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ABSTRACT

Mild therapeutic hypothermigdYPO), decreasing brain temperature to32C, is the
gold standard neuroprotectant against ische@ualingalsoameliorats severalkell death
mechanisms in other types of brain injgeyg., traumatic brain injurypAs with many other
neuroprotectants, HYP@ot only reduceneurodegeneration but cooling may affiesgair
mechanismsCurrently HYPOis in clinical trials for ischemic and hemorrhagic strdke.
successighly depends on our understanding of how cooling interacts with stroke
pathophysiologynd recoverylin turn,this allows us to customize HYPO to different types of
brain insultsIn this thesisye carried oug series of experiments elucidate the impact of
HYPO beyondits neuroprotective properties

First, weconducted studyto determine whether HYP@&ffected plastity in the
contralesional hemisphere after motor cortex dauaseation inrats. $roke patients get HYPO
to thewhole brain andhis may impacplasticity processes in the intact hemisphareimportant
factor in recovery after strok&/e initially hypothesized that contralesional cooling would
impair forelimb reaching success. Instead, we fahatlearly contralesionalYPO did not
worsenforelimb reaching but reducede tendency for rats to uieeir unimpaired limb
Additionally, we testedvhether HYPO affected learniraf a reaching tasik otherwise naive
rats. We found that reaching success slahtly lower in the rats that received cooljing
although this was not significarfthese findingsuggest that even though HYPO is
neuoprotective and safe after focal ischemia, it may still have additional effects on functional
recovery after stroke.

In the secondet of experiments, wassessed the impactle¥ PO on an often neglected

aspect of intracerel hemorrhag€élCH) pathophysiology, seizureSeizures occur in one third



of ICH patients. Cooling confers some benefit after E2td reduces seizure activity in patients
with status epilepticuand in infants with hypoxitschemic injury Therefore we hypothesized
thatHYPO would reduce seizure activiifter ICH in ratsFirst, we establishetthat seizures
occurred in 66% ofollagenasenduced ICH rats, but did not occur in the whbleod model.
Second, using the collagenase model we found that mild loc&li¥®® reduced the incidence

of rats with seizures although this was not significant. Cooling may improve outcome by several
mechanisms after ICH (e.g., decreasing edema, inflammation, etc.), however seizure activity
may not be one of them.

Altogether, my thesiwork shows thatYPO may impact some aspects of stroke
pathogysiology (e.g., use of impaired limbut not others (e.g., seizuraier ICH). This has
implications to the patient population, as stroke victims are cooled for days or even week
Therefore HYPO may impacplasticity processes that predominate during this period, possibly
affecting recoveryThe effectiveness of HYPO varies depending on the protocol used (e.qg.,
duration) as well as severity and type of ingelg., ischemia vs. ICHYherdore, further studies
should be conducted to elucidate how to maximize HYiB@oprotective propertieshile

minimizing potential negative side effects (e.g., decreasing plasticity).
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CHAPTER 1

General Introduction



1.1.Introduction

Stroke occurs due to a reduction in cerebral blood supply (ischemia) or a leakage from a
blood vessel (hemorrhage). A cascade of cell death processes is elicited within minutes, and this
is followed by repair mechanisms that develop over {inoe 2008; Murphy and Corbett, 2009;

Kolb and Teskey, 2012Yhese structural and functional changes caused by injury and
experience are usually referred as neuroplasticity, and they tend to occur both in the affected as
well as the intact side of the braiurphy and Corbett, 2009; Kolb and Teskey, 20YZhen it

comes to developing neuroprotective treatments, researchers tend to overlook haestheezp

to reduce neurodegeneration impact neuroplasticity.

One of the most promising treatments for ischemic stroke, which has also shown some
benefit in intracerebral hemorrhage (ICH), is therapeutic hypothermia (H{GH0) et al.,

2012) The history of HYPO as a treatment for brain injury is fascinalihgre are reports of
individuals that went into cardiac arrest for hours after falling in icy lakes and survived without
any signs of brain damag8chmidt et al., 1995; Varon di\costa, 2008; Kieboom et al., 2015)
For millennia, cooling has been used to reduce edema and inflammation. Hippocrates
recommended using ice packs on wounded solfippocrates, 46875 BC) However, it was
Napol eonds s udeaprelarrey (D/Gas42y) whq noted the beneif HYPO when

he realized that wounded soldiers that stayed closer to the fire were likely to die(Baridia

et al., 2009)In the 1950s there were successful small clinical trials and animal experiments
(Williams and Spencer, 1958; Benson et al., 1959; Zimmerman and Spencer, 1959; Wolfe,
1960) Laterstudies suggested that HYPO was a dangerous therapy, harming the reputation of

this treatment for decad@slichenfelder et al., 1976; Michenfelder and Milde, 1977; Steen et al.,



1979; Steen et al., 1980; Colbourne et al., 1997; Choi et al.,.201B¢ late 1980s and early
1990s, meticulous animal research showed that HYPO is a powerful neuroprotectant against
ischemia(Busto et al., 1987; Busto et al., 1989a; Colbourne and Corbett, 1994; Colbourne et al.,
1997; MacLellan et al., 2009;h@i et al., 2012)Cooling has now been tested in other types of
brain injury, in some cases with more success (e.g., focal ischemia) than in others (e
hemorrhagic strokgMacLellan et al., 2009; Choi et al., 2012)

Even though we might have some insight into how cooling confers its neuroprotection
(Colbourne et al., 1997; MacLellan et al., 2009; Choi et al., 2012; Yenari and Han,\2811)
not have an understanding of what impact this treatment mayhasther common aspects of
stroke pathophysiology (e.g., seizures) or functional recovery after stroke. My thesis describes a
series of experiments assessing the effect of HYPO on the contralesional hemisphere after focal
ischemia and on seizure activéfter ICH in rats. In order to provide some background to the
rationale behind these studies, | will first introduce stroke pathophysiologystpoise seizures,
treatments, and recovery. | will also discuss the importance of temperature on neuroprotectio

and the use HYPO as a treatment for ischemic and hemorrhagic stroke, as well as seizures.

1.2. Stroke Epidemiology

Stroke is the second leading cause of death in the world, and the third in Gdeadand
Stroke Foundation, 2015; World Health Organization, 20Ibgre are approximately 50,000
annual cases in our country, a number that costs over 3 billion dollars to the health system every
year(Heart and Stroke Foundation, 201Bhe improvement ahedical care have increased the
incidence of stroke survivors, but also increased the number of people that live with disabilities

(World Healh Organization, 20155everal campaigns encourage stroke prevention through



awareness of stroke risk factors (e.g., diabetes). However, these efforts are outweighed by our
increasing population, especially the elderly, as well as our sedentary ardigtany lifestyles,
which have increased the incidence of stroke worldwide in the past déEadgs et al., 2009;
World Health Organization, 2015)

Ischemic strokes occum 80% of stroke victims and lead to 15% mortality within a month.
Ischemic strokes are the result of an embolus, a clot originated elsewhere in the body, or a
thrombus, a clot originated at the site of occlusion, occluding a cerebral blood(?elsseb et
al., 2007; Jach and Stettler, 2015These clots are originatém accumulated fat and
cholesterol in the walls of blood vessels, a condition known as atherosc{é&desiss et al.,

2007; Jauch and Stettler, 201Bchemia can also occur in the whole brain (globeiiemia) in
cases of systemic hypoperfusion, such as during cardiac arrest. There are other causes of
ischemia, for instance due to vasoconstriction during migrg®essco and Kurth, 2014)

Unlike ischemic strokes, only 15% of stroke victims suffer from ICH. This devastating stroke
leads to 40% ihospitd mortality (van Asch et al., 2010Df those that do survive, 75% will be
either disabled or deceased within a y@an Asch et al., 2010An ICH can occur due to
several reasons, such as trauma, tumors, ischemia, arteriovenous malformation, and aneurysms
(van Asch et al., 2010; Balami and Buchan, 20M)strokes have the same risk factors, such as
increased age, hypertension, diabetes, obesity, smoking, alcohol consumption, and high
cholestero(van Asch et al., 2010However, the most common causes for ICH are high blood
pressure (BP) and cerebral amyloid angiopathy (C&Ah Asch et al., 2010; Balami and
Buchan, 2012) About 60% of ICH have prexisting high BP, which can lead to rupture of thin
blood vessels such as those in the thalamus, basal ganglia, pons, and ce(@tig/kuand

Caplan, 1992)In normotensive patients one of the highest predictors of ICH is CAA, a amditi



i n w hamyldid pfotein accumulates and weakens blood vessels. Cortical ICHs are more
likely to be caused by CAQVinters, 1987)

Subarachnoid hemorrhage (SAH) is a hemorrhage occurring at the base of the brain leading
to a buildup of blood in the subarachnoid sp@exske and Jallo, 20150his type of stroke
occurs in about 5%, and has an extremely high mortality rate (50%). Main causes of a SAH
include trauma, tumor, and aneurysfBecske and Jallo, 2015pubarachnoid hemorrhages
have been the least studied, as it is challenging to model due to its high m(3tgiyand
Colbourne, 2009; Becske and Jallo, 20M\pstly ICH and focal ischemia will be discussed in

this thesis as those were the models usedyiexperiments.

