke, TBI, and ICH has been interested in using TH to mitigate
elevated ICP. A preclinical study in rats given a large ICH, found that localized TH alleviated
both the peak ICP and average ICP over a 4 day period after ICH in large hemorrhages. '?°

Interestingly, this did not lead to a reduction in edema.

Differences in treatment protocol, such as method of inducing treatment, delay in

initiating treatment and duration, may be a factor in the conflicting results in preclinical
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research!?? but does not fully explain lack of benefit when the same protocol is used in different
studies with conflicting results.**!4” We established our cooling protocol based in previous

44,100,147

studies, as well as, what has been successfully used in the clinic for other conditions such

t.3% Benefit of TH has been found using the same method of induction, depth and

as cardiac arres
delay in other studies that we used in this thesis.'*’ In this thesis we used a well established
method of systemic hypothermia in awake and freely moving animals that could effectively
control temperature.'*>!>! As well, we chose the temperature of 33°C in this thesis as it has been
commonly used in our laboratory in previous studies of stroke and found to be tolerable and
effective.!%147 A delay of 12 hours was used in the collagenase-induced ICH experiments as this
has been shown to be safe and effective.!” A delay of 1 hour post-infusion of either thrombin or
FeCl, was used in those experiments as there were no concerns of worsened bleeding and
cooling would be initiated while these mechanisms were having an impact on brain tissue. While
the rewarming rate used was different, we decided to use a more conservative approach of
0.5°C/hour versus 2°C/hour up to 35°C for 24 hours and then maintained normothermia.'*’
Another possibility for conflicting results between studies is due to the model of ICH chosen. We
chose to evaluate the use of TH on the collagenase model as there is greater on-going damage,

BBB disruption and behavioural deficits and slower hematoma resolution®” allowing for TH to

potentially have a greater impact on hematoma resolution.

1.5 Iron Chelators

As previously discussed, iron has been widely studied as a key contributor to secondary
injury following ICH largely due to the influx and breakdown of erythrocytes. Thus, iron
chelators have been widely studied as a potential pharmacological treatment for ICH. By binding
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iron, this should mitigate the iron-toxicity and oxidative stress after an ICH; however as

discussed below, the evidence for using iron chelators to improve recovery after ICH is unclear.

Deferoxamine has been the most widely studied iron chelator and is already currently
being used to treat acute iron toxicity outside of the brain.!>? Several studies have found
deferoxamine to reduce the number of iron positive cells, edema, oxidative damage, cell death
and functional outcome following whole-blood induced ICH.!*3-1>> However, Warkentin and
others'*® did not find deferoxamine to be effective at treating collagenase-induced ICH with no
effect on behavioural impairments both in the short and long term or effects on tissue loss and
edema. As well, Auriat and others®® found that while deferoxamine lowered the amount of iron
in the brain following collagenase-induced ICH, there was no effect on lesion volume or
functional impairment. Wu and colleague'®’ did find functional benefit 3 days after collagenase-
induced ICH as well as a reduction in number of iron deposits, neuronal degeneration and
reactive oxygen species but no effect on lesion volume, edema or hemispheric swelling.
Deferoxamine did move on to clinical trial and passed safety trials for ICH patients.'*8
Unfortunately, a phase-II clinical trial failed to find benefit."** As our lab was previously unable

to find neuroprotective or functional benefit with deferoxamine>®!¢

and at the time the phase-II
clinical trial results were not released we decided to focus our attention on another iron chelator

that has been studied for ICH, bipyridine.

Both deferoxamine and bipyridine are bind iron ions; however, there are a couple of
differences between the two. For instance, deferoxamine chelates ferric ions while bipyridine

160,161 917 it’s the ferrous ions that are more volatile and reacts with H>O» to

chelates ferrous ions
create the hydroxyl radical. Bipyridine is also an intracellular chelator which may allow for

sequestering iron ions prior to their release into extracellular space.!®*!%3 As well, bipyridine is
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capable of sequestering of iron ions from transferrin which may promote more stable, long term

iron chelation than is capable from transferrin.'®?

The amount of literature on bipyridine is not as substantial as the literature on
deferoxamine for hemorrhagic stroke; however, there are a few studies that have found benefit.
In animal models of subarachnoid hemorrhage bipyridine treated animals had significantly
reduced vasospasm'® as well as improved functional outcome.'®* In cultured neurons, astrocyte
and oligodendrocytes exposed to FeCly, bipyridine reduced the accumulation of intracellular iron
levels whereas deferoxamine did not.'®> Nakamura and others® found that treatment with
bipyridine after whole-blood ICH in rats qualitatively reduced or eliminated protein oxidation
and DNA damage. Another group did a more thorough evaluation of bipyridine for treating I[CH
injury.'® This study evaluated both pre- and post-treatment of bipyridine after both collagenase
and whole-blood induced ICH in older mice. Pre-treatment of bipyridine did not affect
collagenase-induced bleeding, astrocyte activation or neutrophil infiltration but did reduced the
number of iron positive cells, number of degenerating neurons, number of activated microglia,
generation of reactive oxygen species and damage to white matter.'®> Post-treatment after
collagenase induced ICH reduced edema and lesion volume at 3 days post-ICH as well as
neurological deficits at 3 and 28 days. Finally, post-treatment with bipyridine following whole-
blood ICH led to a reduction in brain water content (i.e., edema) and neurological deficits at 3
days post-ICH.!®® Based on the success seen in subarachnoid hemorrhage and other studies for
ICH we chose to evaluate bipyridine with the hopes of using it in combination with TH in future

studies.
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1.6 General Hypothesis

In this thesis, experiments were conducted to evaluate treatments for hemorrhagic stoke with a
focus on therapeutic hypothermia (TH). We specifically wanted to examine the effects of TH on
the different mechanisms of injury after hemorrhagic stroke to determine the limitations of using
TH to treat this type of stroke. As was previously discussed in this chapter, the data investigating
the use of TH as a neuroprotectant against ICH is not strong in comparison to other types of
brain injuries. Our first two hypotheses set out to examine the effect of TH on mechanisms of
secondary injury after ICH. First, we hypothesized that TH was not adequately targeting two key
mechanisms of secondary ICH injury, specifically thrombin and iron- induced injury. And
secondly, due to the anti-inflammatory effect of TH, this is hindering endogenous mechanisms of
hematoma containment and resolution, and these sides effects negate the ability to detect the
protective effects that TH may convey. In addition, we also evaluated an iron chelator,
bipyridine, to determine whether this was a suitable pharmacological therapy that could be used
in combination with TH to create a strong, well-rounded therapy for hemorrhagic stroke. Our
hope was to find a suitable treatment that targeted a mechanism of injury that TH did not, that
could be combined with TH and evaluated. However, it is important to note that this
pharmacological intervention would need to show its own form of benefit. Our third hypothesis
was that if bipyridine provided protection against ICH injury on its own it would be a suitable

candidate for investigation as a combination therapy with TH.
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Chapter Two

Mild Therapeutic Hypothermia Does Not Reduce Thrombin-Induced
Brain Injury
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2.1 Introduction

Therapeutic hypothermia has been widely studied as a neuroprotectant against traumatic,
ischemic, and hemorrhagic brain injuries. As reviewed,'? the clinical successes with cardiac
arrest in adults and hypoxic-ischemic injury in neonates were predicted by animal studies, and
there is hope that cooling will prove useful for other insults such as stroke. Generally, however,
most neuroprotectants have not translated, which is a troubling problem and the subject of much
study and speculation.*® From this, it is clear that some inconsistencies result from important
individual (e.g., age), insult (e.g., stroke type and severity), and treatment parameters (e.g., dose)
that differ among studies. Of course other factors contribute to variability among studies, such as
incomplete methodological disclosure, choice of statistical test, and chance. Inconsistencies and
failure to replicate experiments are why negative findings, including hypothermia, should be
published so that they can be considered in the development process and for aiding in selecting

therapies that go forward for clinical study.’

Numerous animal studies have assessed whether delayed hypothermia improves outcome
in models of global and focal ischemia, usually with positive findings"® that have led to a
number of clinical studies.”'?> In contrast, the data from several animal models of intracerebral
hemorrhage (ICH) have been mixed and, in our opinion, less robust.'**> Conversely, the few

2325 with more study underway.?® For

clinical studies with select patients are generally positive
instance, Kollmar and others®* have shown that prolonged mild cooling (e.g., 35°C for 10 days)
appears to improve outlook after larger ICHs.?***> Although these are not large randomized

controlled trials, the findings are encouraging and they suggest that cooling improves outcome

by reducing perihematoma edema.
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Edema is thought to be an important complication of ICH that leads to elevated
intracranial pressure (ICP).?”?® Not surprisingly, edema is used in approximately half of all
rodent ICH neuroprotection studies owing to this and other presumed harmful effects, and, no

t.2° However, not all clinical studies agree on the

doubt, due to its ease of measuremen
contribution of edema and ICP to survival, injury, and functional outlook, and there are other
determinants, such as hematoma size, that are better predictors across a broad range of
patients.?”?83% Similarly, we recently questioned the role of edema in the common rat ICH
models.’! We showed that only modest increases in ICP and decreases in cerebral perfusion
pressure followed large to very large collagenase-induced ICHs with no notable elevation in ICP
in the 100-uL blood infusion model despite having substantially elevated brain water content
(BWC) and sizeable hematomas in all models. Accordingly, we argue that reductions in BWC
alone, presumably from reducing edema (vs. affecting serum extrusion from the clot), may often
not translate into a neuroprotective effect in rodents (or humans) suffering from an ICH.
Regardless, our rat ICP findings do not exclude using BWC to predict survival, behavior, and
histological outlook (i.e., as a surrogate marker), and it is only logical that extreme levels of
BWC are harmful or even lethal but this is not something commonly modeled in rodents
(compare the low mortality rates in the rat ICH models with humans). In this light, it is
encouraging that many animal hypothermia studies find that delayed cooling lowers BWC after
an ICH!416.17:20.22 because it is expected that this would translate into improved survival and
reduced injury in those patients (and animal models) whose edema and ICP responses are of

significant harm. Further, hypothermia should also be helpful by reducing inflammation, blood—

brain barrier injury, and other mechanisms of injury.
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Given the potential for using cooling to treat ICH,>**> our lab began by determining the
effects of hypothermia in the two most widely used models—infusing collagenase or whole
blood into the striatum of rats.?*> We varied treatment parameters, including the duration and
method of cooling and intervention delay. Despite multiple studies from one lab, the efficacy
results were mixed and we were unable to identify a consistently ‘ ‘neuroprotective’’ cooling
regimen—in other words, one that reduces cell death and improves functional recovery. 4151820
Thus, we have begun studying whether cooling mitigates behavioral impairments, injury, and
edema caused by the known contributors to secondary degeneration after ICH, such as thrombin
production and iron release. Thrombin is quickly produced after a bleed and it plays an essential
role in clotting. However, numerous studies show that thrombin causes cell death, inflammation,
blood-brain barrier disruption, edema, and so on, as demonstrated by studies that directly infuse
thrombin into the brain (reductionist approach) and by ICH studies that find thrombin inhibitors
to be neuroprotective.>*** Importantly, Kawai and colleagues® have reported that mild
hypothermia reduced edema, inflammation, and blood—brain barrier damage after thrombin
infusion. Nonetheless, the present study retested the hypothesis that mild hypothermia mitigates
thrombin-mediated edema, and we also assessed brain injury and functional impairment at a
longer survival time. Our overarching concern is that mild hypothermia fails to markedly and
consistently improve histological and behavioral outcome after ICH in rodents due to side effects
[e.g., aggravating bleeding]!®, inadequate protection against certain key elements of an ICH (e.g.,
thrombin-mediated neurotoxicity), and modeling limitations. On the latter, for example, it may
be that rodent ICH studies have used insults that cause edema and ICP elevations that are of little

direct importance to cell death, survival, and long-term behavioral outlook.
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2.2 Methods

Fifty-six male Sprague—Dawley rats (250-300 g, ~10-week old) were obtained from a
University of Alberta colony and used according to Canadian Council of Animal Care
Guidelines. As well, the Biosciences Animal Care and Use committee at the University of
Alberta approved all procedures. Rats were housed on a 12-hour light/dark cycle with ad libitum
food and water in a temperature- and humidity-controlled room. Animals were randomly
assigned to groups, and an investigator blinded to group identity conducted all histological and

behavioral procedures.

Two experiments were done to assess the effects of systemic (Expt. 1) and local brain
hypothermia (Expt. 2) on BWC after an intra-striatal thrombin infusion (n = 8 per group). These
rats were euthanized at 24 hours after thrombin infusion, which usually corresponds to peak
edema time in this model. The third experiment tested whether systemic hypothermia
persistently influenced cell death and behavioral impairment in thrombin-infused rats that

survived for 14 days (n = 12 per group).
Temperature probe implantation (Expt. 1 and 3)

Four days prior to thrombin injection the rats were anesthetized with isoflurane (4%
induction, 1.5-2% maintenance; 60% N>O and remainder O.), an incision was made into the
peritoneal cavity, and a telemetry probe was inserted to measure core temperature (TAT10TA-
F20/F40; Transoma Medical).*® The wound was sutured and treated with the analgesic
Marcaine, and the rats were singly housed over receivers (RPC-1; Transoma Medical) that

collected temperature data. Data from the day prior to thrombin surgery served as their baseline.
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Telemetry probes were calibrated to within 0.2°C based upon a thermocouple probe and

calibration-grade glass thermometer.
Thrombin surgery

Rats were anesthetized with isoflurane and temperature was maintained at 37°C with a
heated water pad and rectal temperature probe. A midline scalp incision was made, and the head
was balanced in a stereotaxic frame. A burr hole was drilled at 0.5 mm anterior and 3.5 mm to
the right of Bregma, and a 26G Hamilton syringe was inserted into the striatum (6.5 mm below
the skull surface). Over 10 minutes, 2.5 U (Expt. 1) or 1 U (Expts. 2 and 3) of rat thrombin in 30
uL of sterile saline was infused (Sigma; No. T5772). Doses were titrated by batch to produce
roughly comparable injury (pilot data not shown). The needle was left in place for an additional
10 minutes to prevent fluid backflow after which a metal screw was used to seal the drill hole,
and the wound was closed with wound clips and Marcaine was applied. Body temperature was

monitored following surgery via telemetry in Expts. 1 and 3.

Therapeutic hypothermia

Whole-body hypothermia (Expts. 1 and 3) was produced in freely moving rats with a
system that uses a heat lamp, water mister, and a fan based upon temperature data from a
telemetry probe sent to a computer running ART 2.3 (Transoma Medical) and custom purpose
software.*® Cooling began one hour after thrombin infusion. Rats were cooled over the course of
an hour to 33°C and kept there until euthanasia at 24 hours post-infusion (Expt. 1). Rats in Expt.
3 were cooled for 72 hours and rewarmed by 0.5°C per hour over 6 hours. In Expts. 1 and 3, the

normo-thermic group had their temperature monitored to ensure it was > 36°C.
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For local brain hypothermia (Expt. 2), the rats were surgically implanted with a cooling
coil underneath the temporalis muscle ipsilateral to the thrombin infusion.!*!>37 This procedure
immediately followed thrombin infusion. After anesthesia, the coil was connected to a water
source so that cold water flowed through the coil thereby causing hypothermia in the cortex and
striatum underneath the device. Cooling began one hour after thrombin infusion, and based upon
published data the rats’ affected hemisphere would have been cooled within minutes to ~31—
33°C and kept at this level until euthanasia.!*!>373% The other hemisphere and the body were
expected to remain at normal temperature, which potentially offers an advantage by avoiding
systemic side effects. Note that for the normothermic group in Expt. 2 we assumed that they
maintained their own body temperature based upon our experience with this model and method,
including data in Expts. 1 and 3 that show the untreated rats all maintained their body

temperature at normal.

The one-hour delay to cooling was used because hypothermia would be inevitably
delayed in clinical practice, and thus cooling would be given after the bulk of thrombin pro-
duction in a natural hemorrhage. As well, previous animal studies using models of ICH used
delays of an hour or more.? Prolonged mild cooling was used as it has consistently provided
substantial protection in our ischemia studies.®***° In the edema experiments, cooling was
maintained until euthanasia thereby ensuring that we did not miss a purely symptomatic effect of
cooling (i.e., that disappeared upon rewarming) or any potential rewarming complications (e.g.,
rebound edema). Likewise, slow rewarming was used in the third experiment to avoid such

complications.

Brain water content
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Rats were anesthetized (4% isoflurane) and quickly de-capitated at 24 hours after
thrombin infusion. The brain was removed and a 6-mm-thick coronal section was taken from 2
mm anterior to 4 mm posterior to the injection site and dissected into cortical and striatal pieces.
The cerebellum was also taken for a control. Samples were immediately weighed (wet weight),
baked for 24 hours at 100°C, and then re-weighed (dry weight). The BWC was determined as

follows:

[(wet weight - dry weight)/wet weight)] x 100. Increases above normal levels (~78% water) arise

from edematous brain tissue.
Behavioral testing

The horizontal ladder test was used because it is sensitive to impaired walking ability
caused by striatal injury.*'Behavioural testing occurred during the light cycle and animals did
four training crosses the day prior to baseline testing. To reduce stress, animals were
acclimatized to the testing room for 30 minutes prior to starting behavioural procedures. Sugar
pellets, as well as a shelter structure, were used to motivate crossing the ladder. At baseline and
day 14, rats were videotaped crossing a 1-m ladder with metal rungs (3-mm diameter) placed 1-4
cm apart at varying distances. At each time rats were allowed to cross the ladder four times,
which was video re-corded for determining the percent of successful steps. Rats that crossed

fewer than three times at either time were excluded from analysis for this test.
Histology

Rats were deeply anesthetized (pentobarbital, 100 mg/kg, i.p.) and euthanized by cardiac
perfusion with 0.9% saline followed by 10% formalin. Brains were extracted and subsequently

cryosectioned at 40 pm and then stained with cresyl violet. One in every 10 sections was
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analyzed with ImageJ starting anterior to the lesion and ending posterior to the lesion.***!

Lesion volume was assessed using the following formulas.

Volume of a hemisphere = average (area of the complete coronal section of the hemisphere - area

of ventricle - area of damage) x interval between sections X number of sections.

Tissue lost = remaining volume of normal hemisphere - remaining volume of injured

hemisphere.