1.3.Pathophysiology

The clinical manifestation of a stroke varies by what part of the brain is affected. For
instance, a stroke in the left hemisphere, where language predominates, may lead to aphasia.
Stroke should be considered when a sadu®urological deficit or loss of consciousness occurs
(Jauch and Stettler, 2015; Liebeskind, 208mmon acute stroke symptoms involve paresis,
hemisensory deficits, vision problems, dysarthria, aphasia, facial droop, ataxia, vertigo, headache
and seizuregJauch and Stettler, 2015; Liebeskigf15) Symptoms may occur alone or in
combination. Just by symptoms alone, however, it is challenging to discern between focal
ischemia and ICH. Therefore, a final diagnosis is made using brain imaging techniques, such as

computed tomographigauch and Stettler, 2015; Liebeskind, 2015)



1.3.1. Ischemic Stroke
1.3.1.1.Acute Phase

We refer to the first minutes and hours after ischemia onset as the acute phase, in which the
main factors contributing to cell death are substantial changes in metabolism, excitotoxicity, and
oxidative stress (for a summary of the phases refer to Tableld focal ischemia, cell death
occurs more rapidly (within minutes) in the ischemic core, where cerebral blood flow (CBF)
reduction is the most severe (<20% of baseline, below 10ml/100grams/niMat&awa et al.,
1992; Kawai et al., 2000; Yanamoto &t 2001) Necrotic cell death occsidue to lack of
oxygen and glucose leading to energy failure as well as loss of normal ionic gradients and
membrane potential. Irreversible damage in the core happens by 3 hours after the stroke (Lipton,
1999). Anoxic depolarization leads to activatiorCaf* channels resulting in neurotransmitter
release, excitotoxicity, and oxidative stréSgesjo, 1992a; Dirnagl et al., 199%ome cells swell
and burst due to cytotoxic edema caused byaxd Cli entering into the cellSiesjo, 1992a;
Dirnagl et al., 1999) Furthermore, oxidative stress due to impaired increased intracelliffar Ca

and mitochondrial depolarization leads to neuronal and glial cell @é&timer et al., 2004)

Oxidants (e.g., peroxynitrite,#,) , i ncl uding fore@HAadarcal ANQr, g:

reactive molecules that lead to DNA damage, protein oxidation, and lipid peroxidation directly
causing neurodegeneratifiVarner et al., 2004)

Surrounding the core, hypoperfusion occurs (50% of baseline, 20ml/100grams/minute) but
cells do not experier® permanent anoxic depolarization or cell déstbrikawa et al., 1992;
Kawai et al., 2000; Yanamoto et al., 2001his area is called the ischemic perara, where
energymetabolism is partially preservédstrup et al., 1977; Siesjo, 1992a; Dirnagakt 1999;

Lo, 2008) As neurons in the ischemic core tend to die quickly, many neuroprotective treatments



tend to target penumbrassue(Siesjo, 1992b; Lo, @8) However, neurodegeneration is time
sensitive, as cellehth may occur within 24 hours in the penumbra if reperfusion is not resolved

or if therapies are not appli€dipton, 1999;(Lo, 2008)

1.3.1.2. Subagate Phase

The subacute phase encompasses the first few days after ischemia in which gene expression
and protein synthesis play a major role in inflammatory, survival, neuroplasticity, and cell death
pathways. Ktracellular accumulation of glutamate candéa repeated depolarization, oxidative
stress, and calcium overlog8liesjo, 1992a)Studies using electron microscopy suggest that
necrotic cell death occurs after ischemia even days after the(@siliburne et al., 1999)
Apoptosis is genetically driven, controlled, and energy dependent cell death. Still, studies show
an increase in caspases,-priflammatory genes, cytokines, and apoptotic genes (e.g., p53)
thought to be involved in delayed apoptotic cell death occurring over days and weeks {Tjable 1
(Siesjo, 1992a; Dirnagl et al., 1999; Lipton, 199%fter focal ischena, there may also be a
raisein intracranial pressure (ICP), thought to be caused by blood brain barrier (BBB) disruption

and edema, which also contribute to secondary injury during the subacute phase.

1.3.1.3.Neuroplasticity and the Chronic Phase
Neuroplasticity processes are induced shaatter injury during the acute and subacute
phase and continue to be active for weeks (Figtie(Dirnagl et al., 1999; Bernabeu and
Sharp, 2000; Akulinin and Dahlstro@Q03) Once brain connections are lost, sensory and motor
deficits can be restored by creating new connectighsphy and Corbett, 2009 fter stroke,

neuroplasticity processes such as synaptogenesis, neurogenesis, angiogenesis, axonal sprouting,



gliogenesis, as well as increased expression o¢im{e.g., brain derived neurotrophic factor or
BDNF) and genes, are crucial for recov@iurphy and Corbett, 2009 or instance, up
regulation of synaptophysin and grovwabsociated protein 43 (GAE3), proteins associated

with synaptogenesis, begin during the first days after s{®&lemidtKastner et al., 1997;
Nishimura et al., 2000Neurogenesis occurs during the first weeks, primarily in the dentate
gyrus of the hippocampusdter global ischemiéLiu et al., 1998; Bendel et al., 2005; Salazar
Colocho et al., 2008; Xiong et al., 20Eh)d in the subventricular and subgranular zones after
focal ischemigJin et al., 2001)

Most rewiring occurs in the ipsilateral hemisphere after the stroke, especially in areas
surrounding the lesiofCramer, 2008; Murphy and Corbett, 2009; Kolb and Teskey, 2012)
However, the contralesional hemisphere undergoes several changes that are thought to also
underlie recovery. In patients, some studies suggest that good recovery hasbeaatedswith
increased activity in the nesffected hemisphere and less lateraliza(Butefisch et al., 2005;
Cramer, 2008)Cversely, a longitudinal study determined that ipsilesional activation during
paretic limb usage was associated with better outcome whereas activation of bilateral networks
was associated with poor outcowéard et al., 2003)Contralesional plasticity,dwever, seems
to depend on lesion siZ8taudt et al., 2002; Gerloff et al., 2006; Hsu and Jones, 2006; Cramer,
2008; Murphy and Corbett, 2009; Kolb and Teskey, 2023 study using transcranial
magnetic stimulation, when the contralesional hemisphere was stimulated in stroke patients,
those with small lesions had almost no response on the affected hand, whereas patients with
larger lesions did. Patientgtivlarger lesions, however, seemed to have no response on the
paretic hand when the ipsilesional hemisphere was stimulated. This suggests that in those

patients the contralesional hemisphere took over the function of the paretic limb. Interestingly,



patients with moderate lesions had a motor response of the paretic hand when each hemisphere
was stimulated, implying that the impaired hand was controlled by both motor c@8iaadt et
al., 2002) Given tle conflicting data regarding contralesional activation andgtoske
recovery, it has been suggested that lesion location may be a factor influencing whether plasticity
in the noraffected hemisphere benefits a subset of pat{éotge et al., 2006put not others
(Mansur et al., 2005; Fregni et al., 2006

Contralesional plasticity occurs in the rat as well. For instancejgadsmic structural
changes occur after weeks in the layesf\the contralesional siddones and Schallert, 1994)
Callosal projections from the contralesional hemisphere sprout into thiefaect cortex(Jones
et al., 2013)Hyperexcitability has been detected in the contralesional hemisphere, associated
with downregulation of GABA and upregulation of NMDA recept@schkremeiRatzmann et
al., 1996; Qu et al., 1998; Witte, 1998his leads to reduced use of the impaired limb and
hyperreliance of the unimpaired limb for grasping, grooming, support, and bglamcoe et al.,
2004) Rodent studies also suggest that contralesional plasticity depends on the size of the stroke.
For instance, large lesions induce synaptogenesis andtaegawth in the contralesional
hemispheréHsu and Jones, 2006; Gharbawie et al., 2a@m)smaller lesions do n@&erloff et
al., 2006; Hsu and Jones, 2008¢veral studies have shown that by inhibi{lBggrnaskie et al.,
2005)or lesianing (Gharbawie et al., 200The contralesional hemisphere, forelimb reaching of
the impaired hand worsens after focal ischemia in rats. Thus, part of the recovery after focal
ischemia is mediated by contralesional plasticity. Other areas ofaimg uch as spinal cord
and brainstem, also undergo conformational chafigagohy and Corbett, 2009Altogether,
animal research suggests that diffuse connectivity has an essential role in recovery after stroke

(Murphy and Corbett, 20097Another view is that the contralesional hyperexcitability inhibits



the impaired limSchallert et al., 2003)ndeed, some suggest that the neuroplasticity occurring
in the intact side of the brain leads to improved use of thepaagtic limb instead of improving

the use of the paretic limdones et al., 2013Jherefore, some interventions used in stroke
patients attempt to increase activity in the ipsilesional hemisphere by decreasing activity in the

intact side of the braifHummel and Cohen, 2006)

1.3.2. Hemorrhagic Stroke

As in ischemia, cell death processes predominate within the first hours aftéiorGH
summary of the phases refer to Tabl2)10Once neurodegeneration stabilizes, repair processes
develop, similar to the ones that occur after ischérianowski and Hall, 2005; Tang et al.,
2007; Nguyen et al., 2008; Keep et al., 2012; Otero et al., 28b&)e mechanisms of injury,
however, are very different among ischemic and hemorrhagic stroke. Priamaage is mainly
caused by the mechanical trauma of the initial bleed dissecting through the brain parenchyma,
pulling apart neuronal connections and damaging cells (e.g., dendrites), and possibly from
ischemia surrounding the area where the vessel rupiteat and Sutherland, 2005; Balami and
Buchan, 2012; Keep et al., 2013econdary injury occurs over time due to mass effect
(pathological effect caused by a growm@ssthat results in displacement of surrounding tissue),
toxic blood components (i.e., iron and thrombin), coagulation cascade, inflammation, BBB
disruption, eema, and possibly seizur@¥ang et al., 2002; Auer and Sutherland, 2005; Balami
and Buchan, 2012; Keep et al., 201Ryth primary and secondary injury can baaerbated due
to hematoma expansion, which is defined as an increased in the size of the hemataima by 30
50% or an absolute change in hematoma volume of 2@.8 in patient§Dowlatshahi et al.,

2011) Hematomaexpansion occurs in 30% of ICH patients within the first 3 hours after the
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stroke(Balami and Buchan, 2012flematoma enlargement could be due to dysregulation of
hemostasis, breakdown of th8B, tissue distortion caused by increased mass effect, and
reduced venous outflow. Those ICH patients with hematoma expansion are at a higher risk of
morbidity and mortality due to midline shift and increased ICP. Indeed, increased ICP leads to
herniationand neurological deterioratigBalami and Buchan, 2012Zfhere is controversy
regarding whether there is ischemia surrounding thehgenatoma zone, as areas surrounding
the bleed tend to shwohypoperfusior{Balami and Buchan, 2012$mall ischemic lesions,
however, may occur in regions surrounding large hemat¢@ias et al., 2015b)

Once blood enters the parenchyma, erythrocyte lysis further contributes to secondary damage
by releasing iron and thrombin, which are toxic to the brain. This damage occurs over weeks as
iron levels remain high even up to a month after ICH in(/aisiat et al., 2012band in patients
(Wu et al., 2010Q)Iron causes damage through the Fenton reactiéfi{F&:0.© Fe&* + OH +
OH ), producing highly reactive hydroxyl radicals. This leads to a cascade of oxidative stress, in
which hydroxyl radicals irreversibly damage cells causing mitochondrial dysfunction which in
turn contributes to further free radical product{@iang et al., 2002)nterestingly, animal
studies do not show consistent benefit after administering iron chelators, such as deferoxamine
and bipyridine. These drugs have been shown to be protective in somes @tatamura et al.,

2004; Nakamura et al., 2006; Song et al., 2008; Okauchi et al.,, 20@%)ot othergWarkentin
et al., 2010; Auriat et al., 2012b; Caliaperumal et al., 2003 discrepancy between studies
could be attributed to differences in the models ((Beahtzias et al., 2011)

Thrombin, a protease involved in theagulation cascade which converts fibrinogen into

fibrin creating a seal on the vessel, also has a role in ICH pathophysiology. Thrombin is a

fundamental factor contributing to cessation of bleeduag et al., 1997b; Xi et al., 2006)
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Injecting high levels of thrombin directly into the brain, however, can be toxic. Thrombin binds
to proteases activated receptors (PAR), leading to apoptotic cell death. Bolus injections of
thrombin into the brain have been shown to cause neuronal cell death, atrophy, an(Ledema
et al., 1997b; Xue and Del Bigio, @D; Xue and Del Bigio, 2005; Caliaperumal et al., 2014)
There are studies in which a thrombin inhibitor reduced edema, even when administered 24
hours after the ICHMutch et al., 200). Thrombin can also elicit upregulation of iron

transporter transferrin receptor and increase iron l€¥elst al., 2003; Nakamura et al., 2005)

Therefore, both thrombin and iron seem to interact, exacerbating secondary injury.

1.4. Acute Stroke Management

Aside from stabilizing the patient (e.g., lowering BP), it is crucial to assess the risks and
benefits of the few possible interventions available to stroke vi¢iaiams et al., 2007; Jauch
and Stettler, 2015; Liebeskind, 2016pr ischemic stroke, acute treatments include thrombolytic
thergy, with drugs such as tissue plasminogen activei®A] (Adams et al., 2007; Jauch and
Stettler, 2015)The window for this therapy, however, is rather narrow as it can be only used
within the first 34 hours from stroke onset. After th#tere is the risk of complications such as
hemorrhagic transformatiqdams et al., 2007; Jauch and Stettler, 20ltbyome cases,
clinicians may administerRA outside of this therapeutic window although this is still restricted
within 6 hours posstroke. Another approach is to surgically remove the clot by samg
retrieverdeviceg Adams et al., 2007; Jauch and Stettler, 20ltbpatients with large ischemic
strokes, such as those with malignant middle cerebral artery infarction, craniotomies may be

performed to reduce ICP as w@ldams et al., 2007; Jauch and Stettler, 2015)
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In ICH patients, as with ischemic strokes, anticdsamts may be used in the presence of
seizures, and antihypertensive drugs may be used to lowgtésiphill et al., 2015;
Liebeskind, 2015)Increased ICP can be managed with osmotic diuretics agHestiphill et
al., 2015; Liebeskind, 2015Aside from symptomatic approaches to treat these patients, there is
no effective therapy for ICH patients. Clinical trials for clotting factors such as recombinant
factor Vlla (rFVIla) have faileqHemphill et al., 2015; Liebeskind, 201%urgery can be
performed to stop the bleeding and suction the hematoma. However, this option is only available
to some patienttHemphill et al., 2015; Liebeskind, 201%yncther therapy that has received
much attention is to aggressively decrease BP to reduce hematoma (@®iwgoulis etal.,
2014; Hemphill et al., 2015; Liebeskind, 2016urrently, there is evidence that this therapy
may modestly improve functional outcome althoughetteas been no effect in hematoma
reduction or mortality rate&ioia et al., 2015aHowever, this therapy is currently under

clinical trials to assess its efficacy and safety.

1.5. PostStroke Seizures

The International League Against Epilepsy (ILAE) defines seizuresasdént behavioural
signs or symptoms due to abnormal excessive and hypersynchronous brain(&esivéy et al.,
2005) Seizures may originate from one network (focal) or can activate bilateral networks
(generalzed) in the braifWestbrook, 2000)Secondary generalization occurs when focal
seizures spread, making another area of the brain a seizure focus. Focal seizures can be simple
(without alteration of consciousness)complex (with alteration of consciousness). Generalized
seizures can be classified as convulsive (e.g.,4dom@c seizures, ogrand ma) or

nonconvulsive (e.g., absence seizurepedit ma). During generalized seizures, other abnormal
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motor movenent may occur (myoclonic, tonic, clonic), or total loss of muscle tone (atonic)
(Westbrook, 2000)

Even though seizures might be a presenting sign of stroke, they can also occur after days,
weeks, months or yeaas well(Bladin et al., 2000; De Reuck, 2009; Balami and Buchan, 2012;
Guekht and Bornstein, 2012; Hemphill et al., 201%leed, 30% of seizures occurring in
patients over 60 years of age are attributed to s{@&milo and Goldstein, 2004arly onset
seizures, within the first week after stroke, arise from structural (e.g., lost inhibitory circuitry)
and biochemical (e.g., excessive neurotransmitter release) dysfunction whereas later ones are
thought to be attributed to glial and meninga@bral scars (contiguous brain and meninges
gliosis) (Camilo and Goldstein, 2004; Balami and Buchan, 20CRjical studies are highly
variable in their report of seizure activity. This is due to small patient sampkeseddes in the
definition of seizures, and lack of continuous EEG monitoring. This latter one is especially
concerning considering that in the follayps patients are asked to report whether they had
seizures and over 60% may not be aware that thef@Gdidkht and Bornstein, 2012)jaking this
information into account, incidence of seizures after ischemic stroke has been reported to be
anywhere from 2% to 33% within the first two weeksICH studies, clinical seizures occur
between 4% and 30% of ICH patiefBalami and Buchan, 2012; Hemphill et al., 2015)

However, subclinical seizures, those only detected with continuous monitoring with an
electroencephalogra(EEG), have a much greater incidence, occurring anywhere between 16%
and 31% after ICHBalami and Buchan, 2012\ onrconvulsive seizures are rare after focal
ischemia, occurring in 5% of patier{tSGamilo and Goldstein, 2004)
I n those patients who suffer from epileptifo

first 24 hours ( F 70%) and 72 hourssasfter th
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I 1 k el yBalami gnd Butdlan, 2012; Hemphill et al., 2015)ll, epileptic activity is twice

as more likely to occur after hemorrhagic str@REadin et al., 2000)This could be attributedt

the impact of toxic blood components such as iron and thrombin in the brain. Indeed, these two
compounds cause seizures when experimentally infused in the roder(Mitkarore et al.,

1978; Lee et al., 1997aRisk factors for seizures involve stroke size, poor functional outcome,
lobar/cortical location, and younger age for ischemic st(Skeafini et al., 2015)Predictors of
postICH seizure activity involve lobar location, hematoma volume, hydrocephalous, intracranial
midline shift, and severe neurological defi¢ibe Reuck, 2009; Garrett et al., 2009; Haapaniemi
et al., 2014)