Neuronal death in the peri-infarct/cavity zone was assessed by counting cells labeled with
Fluoro-Jade B.** Sections were incubated with 0.001% Fluoro-Jade (Chemicon) and labeled
cells were visualized with a fluorescence microscope. All cells were counted in one coronal

section per animal at the level of maximum injury.*
Statistical analysis

Data are presented as mean + standard deviation (SD) and were analyzed by analysis of
variance, t-tests (equal variances not assumed), or nonparametric statistics (Wilcoxon signed

rank test and Mann—Whitney U test) using SPSS (v. 21; SPSS, Inc.).

2.3 Results

Experiment one

One rat assigned to the hypothermia group died during thrombin surgery for an unknown

reason. There were no other exclusions.
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Baseline core temperature was normal at 37.3°C £+ 0.16 (mean £+ SD) and 37.2°C £0.12
in the normothermic (NORMO) and hypothermic (HYPO) groups, respectively, prior to
thrombin surgery (p = 0.154). Temperature was regulated as desired after thrombin surgery (Fig.
1(A)). Thrombin caused a significant increase in BWC in the striatum and cortex (p < 0.001 vs.
contralateral side, Fig. 2(A)). Systemic hypothermia did not significantly affect BWC in any

structure (p > 0.086). The cerebellum had normal values, as expected.

Experiment two

Three animals were excluded due to either mortality or cooling device failure. The cause

of mortality was unknown, but one occurred in each group.

Thrombin caused a significant increase in BWC in the striatum and cortex (p < 0.001 vs.
contralateral side, Fig. 2(B)). Hypothermia did not significantly affect BWC in any structure (p >

0.130). The cerebellum had normal values, as expected.

Experiment three

One rat from the NORMO group died during thrombin surgery for an unknown reason.
Four rats were excluded from ladder analyses because they did not make sufficient walks across
the ladder (two rats from each group). Finally, one hypothermic rat was excluded due to battery

failure in the telemetry probe.

Baseline core temperature was normal and averaged 37.1°C £ 0.29 and 37.1°C + 0.30 in
the NORMO and HYPO groups, respectively, prior to thrombin surgery (p = 0.591).

Temperature was regulated as desired after thrombin surgery (Fig. 1(B)).
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The ladder test failed to statistically detect impairment with the contralateral-to-infusion
forelimb (baseline vs. day 14, p = 0.075, Fig. 3(A)), and there was no group difference at
baseline (p = 0.673) or day 14 (p = 0.059). However, the hind limb was significantly impaired
after thrombin infusion (p = 0.001, Fig. 3(B)), and there was a group main effect (p = 0.014).
However, as there was a trend toward a baseline difference in these hind limb scores (p = 0.066),
we analyzed the day-14 data as a percent of baseline, which then confirmed that there was no
significant group difference (p = 0.379). Thus, hypothermia did not significantly alter the error

rate on the ladder test.

Thrombin injection caused considerable tissue loss largely affecting striatum, which was
unaffected by hypothermia (p = 0.702, Fig. 4(A), (B)). However, cooling did result in a
significantly greater number of Fluoro-Jade positive cells compared with normothermic rats (p =
0.035, Fig. 4(C), (D)). In this control group, all but one rat had no Fluoro-Jade-positive cells

whereas that one rat had just two cells in the peri-lesion zone.

2.4 Discussion

A moderate thrombin infusion into striatum caused cell death, behavioral dysfunction,

35 mild hypothermia

and cerebral edema, as others report.*3* However, unlike an earlier study,
failed to lessen edema in our experiments. Similarly, hypothermia failed to lessen behavioral
impairment or reduce brain injury after thrombin infusion. These findings suggest that mild
hypothermia will not effectively treat thrombin-induced secondary injury after an ICH, which

may help explain the inconsistent, lackluster, or nonexistent histological protection found in

rodent ICH studies.
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Contrary to our hypothesis, hypothermia increased peri-hematoma neuronal death at 14
days. While it appears that hypothermia worsens cell death, we expect that cooling simply delays
injury, which can occur after global ischemia.>*** In support of this argument are findings that
thrombin does not normally cause chronic cell death,* which we confirmed in the
normothermic thrombin-infused rats. That coupled with the fact that lesion volume and
behavioral deficits were the same at 14 days argues against a worsening of injury. Nonetheless, it
is possible that cooling worsens peri-lesion neuronal death, which may become evident with
lesion volume measurement only at longer survival times (not presently assessed). If so, then

further work is needed to identify the underlying cause.

Our study does not explain why others found hypothermia to lessen thrombin-induced
edema, inflammation, and blood— brain barrier disruption®> whereas we found no protection.
While both studies are similar (comparable levels of edema, same sex and strain of rats, etc.),
there are differences that might explain this discrepancy. First, Kawai and others* used a 10-U
dose of bovine thrombin (10 U) whereas we used 1 and 2.5 U of rat thrombin. In our hands rat
thrombin produces excessive brain injury and mortality at doses of 5 U and above (unpublished
data). We chose rat thrombin because it should have better face validity than using bovine
thrombin in rats. Second, the anesthetic was different between studies (pentobarbital vs.
isoflurane), which might have influenced outcome through a direct neuroprotective effect or
indirectly (e.g., pentobarbital would facilitate postoperative cooling). Third, they induced cooling
by placing rats in a cold room, which they found caused brain temperature to be 30—-35°C.
However, this was measured in otherwise naive rats, and the thrombin insult coupled with use of
pentobarbital might have resulted in a greater level of hypothermia. This may be more

efficacious but it is of greater risk to patients so we only tested mild cooling. Fourth, we delayed
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cooling for one hour whereas Kawai and others® appear to have initiated hypothermia
immediately, which may be more protective. We chose a one-hour delay because it has better
clinical relevance. Note, however, that our brain-selective cooling reaches target temperature
within a few minutes so we did not have an overly long intervention delay. Nonetheless, owing
to these and potentially other factors (e.g., inflammatory response to bovine vs. rat thrombin), we

cannot isolate why our results differ from Kawai and others®.

Our work, as with any negative study, has certain limitations to consider. Notably, a
neuroprotective effect may have been found had we used another endpoint or test time, cooling
dose or method [e.g., drugs??], a different insult severity, or larger group sizes. While we cannot
exclude these possibilities, we did use reasonable group sizes and three established endpoints
(behavior, edema, and two histology measures) at appropriate survival times, and we conducted
three separate experiments that all yielded the same general finding (no protective effect was
found). We also used two cooling methods and protocols (depth and duration) that we find

3846 and that reduces edema after

provide superior protection against global and focal ischemia,
ICH.'"*?" These protocols also have good face validity to current clinical protocols (e.g., depth
and duration of treatment).!!1>242> Note that we used local cooling to minimize cardiovascular
complications®’ that might impact outlook (e.g., altering BP). We did not, however, assess

whether local cooling would reduce cell death given the negative findings against thrombin-

induced edema and the rest of our data.

Another important concern centers on the use of simplified reductionist models,
specifically infusing just thrombin in saline. We took this established approach®* to isolate
whether cooling directly affects thrombin-mediated injury. However, there are important

differences between this simplified predictive model, more realistic isomorphic models
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(collagenase and whole blood), and a natural ICH, including dose and timing of thrombin
production, spatial distribution of thrombin, and the other factors present in blood but not in our
infusion solution that would affect thrombin’s activity (e.g., anti-thrombin IIT). The interaction
between thrombin and other mechanisms of secondary de-generation must also be considered.
Such limitations obviously must temper conclusions drawn regarding the true efficacy of
hypothermia after an ICH based solely upon the thrombin model. As well, we did not include a
control group of non-thrombin induced injury; however, we followed the same thrombin-
infusion protocol previously that found that heat-inactivated thrombin did not cause damage

beyond the needle insertion.*’

In summary, we report that mild and prolonged hypothermia does not attenuate thrombin-
induced edema, cell death, or behavioral dysfunction. Given the aforementioned limitations, we
do not advise using just the thrombin model to predict the clinical efficacy of hypothermia for an
ICH. For that we rely upon the numerous studies that use animal models of ICH as these have
better face validity. Instead, the present findings help provide a mechanistic understanding of the
strengths and weaknesses of using therapeutic hypothermia for ICH. Identifying weaknesses
could lead to more effective therapies, such as using cotreatments to target those mechanisms of
injury not attenuated by cooling. Finally, these data help explain why cooling does not provide as
much benefit against ICH as one might expect based upon the ability of hypothermia to mitigate
injury after ischemia that shares several mechanism of injury.?*323% Likely this is because our
cooling protocols are not effective against two key mechanisms of secondary degeneration after
ICH - thrombin production as presently observed and iron toxicity (unpublished data). This
raises the question of exactly how cooling reduces edema, inflammation, and blood— brain

barrier injury after ICH.
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Fig. 1. Core temperature (°C, mean + standard deviation) was measured with an implanted
telemetry probe and post-thrombin data for the normothermic (NORMO) and hypothermic
(HYPO) groups are shown for the (A) first (n = 7-8 per group) and (B) third experiments (n = 11
per group). Baseline temperature prior to this surgery was normal (average of ~37.2°C, not
shown). In Expt. 1, systemic hypothermia was induced starting one hour after infusion and kept
at ~32.5°C until euthanasia at 24 hours. In Expt. 3, systemic cooling lasted for 72 hours and
these rats were euthanized on day 14. Fluctuations in temperature over time in normothermic rats
are largely circadian in nature. Animals in the second experiment were subjected to focal brain

cooling and did not have body temperature recorded.
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Fig. 2. Thrombin caused significant increases in striatal (Str) and cortical (Crt) brain water
content (BWC) in the (A) first (n = 7-8 per group) and (B) second experiments (n = 6-7 per
group) at a 24-hour survival (p < 0.001 vs. contralateral undamaged side). The contralateral
regions and the cerebellum (Cereb) were normal. (A) Systemic and (B) local brain hypothermia

did not significantly affect BWC (p > 0.086).
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Fig. 3. Thrombin-induced brain injury increased stepping error rate on the ladder test with the
contralateral (A) fore and (B) hind limbs, but this was only statistically significant for the hind
limb (p = 0.001 for day 14 vs. baseline, n = 8-9 per group). Hypothermia appeared to
significantly worsen this error rate on day 14, but this was not statistically significant when error
rate was analyzed as a percent of base-line scores (NORMO: 90.8 £ 7.9, HYPO: 86.0 + 12.8; p =

0.379). Thus, cooling did not affect error rate with either limbs.
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Fig. 4. (A) The photomicrograph illustrates brain injury 14 days after thrombin infusion (coronal
section at level of maximal injury shown stained with cresyl violet). A black line demarcates the
lesion zone, which was quantified with ImageJ. At this survival time, thrombin resulted in an
obvious striatal lesion with ventriculomegaly. (B) Systemic hypothermia did not affect lesion
volume (p = 0.702, n = 11 each). (C) A photomicrograph illustrating Fluoro-Jade B positive cells
(de-generating neurons) in the peri-lesion zone of a hypothermia-treated animal (scale bar = 50
pm). Only one of the normothermic rats had a small number of Fluoro-Jade B-positive cells; the
rest had none. (D) This peri-lesion neuronal death was significantly greater at 14 days in

hypothermic rats (*p = 0.035).
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Chapter Three

Therapeutic Hypothermia Does Not Mitigate Iron-Induced Injury in
Rat
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3.1 Introduction

Therapeutic hypothermia (TH) mitigates injury and improves survival from cardiac arrest
and neonatal hypoxic ischemic encephalopathy. Therefore, there is considerable interest for
using it after traumatic brain and spinal cord injury, ischemic stroke, and hemorrhagic stroke.'
This interest has grown from extensive positive findings in animal models testing efficacy and
mechanisms of action.? From this it seems that TH abates numerous mechanisms of injury, al-
though unequally, so much so that it should be considered a complex cocktail therapy. Indeed,
cooling may be ineffective against some mechanisms while potentially aggravating others. Thus,
it makes sense to identify those strengths and weaknesses in an effort to further optimize
outcome through cotreatment.> Clinical interest for large intracerebral hemorrhage (ICH) is
based upon data showing that cooling lessens edema and raised ICP after ischemic stroke.?
Furthermore, small clinical studies support the use of TH after ICH,*® as do animal studies,
which find TH to reduce edema’!! and ICP!? along with other protective effects.”!*-13:14

Nonetheless, TH may not effectively target all mechanisms of injury, which probably varies with

treatment parameters, models, etc. For instance, some find that TH reduces the harmful effects of

5 t.16

thrombin,'> whereas others do no

It is widely accepted that iron toxicity substantially contributes to secondary damage after
ICH."” Free iron, originating from the breakdown of hemoglobin, catalyzes the production of
hydroxyl radicals (oxidative stress). Iron levels increase and remain persistently elevated in the
brain after ICH, and this causes oxidative injury.!” Further evidence from animal studies show

that free radical scavengers and iron chelators, such as deferoxamine,'®

are neuroprotective.
Moreover, direct infusion of iron, such as FeCl,, is neurotoxic, thereby adequately modeling iron

toxicity following ICH. Notably, FeCl, infusions cause oxidative stress, edema, and acute and
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chronic cell death as seen in ICH models.!*?! We hypothesized that cooling would directly
attenuate free radical production (through slowing chemical production) while also mitigating
downstream effects (e.g., edema) that contribute to injury. Thus, we used a simple model, similar
to our recent thrombin study,'® to assess TH against iron (FeClz)-mediated toxicity. Use of
simple models, such as this, is common in stroke research, including for ICH (e.g., balloon
inflation model and the infusion of individual blood components), where the goal is to isolate a

particular mechanism for study.

3.2 Methods

Animals and experimental conditions

All procedures were conducted in accordance with the Canadian Council on Animal Care
under the approval of the University of Alberta’s Biosciences Animal Care and Use Committee.
One hundred fourteen male Sprague Dawley rats (250-350 g, ~10-11 weeks old) were housed in
cages with wood chip bedding in a temperature and humidity controlled room on a 12-hour light
cycle. Animals were given ad /ib water and food (Rodent Chow, Lab Diet), except during certain
testing conditions. Animals were randomized into normothermia (NORMO) or hypothermia
(HYPO) groups, and most data were analyzed blinded to group identity. However, blinding was
sometimes impossible (e.g., euthanizing rats when they were still cold). Several experiments
were done. First, we evaluated whether TH affected bleeding (n = 8/group). Second, we assessed
whether TH affected edema at 24 (n = 11/group) and 72 hours postinjury (n = 8/group). Lastly,
we determined whether TH impacted tissue loss and behavioral impairments at 7 (n = 14/group,

experiment 3) and 28 days postinjury (n = 16/group, experiment 4).
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Temperature probe surgery

All rats had a temperature probe (TA10TA-F20 or F40 Transoma Medical) implanted
into their peritoneal cavity 4-5 days before FeCl, infusion. Briefly, rats were anesthetized with
isoflurane (4% induction and 1.5-2% maintenance in 60% N2O and balance O2) and a small
midline abdominal incision was made for insertion of the sterilized transmitter. The wound was
sutured and Marcaine was used as a local anesthetic. Rats were placed in separate cages over
receivers (RPC-1; Transoma Medical) for data collection.!® Temperature was sampled every 30
seconds through ART 2.3 (Transoma Medical). Probes were calibrated to within 0.2°C accuracy.

All rats tolerated this procedure well, and there were no signs of surgical complications.
Iron infusion surgery

Rats were anesthetized with isoflurane and a midline scalp incision was made. Using a
stereotaxic frame, a hole was drilled 0.5 mm anterior and 3.5 mm lateral to Bregma. A Hamilton
syringe was lowered 6.5 mm from the skull surface and 3.8 pg of FeClz in a 30 puL solution of
sterile unbuffered saline was infused over 10 minutes, during which time the body temperature
was regulated at normothermia by a heating pad.'”?° The needle was left in place for an
additional 10 minutes to prevent backflow. The scalp was sutured and Marcaine was applied.

Rats were then placed in their cage for temperature monitoring.

It should be noted that the insertion of a needle into the brain unavoidably causes a small
hemorrhage (a few micro-liters) and minor brain injury. The slow infusion of 30 pL of saline or
acidic saline (to match the FeCl» infusion), however, appears to be of little additional
consequence.'®?? Thus, a FeCl, infusion causes brain injury and related events almost entirely

from iron-mediated oxidative stress.
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Temperature monitoring and control

Baseline temperature was recorded on the day before FeCl, infusion surgery. The
NORMO group was only monitored after FeCl, surgery, whereas HYPO rats also had their
temperature regulated by a servo-regulated system consisting of a fan, water mister, and an
infrared heat lamp.?? These devices were situated above the rat’s cage, and whole-body
hypothermia was precisely maintained in freely moving animals (no anesthesia). The HYPO rats
were cooled to ~33.0°C over 1 hour beginning 1 hour after iron infusion. They were kept at this
level until euthanasia at 24 or 72 hours at which time edema was measured (experiments 1 and
2). In experiments 3 and 4, rats were cooled for 72 hours then rewarmed over 6 hours
(0.5°C/hour). In our laboratory, such protocols give superior protection in models of global**
and focal ischemia,” and they appear to have no lasting behavioral or histological effects in
normal animals.?® Although initiating TH an hour after iron infusion may not appear clinically
relevant, it should be kept in mind that iron toxicity does not occur immediately after an ICH,
and so cooling could easily be applied during much of the acute toxic effects. In addition, FeCl,

infusion causes protracted cell death, edema, and so on, therefore, cooling was applied during

this period.
Bleeding

Blood volume was evaluated with a spectrophotometric hemoglobin assay as recently
done.?” Rats were anesthetized with isoflurane and decapitated at 48 hours postinjury. Each
whole hemisphere was separately homogenized in double distilled water (1:4 weight:volume
ratio), left to incubate on ice, and then centrifuged at 15,800 g for 35 minutes. The supernatant

was divided into aliquots that were reacted with Drabkin’s solution (Ricca Chemical
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R1266016). The absorption values (measured at 540 nm; Model 4001/4; Thermo Fisher
Scientific) were compared to a standard curve based on known quantities of blood. This method
measured blood present within the vasculature as well as that caused by the experimental
procedures (needle insertion and infusion of iron). The contralateral-to-infusion hemisphere

contained only blood within the vasculature (i.e., serves as an internal control).

Brain Water Content (i.e., Edema)

Rats were anesthetized and decapitated to determine brain water content (BWC) at 24- or
72-hour survival times. The wet weight of the ipsilateral (IPSI) and contralateral (CONTRA)
striatum (from 2 mm anterior to 4 mm posterior to the injection site) and the cerebellum were
taken. The brains were then baked for 24 hours at 100°C to determine dry weight. The BWC was

calculated as:

[(wet weight - dry weight)/wet weight] x 100

Levels > 78% is indicative of edema.

Behavioral testing

Rats in the last two experiments underwent behavioral assessment before and after
surgery. All behavioural assessments occurred during the light cycle and animals were
acclimatized to the room 30 minutes prior to beginning behavioural testing. In experiment 3, the
corner turn test (CTT), neurological deficit scale (NDS), and the horizontal ladder test were used
to evaluate deficits 7 days postinjury. In experiment 4, the horizontal ladder test was used to
assess impairments 28 days postinjury, while the Montoya staircase was used on days 24-28.

These tests are sensitive to striatal injury.'®®
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The CTT consists of two walls (41 cm high by 30.5 cm wide) placed at a 30° angle with a
0.5 cm gap. At baseline, the direction each rat turned coming out of the corner was averaged over
2 days (10 trials/day). Rats with a strong turning bias (<30% in one direction) were excluded
from analysis of this test data to avoid floor or ceiling effects that might mask the influence of
treatment. The turning preference was determined over 10 trials during the post-insult testing

session.

The NDS is a composite of several simple motor tasks (hindlimb retraction, contralateral
forelimb flexion, bilateral forepaw grasp, beam walking, and spontaneous circling), each of
which range in a score from 0 to 3, except the contralateral forelimb flexion that ranges from 0 to

2. Fourteen is the maximum impairment.

The ladder test measured the walking ability across a horizontal ladder (1 m) with metal
rings (3 mm diameter) randomly spaced 1-4 cm apart. Rats were trained to make four traverses
the day prior to baseline testing and food and shelter structure were used to motivate crossing.
During baseline and day 7 or 28, they were video recorded for later determination of the number
of successful steps and errors. Rats were excluded if they did not cross at least twice, and this

was to ensure we had a sufficient sample to accurately estimate their performance.

The staircase test measures skilled reaching. Rats were placed in a plexiglass box (length:
30 cm; width: 6.8 cm; height: 12 cm) and trained to reach for sugar pellets (45 mg; Bio-Serv)
from a bilaterally placed staircase. The number of pellets consumed with each forelimb was
recorded (maxi-mum 21 pellets/side/trial) during training (two 15-min trials/day, 5 days/week, 4
weeks) and testing (24-28 days post-FeCl,). The last week of training served as a baseline

measurement (stable performance), and any rat that failed to reach at least eight pellets with a
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paw was excluded from this test. This was done to avoid floor effects (i.e., exclude poor
performers). During training and testing in the staircase test, the rats were food deprived to ~90%
of their free-feeding body weight accounting for natural growth over time to encourage reaching.
Body weight was repeatedly measured during this period and found to be similar between
groups. In this study, food deprivation ended several days before surgery to allow rats time to

regain lost weight. In addition, these rats were not food deprived again until ~3 weeks after FeCl

surgery.
Histology

After behavioral assessment at 7 or 28 days, the rats were anesthetized with pentobarbital
(100 mg/kg, i.p.) and perfused through the heart with 0.9% saline followed by 10% formalin.
The brains were removed and later cryosectioned for assessment of lesion volume. For this, a 40-
um thick section was taken every 200 pm starting anterior to the lesion and ending posterior to
injury. Sections were stained with Cresyl Violet and 1 in every 10 sections was analyzed using
ImageJ software (Scion Corporation). The following formulas were used to determine tissue

IOSS'19’28

Hemisphere volume = average (area of the complete coronal section of the hemisphere - area of

ventricle - area of damage) X interval between sections x number of sections.

Lesion volume = remaining volume of normal hemisphere - remaining volume of injured

hemisphere.

Statistical analyses
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Descriptive statistics are given as mean =+ standard deviation (SD) or medians. Data were
analyzed using analysis of variance (SPSS v.21; SPSS, Inc.), except the NDS scores, which were

analyzed with Mann—Whitney U and Wilcoxon tests.

3.3 Results

Experiment 1

No exclusions or mortality occurred in experiment 1. Infusion of FeCl, caused a small ~6
uL increase in blood volume in NORMO rats at 48 hours (p < 0.0011 vs. contra-lateral
hemisphere), which TH attenuated (Fig. 1, p = 0.025). The contralateral hemispheres were
similar between groups (p = 0.659). Temperature was controlled as desired and discussed below

for Experiment 4 (representative data).

Experiment 2

One NORMO and one HYPO rat died during surgery of unknown cause. Infusion of
FeCl: caused increases in striatal BWC at 24 (Fig. 2(A)) and 72 hours (Fig. 2(B)). Cooling had

no effect (p >0.139). Cerebellum control samples were normal (p >0.650).

Experiment 3

Two HYPO-assigned rats died from surgical errors (before HYPO treatment) and one
was euthanized early because its temperature did not remain normothermic after rewarming. For
the CTT, one animal was excluded from each group due to baseline turning bias. At 7 days
postinjury, no behavioral deficits were detected with the CTT (Fig. 3(A)) because there was no
Time (p = 0.214), Group (p = 0.247), or interaction (p = 0.548) effects. For the NDS, there was a

significant post-infusion impairment (Fig. 3(B), p = 0.001), but no treatment effect on day 7 (p =
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0.120). For the forelimb success rate on the ladder test (Fig. 3(C)), there were significant Time (p
< 0.001) and Group effects (p = 0.047), but no interaction (p = 0.978). As baseline forelimb
scores differed (p = 0.047), we analyzed the day 7 data as a percent of baseline, which were not
different between groups (p = 0.787). Thus, cooling had no impact on forelimb walking errors.
The success rate for the hind limb was significantly different over time (Fig. 3(D), p <0.001),
and there were significant Group (p = 0.010) and interaction effects (p = 0.008). While there was
no difference in baseline scores (p = 0.963), there was a significant difference at day 7 (p =
0.004) when HYPO rats had greater walking impairment. Finally, FeCl. caused substantial
striatal damage by 7 days (Fig. 4(A), (B)), which TH did not significantly mitigate (p = 0.110,

Fig. 4(C)).

Experiment 4

No mortality occurred in this experiment. Figure 5 contains the post-infusion temperature
data that are also representative of the other experiments, but note that HYPO rats were
euthanized before rewarming in experiments 1 and 2. Baseline temperature data were normal in

all cases (not shown).

There were significant walking impairments on the ladder test, but no effect of TH. This
was evident by the significant Time effects (p < 0.001) with the nonsignificant Group (p >0.688)
and interaction effects (p >0.193) for the affected forelimb (Fig. 6(A)) and hind limb (Fig. 6(B)).
In total, six animals were excluded on the staircase test for failing to meet baseline criteria — 2
NORMO and 4 HYPO rats. There was a significant Time effect (Fig. 6(C), p <0.001), but no

Group (p = 0.444) or interaction effect (p = 0.873). Thus, rats had reaching impairments after
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FeCl, infusion, but there was no effect of TH. Significant tissue loss was observed at 28 days

(Fig. 7(A), (B)) and there was no effect of TH (Fig. 7(C), p = 0.132).

3.4 Discussion

We used the simple FeCl, model as a way to estimate the specific therapeutic effects of
TH against iron-mediated secondary damage after ICH. While iron infusions caused cell death,
edema, and behavioral deficits, the use of TH was ineffective. Accordingly, it follows that the
beneficial effects of using TH after ICH, such as reducing edema and raised ICP, are likely not
mediated through attenuating iron toxicity. This therapeutic weakness against a key mechanism
of secondary degeneration might explain hypothermia’s modest efficacy against ICH. As such, it

may be possible to augment the benefits of TH by adding a drug that targets iron toxicity.>

Although this simplified model of iron-induced injury has been repeatedly used in ICH

research,' >

it certainly has limitations, as do all such models (e.g., balloon inflation). First,
these models exclude many interacting effects with other mechanisms of damage, some of which
are likely sensitive to TH. Furthermore, extrapolating from the FeCl, model to ICH
iscomplicated by the fact that we do not yet fully know the real impact of iron toxicity after ICH.
This means, for example, that the lack of benefit against iron toxicity may not mean that much in
those ICHs where iron toxicity is minimal. Second, there are specific concerns with the bolus
infusion of FeCly, such as the fact that iron release from hemoglobin occurs much more slowly.
Nonetheless, the FeCl> model does induce several mediators of injury that are shared with ICH,
such as oxidative injury, edema, and seizures,?® and the acute and chronic tissue loss seems
similar.!” Third, we timed TH to overlap with much of the injury caused by FeCl, and the time
course over which drugs have been found effective, including chelators such as deferoxamine.'®

As well, our TH protocol roughly matches effective protocols used for ischemia?** and ICH,”>*
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including in some clinical studies.” Nonetheless, other TH regimens or methods may have
provided more benefit or they may have worked against milder or more severe FeCl, insults.
Such general possibilities exist with any negative study, and by the same logic, these concerns
hold for follow-up studies to an initially positive finding. As well, FeCl, solution does have a pH
(~4 pH) lower than biological brain levels; we did not include a control group that received a
saline infusion of a lower pH as a previous study found that control animals receiving a saline
solution with a pH of 4 or 5.2 did not have tissue damage beyond the damage of the needle

insertion.'’

The effectiveness of TH varies considerably among ICH studies owing to numerous
study differences (e.g., models and protocols). Regardless, even in the best of cases, it seems that
TH is considerably less effective in ICH than against ischemia. Perhaps this is because TH
cannot directly impact primary (mechanical) damage and it apparently fails to mitigate several
mechanisms of secondary damage, including iron (present data) and thrombin toxicity. '
Additionally, TH may cause several side effects that limit efficacy, including aggravating
bleeding.?”?* While we excluded that possibility here (bleeding was slightly less), it is
conceivable that TH blunts the upregulation of endogenous protective mechanisms that counter
iron toxicity, such as ferritin expression.!” Likewise, the anti-inflammatory effects of TH after
an ICH>!® might not be helpful against iron toxicity, where such cells play an essential role
(e.g., hematoma clearance after ICH). Such counterproductive effects may certainly occur in
these models, which we are currently evaluating in ICH (e.g., whether TH affects iron release

and distribution).

Although TH appears to treat high levels of edema and ICP after ICH,*>! there are

significant limitations. The current findings illustrate one of these, which is the lack of benefit
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against iron toxicity — a potentially key contributor to secondary damage after ICH.!” These
findings shed light on the inconsistent and limited protective properties of TH in the setting of
ICH. Furthermore, they suggest a way forward, which is the combination of rationally selected

treatments with TH> along with the careful control of physiological complications.
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Fig. 1. The effect of therapeutic hypothermia (TH) on trauma (needle insertion) and iron-induced
bleeding is shown. There was a small bleed in the NORMO group’s ipsilateral (to infusion, IPSI)
hemisphere. The total volume of blood in this hemisphere was attenuated by TH (*p < 0.025).
The contralateral (CONTRA) hemisphere data show the normal amount of blood found within
the cerebral vasculature (i.e., it is a control sample), which was not affected by cooling (of the
IPSI hemisphere). HYPO, hypothermia; IPSI, ipsilateral; NORMO, normothermia; SD, standard

deviation. n = 8/group.
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Fig. 2. Infusing FeCl, caused significant edema (i.e., above normal brain water content) at (A) 24

(n = 10/group) and (B) 72 (n = 8/group) hours, but this was not affected by TH (p > 0.139). The

cerebellum control samples were unaffected, as expected.
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Fig. 3. The effects of TH on iron-induced behavioral deficits 7 days postinjury on the CTT (A),

NDS (B), and the ladder test ((C), affected forelimb, (D), affected hind-limb) are shown. There

were no significant impairments on the CTT (p = 0.214), but significant impairments on NDS

and ladder test were found (p < 0.001). Use of TH did not improve NDS scores (p = 0.120) or

mitigate the forelimb walking impairment (p = 0.284), but TH did worsen the hindlimb

impairment (*p = 0.010). In most cases there were no baseline differences (pre-surgery), and

scores were in the typical range for normal rats. CTT, corner turn test; NDS, neurological deficit

scale. NORMO n =13-14, HYPO n=10-11.

100



A)

B)

Lesion Volume (mm3) Q
Mean+SD

Fig. 4. Infusion of FeCl, caused significant tissue loss largely within the striatum of both (A)
NORMO (n = 14) and (B) HYPO (n = 11) animals (line demarcates the area of damage). (C) The

volume of injury was not mitigated by TH at 7 days survival (p = 0.110).
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Fig. 5. Core temperature (°C) was measured through implanted telemetry probes (two samples
per minute with data averaged every hour). Whole-body hypothermia was initiated at 1 hour
after FeClz infusion and typically kept to within 0.5°C of the target temperature. These data from
experiment 4 are representative of all experiments. Baseline temperature data (not shown) were

normal in all cases. n = 16/group.
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Fig. 6. Significant and lasting behavioral deficits (p < 0.001) occurred weeks after FeCl» infusion
for the ladder ((A), affected forelimb, (B), affected hindlimb; % stepping success) and Montoya
staircase tests ((C), reaching success for obtaining food pellets). There was no protective effect
of TH (p >20.193). In all cases, pre-surgery baseline scores were normal and not different between

groups. NORMO n = 14-16, HYPO n = 12-16.
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Fig. 7. Infusion of FeCl, caused damage largely to the striatum of (A) NORMO and (B) HYPO
animals as measured at 28 days (/ine demarcates area of damage). (C) Use of TH did not mitigate
injury (p = 0.132). Note that the quantification of injury also takes into account atrophy (e.g.,

ventricular dilation — shown). n = 16/group.
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Chapter Four

Examining Potential Side Effects of Therapeutic Hypothermia in
Experimental Intracerebral Hemorrhage
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4.1 Introduction

Intracerebral hemorrhage (ICH), caused by a ruptured blood vessel in the brain, has a
high mortality rate and often causes lasting impairments.'-> There are no neuroprotective
therapies for ICH with treatment relying on medical management and rehabilitation. Primary
damage from an ICH is due to mechanical destruction as the blood tears through tissue creating a
mass effect, which can sometimes increase intracranial pressure (ICP). This damage occurs
quickly with bleeding ceasing within the first 3 hours in most patients.® Secondary damage
occurs over hours and days later. Mechanisms contributing to secondary injury include
inflammation, edema, raised ICP, oxidative stress, and hematoma-related factors such as
thrombin production and iron release from degrading erythrocytes.*® Researchers target these
secondary mechanisms because their protracted nature allows for later interventions compared to
primary injury. Several drugs targeting iron-induced injury (e.g., iron-chelators) and/or
hematoma resolution have been studied preclinically, but to date there has been no successful

clinical translations.

Therapeutic hypothermia (TH), reducing body and/ or brain temperature, typically in the
range of 32-35°C, is considered a gold standard neuroprotectant. It is clinically approved to treat
cardiac arrest’ and neonatal hypoxic—ischemic encephalopathy.® The success of TH is likely due
to its multifaceted effect on neurodegenerative processes such as inflammation, blood brain
barrier (BBB) damage, oxidative stress, edema, and raised ICP.° Many of these mechanisms of
injury are common to other injuries. As such, TH has been the focus of preclinical and clinical
research for traumatic brain and spinal cord injury, as well as ischemic and hemorrhagic stroke,
among others.!%1? In fact, there is abundant preclinical evidence supporting the use of TH for

treating ischemic stroke. Studies from different labs, using multiple models (including co-
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morbidities), and species, have found TH to reduce cell death and improve behavioral deficits
after experimental ischemic stroke.’ To date, phase II clinical trials suggest that TH is feasible

13,14

and safe for treating ischemic stroke, and TH is currently being investigated in phase I1I

clinical trials."

Despite the overlap of neurodegenerative mechanisms between ischemic and
hemorrhagic stroke, the preclinical evidence on using TH to treat ICH is mixed. In ICH, TH does
generally mitigate several mechanisms of injury such as inflammation, BBB damage, edema, and
raised ICP.'®?° While some TH studies have found neuroprotection and attenuated behavioral

H, 17182122 gthers have failed to find those effects.!®!*?3 Such inconsistency

impairments after IC
is likely due to a number of factors. For instance, some studies have used the collagenase model
(collagenase damages blood vessels to cause a bleed), whereas others have infused
blood.!®18192224 Another factor may be treatment timing as beginning TH early can aggravate
bleeding, at least in the collagenase model.?>* Despite using an appropriate treatment delay and
the same model, the beneficial effects of TH vary among studies in our lab.?>** Clinically, small
trials have suggested that TH is effective in lowering high levels of edema and mortality,?¢ as
well as lowering inflammation?’ and improving cerebral blood flow and recovery.?® The clinical
studies conducted so far have been small, used historical controls, and/or participants were
typically limited to those with large hemorrhages who are at risk of developing lethal levels of
ICP. There may be many complications or side effects associated with using TH to treat ICH that

supersede the beneficial effects. Aside from applying TH too early, no TH studies have

investigated potential complications specifically associated with treating ICH.

Inflammation is a crucial mechanism for mitigating the toxic components of the

hematoma. Microglia and infiltrating macrophages are essential for containing the hematoma and
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limiting exposure of the peri-hematoma tissue to blood and clotting factors.?>*° As well, these
cells are essential in hematoma resolution and storing the iron originating from erythrocytes.*!
As TH is a potent anti-inflammatory treatment, we hypothesized that TH impairs endogenous
mechanisms for hematoma containment and other aspects related to hematoma resolution. In
order to assess this, we completed three experiments using a collagenase model of ICH in rats.
First, we evaluated the spread of iron into the surrounding parenchyma, then the rise in non-
heme iron from three to seven days post-ICH, and finally the amount of blood left in the brain at
one, three, and seven days. We used a collagenase model as this causes more ongoing bleeding
than the whole-blood model and is reasonably consistent with greater impairments and a longer
period of ongoing cell death.’? The greater bleeding is essential as it can be an important

complication of using TH to treat ICH.?>?