Epilepsy is a condition characterized by two or more unprovoked seizures occurring more
than 24 hours apaf1993) Poststroke epilepsy develops in 2% of patients. Early seizures,
occurring within the first week after the stroke, increase the likelihood to develop late seizures
(Balami and Buchan, 2012; Haapaniemi et al., 2014; Serafini et al.,. Z1886) those
individuals with early seizures are more likely to develop dasgistant epilepsfde Greef et al.,
2015) Prophylactic administration of antiepileptic drugs would be an intuitive approach to avoid
early occurring seizures. However, antinvulsants such as phenytoin have been associated with
fever and poor outcome after INaidech et al., 2009Animal studies have also suggested that
drugs that depress the nervous system (e.g., GABA agonists), which can also act as
anticonvusants, impair recovery in animal models of str(&ehallert et al., 1986; Feeney and
Sutton, 1987; Hernandez and Schallert, 1990; Hernandez, 1997; Goldstein E2@dBhough
there are not a lot of studies on this topic, the latest guidelines from the American Heart
Association/ American Stroke Association advises against prophylactic use of these drugs in ICH

patientg(Hemphill et al., 2015)
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Seizures after stroke can be detrimental to patient outcome in several ways. Irianttpo
note that most seizures, and their potential side effects, occur during the acute stroke period
when the risk of complications (e.g., hematoma expansion in ICH) is the greatest. First, systemic
effects due to epileptic activity involve releasecafecholamines in the blood stream leading to
increased heart rate, arrhythmias, fever, pulmonary edema, a¢\dasisn, 1993) Second,
seizure activity could potentially affect hemostasis in ICH. For instance, tonic andimmic
seizures (convulsions), types of clinical seizures, are known to increase CBF and metabolism
during seizure activityBode, 1992; Takano et al., 201Hyperperfusion occurs over several
minutes prior to and during focal seizu(égderico et al., 2005b; Federico et al., 200850,
increased BP and ICP have also been reported during seizure gPritpan and Ve, 1983;
Dunn, 2002) Third, seizure activity could lead to a reduction in CBF, which is a concern in
already hypoperfused/ischemic areas of the brain. Even though the epilepti¢Wbeve the
seizure originates) tends to be hyperpefused, surrounding areas display IqwedBfco et al.,
2005a) Also, increased ICP caused by seizure activity can lead to hypoperfusion g&aheatii
and Buchan, 2012; Hemphill et al., 2016purth, it has been shown that seizures increase
excitotoxicity experimentally, which in turn augmts metabolic demand and oxidative stress
(Willmore and Ueda, 2009; Shin et al., 201Hifth, seizures can lead to increased mortality due
to raised ICP and/or sudden unexpected death caused by autonomic dysfuvation, 1993;
Balami and Buchan, 2012; Hemphill et al., 2015)st, seizures may also be interfering with
recovery by altering plasticity after stroke. In experimental models of epilepsy, it has been found
that cortical maps amnlarged Teskey et al., 2008However, it has not been yet studied how

this may affect rehabilitation in animal models of stroke.
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Intuitively, seizures have the f@mtial to worsen outcome after stroke. Yet, researchers have
not been able to find a clear link between epileptic activity and patient progBakisi and
Buchan, 2012; Hemphill et al., 201%everastudies have failed to find a relationship between
seizures and outcon{Kilpatrick etal., 1990; Reith et al., 1997; Labovitz et al., 2001; Camilo
and Goldstein, 2004; Alberti et al., 2008}ill, in a studyt was found that a twnld increase in
30 day mortality have been associated with early seizure incidence even when other factors were
accounted for (e.g., hemorrhag8yaflarski et al., 2008FEven in that study, seizures were not
an independent predictor of poor functional outc¢Bmaflarski et al., 2008 A Canadian study
also associated higher seizure actiwith mortality, and found longer hospitalization time and
higher morbidity among those patients with seiz{Begneo et al., 2010)The lack of consensus
among these reports could be attributed to how difficult it is to quantify seizure activity in
patients, as previously mentioned. Studies should therefore use continuous EEG monitoring to be
able to appropriately relate epileptidiaity to patient prognosis. As this can be cumbersome to
be done in patients, animal research may be a more practical way to study the relationship

between seizure activity and outcome after stroke.

1.6. Functional Recovery after Stroke

Behavioural improvements occur within the first months after the stroke, and tend to plateau
over time(Jorgensen et al., 1995; Jorgensen el @09; Murphy and Corbett, 200Patients
with more severe strokes tend to recover slower than those with smaller strokes. In many
instances, however, this improvement reflects pensatory behaviours rather than true
neurological recovery. In terms of motor function, this means that the kinematics of the

movement prestroke are not the same as before the injury, but rather the individual uses
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different motions to perform a certassk(Murphy and Corbett, 2009Neurological
impairment tend to always be worse than functional outcqd@gensen et al., 1999)

Rehabilitation therapy aims to reduce impairment (e.g., paresis) and also disability (i.e.,
inability to perform actiities). Even though there is a relationship between impairment and
disability, rehabilitation tends to improve disability more than reduce neurological impairment
(Roth et al., 1998Motor rehabilitation therapy uses neuroplasticity principles to enhance
functional recovery, such as repetit and intensive trainin@<leim and Jones, 2008Most
clinical and animaltsidies suggest that rehabilitation improves functional outcome after stroke,
and in some prelinical research that this treatment may be neuroproteorgensen et al.,
2000; Caliaperumal and Colbourne, 20I®)e extent of recovery provided by rehabilitation
depends on several factors, such as lesion type, size, location, agenamibictities(Jorgensen
et al., 1999)Given tha plasticity processes are more prevalent during the first week after the
stroke, it is recommended for rehabilitation therapy to start as early as p@ssithbeand
Milliken, 1996; Paolucci et al., 2000; Biernaskie et al., 2004)

Some therapies prevent patients from engaging in compensatory behaviours that may be
maladaptive. Learned narse is an example of such behaviour, as this occurs wheatibat
stops using their impaired limb and relies on the use of thetaffented limb instead. Learned
nontuse was first noted in monkeys that tended to solely use their unimpaired limb after the other
forelimb was deafferentgdaub, 1980) The monkeys learned that theyuld perform tasks
more successfully if they used their pparetic limb. A form of rehabilitation called constraint
induced movement (CIMT) therapy was then developed to treat learnageoburing CIMT
monkeys were forced/encouraged to use theictdtearm, as their unimpaired limb was either

restrained and/or discouraged from (iBaub et al., 1999)Currently, this treatment has been
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used in patients that also suffer from learned-use(Taub and Morris, 2001)fsenerally, early
CIMT is suggested as well, as the brain tends to be more plastic within thelgelsige.

However, it is not clear whether intervening too early may be detrimental as it may exacerbate
damage (e.g., via hypertherm{&ozlowski et al., 1996; Humm et al., 1998; DeBow et al.,

2004) This is also the case in patients, as early high intensity CIMT (within 10 days of the
stroke) resulted irelss motor improvemefibromerick et al., 2000)The intensity of the

treatment may also have an impact. For instance, aallinial showed that applying CIMT

(from 2 weeks to 3 months after the stroke) in patients was not more or less beneficial than

intervening years after the stroi&oake et al 2007; Wolf et al., 2010)

1.7. Animal Models of Stroke
1.7.1. Ischemic Stroke

The use of animal models allows us to further understand stroke pathophysiology to develop
adequate treatments in a more colted setting Carmichael, 2005; Kleim &tl., 2007) Focal
ischemia has been modeled in several species, but Lgtifgcus on the rat as that is the model
used in this thesis. Most models involve the occlusion of the middle cerebral artery (MCA), as
MCA territory strokes are common in humg@armichael, 2005; Kleim et al., 200Broximal
middle cerebral artery occlusion models usually mimic malignant middle cerebral artery
infarctions, which are very severe and large strokeshiggh mortality rates and not as common
as smaller strokg€armichael, 2005)Transient or permanent middle cerebral artery occlusion
(tMCAO or pMCAOQ) can be achieved by insertion of an intraluminal suture thriveghternal
common carotid, which in turn blocks flow to the MQlfonga et al., 1989)rhis method is

widely used, although it is technically challenging as hemorrhages may occur if the MCA is
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punctured. Also, either tMCAO or pMCAO may be performed by surgically clamping or
cauterizing the proxnal or distal MCA. This technique causes consistent lesions, but requires a
craniotomy. Embolic strokes can be mimicked by injecting clots or artificial spheres into the
MCA (Kaneko et al., 1985; Futrell et al., 198Byen though this simulates what occurs in stroke
patients better, the variability in the size of the lesions makes it a less consistent maxtk| to
with. Focal ischemia can also be induced by injecting endothehlnvasoconstrictor, in different
brain structures (e.g., striatum, coH@gnati et al., 199)) Small and consistent lesions can be
achieved by injecting photothrombotic dye® the cortex as we{Futrell et al., 1988)Last,

cortical focal ischemia can be modeled via devascularization of the corkex, eyt

cauterization or pial strippin@sonzalez and Kolb, 2003fial stripping, however, may also lead

to hemorrhage. Along with photothrombotic strokes, devascularization has also been criticized as
they both cause some extent of mechanical damage and @damachael, 2005; Kleim et al.,

2007) Still, these models are able to cause consistent unilateral lesions.