4.2 Methods

Animals and experimental conditions

All procedures were in accordance with the Canadian Council on Animal Care under the
approval of the University of Alberta’s Biosciences Animal Care and Use Committee. One
hundred and sixteen male Sprague-Dawley rats from the University of Alberta’s Science Animal
Support Services colony (250-300g ~10 weeks old) were housed in polycarbonate cages with
wood chip bedding in a temperature and humidity-controlled room on a 12-hour light cycle.
Animals were given ad [ib access to water and food (Rodent Chow, Lab Diet) and were
randomized to either normothermia (NORMO) or TH (HYPO) groups by a random number
generator. Group sizes were determined based on our previous experiments using the same
techniques (e.g., for hemoglobin levels after ICH the average standard deviation (S.D.) was ~15
after ICH,?* and for non-heme iron the SD was 1.2 on day 3 after ICH3)**. From that we roughly
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obtain estimates for effect sizes and variability with the goal of having 80% power to detect those
effects. Most assessments were analyzed blindly except when animals were euthanized cold for
non-heme iron levels and hematoma volume analysis at days 1 and 3 post-ICH. In those cases,
the experimenter easily identified the cold animals by touch. These experiments are in
compliance with the ARRIVE guidelines.?* Three experiments were completed for this study.
First, we evaluated whether TH affected the spread of iron from the hematoma three days post-
stroke (n=8/group) as well as the number of inflammatory cells. Second, we studied whether TH
impacted the release of iron from heme by comparing non-heme iron levels at three and seven
days post-stroke (n=10/group). In this experiment, animals euthanized on day 7 also underwent
behavioral testing at baseline (i.e., prior to any surgery) and on day 7 just prior to euthanasia.
Last, we evaluated the effect on TH on hematoma volume at one, three, and seven days post-ICH
(n=10/group). Animals in this experiment that were euthanized on day 7 also underwent

behavioral testing at baseline and day 7 just prior to euthanasia.
Temperature probe surgery

Four to five days prior to ICH surgery rats had a core temperature telemetry probe
(calibrated within 0.2°C, TAT10TA-F20 or F40 Transoma Medical; St. Paul, MN) implanted in
their peritoneal cavity.! Briefly, rats were anesthetized with isoflurane (4% induction and 1.5-
2% maintenance, with 60% N>O and balance O) and an incision was made into the abdominal
cavity and a sterilized probe was inserted. The wound was sutured and Marcaine was used as a
local anesthetic (~0.1 mL infiltrating the wound area). Rats were placed in an individual clean

cage and monitored after they awoke from anesthesia.

ICH surgery
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The collagenase-induced ICH model is commonly used in rodents.?>** A rectal probe
measured temperature during surgery and normothermia was maintained via a water blanket.
Rats were anesthetized with isoflurane and a midline incision was made along the scalp. Using a
stereotaxic frame, the skull was balanced and a hole, 0.5 mm anterior and 3.5 mm lateral to
Bregma, was drilled. A 26-gauge Hamilton syringe was lowered 6.5 mm from the surface of the
skull and 0.14 U of type IV-S collagenase (in 0.7 pL of sterile saline) was infused over 5 min.
The needle was left in place for an additional 5 min to prevent backflow and then was slowly
withdrawn. A metal screw was used to plug the drilled hole. The scalp was sutured and Marcaine
was applied (~0.1 mL infiltrating the wound area). Rats were placed in a clean cage and their
temperature was monitored while recovering from anesthesia. Rats were monitored frequently to
ensure that they were eating and drinking after surgery and otherwise behaving as expected (at
least five observations per day until euthanasia). Body weight was taken daily. Additional food
was provided for up to four days after ICH in an effort to minimize weight loss (e.g., mixture of

peanut butter with sunflower seeds and moistened rodent chow).
Temperature monitoring and control

All animals were confirmed to have normal baseline temperatures (average of ~37.5°C).
The rats’ cages sat on telemetry receivers (RPC-1, Transoma Medical) and body temperature was
sampled every 30 seconds via A.R.T. 2.3 telemetry software (Transoma Medical). After ICH
surgery, NORMO rats were only monitored, while HYPO rats’ temperature was regulated as
follows. Twelve hours post-collagenase injection, TH (33.0°C£0.5) was initiated over an hour
and maintained for 72 hours or until euthanasia. The delay was to ensure that TH did not worsen
bleeding, which was found with earlier cooling in this model.?> HYPO rats that were euthanized

on day 7 in the second and third experiments had 6 hours of rewarming (0.5°C/hour). A servo-

110



regulated system consisting of a fan, water mister, and heat lamp was used to induce and

maintain hypothermia in awake and freely moving animals as has been routinely used in our

lab 22,3536

Histology

Seventy-two hours after ICH, the rats were deeply anesthetized with sodium
pentobarbital (100 mg/kg, i.p.) and trans-cardially perfused with 0.9% saline followed by 10%
formalin. The brains were removed and later cryostat sectioned (50 pm) using a Teflon-coated
blade to prevent metal contamination. The series of sections with the greatest hematoma area
were used for rapid-scanning X-ray fluorescence imaging (XFI), cresyl violet, and Perls’
Prussian Blue staining. The cresyl violet sections were used to define the hematoma border;
however, due to edema and blood, we did not attempt to determine lesion volume assessment at
day 3. The Perls’ stain was used to quantify the number of macrophages/microglia in the peri-
hematoma and surrounding tissue based on iron labeling and morphology as has been previously
done.!?” Cells were counted in one section per animal at the level of maximal injury, as has

been previously done and found to detect a significant effect of hypothermia.'®

X-ray fluorescence imaging

This imaging technique has been previously used to quantify and localize elements, with
iron of most interest, in a coronal section of tissue after ICH.*® This technique is highly sensitive
and the same section of tissue can be used for other histological procedures following imaging
(i.e., cresyl violet).>**° Briefly, sections used for XFI were placed on plastic metal-free cover
slips (Thermanox; Rochester, NY) and imaged at the Stanford Synchrotron Radiation Light

Source on beamline 10-2 at a 50-um resolution and a 50-ms dwell time. The incident energy of
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the X-ray beam was 13 keV and the slides were mounted 45° to the incident X-ray beam and 45°
to the detector. Signal strengths of calibrations standards (Micromatter Technologies Inc.;
Surrey, BC) were compared to the sample signals and used to quantify iron concentrations.

Images were analyzed with Sam’s Microanalysis Toolkit.*!

Non-heme iron assay

The non-heme iron assay was used to determine whether TH influenced the rate of iron
release from heme at survival times of three and seven days after ICH. Rats were deeply
anesthetized with 4% isoflurane, decapitated, and a 6 mm thick section of both fore-brains were
taken (2 mm anterior and 4 mm posterior to the collagenase injection site). The cerebellum
served as control. Each forebrain and the cerebellum were homogenized with dH>O and iron was
released from proteins, except heme, by mixing the sample with a solution of 1 N HCI and 10%
trichloroacetic acid in dH>O and heating to 95°C. The samples were centrifuged and the
supernatant was collected and reacted with a ferrozine chromagen solution and compared to a

standard curve to determine iron concentration.3%>

Behavioral testing

In the second experiment, the corner turn test (CTT) and neurological deficit scale (NDS)
were used to evaluate deficits in rats surviving to seven days post-ICH. Animals were allowed to
acclimatize to the testing room 30 minutes prior to behavioural testing to reduce stress. In the
third experiment, the NDS was used on day 7. In both experiments, baseline behavioral testing
occurred prior to temperature probe implantation and all testing occurred during the light cycle.
Both behavioral tests are sensitive to striatal injury.*>** However, the CTT was not used in

experiment three, as the test is tedious and did not add any information that the NDS did not
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already provide. The CTT has two walls (41 cm height by 30.5 cm width) placed at a 30° angle
with a 0.5 cm gap. At baseline, the direction a rat turns coming out of the corner was averaged
over two days (10 trials/ day), and rats that had a turning bias (<30% in one direction) at baseline
were excluded from analysis for this test. At testing, rat’s turning preference was determined by
taking an average of 10 trials. The NDS is a combination of several simple motor tasks (hind-
limb retraction, contralateral forelimb flexion, bilateral fore-paw grasp, beam walking, and
spontaneous circling) and is the most commonly used test in experimental ICH research.*> Each
task ranges from 0 to 3 in score, except the contralateral forelimb flexion that ranges from 0 to 2.

A score of fourteen denotes maximum impairment.
Hematoma volume

Blood volume was measured using a spectrophotometric hemoglobin assay and compared
to a standard curve of known blood volumes.?>***” Rats were euthanized one, three, or seven
days post-ICH via deep isoflurane anesthesia and decapitation. The hemispheres were separated
and homogenized in double distilled water (1:4 w:v ratio), incubated on ice, and then centrifuged
at 15,800 g for 35 min. Aliquots of the supernatant were reacted with Drabkin’s solution and the
absorption values were obtained (measured at 540 nm; Model 4001/4; Thermo Fisher Scientific)
and compared to the standard curve. Hematoma volume was calculated as injured forebrain
(IPSI) — contralateral forebrain (CONTRA) blood volume. The latter was used as an estimate of

the amount of blood present within the vasculature.
Statistical analysis

All data are expressed at mean + S.D. except the NDS scores, which are presented as raw

scores and medians + interquartile range (I1.Q.R.). All data were analyzed using analysis of
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variance (ANOVA) or independent t-tests (SPSS v.21; SPSS, Inc.) except the NDS scores, which
were analyzed via the Mann—Whitney U and Wilcoxon tests. Also, we correlated the XFI
analysis of distance and iron levels, and also the NDS and hematoma values, providing the
Pearson r and p values. A Fischer’s exact test was used for the bleeding data of experiment three.
The Levene’s test was used to test for homogeneity of variance and when there was a significant
effect we used t-tests that did not assume equal variances. When a significant effect was detected,
a post hoc effect size (Cohen’s d) was calculated (G x Power v3.1.3; Univeritit Kiel, Germany).

Significance was at p < 0.05.

4.3 Results

Experiment one: Spread of iron and number of Perls’ positive cells

There were no exclusions or mortality in this experiment. We found TH significantly
reduced the number of Perls’ positive cells in the HYPO group (p = 0.012, equal variances not

assumed; Fig. 1(A) to (C)). The size of the effect was large (d = 1.5).

Overall, using XFI, we found a moderate but significant relationship with iron levels
declining with distance from hematoma (r = 0.333, p = 0.007, Fig. 2(A) and (B)). There was no
significant difference between NORMO and HYPO in the average amount of iron (p = 0.825,
Fig. 2(C)) or distance from hematoma our samples were taken from (p = 0.674, Fig. 2(D)). There
was a significant increase in total iron levels in the injured hemisphere (p < 0.001 vs. CONTRA
hemisphere) but no effect of group (p = 0.567) and no interaction (p = 0.419). Thus, while TH
caused a significant reduction in inflammatory cells, this did not affect the spread of iron or the

total amount of iron in the injured hemisphere.

Experiment two: Non-heme iron levels and behavioural impairments
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In this experiment, there were two exclusions and two mortalities, with the latter cases
also being excluded from our analysis. One animal was excluded from NORMO-Day 3 for a
faulty probe and one from HYPO-Day 7 for being unable to self-regulate body temperature after
rewarming. One animal spontaneously died during TH from HYPO-Day 7 and one animal from
NORMO-Day 7 died during ICH surgery. The baseline temperatures in all groups were normal
(data not shown) and Figure 3(A) and (B) shows the temperature data post-ICH in a subset of
animals (n=9 for each NORMO group and n=6 for each HYPO group). These data are

representative of the other experiments in this study.

Behavioral impairments were observed on day 7 post-stroke. For the CTT (Fig. 4(A)),
there was a significant time effect (p < 0.001) but no group effect (p = 0.747) or interaction (p =
0.937). As well, the NDS (Fig. 4(B)) showed a significant impairment on day 7 (p < 0.001 vs.

baseline) but no significant group effect at either time (p > 0.316).

There was an increase in non-heme iron levels in the IPSI hemisphere between day 3 and
day 7 (Fig. 5) as there was a significant time effect (p <0.001) but no group (p = 0.479) or
interaction (p = 0.662) effects. The size effect of this increase was large (d =2.3). As expected, in
the CONTRA hemisphere, there were no effects of time (p = 0.071), group (p = 0.882) or
interaction (p = 0.413). Likewise, there were no time (p = 0.789), group (p = 0.420), or
interaction (p = 0.990) effects for cerebellum non-heme iron levels. TH had no effect on the
increase of non-heme levels that occurred between three and seven days post-stroke or the

behavioral impairments caused by ICH.

Experiment three: Hematoma volume and behavioural impairments
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One animal was excluded from HYPO-Day 3 due to experimenter error and one animal
from NORMO-Day 7 died during ICH surgery. The data from these animals were not included in
our analyses. There were significant impairments detected with NDS at 7 days post-stroke (p <
0.001 vs. baseline; Fig. 6) and no difference between groups at baseline (p = 0.424). However,
TH caused greater impairments (p = 0.011) and the size of the effect was moderate (d =0.7). As
there was a slightly different pattern of baseline NDS scores between groups, we also analyzed
the difference score (day 7 — baseline), which also showed that TH worsened impairment (p =

0.013).

There was a significant difference in hematoma volume (Fig. 7(A)) as there were
significant time (p = 0.004), group (p = 0.014), and interaction (p = 0.046) effects. There was no
difference between HYPO and NORMO at day 1 or 3 (p > 0.264), but there was significantly
more blood in the HYPO-Day 7 group compared to the NORMO-Day 7 group (p = 0.032, equal
variances not assumed). There was a bimodal distribution of hematoma volume in the HYPO
group euthanized on day 7 with 40% of the animals having a more than quadrupling in
hematoma volume. This difference between NORMO and HYPO on day 7 was large (d = 1.1).
The proportion of animals in this group that landed outside a cut off (i.e., three standard
deviations of all other groups) was different than all other groups (p = 0.002, Fischer exact test).
In fact, only one animal from all the other groups (n = 48) barely fell out of this range, while 4 of
10 from HYPO-Day 7 did. There were no time (p = 0.380), group (p = 0.589), or interaction (p =
0.677) eftects for the CONTRA hemisphere blood volumes (p > 0.380). Thus, while TH did not
influence bleeding during treatment, there was considerable rebleeding in a subset of animals
post-treatment. Visual inspection of the injured hemispheres of these animals with the larger

bleeds showed an obviously greater amount of blood that was fresher in nature (i.e. bright red vs.
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rust colored of an older bleed). Experimenters were blinded to treatment of all animals

euthanized on day 7.

Although NDS scores were significantly worse in the HYPO group on day 7 post-ICH
(vs. NORMO), the NDS scores did not significantly (r = 0.314, p = 0.190) predict hematoma

volume (Fig. 7(B)).

4.4 Discussion

Although our data do not confirm our hypothesis that the anti-inflammatory effects of TH
impacts hematoma containment and components of hematoma resolution, a different
complication of TH treatment was discovered. Post-treatment, 40% of HYPO animals had a
large increase in hematoma volume, while during treatment there were no group differences.
Whether this bleeding occurred during rewarming or over subsequent days is unclear. This
treated group also had modestly worsened behavioral impairments. Our data confirm other work

showing that TH is a potent anti-inflammatory,'”-1%4

as we saw a 35% decrease in Perls’ positive
cells (i.e., microglia/macrophages). We also found a significant relationship between distance
and iron levels, with higher iron levels closer to the border of the hematoma. There was no effect
of TH. On day 3, there was no difference in non-heme iron levels between the injured
hemisphere and the control structure (i.e., cerebellum) suggesting that the majority of iron is still
contained in heme at that time. However, from three to seven days post-ICH, we found an
increase in non-heme iron levels, which TH did not influence. This increase in non-heme iron
matches previous work.*® There was no effect of TH on behavioral deficits in this experiment.

Overall, these results suggest that while TH did not influence endogenous mechanism of

hematoma containment and clearance, there was occasionally a post-treatment worsening of
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bleeding. That latter effect should be considered in future animal research and is a significant

concern for clinical use of TH for ICH.

Although not part of our initial hypothesis, the most interesting and concerning result of
this study is the influence of TH on bleeding post-treatment, since the hematoma volume is a
critical predictor of outcome and survival.**>° Previous studies show that TH applied too early

22.25 which we successfully avoided by delaying treatment, as we have

can aggravate bleeding,
previously done.?* As there were no group differences in hematoma volume at 1 and 3 days post-
ICH, the increase seen on day 7 is likely due to rebleeding either during rewarming or over the
following days. There are a number of reasons to support that this effect was not due to chance or
experimenter error. First, all the animals with a large bleed occurred in one group and all of these
animals are outliers beyond the combined three standard deviations of the other groups. As well,
animals were randomized to groups and the experiment was performed in eight cycles over
several months with three of these cycles having animals with large bleeds. Two experimenters
conducted the hemoglobin assay throughout the study and both had instances of large bleeds.
Finally, control samples from each animal (i.e., contralateral hemi-sphere and cerebellum — data
not shown) were normal in all animals. All of this suggests that the increase in hematoma
volume is a genuine effect of TH. Of course, future studies will need to replicate these findings
and to precisely determine the incidence rate, currently at 40%, which will require large group
sizes to ensure adequate statistical power. As well, it is important to identify factors that

influence the incidence and magnitude of rebleeding complications, such as, potentially, the

initial insult severity and various treatment parameters (e.g., depth and duration of cooling).

Importantly, the intermittent occurrence of rebleeding likely contributes to the lack of a

consistent neuroprotective effect in animal studies. Although not all treated animals have this
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increase in hematoma volume, when it occurs the effect can be substantial. In a group of 8-10
animals, the occurrence of one or two aggravated bleeding events of even half the current
magnitude could easily counteract the ability to statistically detect a neuroprotective effect of
cooling. Many of the studies looking at neuroprotection have histological and behavioral
endpoints weeks after the initial bleed. At these times, the hematoma has resolved and it would
be impossible to determine that bleeding was worsened. Even when behavioral outcome is
measured at a week, as in this study, there is only a small and inconsistent worsening of
impairments that can be easily missed. Although behavioral tests, such as the NDS, are
commonly used in ICH studies,* they often do not reliably detect even substantial differences in
lesion size.*** Likewise, in this study, the NDS scores did not significantly predict hematoma
size. Therefore, the impact of rebleeding can be overlooked both histologically and functionally
in rodent studies when one does not directly measure hemoglobin levels. Even the non-heme iron
assay may not pick up delayed bleeding if it occurs before hemoglobin has broken down and
liberated its iron, which likely explains why we did not find an increase in non-heme iron levels
at day 7 in experiment two. It is also possible that rebleeding did not occur in that study, as our
last study suggests that it is an intermittent problem, and thus by chance fewer or no

complications may have occurred in the non-heme experiment.