1.7.2. Hemorrhagic Stroke

Compared to focal ischemia, there are substantially fewer animal models of ICH. One of the
most widely used methods involves stereotaxically infusing bacterial collagenase, which
degrades the basal lamina, the extracellular layer that holds vascularetintioiis together
(Rosenberg et al., 1990)nother commonly used ICH model involves injecting algoles
whole blood into the brai(Bullock et al., 1984; Manaenko et al., 2011; MacLellan et al., 2012)
Both of thesenodels are often used to create striatal ICH, as this stroke location tends to occur
most commonly in patients. The collagenase model better mimics hematoma expansion

(MacLellan et al., 2008)n turn, this model also tends to create bigger lesions, with more
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inflammation and edema, increased ICP, and worse behavioural deficits compared to the whole
blood moel (MacLellan et al., 2008; Hipllee and Colbourne, 2014lthough not commonly

used, spontanesly hypertensive rats will also suffer of spontaneous IHsmoto et al.,

1973) This model, however, is highly variable as rats may have more than one hemorrhage, and
location may vary, making it difficult to compare among individuals in experiments. Another

model involves stereotaxically inserting a fAm
effect produced by hematoma expangi®mar et al., 19870ther more simplistic methods,

such as bolus iron or thrombin injections, have also been used to study the impact of toxic blood
factors released during IC@Villmore et al., 1978; Lee et al., 1997b; Nakamura et al., 2006;

Caliaperumal et al., 2012; Caliaperumal etz014)

1.8. Temperature and Neuroprotective Treéments

Neuroprotective therapies aim to prevent salvageable neurons from dying by targeting
one or more neurodegenerative or protective pathways. Common targets include excitotoxicity,
inflammation, oxidative stress, etc. Despite the plethora of mechaarshdrugs, clinical
success has been abysmal. For instance, one review identified over 1000 neuroprotectants that
were tested in animal models of focal ischemia, of which none had shown clinical efficacy
(O'Callins et al., 2006)in an effort to improve upon translational success, numerous key issues
have been identified regarding the quality of animal neuroprotectidiest such as the lack of
both blinding and randomizin@'Collins et al., 2006)Physiological confounds were also
widely acknowledged as an important and common design weadi€sslins et al., 2006)

Accurate and complete repowginf experimental details (e.g., exclusions and mortality) and data
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is widely noted as a key way to improve translational success (e.g., ARRIVE guidelines)
(Kilkenny et al., 2011)

Besides the fact that temperature can be a major confound in neuroprotective studies, as it
is a key factor in drug kinetics, intrand postinsult temperature has an impant role in
determining the extent of brain injury. Indeed, it has been long recognized that HYPO lessens
whereas hyperthermia worsens ischemic and traumatic brain injury (C&Bourne et al.,
1997; Polderman, 2008; MacLellan et al., 2008hindsight, the early clinical cases and
experiments along with animal work should have been enough to convince evefyba need
for proper temperature measurement and control in neuroprotection ¢@aliesurne et al.,
1997; Polderman, 2008; MacLellan et al., 2009)

A major discovery during the 1990s was the finding that tiredthylD-aspartt acid
(NMDA) receptor antagonist, Mi#801, which was widely thought to be a leading candidate for
stroke neuroprotection, worked largely through drug induced HiBOhan and Pulselli,
1990; Corbett et al., 1990; Colbourne et al., 198Ext, a number of studies showed that post
ischemic temperature critically impacts brain injg@plbourne et al., 1997; Polderman, 2008;
MacLellan et al., 2009)Thus, it came as no surprise that drugs given after ischemia could also
affect outcome via temperat confounds (e.g., NBQX). Furthermore, numerous studies have
documented spontaneous temperature changes in many models (e.g., focal ischemia), which may
vary by species, age, sterility, and other fac{@wslbourne et al., 1997; Polderman, 2008;
MacLellan et al., 2009)These changes in temperature are an important additional complication
warranting consideration.

Along with these studies were those that illuminated the harmful effects of hyperthermia

(Colbourne et al., 1997; Polderman, 2008; MacLellan et al., 26@9r is a common
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complication after brain injury and an independent predictor of poor outcome in patients
(Polderman, 2008; Badjatia, 2009ne of the first studies suggesting that hyperthermia was
associated with poor patient prognosis in ischemic stroke was published in th¢Higd0st,
1976) Hyperthermia after brain injury can be attributed to several factors such as
hypermetabolism, excitotoxicity, inflammation, infection, ischemic depolarizations, and
thermopooling problems caused by edema and vascular blo@adjatia, 2009)In contrast to
HYPO, hyperthermia worsens outcome by increasing the metabolic rate, excitotoxicity, and
oxidative stress, among oth¢Polderman, 2008adjatia, 2009)Hyperthermia has also been
found to block neuroprotective agents, such as30K and thrombolytic drugs after ischemia

(Colbourne et al., 1997; Polderman, 2008; Badjatia, 2009)

1.9. Therapeutic Hypothermia

Of over one thousand treatments developed in animal models, HYPO is the only one that has
been repeatedly successful in clinical tri@sCollins et al., 2006)in 2002, HYPO was shown
to be an effective treatment for cardiac ar(Bstrnardet al., 2002; The Hypothermia After
Cardiac Arrest Study Group, 200ZJhese reports show that mild HYPO for2a2 hours
reduced morbidity and mortality. Cooling was also found to improve outcome in neonates with
hypoxicischemic injury(Shankaran et al., 2009yhase Il clinical trials have confirmed the
safety of this treatment for patients with focal ischemia. Clinical trials to test the effectiveness of
HYPO after focal ischemia aceirrently underwayHemmen et al., 2012{Lyden et al., 2014;
van der Worp et al., 2014Yloreover, converging evidence from animal studies as well as the
positive correlation between fever and poor outcome after iscratroke strongly suggests that

HYPO, and perhaps just fever prevention, will be a promising treatment for focal ischemia (see
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reviews(van der Worp et al2007; Polderman, 2008; MacLellan et al., 206®&)wever, clinical
studies have shown conflicting results. For instance, there have been reports suggesting that
prophylactic administratin of the antipyretic agent paracetamol is associated with worsened
outcome after focal ischemia in patie(fisank et al., 2013)Another study showed that
paracetamol improved functional outcome when given to stroke patients with temperatures
between 3739 °C(den Hertog et al., 2009 urrently, there is a clinical trial testing whether
paracetamol improves outcome in stroke patients with a temperature higher tha(d87 °C
Ridder et al., 2015)

Experimental studies on HYPO began in the late 1800s and early 1900s, when it was noted
by researchers Stefani, Degangiad Trendelenburg that cooling reduces brain activity and
therefore metabolisrfRothman, 2009)Cooling hadeen studied as a treatment for brain injury
since the 19erddedcounter&drinariany efiie earier animal and human studies
with some of these complications causing d€é@tibourne et al., 1997; Varon and Acosta,

2008) The treatment was then largely abandoned due to failed clinical trials andspixhap
belief at the time that other therapies, such as steroids and barbiturates, could be more effective
while being more easily givei®hapiro, 1985; Norris and Hachinski, 198Byring the late
19806s interest in HYPO was revived when rese
potently reduced cell death in animal mod&ssto et al., 1987)Currently, HYPO is one of the
most extensively studied treatments for ischemia, with over one thousand published studies and
over a hundred reviews on the topic (FigiH2).

Certainly HYPO is a potent neuroprotectant whose efficacy varies with depth, delay and
duration of treatmer{MacLellan etal.,, 2009) Not abl y, studies in the |

19906s showed that very mild drops in tempera
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neuwoprotection. For instance, Busto and colleadessto et al., 19873howed that intra
ischemic HYPO at 34°C pvented 50% of cell death in the cornu ammonis 1 (CA1) region of
the hippocampus, a structure highly susceptible to global iscl{&miao, 1982; Pulsinelli et
al., 1982) As previously mentioned, researchers noticed that several neuroprotective drugs were
mainly effective through drug induced HYRBuchan, 1990; Corbett et al., 1990Qwing to the
limited clinical application of intraschemic coling, investigators also studied delayed HYPO
with seemingly contradictory reports of permanent and transient protébietnich et al., 1993;
Colbourne and Corbett, 1994}olbourne and CorbéiColbourne and Corbett, 199ddticed
that longer durations (e.g., Béurs) of mild cooling (32°C) resulted in enhanced and-long
lasting CA1 sector neuroprotection after global ischemia, unlike other studies showing that
prolonged moderate cooling (29°C) was harnfiMiichenfelder and Milde, 197°0r brief mild
HYPO was ineffectivéDietrich et al., 1993)Similar parameters have been successfully applied
in animal models of focal ischemia although there is still controversy regarding what ésthe b
depth and duration of HYP®ollmar et al., 2007; van der Worp et al., 2007; MacLellan et al.,
2009) A thorough review and metmnalysis revealed that cooling can reduce infarction by up to
44% after focal ischemigvander Worp et al., 2007 herefore, decreasing body temperature for
brief to prolonged periods can reduce cell death in animal models of both focal and global
ischemia, even when HYPO is started after several hours into or after the ischemic eveat (Figu
1-3 and Figure 4).