Clinical trials evaluating the use of TH for ICH have suggested benefit, which is likely
due to a decrease in life threatening levels of edema where ICP is substantially increased. Only
one trial evaluated hematoma volume post-treatment of TH (without hematoma evacuation) and
found no increase, although this was assessed early after rewarming.?® An increase in bleeding
post-treatment may be missed if quantifying hematoma volume too early, as we did not notice an

effect when cooling was being maintained. There are also protocol differences between this trial
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and the current study, where cooling was milder (~35°C vs. 33°C) and rewarming was slower
(0.5°C/24 hour vs. 0.5°C/hour) in the trial. As well, there may be physiological differences
between humans and rats during and after TH (e.g., changes in BP). However, the impact of TH
on ICP after large ICH seen in this trial has also been seen in rats.>’ While a slow increase in
hematoma volume may not cause mortality, as is the case in this experiment, the increase may
negate the long-term impact of TH on outcome in affected patients. As well, in patients with
small to moderate sized hematomas where edema is not typically life threatening, the

complications of TH may counteract any beneficial effects.

There are a number of potential causes for this unexpected increase in hematoma volume
such as changes in BP, cerebral blood flow, or stress response, which we did not presently
measure. Such events might be especially likely to cause bleeding because of significant BBB
damage that continues to worsen over days after collagenase infusion.>? In that study, we used
magnetic resonance imaging to quantify gadolinium extravasation in a comparable collagenase
model. It is not clear from our present data whether late rebleeding started during rewarming or
after normothermia was reached. Unfortunately, timing will have to be determined through the
use of additional survival times because repeated imaging in animals would be technically
difficult in rats subjected to prolonged cooling (e.g., ensuring a continuous cooling protocol) and
contraindicated in some cases (e.g., if animals have implanted electronics to sense temperature).
Future work will investigate the mechanism(s) of this hematoma increase, but the intermittent
nature of this effect, for whatever reasons, increases the difficulty of this work and will require
large sample sizes. However, as larger scale clinical study is currently underway, this

complication is important to understand, even if it is an infrequent event.
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The inflammatory response after an ICH is complex as this response can be both harmful
and beneficial to brain tissue. We had hypothesized that the anti-inflammatory effect of TH may
decrease the harmful aspects of inflammation while also impeding beneficial functions. There
are several mechanisms through which the inflammatory response causes damage. Inflammatory
induced cytotoxic edema and cell death occurs through exposure to cytokines and oxidative
stress.’! Vasogenic edema is caused by disrupting the BBB through increased secretions of
matrix metalloproteinases.’! Treatment with minocycline, a common anti-inflammatory, has
shown that it lowers edema and reduces injury after ICH.*>>* Experimentally depleting
neutrophils also inhibits microglia and macrophage proliferation and reduces BBB disruption,
brain damage, and impairment.>** In contrast, others have demonstrated the importance of
inflammation especially after bleeding. For example, Zhao and others®° suggest that the
transcription factor peroxisome proliferator-activated receptor gamma (PPAR-y) is beneficial by
increasing phagocytosis in microglia and macrophages, which is essential in hematoma

resolution. These studies highlight the complexity of post-ICH inflammation.

The influence of TH on inflammation is known and contributes to one of the main
adverse events associated with TH, pneumonia.’® Use of TH lowers pro-inflammatory cytokines

1827.57 while anti-inflammatory cytokines are increased'® and

after ICH in humans and animals,
inflammatory cell proliferation is decreased.!”!” The role of TH on phagocytosis is not well
studied after ICH. In cell culture, after rewarming TH decreases microglia proliferation but
increases microglia activity (i.e., ATP consumption) and phagocytosis behavior.*® In cerebral
ischemia, Kawabori and others>® found that TH increased the proportion of cells expressing of

triggering receptor expressed on myeloid cells-2 (TREM-2), a receptor important for microglia

phagocytosis. Thus, TH may not impact the inflammatory response’s abilities to contain iron or
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resolve the hematoma because phagocytosis is being upregulated. However, further studies on

ICH are needed to test this hypothesis.

With XFI we were able to both spatially map and quantify total iron levels, which is
superior to biochemical assays. Unfortunately, XFI does not distinguish the form of iron or
whether it is bound to protein (e.g., heme and ferritin) or contained within a cell (e.g., microglia).
The quantity of iron observed outside the hematoma was significantly above contralateral levels.
Whether that peri-hematoma iron originated from hemoglobin breakdown or from microglia
containing iron infiltrating or leaving the injured site is unclear. We did not find an effect of TH,
but we may have missed effects in the tissue immediately bordering the hematoma. It is not easy
to precisely determine that border (e.g., confounds of peri-hematoma edema). Thus, regions of
interest were randomly sampled in the injured hemisphere at varying distances from the
hematoma, but none were directly adjacent to the border. Thus, a border was determined as best
as technically possible and regions were sampled near the border. For future studies, we
recommend Raman imaging of hemoglobin in conjunction with XFI as a way of better defining

that immediate border zone.®°

There appears to be a discrepancy between the increase in non-heme iron from three to
seven days and the lack of a decrease in hematoma volume (i.e., hemoglobin) in the
normothermic groups for the same times. Both assays indirectly evaluate hematoma resolution
and measure two distinct components of the hematoma, a metal (i.e., iron not contained by
heme) and a protein (i.e., hemoglobin). There are a couple of explanations for this discrepancy.
First, since this experiment was conducted, new data from our lab (Williamson et al. unpublished
data) show that this widely used hemoglobin assay is not specific to hemoglobin. While the

majority of the absorbance is for hemoglobin, this assay also detects two hemoglobin breakdown
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products, hemin and to a lesser extent bilirubin. The added absorbance of hemin and bilirubin
detected by this assay will partially mask the reduction in hemoglobin levels over time. Also, as
edema resolves from day 3 to 7, this decrease in water content make it appear that there is an
increase in tissue concentration of non-heme iron.*® Given that there was a substantial non-heme
iron increase, edema resolution is not likely the only factor as there is likely some release of iron
from hemoglobin. As well, the increase in hematoma volume in the four treated rats who were
rewarmed cannot be explained by heme and bilirubin contributing to the absorbance reading of

the hemoglobin assay as these breakdown products have less absorbance than hemoglobin.

There was a significant worsening of behavioral impairments by TH in experiment three
but not in experiment two. The worsening of behavioral impairments in the third experiment was
significant but small, and it may not have much biological significance. More sensitive tests are
needed to determine this. It is not clear why there was no worsening of deficits in HYPO rats in
experiment two, but it might be due to test insensitivity or fewer animals experiencing
rebleeding. There is also a slight difference in baseline scores between experiments two and
three, which is either due to chance, or the subjective nature of NDS as different experimenters
conducted the behavioral testing for these two experiments. Fortunately, animals were
randomized to treatment condition in all cases, experimenters were blinded, and there was still a
significant impairment after ICH in both experiments. Although possible, it is not likely that the
collagenase insults varied all that much among studies as this surgical procedure is highly

standardized and we used the same batch of collagenase for all of the work.

In summary, the increase in hematoma volume after TH is a pressing concern for its
clinical use in ICH and may help explain the lack of consistent neuroprotection in animal studies.

Future studies must evaluate this rebleeding problem and investigate possible mechanisms while
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varying treatment and model parameters. Contrary to our hypothesis, the decrease in
inflammatory cells caused by TH does not appear to impair the brain’s ability to contain iron or
influence the hematoma-related factors. This may be due to increased phagocytosis behavior

caused by TH but further investigation is needed to study this.
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Fig. 1. (A) TH significantly reduced the number of Perls’ positive cells by 35% (p =0.012). (B)
and (C) are representative images of tissue stained with Perls’ Prussian blue for NORMO and
HYPO, respectively. Sections from the maximum hematoma were used. n = 8 animals/group;

scale bar = 50 mm. *p < 0.05.
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Fig. 2. (A) There was a significant relationship between the amount of iron and distance from the
border of the hematoma (r = 0.33 p = 0.007). (B) A representative XFI map showing the amount
and location of total iron. The red boxes illustrate representative placements of the regions of
interest (four regions/animal). The intensity scale bar ranges from 0.0 to 1.329 pg/cm? of iron.
(C) The average amount of iron and (D) the average distance of the regions of interest were not

different between NORMO and HYPO (p > 0.674). n = 8 animals/group.

135



A)

404 — NORMO
%) — HYPO
8 g
Q .
‘5 N 36
2 4
©
o 5 344
£ 2
- 32
-
30 L] L] L] L] T T T
0 10 20 30 40 50 60 70
Time (Hours Post-injection)
B)
40
8 = 1881
Q .
5 9 36
i
o 5 34
£ 2
o 324
l_
30

0 10 20 30 40 50 60 70 80 90 100

Time (Hours Post-injection)
Fig. 3. Core temperature data, measured by telemetry, of a subset of animals from experiment
two, which is representative of the other experiments. The temperature control system used in all
experiments significantly lowered whole-body temperature beginning 12 hours after ICH and
lasting 24 or 72 hours in treated animals. (A) Temperature data for animals surviving to day 3.
TH-treated animals were euthanized cold. (B) Four days of temperature data for animals
surviving to day 7. After 72 hours of TH, animals under-went 6 hours of rewarming
(0.5°C/hour), followed by normothermia until euthanasia. n =9 in NORMO-Day 3, n =6 in

HYPO-Day 3, n =9 in NORMO-Day 7, and n = 6 in HYPO-Day 7.
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Fig. 4. Seven days after ICH, there were significant behavioral impairments on both the (A) CTT
and (B) NDS (vs. baseline, p < 0.001), but there was no effect of TH on either test (p > 0.316). n
=9 in NORMO and n = 8 in HYPO. Raw NDS scores are plotted along with a horizontal bar

representing the median score for each group with [.Q.R. bars extending vertically.
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Fig. 5. There was a significant increase in non-heme iron levels in the injured forebrain from day
3 to day 7 post-ICH (p < 0.001) but no effect of TH (p = 0.479). Non-heme iron levels at day 3
were comparable to control structure levels (i.e. CEREB=cerebellum of all animals). n =

10/group. *p <0.05.
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Fig. 6. There was a significant behavioral deficit as shown by NDS on day 7 post-ICH (vs.
baseline, p < 0.001) with a slight worsening of behavioral impairments in the HYPO group (p =
0.011). Raw scores are plotted along with a horizontal bar representing the median score for each

group. *p < 0.05.
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Fig. 7. (A) There was no difference between NORMO and HYPO on days 1 and 3 post-ICH (p >
0.264) but by day 7, 40% of treated animals had a significant increase in hematoma volume (p =
0.032). Data are expressed as injured (IPSI) hemisphere — uninjured (CONTRA) hemisphere
blood volume and the raw score for each animal is plotted. The horizontal bar represents the
average per group with S.D. bars extending vertically. *p < 0.05. (b) NDS scores did not

significantly predict hematoma volume.
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Chapter Five

Bipyridine, an Iron Chelator, Does Not Lesson Intracerebral Iron-
Induced Damage or Improve Outcomes After Intracerebral
Hemorrhagic Stroke in Rats
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5.1 Introduction

Intracerebral hemorrhage (ICH) has a high mortality rate and greatly impairs survivors.!
Currently, no clinically approved neuroprotective treatments exist. The primary damage of an
ICH (i.e., mechanical injury from extravasated blood) occurs rapidly making it difficult to treat.
Mechanisms causing secondary damage occur over hours to weeks and accordingly are more
suitable therapeutic targets. Considerable research into secondary damage has identified possible
treatments targeting inflammation, BBB disruption, edema, thrombin, and the breakdown

products of erythrocytes.>

Over the initial days following an ICH, erythrocytes lyse, releasing hemoglobin into the
hematoma and surrounding parenchyma.>® The heme from hemoglobin is degraded causing
increased levels of labile ferrous iron, which promotes oxidative stress.>® This oxidative stress
stems from labile iron's involvement in the Haber-Weiss reactions (i.e., the Fenton reaction) and
the production of highly reactive hydroxyl radicals. As labile ferric iron catalyzes the conversion
of superoxide to molecular oxygen, the ferric iron is reduced to ferrous iron. Ferrous iron
catalyzes the production of hydroxyl radicals from hydrogen peroxide.”>!° Reactive oxygen
species, such as hydroxyl radicals, damage macro-molecules (e.g., DNA), generate other reactive

species, and increase inflammation, all of which can kill neurons.>>!° Indeed, a FeCl» injection

1 1

into the brain causes oxidative stress,”!! edema,!! epileptic activity, lesions, and an

inflammatory response.!? Furthermore, a striatal injection of FeCl, in rats causes significant,
progressive lesion enlargement, neuronal degeneration, and dendritic atrophy,'® which mirror

the findings in the collagenase ICH model.'

4,15,16

Numerous animal studies have evaluated the efficacy of iron chelators and

deferoxamine, an intracellular and extracellular ferric iron chelator, has completed phase 1
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15,16

clinical trials.!” Deferoxamine has shown neuroprotective, antioxidant, and anti-

8,18,19

inflammatory effects;*!¢ however, there are other studies that find no short-term or long-

t.! Deferoxamine binds to ferric iron and although both ferric and

term neuroprotective benefi
ferrous iron catalyze the Haber-Weiss reaction, it is ferrous iron that contributes to the formation
of hydroxyl radicals. Recently, there has been interest in 2,2'-bipyridine, an intracellular ferrous
iron chelator. An in vitro comparison between deferoxamine and bipyridine found that bipyridine
has better cell membrane permeation and intracellular iron sequestering ability than

deferoxamine.?’ Bipyridine binds the potentially more harmful ferrous iron and has superior cell

permeation; therefore, it may be a more suitable treatment for ICH.

Bipyridine has been studied as a treatment for several forms of stroke. In models of
subarachnoid hemorrhage, bipyridine reduced vasospasm and cell death?! whereas in ischemia,
bipyridine diminished BBB disruption.?> A recent study of ICH found that pre-treatment with
bipyridine reduced neuronal degeneration, reactive oxygen species formation, microglia
reactivity, and white matter damage whereas post-treatment decreased edema, lesion volume,
and behavioral impairments in mice.® This study used the whole blood and collagenase models
of ICH to comprehensively investigate bipyridine. Another study using the whole-blood model

in rats found a reduction in protein oxidation and DNA damage with bipyridine post-treatment.’

The current study evaluated bipyridine in three rat models of striatal injury. An ICH was
produced either via injecting collagenase, a bacterial enzyme that degrades blood vessel walls

14.23-25 or whole blood into the striatum.

causing a spontaneous bleed and progressive tissue loss,
Also, we used a striatal injection of FeCl, to isolate iron-mediated damage.!® First, we measured

non-heme iron levels and behavioral deficits 7 days after collagenase-induced ICH using a

previously reported dose and injection regimen (25 mg/kg beginning 12 hours after ICH and then
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twice a day for 3 days)’ . Second, based on a recent study, we used a smaller dose of bipyridine
injected less frequently (20 mg/kg beginning 6 hours after ICH and then once every 24 hours for
2 days)® and measured edema 3 days after collagenase-induced ICH as this is the typical peak of
edema in rodents. The whole-blood ICH model was used to determine the effect of bipyridine
(20 mg/ kg beginning 6 hours after ICH and then once every 24 hours for 2 days)® on tissue loss,
cell death, and behavioral impairments a week post-ICH. We also determined whether bipyridine
caused hypothermia, a common experimental confound in stroke research, in both ICH models.
Finally, we investigated the effect of bipyridine pre-treatment (25 mg/kg beginning 2 hours prior
to FeCl; injection and then once every 12 hours for 3 days) on iron-induced tissue loss, neuronal

degeneration, and behavioral impairments.

5.2 Methods

Animals

All procedures complied with the Canadian Council on Ani-mal Care guidelines and
were approved by the University of Alberta's Animal Care and Use Committee: Biosciences. We
used 90 male Sprague-Dawley rats (~11 weeks old) single-housed in polycarbonate cages (width
38 cm, length 49 cm, and height 20 cm) with wood chip bedding. Animals were kept in a
humidity and temperature-controlled room on a 12-hour light/dark schedule with ad lib food
(Rodent Diet 5001) and water. In each experiment, animals were randomly assigned (n =
10/group, except in experiment 3 with n = 15/group) to either the bipyridine group (BIP) or the
saline control group (SAL). All behavioral testing and data analysis were conducted by a

researcher unaware of the treatment identity.

Experiment 1
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Experiment Groups

Injections of bipyridine (25 mg/kg i.p.) or an equivalent volume of saline began 12 hours
after ICH followed by an injection every 12 hours for 3 days.” During the light cycle, rats
underwent baseline behavior testing prior to ICH and behavioral testing 7 days post-ICH, after
which they were euthanized for non-heme iron level analysis. Animals were acclimatized to the

testing room 30 minutes prior to beginning behavioural assessment.
Collagenase ICH Surgery

Surgical procedures were performed aseptically as previously described.!**> Briefly,
rats were anesthetized with isoflurane (4% induction, 2-2.5% maintenance, 60% N>O balance
O2) and a hole was drilled at 3.5 mm right and 0.5 mm anterior to the bregma into the skull. A
26-gauge needle was inserted 6.5 mm deep from the surface of the skull and 0.7 pl of
collagenase (0.14 U) was injected. The wound was closed and Marcaine was applied to diminish

postoperative pain.
Neurological Deficit Scale

Neurological deficit scales (NDS) are sensitive to striatal ICH.?3?® Rats were scored on
the following tasks: spontaneous circling, hind limb retraction, bilateral forepaw grasp, contra-
lateral forelimb flexion, and beam walking ability. Each task had a score range of 0-3 except
contralateral forelimb flexion, which had a range of 0-2. The sum of the score ranges from 0 to

14 with 14 denoting maximum impairment.

Corner Turn Test
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The Corner Turn Test (CTT) evaluates an animal's turning bias out of a corner and is
sensitive to striatal injury.'®?” The rats were placed in front of two walls (41 cm height and 30.5
cm length) that made a 30° angle and the direction of turning out of the corner was recorded.
Baseline testing was completed over two consecutive days and the average performance over ten
trials for each day was determined. Ten trials were done and averaged at the day 7 test time. Data
for this test were excluded for rats that exhibited a turning bias (>70 or <30% for one direction)

at baseline.
Ladder Test

The walking ability of the rats was assessed using a horizontal ladder, a measurement
sensitive to striatal ICH.?*?® Animals crossed the 1-m ladder made of steel rungs randomly
spaced 1-4 cm apart (3-mm diameter), food and a shelter structure were used to motivate
crossing. The day prior to baseline, rats underwent training (i.e., 4 crosses). Four crosses for each
rat were video-recorded at baseline and four at testing on day 7. These were then analyzed for the
average number of steps and slips. At any testing time, rats that crossed fewer than two times

were excluded from analysis for this test.
Non-heme Iron Assay

Seven days after ICH rats were euthanized (isoflurane anesthesia and decapitation), and a
6-mm thick coronal section of both forebrains was taken from each animal (2 mm anterior to 4
mm posterior to the site of collagenase injection). Tissue taken from the ipsilateral forebrain,
contralateral forebrain, and cerebellum (Cb) was homogenized.!®?° Briefly, tissue proteins were

precipitated and the samples were centrifuged. The supernatant was collected and reacted with a
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ferrozine chromogen solution for a colorimetric assessment of the tissue's non-heme iron

concentration.
Experiment 2
Experiment Groups

Rats were given bipyridine (20 mg/kg i.p.) or saline 6 hours after ICH and then once
every 24 hours until euthanasia. This change in dose regimen was due to a recent publication on
bipyridine after ICH.® Most of the rats (BIP n = 8, SAL n = 7) underwent a core probe
implantation to measure body temperature. Rats were euthanized 72 hours after ICH for edema

measurement.
Core Temperature Probe Implantation

Four days before ICH, rats were implanted with core temperature telemetry probes
(TATI10TA-F20 or F40, Transoma Medical, St. Paul, MN, USA). Briefly, animals were
anesthetized with isoflurane and the probe was surgically implanted into the peritoneal space.*°
Marcaine was applied to the wound and the animals recovered in a clean cage. Temperature data,
sampled every 30 seconds, were taken beginning 24 hours prior to ICH surgery (baseline) and

until euthanasia.
ICH Surgery
Surgical procedures were the same as in experiment 1.

Brain Water Content
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The rats were euthanized 72 hours post-ICH (decapitation under isoflurane) to measure
brain water content (BWC).!*** A 6-mm coronal section of the ipsilateral and contralateral fore-
brains was taken (2 mm anterior to 4 mm posterior the injection site) along with the Cb as a
control. The cortex and striatum were separated in each forebrain for individual weight
measurement before and after being baked at 100°C for 24 hours. In computing for BWC, we

used the following formula:

%BWC = [(wet weight—dry weight) / wet weight] x 100.
Experiment 3

Experimental Groups

The same bipyridine treatment used in experiment 2 was used in this experiment. We
chose this treatment as opposed to the greater dosage in experiment 1 since there was no
discoloration of rat feces in experiment 2 (i.e., side effects). Rats were subjected to a whole-
blood ICH and tested for behavioral deficits followed by euthanasia 7 days post-insult. Most rats

underwent core temperature probe implantation 4 days prior to ICH (n = 7/group).
Whole-Blood ICH Surgery and Core Probe Implantation

Surgery was the same as in experiment 1 except that instead of collagenase, 100 pL of
whole blood (from tail vein) was infused into the striatum over 10 min and the needle was left in
place for an additional 10 min.>**° The same surgical procedures for probe implantation used in

experiment 2 were used here.
Behavioral Testing

The same behavioral testing was done as in experiment 1.
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Lesion Volume

The rats were euthanized with pentobarbital (100 mg/kg i.p.) and transcardially perfused
with 0.9% saline followed by 10% formalin. The brain sections (40 um) were stained with cresyl

J30

violet. One in every ten sections was analyzed for lesion analysis using ImageJ”" as follows:

Volume of a hemisphere = average (area of the complete coronal section of the hemisphere —

area of ventricle — area of damage) x interval between sections x number of sections

Tissue lost = remaining volume of normal hemisphere — remaining volume of injured

hemisphere.
Fluoro-Jade Stain

Degenerating neurons were identified using Fluoro-Jade B.'**! The slides were prepared
and incubated with 0.001% Fluoro-Jade (Chemicon, Temecula, CA, USA). Fluoro-Jade positive
cells (FJ+) were visualized with a fluorescein filter, and the total number of cells for one section

per rat was counted at the level of the maximum hematoma size.
Experiment 4
Experiment Groups

This experiment tested a pre-treatment of bipyridine on iron-induced damage. Two hours
before FeCl; injection, rats received bipyridine (25 mg/kg i.p.) or saline and then an injection
every 12 hours for 3 days. Animals underwent behavioral testing 7 days after FeCl, injection and

were euthanized to determine lesion volume and neurodegeneration.

FeCl2 Surgery
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Surgery was the same as experiment 1 except we infused 3.8 pg of FeClz in a 30-pl
solution of sterile unbuffered saline over 10 min.”!* This solution was mixed and kept frozen

until used.
Behavioral Testing

The same three tests used in experiment 1 were used here.
Lesion Volume and Fluoro-Jade Stain

The same procedures used in experiment 3 were used here.
Experiment 5

A spectrometry assay was performed to confirm that our preparation of bipyridine
chelated iron at a 3:1 mole ratio.>? The concentration of FeCl» was kept constant (12.68 ug FeCl,
in 10 ml of saline) and mixed with increasing concentrations of bipyridine (10 mM of bipyridine
was prepared which contained 97.6125 mg of bipyridine in 62.5 ml of saline and then diluted to
1,2,3,4,5, 6,and 7 mM). The readings were measured at a wavelength of 556 nm.

Saline+bipyridine, saline+FeClz, and saline alone were used as controls.
Statistical Analysis

The data are presented as mean + standard deviation (SD), except for NDS scores that are
presented as medians. Data was analyzed via repeated measures and/or one-way ANOVA using
SPSS, except the NDS scores that were analyzed by Mann-Whitney and Wilcoxon tests (SPSS

v.17.0, SPSS Inc, Chicago, IL, USA).
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5.3 Results

There was no mortality in any experiment. One rat was excluded from the SAL group in

experiment 3 due to surgical error.

Experiment 1

The percent drop in weight (from surgery) in the BIP group ranged from 10.7 to 11.6%

on days 1-3 post-surgery, while the SAL group lost 2.7% on day 1 and gained 2.1% by day 3.

There was a significantly greater loss in the BIP group on all 3 days (p <0.001). Animals

treated with bipyridine had orange discoloration of their feces.

Behavioral Outcome

Three rats were excluded from CTT due to a baseline turning bias (two from BIP and one
from SAL). There were no exclusions in NDS and the ladder test. Baseline NDS scores were
normal and there was no difference between groups (p = 0.549, Fig. 1(A)). There was significant
impairment 7 days post-ICH (p < 0.0001 vs. baseline); however, there was no difference between
groups (p = 0.646). For the CTT, there was a significant time effect (p < 0.0001, Fig. 1(B)) but
no group effect (p = 0.718) or interaction (p = 0.222). In ladder test, there was a significant time

effect (p <0.0001, Fig. 1(C)) but no group effect (p = 0.259) or interaction (p = 0.538).

Non-heme Iron Levels

There was a significant increase in non-heme iron levels (ug iron/g of brain tissue) in the
injured forebrain (BIP 35.43 + 18.45, SAL 30.40 + 4.49) compared to the non-injured forebrain

(BIP 13.87 £ 1.93, SAL 14.65 + 2.9, p <0.0001) and the cerebellum (BIP 14.08 = 1.78, SAL
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15.64 = 3.05, p < 0.002) but no difference between groups (p = 0.413). Thus, bipyridine did not

alter iron levels after ICH.

Experiment 2

The body weight dropped in the BIP group (1.8-4.5%) over the first 3 days post-ICH
whereas for the SAL group, there was a 1.7% drop on the first day but a 2.3% increase by the

third day. The group differences in weight change were significant (p < 0.002).

BWC

Edema was measured 3 days post-ICH (Fig. 2). There was a significant increase in BWC
in the injured striatum (p < 0.0001) and cortex (p = 0.009) compared to the uninjured side and
the Cb (p <0.0001). Bipyridine did not reduce edema in the ipsilateral cortex or striatum (p >

0.593).

Body Temperature

Bipyridine transiently reduced temperature (Fig. 3(A)), but there was no difference
between groups at baseline (p = 0.828). The first injection 6 hours after ICH caused the greatest
cooling (p <0.029) that lasted for 5 hours. The second and third injections also caused

significant but shorter hypothermia (p < 0.037 vs. SAL on hourly averaged data).

Experiment 3

Although the whole-blood model caused weight loss over the first 3 days, bipyridine did

not worsen it (p = 0.922).

Behavioral Outcome
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One SAL rat was excluded from the CTT analysis due to a baseline turning bias in this
test. In all behavioral tests, ICH caused significant impairment (p < 0.0001 vs. baseline). There
was no difference between groups in NDS (p = 0.804, Fig. 4(A)). In CTT there was no group
effect (p = 0.683, Fig. 4(B)) or interaction (p = 0.336), and again for ladder there was no group

effect (p = 0.318) or interaction (p = 0.860, Fig. 4(C)).

Lesion Volume and Neurodegeneration

Bipyridine did not lessen tissue loss (p = 0.097, Fig. 5(A)) or the number of FJ+ cells (p =

0.790 Fig. 5(B)) a week post-hemorrhage.

Body Temperature

Bipyridine caused transient cooling after each injection (p < 0.001, Fig. 3(B)), but there

was no difference between groups at baseline (p = 0.871).

Experiment 4

The BIP group lost greater weight (p<0.011) on all 3 days post-FeCl injection, while the

SAL group gained weight (drop of 3.5% vs. gain of 1.8% at day 3).

Behavioral Outcome

Three rats in each group were excluded from the CTT due to a turning bias, and one rat
from the SAL group was excluded from the ladder test because of insufficient crossing. Baseline
NDS scores were normal. At 7 days after FeCla injection, there was significant impairment (p <
0.0001 vs. baseline, Fig. 6(A)) but no difference between groups (p = 0.098). Results for CTT
showed a time effect (p = 0.001) but no group effect (p = 0.879) or interaction (p = 0.802, Fig.

6(B)). In the ladder test, there was a significant time effect (p < 0.0001) but no group effect (p =
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0.243) or interaction (p = 0.238, Fig. 6(C)). Thus, a striatal injection of FeCl» caused impairment,

which bipyridine did not attenuate.

Lesion Volume and Neurodegeneration

Bipyridine did not ameliorate tissue loss (p = 0.332, Fig. 5(C)) or the number FJ+ cells (p

=0.657, Fig. 5(D)) at a week post-insult.

Experiment 5

Bipyridine chelated increasing concentrations of FeCl, until saturation at a ratio of 3
moles of bipyridine per mole of iron (data not shown). At least in a test tube, bipyridine was

chemically active as expected.

5.4 Discussion

Despite using three models, two drug doses, pre- and post-injury regimens, and multiple
endpoints, we failed to find any effect of bipyridine. Specifically, post-treatment did not impact
parenchymal non-heme iron levels, behavioral impairments, or edema after a collagenase-
induced ICH. Nor did bipyridine lessen tissue loss, cell death, or behavioral impairment in the
whole-blood ICH model. Finally, pre- and post-treatment did not influence the FeClz-induced
lesion, neurodegeneration, or behavioral impairment. Thus, these results are contrary to the

considerable literature supporting the use of iron chelators for ICH.”-3!5:17

Our study has several general limitations. First, in any negative study, it remains possible
that other drug doses or treatment regimens could provide neuroprotection. Thus, we cannot
exclude this possibility even after conducting four efficacy experiments using two different drug

doses and treatment regimens. Second, despite considerable methodological overlap with
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previous studies (e.g., dose regimens, models, and endpoints),”® some factors or combinations
of factors may differ among studies and be critically important to drug-induced neuroprotection.
Unfortunately, the present findings do not explain why others find a neuroprotective effect

18,19 stands in

whereas we do not. Similarly, our lab's failure to obtain benefit with deferoxamine
contrast to a considerable amount of work supporting its neuroprotective effects. Again, there
was an overlap in drug dosage, endpoints, etc. Third, small treatment effects may have gone
unnoticed in our studies despite using above-average group sizes and multiple endpoints that are
widely used and well established in the field.>* Notably, there were no trends suggesting the
benefit in our study. Fourth, we did not prove that bipyridine entered and chelated iron in the
brain. There is no simple way to do this, and while we could have assessed whether bipyridine
affected oxidative stress, we did not, owing to the lack of neuroprotective and behavioral effect.
However, we did show that bipyridine, mixed fresh prior to each injection, was chemically active
in a dish. As well it was clear the drug affected the animals (i.e., discolored feces, weight loss,
and hypothermia). Of note in experiment 4, some animals pre-treated with bipyridine displayed
significant movement abnormalities (e.g., high-amplitude shaking including aberrant tremulous
movement of head, trunk, and limbs) once they awoke from anesthesia, which we have never
observed previously including in rats given striatal ICH or FeCl, infusion. This behavior
subsided within an hour but suggests that bipyridine does reach the striatum and thus interacts

with the FeClo. Besides the general limitations common to most negative studies, each

experiment here has its own limitations.

The first study confirmed the increase in non-heme iron levels beginning a few days after
ICH.%!'® Bipyridine did not lower iron levels (i.e., improve iron clearance), but it is possible the

non-heme assay is not sensitive enough to detect a treatment effect, which may have been
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observed with other methods such as X-ray fluorescence imaging.'® Also, while we did not
assess cell death in this model, the behavioral data, as well as the histology and behavior of our
other experiments, suggest (but do not prove) that there would be no neuroprotection in the

collagenase model either.

The second study showed that bipyridine did not reduce edema 3 days after collagenase-
induced ICH. Possibly, edema may have been affected at other times but this time point was
chosen as it corresponds to the peak edema time in rats and is commonly used. As well, Wu and
others® found bipyridine to reduce edema in the whole-blood model in mice. Thus, species or
model differences likely account for study discrepancies. It is also possible that the bipyridine-
induced hypothermia contributed to the reduction in edema found in mice, especially if the
cooling was more pronounced or occurred at the time of euthanasia in that study. Hypothermia
reduces edema after ICH without consistently conferring neuroprotection or improving
behavioral impairments.*® Note that at euthanasia, our animals were no longer colder than the

controls (Fig. 3(A)).

As we only assessed the histological and behavioral effect of bipyridine in the third and
fourth experiments, some benefit may have gone unmeasured. However, owing to the lack of
histological and behavioral effect, as well as the null results on edema and iron levels in the

collagenase model, we did not see a reason to pursue other endpoints (e.g., oxidative stress).

Bipyridine failed to attenuate iron-induced neuronal damage and behavioral impairment
in experiment 4 despite pre-and post-treatment. An injection of FeCly is used as a simplified
model to mimic ICH and traumatic injury, but there are limitations. For instance, a single bolus

dose in an acidic solution (pH 5) does not mimic the slow release of iron from degrading
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erythrocytes at physiological pH. However, this model has been previously used in mechanistic
studies of ICH”!* and we have shown that it is the iron not the acidity that causes injury in this
model.”> While pH may influence bipyridine's chelating abilities, this is likely a transient effect
as the body buffers the solution. Still, this model has limited face validity and although we
attempted to study whether a striatal injection of bipyridine and FeCl, solution would cause
injury, rats displayed similar behavioral abnormalities as described and we terminated the study
owing to health concerns. Finally, while this model resulted in similar behavioral deficits
produced by a whole-blood injection, FeClz caused a slightly milder turning bias and somewhat
worse walking impairment compared to collagenase. This may relate to subtle differences in
lesion size and placement or to other factors (edema, plasticity responses, etc.). However, as we
have previously shown, even matching the whole blood and collagenase models is exceedingly
difficult, as each model has markedly different outcomes despite matching of the initial

hematoma volumes.?*

There are several reasons to explain why bipyridine did not prevent the iron-induced
damage. Conditions within the brain after injury (e.g., pH changes) may impede the chelator's
ability to bind iron. It is also possible that bipyridine did not reach the injured striatum. Yet, we
used similar treatment protocols that others have reported benefit with, and the abnormal
behavior immediately post-surgery suggests that bipyridine does reach the striatum.
Alternatively, injections lasting only 3 days after injury may not be sufficient to provide
neuroprotection and improve behavioral recovery. Okauchi and others'> found that only
prolonged periods of deferoxamine treatment (7-14 days) provided lasting histological and
behavioral benefit. However, a longer duration of deferoxamine treatment (i.e., 7 days) has not

always provided protection.!® Finally, it is also possible that chelators bind only to a portion of
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the labile iron pool and there is enough left unbound to generate potent hydroxyl radicals.
Hydroxyl radicals, along with damaging macromolecules, generate a cascade of reactive species
leading to a snowballing effect of oxidative damage.’ Of note, a possible adverse effect of iron
chelators is that they may interfere with the brain's endogenous response to increased non-heme

iron levels (i.e., upregulating ferritin) thereby making the brain vulnerable to un-chelated iron.>*

Iron from degrading erythrocytes poses a significant risk to surrounding tissue>7:13-16

and thus is a potential mechanism of injury to target. Animal studies show a persistent increase
in non-heme iron levels from 3 to 7 days after ICH and these levels remain elevated up to 28
days.®!® In patients, magnetic resonance imaging suggests that iron deposits expand out from the
initial hematoma into the surrounding parenchyma over 3 months.* As iron from an ICH is not
readily cleared, the brain is vulnerable to iron-induced oxidative injury. Even protein-bound iron
(e.g., ferritin) may be liberated by free radicals (e.g., superoxide) thereby propagating formation
of more reactive species.” Although iron causes secondary cell death, there are several other
secondary mechanisms of injury after ICH. Thus, while bipyridine may chelate ferrous iron, this
may not be enough to improve the overall outcome. Combination treatments or those with
pleiotropic effects are more likely to provide neuroprotection. For example, antioxidants (e.g.,
NXY-059) have failed clinical trials*® possibly because these drugs (e.g., ascorbate in the
presence of molecular oxygen), when catalyzed by insufficiently bound iron, can become pro-
oxidants.” Therefore, it has been suggested that combinations of iron chelators with antioxidants
will provide better protection than either alone.” Sulforaphane, an isothiocyanate, promotes the
activity of nuclear factor E2-factor related factor, a transcription factor that acts on the
antioxidant response element’’ thereby increasing expression of several different

37,38

antioxidants and attenuating behavioral impairments, inflammation, and oxidative stress
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after ICH.>® Sulforaphane also promotes expression of haptoglobin, a hemoglobin-binding

protein, thereby preventing release of iron.*

In summary, our results do not support the use of bipyridine as a single treatment
approach for ICH. This study comprehensively evaluated bipyridine using several models and
found the drug ineffective for all endpoints. Thus, iron chelators do not accomplish enough on
their own to provide neuroprotection and improve behavioral impairments. Many have argued
for the publication of negative animal data in order to provide a more thorough picture prior to
clinical research.*’ In this regard, our results suggest that further experimentation is needed on

iron chelators before further movement through clinical ICH studies.
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Fig. 1. The collagenase-induced ICH caused significant impairments on (A) NDS, (B) CTT, and

(C) ladder tests (vs. baseline, p < 0.0001), but there was no significant effect of bipyridine

treatment (p > 0.259). NDS and Ladder: n = 10/group; CTT: n=9 in SAL, and n = § in BIP.
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Fig. 2. Collagenase-induced ICH significantly elevated striatal and cortical BWC at 3 days (vs.
contralateral side and cerebellum (Cb), p < 0.009). Bipyridine had no significant effects (p >

0.593). n = 10/group.
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Fig. 3. Body temperature (°C) was measured using telemetry probes before and after (A)
collagenase (n =7 in SAL, n = 8§ in BIP) and (B) blood infusions (n = 7/group). There was no
difference in baseline temperature but there was significant, transient cooling after each

bipyridine injection (6, 30, and 54 hours after ICH, (A) p <0.029, (B) p <0.001).
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Fig. 4. The whole-blood infusion caused significant impairments on (A) NDS, (B) CTT, and (C)
ladder tests (p < 0.0001), which bipyridine did not treat (p > 0.318). NDS and ladder: n = 14 in

SAL,n=15in BIP; CTT: n=13 in SAL, n= 15 in BIP.
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in BIP, n = 15 in BIP) and FeCl; striatal infusion (C, D, n = 10/group). Lesion volume (A, C) and

number of Flouro-Jade positive (FJ+) cells (B, D) were similar between groups (p > 0.097).