A few words of caution are in order before
First, many factors pertaining to the insult will clearly influence not only HYPO efficacy, but
potentially the underlying mechanisms (see Tab®. 50 far HYPO has been tested in many

ischemia models with varying insult severity, in many species, in males and females, in animals
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across the age range and including some witmodbidities such as hypertensi(@'Collins et

al., 2006) As expected, these data show that the protection afforded by HYPO varies with such
factors (e.g., young animals are better proteéttan old animals). Despite the fact that each

model has limitations in reflecting and predicting clinical situations, they provide considerable
insight into the underpinnings of HYPO, but one should be cognizant of the limitations and need
for convergingevidence.

Second, intervention delay is critically important. For instance, whereas some
mechanisms of action overlap between intra and delayed HYPO, differences may arise from
targeting early versus more downstream mediators of injury. Although theyinder
pathophysiology is somewhat similar between focal and global ischemia, important differences
exist, such as in the maturation rate of cell death. One of the most studied and vulnerable area of
the brain after global ischemia is the CA1 region ofippocampus, which undergoes cell
death within 24 days. Conversely, neurodegeneration starts quickly in the core, the area with the
least blood flow during focal ischemia, and slower secondary injury occurs mostly in the ensuing
hours and first day in thgenumbra, which surrounds the core and is partially fed by collateral
arterieg(Astrup et al., 1977)However, studies have shown much later cell death here too,
depending upon the severity of ischemia and treatments adminidtatgdson et al., 1994; Du
et al., 1996) Therefore, the timing at which different endpoints are measured (e.g., cell death,
edema, etc.) and the location of injury (e.g., CAl vs. cortex) need to be considered when
assessing the effectiveness and mechanisms of action of HYPO. Indepdyed to intra
ischemic HYPO, there are still comparatively few studies on the neuroprotective mechanisms of

delayed HYPO.
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Third, one must consider the substantial influence of treatment parameters, namely the
depth and duration of cooling andwarmingrate, on HYPO mechanisms of actigtolimar et
al., 2007) Lower temperatures may confer better neuroprotection considering that most factors
involved in stroke pathophysiology are temperature dependent. Howleeside effects of
applying a more aggressive treatment may counteract the benefits of deepe(M&d@6llan
et al., 2009)In some cases, milder temperatures (34°C) have been shown to be more protective
than colder temperaturé<ollmar et al., 2007)Therefore, the optimal depth of cooling is still
controversial. Longer treatments and quicker interventions often seem the most effective.
Although one metanalysis suggested that shorter durations of HYPO were more effective than
prolonged coolingvan der Worp et al., 20073everal studies directly evaluating this hypothesis
report that a longer treatment is ra@ffective(Carroll and Beek, 1992; Colbourne and Corbett,
1994; Clark et a) 2009) Regardless, cooling parameters should be customized to the type and
severity of the ischemic insult, among other factors. For instance, longer durations may be
needed when cooling onset does not begin until hours after the stroke or cardiac arrest, an
unfortunate clinical inevitabilitf{MacLellan et al., 2009; van der Worp et al., 2010)

Furthermore, slowe-warming is fundamental to achieve the most neuroprote(@erger et al.,
2007)

Last, the nethod of cooling may also affect its neuroprotective properties. Animal
research uses both focal and whotely HYPO; methods that have been used in clinical studies
as well(Gluckman et al., 2005; MacLellan et al., 2008ystemic cooling, as commonly done in
rodent experiments, induces shivering that drives up the brain's metabolic aativityportant
mechanisms of action discussed Ig@olbourne et al., 1997; Ueda et al., 20@bhivering is

normally prevented in humans with anesthetics and also by drugs such as meperidine that are
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used to decrease discomfort in conscious pat{@&ukima etal., 2006; Polderman and Herold,
2009; Choi et al., 2011Yhe interaction of these drugs on the effectiveness and mechanisms of
neuroprotection afforded by HYPO has not been sufficiently studied. There is only one study
suggesting that meperidine does not alter neuroproteciaided by cooling in a rat model of

focal ischemigSena et al., 2012FFurther studies should determine if other pharmaceuticals used

in patients interact with cooling.

1.9.1. Effects of Therapeutic Hypothermia during the Acute Phase of Ischean

Decreases in CBF and BP due to cooling have been reported in normaqimemic)
animals under anesthegRosomoff and Holaday, 1954; Michenfelder and Milde, 1991, 1992)
Fortunately, HYPO does not potentiate the decrea€8F during ischemi@Busto et al., 1987)
but reduces metabolism more sm6)t.halhha eefrfeeacsti ;
ischemic HYPO on CBF are not clear. Studies have reported increases, decreases, and no
changes in CBF after cooling was completed, perhaps of methodological or timing differences
(Baldwin et al., 1991; Lo and Steinberg, 1992; Huang et al., 19@8)e researchers have found
a dual effect of HYPO by ameliorating the immediate hyperperfusion and delayed hypoperfusion
that occurs after ischemia, possibly reducing reperfusion ifgugy, oxidative stress) and
providing normal perfusion to enhance repair proce@&msbeet al., 1994; Huang et al., 1998)
Re-warming could also potentially affect CESuehiro and Povlishock, 2001; Ueda et al
2004) For instance, hétay human subjects underwent an increase in peripheral blood flow after
re-warming(Savard et al., 1985Furthermore, in canine model of cardiac arrest, complications

such as cardiovascular collapse, tissue hypoxia, and acidosis occurred durmgmgvas well
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(Steen et al., 1980Theeefore, it is important to assess the effects affaeming on CBF and BP
after ischemia.

Increased BP, a sympathetic response observed during cooling and shivering, has been
noticed during prolonged HYPO in awake anim@lscLellan et al., 2004)t is possible that the
elevated BP could enhance CBF via collateral perfusion, a strategy which is being evatuated fo
its neuroprotective potentiéClark et al., 2008; Armitage et al., 2010; Shuaib et al., 2011)
Collateral reperfusion coriputes to further angiogenesis and neuroprotective factors, such as
vascular endothelial growth factor and basic fibroblast growth fécewamata et al., 1997;
Hayashi et al., 1998; Lin et al., 2008)onversely, in some cases HYPQmases heart rate and
BP as we observed in old (1 year) and young (3 months) hypertensive rats without an ischemic
lesion (MacLellan, Wiltshire, and Colbourne, unpublished data). Such effects could negate some
or all of the therapeutic value of HYPO inimial studies (i.e., underestimating efficacy)
(Michenfelder and Theye, 1968; Michenfelder and Milde, 1992)

Animals that hibernate, which also undergo a decrease in temperature and metabolism,
are more resilient to ischemic episodBsew et al., 2007)In fact, one of the longstanding
hypotheses put forth to explain HYPO neuroprotectiotsiability to reduce metabolism.
Specifically, drops in temperature to 32 °C lower cerebral metabolic rate for glucose€0%615
cerebral metabolic rate for oxygen by-80% in normal rats and depolarization time by up to a
minute in ischemic ratdkosomoff and Holaday, 1954; Hagerdal et al., 1975; Michenfelder and
Milde, 1991; Nakashima et al., 1995; Okubo et al., 2@Décinska et al., 2003).ikewise, there
are many studies indicating that intsghemic HYPO delays ATP, lactate, and pyruvate
expenditure but doeohprevent itfNilsson et al., 1975; Welsh et @990; Sutton et al., 1991;

Ibayashi et al., 2000; Kimura et al., 2002; Erecinska et al., 20@8)etheless, HYPO improves
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recovery of higkenergy phosphate metabolites and reverses acidosis produced by lactate
accumulation during reperfusig@hopp et al., 1989; Sutton et al., 1991; Kimura et al., 2002;
Erecinska et al., 2003Mild delayed HYPO applied for 12 hours after ischemic onset al
ameliorates energy delivery failure for the first days after the arrest in neonat@ipmgssen et
al., 1995) Yet there is not much researchtbe effects of delayed HYPO on metabolism after
global or focal ischemia in adults.