170



A)

w 107
2
S 8 .
m 000
m e 00
@ 6
=
c 41
8
T
Q@ 2
=
¢ SAL BIP SAL BIP
Baseline Day 7
B)
3.‘-9_" 120, .SAL
¢ 100, HBP
=)
Eq
“3
©
s =
5
‘B
=
Baseline Day 7
C)
~ 50;
8 B sAL
>
= 40 1
= g eP
;8 30
i
%‘é 20
= (0 e
X

0 e st p——ye—

Baseline Day 7

Fig. 6. A striatal FeCl, infusion caused significant deficits on (A) NDS, (B) CTT, and (C) ladder
tests (p < 0.0001), which were not influenced by bipyridine (p >0.098). NDS: n = 10/group;

CTT: n = 7/group; Ladder: n=9 in SAL, n= 10 in BIP.
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Chapter Six

General Discussion
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6.1 General Conclusions

The purpose of this thesis was to better understand the impact of therapeutic hypothermia
(TH) on mechanisms of injury that are important for secondary injury in intracerebral
hemorrhage (ICH). The literature on the effect of cooling for ICH is not as robust, especially
when compared to other types of brain injury such as ischemic stroke.**> We focused on the effect
of TH on thrombin- and iron-induced injury, as these cause more damage following a
hemorrhagic stroke than ischemic stroke. Also, we studied the influence of TH on hematoma
containment and resolution. Our hope was to identify potential targets for a combination therapy

where TH would be coupled with a pharmacological intervention.

Our results confirmed our hypothesis that TH does not mitigate all secondary injury that
stems from an ICH; moreover, we found some unexpected but important results. Cooling does
not appear to be an effective therapy against thrombin or iron injury.>* Our first set of
experiments show no effects of TH on brain water content or functional recovery following
thrombin infusion and our data suggests TH has a transient effect on degenerating neurons. As
well, while TH reduced bleeding following iron infusion, this did not lead to functional or
neuroprotective effects. Our most surprising finding was that TH appears to cause an increase in
blood volume following rewarming but only in a subset of animals. The inconsistency of this
rebleeding would make it difficult to detect in other studies but could impact the ability to find
neuroprotection in preclinical studies, especially in studies with end times after the hematoma
has resolved. From these findings we concluded that TH is not effective at targeting key
mechanisms of injury after ICH and can cause significant complications (i.e., rebleeding) in
some subjects. In the following sections I will summarize my findings, discuss limitations and

provide future directions.
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6.2 Effect of Therapeutic Hypothermia on Secondary Mechanisms of Injury
Following an ICH there is on-going damage after the initial bleed. Several of the
mechanisms causing this secondary injury overlap with ischemic stroke (e.g., oxidative stress,
BBB disruption, etc.); however, certain mechanisms of secondary injury, such as thrombin and
iron, seemingly play a large role in on-going damage after a hemorrhage compared to an
ischemic stroke due to the influx of erythrocytes in hemorrhagic stroke. Apart from the
hemorrhagic transformation, there is little to no generation of thrombin after ischemic stroke.
And while thrombin is an essential component of the clotting cascade, which is vital for limiting
hematoma expansion, it is also neurotoxic.>® Iron is another mechanism of injury thought to
cause proportionally more damage in a hemorrhagic stroke due the substantially greater number
of erythrocytes in the brain parenchyma. While endogenous mechanisms exist, such as ferritin
and superoxide dismutase, to protect against iron-induced damage, it is thought that the amount
of iron released from degrading erythrocytes overwhelms those innate protective measures.®*°
Both thrombin and iron are well known to be neurotoxic and to play a role in injury following
ICH,>*** which makes them attractive therapeutic targets. Therefore, chapters two and three of
this thesis sought to evaluate the protection of TH against these two mechanisms of injury and

are summarized and discussed below.

6.2.1 Thrombin

The results from Chapter 2 suggest that TH has little to no effect on thrombin-induced

injury. We did find that treated animals had significantly more degenerating neurons than the

174



normothermic group two weeks after insult. A previous study has shown that an infusion of
thrombin does not cause on-going tissue loss past 7 days.®> As there is no chronic cell death and
we did not find an effect on either lesion volume or behavioural impairments, we inferred that
TH gave some neuroprotection in our study but that this protection was transient. There was also
no effect on thrombin-induced edema regardless of whether focal or systemic hypothermia was

applied. Overall, our data suggests that TH does not adequately mitigate thrombin-induced
injury.?

Our results are contradictory to others who have found cooling to mediate thrombin-
induced edema.'>** Both groups also evaluated other mechanisms of injury (e.g., BBB
permeability, matrix metalloproteinase-9 expression, etc.), but neither looked at the effects of TH
on behavioural function and/or neuroprotection. While they found TH to improve several
mechanisms that contribute to edema, this would not necessarily equate to functional benefit or
reduced tissue loss. Edema is a commonly used endpoint in ICH animal studies but a reduction
in edema does not automatically translate to neuroprotection.'* Kawai and others'? used an
initially greater depth of cooling (30°C), which may confer some protection, but this depth is not
likely to be used in the clinic as most clinical protocols and studies use a much milder depth (32-
35°C).*> Gao and others®® used a depth similar to ours and found a benefit days after rewarming.
This is contrary to what we found despite our use of a much longer duration of cooling and a
slower rewarming, which are both typically considered to be more beneficial. This discrepancy is
difficult to explain although there are a couple key differences. Gao and others*® induced TH
immediately after insult while we delayed our treatment by an hour. This delay is more
appropriate as there would likely be a lag in time before TH is initiated in the clinic. Also, the

beneficial effects found by Gao and others® may have been transient and not lasted past their last
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time point. While they found benefit up to 7 days after stroke, our results indicate that TH may
have had a transient effect that is gone by 14 days. It should be noted, there is preliminary
evidence that shorter durations of cooling, when matched for timing to initiate, can be more
beneficial than longer periods;*® therefore, it is possible that our longer duration of cooling
counteracted any early benefits. This may help explain why Goa and others®® found benefit while
we did not. However, more investigation is needed to better understand optimal duration of
cooling, especially in relation to when TH is initiated. The need for more research for
determining best practices for using TH will be discussed more thoroughly later in this chapter.
As previously mentioned, both groups did not evaluate the effect of their TH protocol on
functional impairments or neuroprotection but instead focused on edema as a marker for
improvement. Both Kawai and others'? and Gao and others*® found a reduction in edema when
we could not, but differences in depth, duration and delay in initiating cooling along with

different doses and types of thrombin make comparisons difficult.

The reductionist model used in this thesis has been used by others to isolate and better
understand the toxic and degenerative effects thrombin has on brain tissue.>® However, there are
a couple of limitations with this model. First, there are potential interactions between thrombin
and other mechanisms of injury following an ICH that are not accounted for which can either
further enhance or mitigate the toxicity of thrombin. Regardless of whether TH would have an
effect on these interactions, these results show that it does not influence the direct neurotoxic
effects of thrombin. As well, our bolus infusion of thrombin would cause tissue to come in
contact with thrombin at a faster pace than during a typical hemorrhage. However, as the data

from Gao and others™® show, there is an increase in edema from 6 to 24 hours following insult
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and our protocol of initiating cooling at 1 hour post-infusion should have been able to mitigate

that increase in edema.

6.2.2 Iron

Similar to our results in Chapter 2, experiments in Chapter 3 indicate that TH does not
effectively target another key mechanism of injury — iron-induced neurotoxicity.* Iron infusion
caused a small but significant amount of bleeding that cooling was able to mitigate; however,
this did not translate to any other positive effects. There was no effect of TH on edema either
early on (i.e., 24 hours post infusion) or later (i.e., 72 hours). As well, TH failed to provide
neuroprotection or functional benefit at either 7 or 28 days following infusion. Several endpoints
and time points were used to thoroughly evaluate whether TH may confer some protection
against iron-induced injury but our results overwhelmingly suggest that iron-induced damage
was not influenced by cooling.

Like the thrombin model, infusion of FeCl; to isolate the effects on iron-induced injury
on the brain has limitations. In this model we used a bolus infusion of FeCl into the striatum
which does not model the degradation of erythrocytes and release of iron from hemoglobin that
occurs over the days following a bleed.®*” But the model does allow us to better understand how
cooling can influence iron-induced damage and others have used this reductionist approach to
both understand iron-induced neurotoxicity and evaluate the influence of treatments on this
damage.'*® Also, Caliaperumal and others'* have shown that unlike the thrombin reductionist
model, infusion of FeCl, causes chronic cell death with greater tissue loss at 60 compared to 7
days post-infusion. This suggests that there is on-going damage that our treatment protocol

would be able to target making this a relevant model to study on-going damage caused by iron.
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While we did not evaluate the mechanisms of iron-induced injury such as production of free
radicals and oxidative injury, we did focus on functional outcomes and neuroprotection as they

are the endpoints with more importance clinically.

6.3 Bipyridine

Although the majority of this thesis focused on cooling as a therapy, we also investigated
an iron chelator, bipyridine, as a therapeutic intervention for ICH with the hope of using it in
combination with TH. Most of the research on iron-chelators focuses on deferoxamine; however,
previous work from our lab extensively studied deferoxamine and failed to find a benefit for
hemorrhagic stroke.*?® Thus, we chose to study bipyridine as it has better BBB permeability,

chelates the more volatile ferrous form of iron, and can chelate iron intracellularly.*®*

In Chapter 5, we extensively investigated bipyridine as a potential therapy for treating
ICH with the hopes of then studying it in combination with TH if we found bipyridine to have
beneficial effects on its own. Unfortunately, despite using three different animal models and
varying the dosing regimen, we were unable to find any beneficial effects of bipyridine for
hemorrhagic stroke.?* To ensure that our solution of bipyridine was active and chelating iron, we
also conducted a spectrometry experiment. Our results confirmed that the bipyridine used in our
experiments was binding iron at a 3:1 mole ratio as expected. We used the collagenase model of
ICH in two separate studies assessing the effectiveness of bipyridine as an iron chelator. The first
study followed a previously published protocol that included a higher dose of bipyridine given
more frequently;'® however, we found that this dose caused significant weight loss and feces
discolouration, which is indicative of bipyridine toxicity.?® The second study used a lower dose

of bipyridine given less frequently but earlier after the stroke, as we followed the drug regimen
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of a newer study that was published after our first experiment and did not state any side effects.?*
There was still significant weight loss caused by bipyridine with the lower dosage, but the loss
was not as dramatic and there was no discolouration of the feces. We considered this dose
regimen to be safer and used it in the subsequent study using the whole-blood model of ICH.
Neither experiment that used the collagenase model found any effect on behavioural outcomes,

non-heme iron levels, or edema.

Our experiment using the whole-blood model also did not detect any functional or
neuroprotective effects of bipyridine. The two experiments using the smaller dose of bipyridine
did find that there was a transient decrease in body temperature after each injection. Cooling is
known to decrease edema following stroke™? and if the animals were still cooled during
euthanasia this could explain the reduction of edema found in the previous study.?* In our
experiment, animals were euthanized for edema measurement after their body temperature had
returned to normothermia, which may explain why we did not find an effect of bipyridine on
edema. Finally, we studied whether pre-treatment of bipyridine could mitigate the effects of iron-
induced damage by using the same FeCl> model used in Chapter 3. We used the higher dose that
was used in our first collagenase experiment but began treatment two hours prior to FeCla to
ensure there was adequate drug to chelate the bolus injection of iron. Unfortunately, even with a
pre-treatment at a higher and more frequent dose post-FeCl; infusion, we did not find any
protective effects of bipyridine. Additionally, as pre-treated animals exhibited inexplicable
abnormal motor movements in the first hour following FeClz infusion, all other experiments

using FeClz and bipyridine were cancelled.

Our study of bipyridine focused on histological and functional endpoints while others
have also studied mechanistic effects of bipyridine. Nakamura and colleagues*® found that
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bipyridine was able to decrease markers of oxidative stress; however, they did not evaluate
functional impairment and neuroprotection, which are more clinically relevant. Since we did not
find any positive effect on any histological or functional endpoints, we did not see a need to

carry out a mechanistic study.

Wu and others?* did extensively study the effects of bipyridine on ICH by using both the
collagenase and whole-blood model of ICH, using several endpoints and using both a pre-
treatment and post-treatment approach. They found that pre-treatment significantly reduced iron
levels, neuronal degeneration and oxidative stress following a collagenase-induced ICH. As well,
in their study, bipyridine post-treatment reduced lesion volume, behavioural impairment, and
edema at 3 days following a collagenase-induced hemorrhage. We were unable to replicate these
results in our collagenase model experiments; however, there are a few differences between
studies. Wu and others** evaluated lesion volume at 3 days post-ICH, which was soon after they
finished giving their treatment. Conversely, we evaluated tissue loss and behavioural deficits
several days after post-treatment. There is the possibility that the neuroprotective effects they
found were transient and no longer present once treatment ended. As previously mentioned,
bipyridine neuroprotection and effect on edema could be due to the transient cooling effect of
bipyridine that we found and animals may have been euthanized while still cold in their study.
Unfortunately, this does not explain why they did find functional benefit 4 weeks post-ICH and
we could not at 1 week. We did do a more thorough evaluation with three behavioural tests (as
opposed to their one test) and there was a difference in dosing and injection schedule between
the two studies. The experiments involving the whole-blood model are better matched between
Wu and others? and our experiment in terms of using the same dose and injection schedule. In

the whole-blood model, Wu and others?* found that there was an effect on edema as well as on
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behavioural deficits at 3 days post-ICH. We evaluated the effect of bipyridine on behaviour and
neuroprotection at 7 days-post ICH and failed to find an effect. Again, there is a difference in the
time at which endpoints were conducted and it is possible that the behavioural protection they
found was transient. As well there was a species difference between studies; we used rats in our

experiments and Wu and others?* used mice.

As with deferoxamine it is difficult to compare across studies due to differences in
dosing, beginning of treatment and duration, and use of different species. However, despite using
different dose regimens and three different models of injury, we were unable to find benefit on a
single endpoint. We do know the bipyridine we used was having an effect as there was a
significant drop in body temperature after each injection and side effects (e.g., weight loss, feces
discolouration). In our lab we were also unable to find an effect of deferoxamine in preclinical
ICH studies.?® Recently, a phase II clinical trial where deferoxamine was tested as a treatment for
ICH has been published, and despite a large amount of successful preclinical literature,
deferoxamine did not pass this clinical trial. It is difficult to fund and publish negative studies,
however, these types of preclinical studies are important to help provide accurate information
when determining which drugs should be translated to the clinic. Our results help show the need

for publishing negative studies.

We did not evaluate whether a combination of bipyridine and cooling would be beneficial
for ICH. There is some evidence that TH can be neuroprotective against a hemorrhage and there
is robust evidence that it reduces inflammation, edema, and BBB damage, which is also seen in
preclinical ischemia literature.? Our results from Chapter 3 suggest that iron toxicity is a
mechanism that TH does not mitigate that would benefit from a pharmacological therapy that
does target iron. Yet in our opinion, there is insufficient evidence that bipyridine provides
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enough, if any, protection on its own to warrant a combination therapy study. In a metal-analysis
to determine a potential combination therapy to experimentally study, O’Collins and others®
required that each therapy needed to demonstrate efficacy on their own. We were unable to find
benefit on any endpoint despite using multiple measures and models for bipyridine including an
iron reductionist model. Therefore, while our previous studies showed that TH does not target
iron induced injury, we did not deem bipyridine as a suitable pharmacological agent for
combination therapy. It is possible that deferoxamine would be a more suitable drug to use in a
combination therapy; however, in our lab we did not find any benefit of deferoxamine despite
using several endpoints. As well, I will review the results from our last study in the following
section that suggests that there are other more significant complications of using TH to treat ICH

beyond failure to protect against iron-induced damage.

6.4 Potential Side Effects of Therapeutic Hypothermia

As with any therapy there is potential for TH to have negative side effects. Well known
side effects include pneumonia, as well as, rebound edema and ICP with rapid rates of
rewarming. However, we hypothesized that TH had potential negative effects that were specific
to ICH. In both ICH and ischemic stroke, there is neuronal and glial cell death either from
primary damage of blood tearing through tissue or necrotic and apoptotic cell death induced by
oxygen deprivation, respectively. However, in ICH inflammatory cells have the extra demand of
containing and resolving blood components, which is why we hypothesized that the reduction in
inflammation would hinder the endogenous mechanisms for hematoma containment and
resolution. The inflammatory response following an ICH is important to the containment and

resolution of the hematoma as its components contribute to ongoing cell death (e.g., release of
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iron from erythrocytes propagates oxidative stress). Glial cells help contain the blood from
further spreading to and affecting surrounding tissue. Inflammatory cells also aid in hematoma
resolution by engulfing the constituents of the hematoma, preventing extracellular release of
toxic factors (e.g., iron), and producing proteins that nullify potential toxins (e.g., production of
ferritin and transferrin to bind to iron and prevent it from catalyzing oxidative stress).**” While
our results did not support our hypothesis, we did find rebleeding, in a subset of animals, which

was an unexpected yet important side effect.

In Chapter 4, the first experiment used synchrotron imaging to spatially map iron levels
in the brain of rats following a collagenase-induced hemorrhage. We did find a significant
relationship between iron levels and the distance from the edge of the hematoma, with iron levels
decreasing further away from the hematoma, but there was no effect of TH on the spread of iron
from the hematoma. In this experiment we also confirmed that TH significantly reduces the
number of inflammatory cells. In the second experiment, we assessed non-heme iron levels at 3
and 7 days following a collagenase-induced ICH to indirectly evaluate the effect of TH on
hematoma resolution. There was an increase in non-heme iron levels from 3 to 7 days post-stroke
in the injured forebrain. This increase is expected as erythrocytes and hemoglobin break down
over the course of days following the initial bleed, but we did not find differences between
normothermic and hypothermic animals at either time. Thus, from this measure, it does not

appear that TH influences hematoma resolution.

We also evaluated functional impairments at a week post-stroke but did not find an effect
of TH. To further investigate the impact of TH on hematoma resolution, we conducted a third
experiment measuring blood volume at 1, 3 and 7 days following collagenase-induced ICH. We

found that there was a significantly large increase in blood volume in TH treated animals at 7
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days post-ICH, but no differences between treated and untreated groups at either day 1 or 3. As
seen in Figure 7 of Chapter 4, there is a bimodal distribution in blood volume levels in the
treated group, with treatment causing a substantial increase in blood volume in only a subset
(i.e., 40%) of animals. We think this increase in blood volume is due to a rebleeding following
treatment for the following reasons. First, there was no difference in blood volume between
treated animals at 1 and 3 days, which is when animals were still under treatment and were
euthanized cold. Moreover, experimenter observations at the time of euthanasia noted brighter
red colouring of blood seen in the larger bleeds instead of the rust colouring typical of older
bleeds. Since this effect is only seen in a subgroup of animals and has not been documented

before, this rebleeding effect needs to be replicated.

The rebleeding results could help explain why there is inconsistent benefit with TH
treatment. Since not all treated animals experienced this increase in blood volume, the proportion
of animals that do will affect the ability to detect a statistically significant neuroprotective effect.
In the third experiment, we did find that treated animals were slightly (1 point difference in
median scores) but significantly more impaired than untreated animals at a week post-ICH, but
we were unable to correlate behavioural scores with blood volume. Therefore, slight differences
in behavioural impairments are not necessarily the best indicators of hemorrhage size and
experiments that failed to find neuroprotective effects of TH for ICH may not necessarily also be

able to also detect behavioural effects.

The cause of the rebleeding we found in our experiment is unclear. While it is known that
treating ICH with TH too early can aggravate bleeding®®?” we initiated cooling 12 hours post-
collagenase infusion, which is known to be a safe delay,?® and animals euthanized at earlier
timepoints did not experience an increase in blood volume. It should be noted that it is unclear
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whether TH caused rebleeding during rewarming or during the days following rewarming when
animals returned to normothermia. The rate of rewarming is an important component when
determining treatment parameters for TH. Rewarming too quickly can negate the protective
effects provided by TH and exacerbate injury in both ischemic?®* and hemorrhagic stroke.* The
rewarming rate of 0.5°C/hour, which is slower than the rate used in previous studies we based
our TH protocol on,?®3! was used in our experiments as we opted for a more conservative
approach to rewarming. As previously mentioned, passive or fast rewarming can have negative
effects (e.g., rebound edema, impaired cerebrovascular responsiveness) compared to slow
rewarming.’**?%* As well, since rebleeding was seen in only a subset of animals, it is unlikely

that rewarming alone would have been the cause, although this is not clear from our results.

It is possible that the rebleeding was caused by either changes in BP, cerebral blood flow
at the site of injury, a stress response, or a combination of different factors. More recent work
from our lab (Dietrich and Colbourne unpublished) sought to replicate this rebleeding post-
treatment and assess the impact of TH on BP and hematoma size. None of their animals
experienced a significant rebleeding at a week post-stroke despite using the same treatment
protocol, suggesting that the occurrence is less frequent than the 40% proportion of animals
found in our study. The inconsistency of this rebleeding suggests large sample sizes are needed
to appropriately assess this event. Interestingly, they did find a statistically significant and close
relationship between BP and hematoma size. During the rewarming and post-treatment phases,
the more time that BP was higher than baseline, BP was related to a larger hematoma blood
volume. This association during the rewarming and post-treatment phases aligns with when the
rebleeding would have occurred in our study. They also found that this effect was only

significant when comparing to the individual rat’s baseline BP, and the effect was lost when a
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group baseline average was used, demonstrating that there can be substantial variability in BP
and vasculature in normal rats. This natural variability could explain the variability in hematoma
size and the inconsistency of rebleeding. While they did not have any rats with significant
rebleeding, such as the quadruple increase in blood volume that we observed, their results
showed the importance of BP post-stroke and hematoma size, particularly during the rewarming
and post-rewarming phases, as well as the influence of an individual’s BP and vasculature on
hematoma size. Other studies have shown that in animal models there is ongoing BBB disruption
in the days following ICH with a peak in leakage at 3 days that subsides by day 7*** and in a
subset of rats there is ongoing dysfunction up to 14 days.* This on-going BBB leakage and in
particular the long-term disruption may make certain animals more susceptible to the effects of

rewarming.

While the research mentioned above suggests that BP and BBB dysfunction are possible
explanations on why rebleeding occurs in a subset of animals, it does not definitively prove so.
There may be other factors, such as changes in blood flow at the site of injury and/or regional
perfusion pressure, that have not been evaluated and more research is needed. One small clinical
trial for ICH found that TH caused increases in regional cerebral blood flow,* and while they
found TH to also be beneficial, it is possible that in those with greater BBB dysfunction this
increase in regional blood flow could be harmful. It is also possible that there are other side
effects of using TH to treat ICH that were not detected in these experiments and, as our results
were unexpected, they highlight the need to better understand how TH affects ICH. There may
also be negative effects on hematoma containment and resolution that were not detected by the

methods we used and more research (e.g., use of Raman spectroscopy to more accurately
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measure hemoglobin levels) would be needed to elucidate the anti-inflammatory effect of TH,

and how this influences the hematoma.

6.5 Translational Issues

Despite decades of research on the mechanisms of injury after ICH and potential
therapies, no neuroprotective therapy has translated to the clinic. The issue of translating
preclinical research to clinical research and application is complex and extends beyond stroke
research. For instance, scientific integrity, experimental design and replication are essential to all
scientific progress.?”*® Within preclinical stroke research, there are also issues around animal

models, inclusion of co-morbidities, etc.394°

There is no one culprit behind why preclinical research is not meeting the success we
want in translation. This issue involves funders, publishers, reviewers, the public and researchers
who all participate in this issue more often than not with the good intentions of meeting the
health needs of humans. After all, this is the main goal of preclinical and clinical researchers.
Pressures around funding and publishing, the publish or perish dilemma, and valuing quantity
over quality of research has made it difficult to conduct and publish high quality research,
negative research results and replication studies.?” There is literature available that reporting on,
or lack thereof, blinding influences the efficacy and reproducibility of preclinical research.3”3°
Efforts to replicate the results of published research, including studies in high impact journals,
have failed.?” If results are not reproducible in preclinical research it seems unlikely they will be
reproduced in clinical trials. As well, the lack of publishing negative results (i.e., that a treatment

did not work) has also been highlighted as a major issue®” and can create an incomplete and
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biased picture when determining which treatments to fund in clinical trials. For a more detailed
review on challenges in preclinical research please refer to Begley and loannidis®” and MacLeod

and others.?®

Over the past two decades, measures have been developed to improve the quality of
stroke research including the ARRIVE guidelines for animal research®® and the Stroke Therapy
Academic Industry Roundtable (STAIR) recommendations.** As highlighted in these reports,
reporting on blinding, group allocation concealment, sample size calculations and power, among
other details can improve the quality of stroke research. In fact, as Schlattmann and Dirnagl*
point out, through improper statistical analysis alone, the positive effects of a treatment can be
inflated by the number of tests conducted. Without proper adjustments for multiple comparisons,
inclusion of power analysis and proper sample sizes this may impact preclinical experiments. As
well, in stroke preclinical research most studies are carried out on young, healthy and male
rodents. These reports also highlight the need for experiments on older animals and/or those with
comorbidities commonly seen in the human stroke population (e.g., hypertension, diabetes, etc.)
as well as the need to study treatment in both male and female animals.* It is important to
thoroughly evaluate treatments preclinically in models that more accurately reflect the typical
stroke population. For instance, as the stroke typically occurs in older adults, treatments should
be evaluated in older animals and/or in animal with comorbidities, such as hypertension, as these
factors can impact recovery and mitigate positive effects of a treatment.> As well, most
preclinical literature used male rodents; yet, there are differences in incidence and outcome
between males and females.” While males are more likely to have an ICH, women tend to have
worse functional impairments despite no differences in hematoma volume; thus highlighting the

need to do preclinical studies in both male and female animals.** Experiments with rodent
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models of injury are by far more common than other animal models; however, there are
anatomical differences between rodents and humans. For example, rodents have far less white
matter than humans making rodents less suitable for testing effects on white matter damage.*
Porcine or non-human primate models of injury would more accurately reflect the damage of
brain injury on white matter and the effects of a therapeutic on this damage.** Multiple endpoints
on both histological and functional measures as well as testing in multiple models of stroke are
also needed.*® For a more in-depth look into the recommendations and guidelines for preclinical
research please see Fisher and others’ updated STAIR report*® and the ARRIVE guidelines

developed by Kilkenny and others.*

With the help of tools such as the ARRIVE guidelines and STAIR recommendations as
well as programs like the Neuroscience Information Network and Canadian Equator Centre that
educate on and support improved standards for preclinical research, preclinical research will
improve and hopefully lead to better translation to clinical trials. Even within this thesis we did
not include power analysis and sample size calculations until our last publication (Chapter 4).
While we did base our group sizes on previous work which often included n’s larger than the
studies we attempted to replicate, this is still a limitation on our part, and we recommend sharing
sample size calculations and conducting power analyses in future studies. Also, while we did
attempted to conduct behavioural testing during the same time each day, we did not standardize
this, nor did we standardize the order of testing, both of which can contribute to variability in
behavioural data making it more difficult to detect potential effects. Other improvements in
behavioural testing such as including timing of crossing on the horizontal ladder tests could have
improved our testing procedures; however, as there were no histological effects in most of our

experiments we do not think there were missed behavioural effects. Issues around research
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translation are difficult to resolve but necessary to address and will involve participation from all

parties including researchers, editors, reviewers and funders.

6.6 Future Directions

Our results demonstrating that TH does not mitigate iron-induced damage suggest that
this would be a good target for a pharmacological combination therapy with TH. However, as
previously mentioned, as we did not find any benefit of bipyridine on any endpoint we did not
deem bipyridine to be a suitable drug for combination therapy. This is unfortunate as there has
been considerable attention on iron-chelation as a potential therapy for ICH. Nevertheless,
despite the mostly positive animal research on deferoxamine, a phase II clinical trail failed to
find benefit.** Preclinical studies that fail to find neuroprotection and behavioural improvement,
such as our experiments on bipyridine* and deferoxamine,* are important in the translation of
therapies from the lab to the clinic. Moreover, the failure of translation of iron-chelators for ICH
demonstrate the need for improvement in future studies. This improvement may include using
more clinically relevant endpoints and time windows, having greater statistical power,
experimenting in older animals and/or animals with comorbidities, and publication of negative

results in preclinical studies.*

Our failure to find benefit with iron chelation therapy does not discount other potential
drugs that target oxidative stress or clotting, such as tranexamic acid which is currently under
clinical trial,*® but further research would be needed to evaluate combination therapies. In other
areas of brain injury, the combination of xenon and TH is being investigated for treating neonatal

hypoxia with the hope of having enhanced neuroprotection;*” however, a recent clinical trial
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found this combination to be safe but did not provide additional benefit.*® As there is lack of
preclinical literature on using xenon as a treatment for ICH we did not focus on this treatment as
a combination therapy in this thesis. Based on the results from this thesis, thrombin is another
potential target, but it is not easy to find a suitable drug to mitigate thrombin as thrombin is
important for clot formation and angiogenesis. Most studies have looked at enhancing clot
formation through thrombin generation. For instance, administration of recombinant factor VIla
(rFVIla) to promote clot formation was found to significantly reduce hematoma growth in
patients but this unfortunately did not correspond to functional improvement.* This lack of
functional benefit may be due to the neurotoxicity from over generation of thrombin, or that the
reduction in hematoma volume was not large enough to lead to functional improvement. Even
when rFVIla was used on those who were more likely to have further hematoma expansion (i.e.,
a positive spot sign on computed tomography angiography), there was no benefit provided at 3
months post-stroke.>® Others in our lab have studied novel rFVIla analogs (Williamson and
Colbourne unpublished) but were unable to find a suitable alternative. Thus, the complexity of
thrombin’s role in preventing hematoma expansion but also contributing to damage make it a

difficult target.

The most surprising result from this thesis is the rebleeding that occurs in a subset of rats
following TH. The variability of this rebleeding event, and that this is the first published
literature demonstrating this complication, means that other studies are needed to better
understand the proportion of animals affected, the cause, and potential ways to prevent
rebleeding. Replication is an essential part of research that should be done for all studies and,
unfortunately, the pressure to publish high impact research in high impact journals does not

encourage the funding, completion, and publishing of replication studies.?” Still, if further
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research into using TH for treating ICH is to be conducted, complications such as rebleeding

need to be better evaluated.

A combination therapy of TH and a pharmaceutical may not be necessary to avoid the
rebleeding complication. As previously mentioned, results from Nadeau and others®® suggest that
some animals have on-going BBB dysfunction. As well, other recent work (Dietrich and
Colbourne unpublished) shows that there is an association between the duration of BP elevated
above baseline during the rewarming and post-rewarming phase and hematoma size. It may be
that certain animals with greater BBB dysfunction and prolonged increases in BP are at a greater
risk of rebleeding. It is unlikely that BBB dysfunction alone causes the rebleeding, as Nadeau
and others®> found that even when warfarin was given during peak BBB dysfunction, the barrier
was intact enough to prevent further bleeding in the brain. It may be that multiple factors (e.g.,
BP changes, BBB disruption) are involved and when acting together create the capacity for
rebleeding following TH. Further research would be needed to confirm this and identify all
factors, but simply varying the treatment protocol for TH may avoid the rebleeding complication.
It is possible that increasing the duration of TH to match the length of BBB dysfunction and
prolonging the rate of rewarming to mitigate increases in BP may avoid the occurrence of
rebleeding. However, a recent preclinical study by Lyden and others® found that, when matched
for time to initiating treatment, shorter durations of TH were more neuroprotective following
ischemic stroke in rats than longer durations. Their study found that longer durations of TH
could negatively impact astrocyte support for the BBB. It should be noted, their method of
cooling involved anesthesia throughout the cooling treatment and differing durations of
anesthesia may confound their results. As well, their investigation into potential mechanism was

done in vitro and more studies using animal models are needed to both confirm and examine this
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effect. Thus, a well-designed study varying treatment parameters should be conducted to identify

a better treatment protocol specifically for ICH to prevent rebleeding complications.

6.7 Summary

Ultimately, our goal was to better understand the effects of TH on mechanisms of
secondary damage after ICH. Recognizing the weaknesses of TH allows for identifying potential
targets for a pharmacological therapy which can be used in combination with TH for enhanced
protection after ICH. While we did gain a better understanding of how TH affects secondary
mechanisms of injury after ICH, we did not find a suitable candidate for a combination therapy.
Most importantly though, we did find a surprising side effect of using TH to treat ICH — a
rebleeding in a subset of animals that occurs either during rewarming or post-treatment.
Although this rebleeding does not occur in all subjects, the substantial increase in hematoma

volume is important as hematoma size is a predictor of outcome following ICH.>*

Frustratingly, there have been no neuroprotective treatments approved for I[CH patients
despite decades of research. The success of using TH to treat global ischemia and infant HIE
brought hope for protection in stroke. Even for ischemic stroke, where TH has been more
extensively studied, clinical trials are not demonstrating the same level efficacy found in the
preclinical literature. These recent clinical trials have failed to gain the necessary statistical
power to determine efficacy.>>** Multisite clinical trials for hemorrhagic stroke are currently
underway but have not been completed or updated in recent years.>*>> Unfortunately, the studies
from this thesis suggest that unless the rebleeding complication can be mitigated, TH may not be

a suitable treatment for ICH patients. Although a subset of patients with high levels of ICP may
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benefit from a reduction in pressure, this effect is minor and there is no strong evidence that TH
reduces mortality or improves outcome following ICH.* Thus, from the results of this thesis and
the lack of a more consistent neuroprotective and/or functional beneficial effect in other
preclinical ICH studies, we do not recommend using TH to treat ICH without further preclinical
research on potential complications. As discouraging as these results are, there is continued
research being done on best management practices to treat ICH patients, such as managing BP.*®
As well, the effects of rehabilitation, which appear to be especially effective for hemorrhagic
stroke,>”*® have robust evidence that stems from animal studies.>**! While there are difficulties in
translating preclinical stroke research, animal studies can still add valuable insights through
thorough investigation of the efficacy, mechanisms of action, and complications of potential

treatments.
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