Intra-ischemic HYPO can partially mitigate €anflux thereby ameliorating cell death
(Kristian et al., 1992; Moyer et all992) Delayed and prolonged HYPO also presumably
attenuates delayed excitotoxicity that occurs through the ischiecthiaed dowrregulation of
the metabotropic gl ut ama{aminoB-leydrexpStmethyt42 ( Gl uR2)
isoxazolepropiomi acid (AMPA) channels, which normally prevent$Gand Zrf* influx, in the
CAL region after global ischem{&olbourne et al., 2003jor a review on GIuR2 and cell death
see(Bennett et al., 1996However, others have reported that geshemic cooling did not
mitigate the decrease in glutamate receptor subunits, but this may be due to the use of brief
cooling(Friedman et al., 2001As discussed, short bouts of pasthemicHYPO are
substantially less effective at reducing cell dédhcLellan et al., 2009)

Many neurotransmitters are released after ischemia due to spreading depression and the
inability to regulate their release. Glutamate, dopamine, serotonin, norepinephrine, glycine,
gammaaminobutyric aciqGABA), and aspartate are significantly increased in the extracellular
space after ischemi&lobus et al., 1989; Baker et al., 1991; Globus et al., 1991; Takagi et al.,
1993) The quantity of neurotransmitter released is proportional to the duration of ischemia
(Baker et al., 1991)Cooling decreases the propagation of spreading depolarifdtikaoka et

al., 1996) thereby ameliorating tat neurotransmitter release and the possibility of further
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excitotoxic injury. In a study by Okuda and oth@dkuda et al., 198G6Jeep HYPO (21°C)
decreased levels of norepinephrine and serotonin but not dopamine after global ischemia.
However, Globus and colleagugslobus et al., 1991pund that dopamine, whidiias been
attributed to worsening cell death in global ischemia, was attenuated by 60% at 33°C. Glycine
and GABA release also increase after ischemia and are attenuated by(@NBGs et al.,
1991, Takagi et al., 1993pverall, decreases meurotransmitter release are associated with less
excitotoxicity and less cell death.

Evoked potentials may be restored with cooling after focal ischemia. Four hours of
HYPO at 33 °C was able to partially restore evoked potentials (18% of baselineasvbeoéng
to 30 °C had a greater effect (43% of basel{(he)and Steinberg, 1992This is indicative of
normalized ionic homeostasis, which in turn will ameliorate the excitotoxic cafgast® et al.,
1989b) Even though excitotoxicity occurs early after ischemia, secondary cascades are elicited
forhour s to days making HYPOOGs potential for ne
after 12 hours of ischemia ong€oimbra and Wieloch, 1994; Colbourne et al., 1999)

Cooling decreases immediate pasthemic hyperperfusion as well as glutamate and
intracellular C&" toxicity, thereby reducing injurynal thus the inflammatory respon@éribe et
al., 1994; Huangetal.,1998) By af fecting these pregcesses HYF
production. In addition, research shows a beneficial effect of HYP@p@rfusion injury in TBI
(Clifton et al., 2011 and myocardial infarctiofGotberg et al.2010) which may be attributable
t o a r e dupcotuctiom Intiains cAnCe mi ¢ HYPO at tduningglobals t he r
ischemia(Koda et al., 2010)Both intraischemc HYPO and cooling initiated immediately upon
reperfusion mitigates the reperfusiomn d u ¢ epalke @@brings levels back to baseline within

an hour(Kodaetal.,2010) I n an ani mal mod el of >focal I s che
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production via intraschemic HYPO was found only in the penumbra and not in the ischemic
core(Maier and Chan, 2002)vhich fits with the pattern of protection. Cooling applied either

duringoraf er i schemia al so r e dudd©Osafter reperfusion c u mul at i
whereas hyperthermia has the opposite effétdbus et al., 1995; Kil et al., 1996; Lei et al.,

1997; Horiguchi et al., 2003; Van Hemelrijck et al., 2005)

1.9.2. Effects of Therapeutic Hypothermia during the Sufacute Phase of Ischemia

Immediate early genes (IEGS) are important transcription factors for inducing protein
expression associated with the inflammatory responses, tissue damage, and regeneration after
ischemia (for more information see reviéikins et al., 1996) Some early genes, suchasin,
jun-B, c-fosandfos b, are augmented after2Lhours in the dentate gyrus pgbbal ischemia
(Kamme et al., 1995)This early phase of IEGs has been described as argspssise to the
ischemic insult and this may be one reason why the dentate gyrus is more resistant to cell death
than the CA1 zonKamme et al., 1995A second peak occurs around 36 hours in the-CA1
CA3 regions after globaléhemia. Both intraand posintrarischemic HYPO accelerates the
second phase of early gene expression in the CA1, which has been associated with
neuroprotection by restoring protein synth€kiamme et al., 1995; Kamme and Wieloch, 1996;
Kumar et al., 1996)intrarischemic HYPO also augments one of the early genes belonging to the
jun family, jun-D, in the dentate gyrus while preventing delayed expression in theC2&1
areas of the hippocampus. Eguy-D expression is involved in the geative stress response
whereas the late induction may be a transcriptional factor for delayed cell death pathways
(Kamme and Wieloch, 1996A similar biphasic temporal profile of early gene expression has
been reported in focal ischemia. Immediate early genes are expressed after hours of ischemic

onset with a second peak found several days (aéansson et al., 2000; Akaji et al., 2D03
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Intrarischemic HYPO accelerates IEGs as seen after focal iscljakaga et al., 2@3) although
the effects of delayed cooling on IEGs expression have not been tested.

Protein synthesis is disrupted for several days after globansehn both hippocampus
and cortexBergstedt et al., 1993; Widmann et al., 1993; Berger et al., 1808¢althy animals
HYPO transiently slows protein syntheg&ayegh et al., 1992ntraischemic HYPO does not
protect against the first depression in protein synthesis but is able to rescue it after 6 hours from
end of ischemi#Bergstedt et al., 1993; Widmann et al., 1993; Wu et al., 1995; Berger et al.,
1998) However, the efficacy of HYPO in improving protein synthesis, which is related to CA1
protection, largely depends on the age of the animal as younger animals benefit more from the
treatmen{Berger et al., 1998)

Therapeutic hypothermia reduces inflammation as well. Cooling leads to a reduction in
both the total number of microglia as wa#l reactive microglilnamasu et al., 2000b; Deng et
al., 2003; Han et al., 2003; Fukui et al., 2006; Florian e2@08; Webster et al., 2009;

Ceulemans et al., 2011; Drabek et al., 2012; Fries et al.,.20@8)ing also reduces edema
(Karibe et al., 1994; Prest and Webster, 2004; Xiao et al., 2004; Kallmunzer et al., 26b2)
instance, cooling initiated prior to global ischemia normalizes brain water cqXtaatet al.,
2004) Furthermore, cooling moderates ICP and appears to promote survival in(Schiwab

et d., 1998)and TBI patient¢Sinclair and Andrews, 201@Jthough rebounds in ICP levels need
to be monitored during rewarming, with slowetwarming (over 24 hours) likely linked to
survival (Schwab et al., 1998)

Both intra and postischemic cooling can lessen the amount of BBB disru@nibe
et al., 1994; Wagner et al., 2003; Hamann et al., 2004; Preston and Webster, 2004; Lee et al.,

2005; Nagel et al., 2008; Baumann et al., 2@agibly by preserving the shape of endothelial
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cells and preventing pericyte disassociaidnz et al., 2007)In addition, HYPO ameliorates

the decrease of basement membrane proteins, such as agrin and secreted protein acidic and rich
in cysteine (SPARC), after global ischer{fBBaumann et al., 2009Neverthéess, HYPO delayed

for 2 hours after reperfusion had no effect on BBB disrugftvaston and Webster, 2004)
Furthermore, in a clinical study stroke patients given HYPO had greater levels of intact laminin
than patients given tP@dorstmann et al., 2003Looling attenuates the increase in matrix
metalloproteinases (MMPs) in expegntal(Wagner et al., 2003; Hamann et al., 2004, Lee et

al., 2005; Nagel et al., 2008; Kallmunzer et al., 2G#R) clinical strokéHorstmann et al., 2003)
thereby diminishing BBB disruption. Cooling effects on tissue inhibitor metalloprotsinase
(TIMP) are unclear with some studies reporting that HYPO increases TIMP (eeetgmann et

al., 2003; Lee et al., 200&d others showing no eftgiallmunzer et al., 2012)

Cooling also affects cell death pathways. Mild insehemic and posschemic HYPO

decreases DNA fragmentation, release of cytochrome C, apeptdssng factor, B cell

lymphoma 2 (Bt2) associated protein X (BAX);&un Nterminal kinase (JNK), and caspase
expression after ischemiMaier et al., 1998; Ferrardrake et al., 1999; Inamasu et al., 2000a;
Phanithi et al., 2000; Prakasa Babu et al., 2000; Zhang et al., 2001; Eberspach20@3;al.

Zhao et al., 2005; Zhao et al., 2007; Hu et al., 2008jould be also noted that inisxhemic

HYPO affects early and late processes in cell death. Many early processes are directly affected
whereas later ones, such as inflammation, are attenuated because there is simply ézdh ¢all d
correlation no causation). Similar concerns must be raised with use of delayed HYPO as well;

that is, we cannot assume that every effect of HYPO is necessary for histological protection.
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1.9.3. Effects of Therapeutic Hypothermia on Plasticity ath the Chronic Phase

There are many factors that have a biphasic role in neurodegeneration and neuroplasticity
(Lo, 2008) For instance, increasgsNO are involved in oxidative stress but NO also sustains
collateral blood flow and contributes to angiogenesis after ischigaaiecola and Zhang, 1994;
Lo et al., 1996)After ischemia, ZA" accumulates in neurons causing cell death, but at later
stages Zfi modulates neuroplasticif$zalasso and Dyck, 2007Jhe JNK pathway has also
been associated with neuroprotection during the chronic stages and its inhibition leads to
worsened neurological and feional outcoméMurata et al., 202). There is also a temporal
and spatial overlap between these processes. For instance, within the penumbra the area closest
to the core is heavily exposed to neurodegenerative factors coming from dead tissue. However,
the healthy tissue surrounding fhenumbra is also causing repair processes. Both secondary
injury and repair processes are highly active during the subacute(hbage08) which is
when neuroprotective treatments are usually applied in patients. Accordingly, treatments aimed
at reducing neurodegeneration may also target common factors involved in neuronal repair.

Several studies have shown that HYPO is relatively safe. In rats without a stroke, an
extreme duration of localized HYPO (21 days at 32 °C) did not affect subsequent behaviour, nor
did it cause any neuronal atrophy or brain dan{fAgeiat et al., 2012a).ong durations of
delayed HYPO enhanced neurogenesis in the dentate gyrus after gibbaliss although we
were not able to find any neurogenesis in the CA1 contradicting previous rgplass and
Colbourne, 2011)Short HYPO durations also induced neuronal proliferation in neonatal rats
with hypoxicischemicinjury (Xiong et al., 2011)These new neurons were less likely te co
label with caspases and were highlyecgressed with Be2. Also, when a BeP inhibitor was

applied, caspases increased in the HYPO group suggesting thattbguigtion in
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neuroplasticity is accompanied by enhanced expression of proteins involved in cell survival
(Xiong et al., 2011)Neurotrophins, such as BDNF, aid the formation of new (&ttkarfman

and Hen, 2007)Long durations of HYPO increased neurotrophin gene expression after ischemic
stroke and cardiac arrg&tosler et al., 2005; Ohta et al., 200&)though there is an increase in
BDNF during the first 24 hours after asphyxia cardiac arrest, HYPO seems to increase the
transcription 6a specific BDNF exon as welD'Cruz et al., 2002; \&ler et al., 2005)in turn,

this increase in BDNF expression could potentially acctarrthe neuroprotection in the CA1
(Vosler et al., 2005 However, most of these changes have been assessed earlier during
ischemia. Fortunately, even very prolonged HYPO did not affect BDNF expression or other
neuroplastic factors such as?Zafter global ischemiSilasi et al., 2012)intra- and post

ischemic HYPO are also able to restore evoked potentials and maintain normal electrophysiology
in the CAl afteweeks in global ischemia mod€Nurse and Corbett, 1994; Dong et al., 2001)
suggesting that the rescued neurons work normally. Conversely, one study found that post
ischemic HYPO decreased letgym potentiation (LTP) in gerbifiyamoto et al., 2000)

Preclinical research suggests that longer durations of HYPO should be applied to
enhance neuroptection in patients, which could potentially interfere with repair mechanisms
(Colbourne et al.,997; Lo, 2008; MacLellan et al., 2009; van der Worp et al., 200@his
regard, HYPO does not seem to interfere with neuroplisticglobal ischemia models.

However, this needs to be further studied in several animal models by varying type of insult and
using clinically relevant HYPO protocols (e.g., several days of HYPO). Furthermore, HYPO is
usually applied systemically in thérgc (Polderman and Herold, 2009)his means that the

whole brain gets cooled, even the contralesional hemisphere. It Hasemoyet investigated

whether HYPO has an impact on plasticity occurring in the contralesional hemisphere.
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1.9.4. Therapeutic Hypothermia and ICH

One of the earliest reports in which mild HYPO @& C) was applied in ICH patients
comes from a small study in 1988owell et al., 1956)Even though only 2 out of 8 patients
survived, the authors hinted that cooling might have reduced ICP and edema in 7 patients.
Indeed, in a study in which ICH patients were cooled for 10 days, HYPO reduced edema and
improved outcome but did not have an effect on hematomgSiagkov et al., 2013)0ther
small clinical studies have also been eatout(Feng et al., 2002; Abdullah and Husin, 2011;
Su et al., 2015)Currently, randomized controlled trials are testing cooling in ICH patients
(Kollmar et al., 2012)

Many cell death mechanisms overlap between ischemia and ICH, such as excitotoxicity,
inflammation, oxidative stress, increased ed@@sami a Buchan, 2012)Cooling
ameliorates some of those mechanisms of injury in the same fashion as in ischemia. For instance,
several studies show that prolonged HYPO reduces edema, inflammation, BBB disruption in
several animal mode(&awai et al., 2001; Kawanishi, 2003; MacLellan et al., 2004; Dai et al.,
2006; MacLellan et al., 2006; Fingas et al., 2007; Kawanishi et al., 2808)e of these
experiments, however, fail to show a consistent reduction in lesion size and improvement in
functional outcomé¢MacLellan et al., 2004; MacLellan et al., 2006; Fingas et al., 2003
could bedue to the toxicity of blood components in ICH compared to ischemia. Our studies have
shown that cooling does not mitigate thrombin or iron induced irfjMgwk et al., 2014, In
press) Also, in some instances HYPO cannot be applied early as in ischemia bexauge c
can aggravate bleeding either by increasing BP or due to coagul¢iktbtlyellan et al., 2004;
Jom et al., 2015)Therefore, many mechanisms of injury can act for longer prior to cooling

administration and in turn causing more damage. Furthermore, fever does not seem to affect
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outcome after ICH as much as it does after focal isch@vtaaLellan and Colbourne, 2005;

Penner et al., 2011)

1.9.5. Effect of Therapeutic Hypothermia on Seizures

There is a relationship between temperatumé seizure activity which has been known
since the times of HippocratéRothman, 2009)Hyperthermia increases whereas HYPO
decreases seizure susceptibility. This is mainly thought occur due t o cooling
neuronal activity, metabolism, and pes well as possynaptic neurotransmitter release
(Rosomoff and Holaday, 1954; Moseley et al., 1972; Yang et al., 20@ed, in vitro and in
vivo epilepsy experiments have demonstrated that lower temperatures reduce epileptiform
activity (Hill et al., 2000; Yang et al., 2002; Burton et al., 2005; Yang et al., 2005; Motamedi et
al., 2006) Also, in humans ihas been shown that local cooling with saline can stop paroxysmal
discharges during intraoperative surgical mapg@etorius and Berger, 1998; Karkar et al.,
2002)

Mild HYPO successfully reduced seizure activity after differentgygfdorain injury both
in animal and clinical studies. For instance, 4 hours of HYPO reduced seizure susceptibility after
TBI in rats (Atkins et al., 2010). Mild HYPO has been shown to reduce seizures after hypoxic
ischemic injury in infants (Harbert et a22011). This could be attributed to the protective effect
of HYPO rather than cooling directly reducing seizures. In humans with status epilepticus, there
are several small clinical trials suggesting that seizures are ameliorated by cooling. For,instance
a study showed that mild cooling {&6° C) reduced seizure activity in 5 out of 6 patients with
status epilepticug/astola et al., 1969)n another study, anesthetized patients that suffered from

chronic motor seizures had their body temperature lowered to 29° C with calddcathen iced
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saline was applied to the cortical surface to lower temperature to 24° C. After 1 year, 11 out of
15 patients showed a reduction in seizure incidence, and 4 were seiz(8otrexk and

Travnicek, 197Q)This has spiked an interest in cooling locally in patients and animal models
with cortical seizures, as focal HYPO may have less systemic complications and allows for the
use of lower temperatus€Yang et al., 2002; Bakken et al., 2003; Burton et al., 2005; Imoto et

al., 2006; Tanaka et al., 2008; Polderman and Herold, 2009)

1.10. General Hypothesis

This thesis aims to further our understanding regarding how HYPO may affect aspects of
stroke pathophysiology and recovery that go beyond neuroprotection. Given that cooling reduces
neuronal activitfRosomoff and Holaday, 1954; Moseley et al., 1972; Yang et al., 2005)
likely that it may have an impact on both plasticity and seizure activity. Several studies suggest
that cooling does not negatively impact plasticity after isch¢Nuase and Corbett, 1994; Dong
et al., 2001; D'Cruz et al., 2002; Vosler et al., 2005; Ohta et al., 2007; Silasi and Colbourne,
2011; Xong et al., 2011; Silasi et al., 2012owever, cooling reduced LTP even a week after
global ischemia (Miyamoto et al., 2000).I5it is not known how cooling may affect
contralesional plasticity after unilateral strokes. This is especially important considering that
stroke patients get both hemispheres cooled during systemic HYPO, the most common method to
induce cooling in thelmic (Polderman and Herold, 2009). Thus, in the first set of experiments
described in this thesis we assessed the impact of cooling the contralesional hemisphere on
functional outcome after a motor cortex devascularization. We also assessed the impact of
HYPO on learning of a forelimb reaching task in otherwise naive rats. We hypothesized that

cooling would impair behaviour both after focal ischemia and also in healthy rats.
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Moreover, seizures occurring after ICH have never been studied in animal notleds.
second set of experiments, we assessed seizure activity in the most widely used animal models of
ICH, the collagenase and whd¥ood model. Our main objective was to find a model that we
could use to study the effect of HYPO on seizure activigrd@H. Cooling ameliorates edema,
inflammation, and oxidative stress after IQlacLellan et al., 2009)Cooling also reduces
seizure activity in animal and human studi@sthman, 2009; Zeilest al., 2015) Therefore, we
hypothesized that 1) seizures would occur after ICH in both models, and that 2) cooling would

decrease seizure activity after ICH.
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Figure 1-1. Temporal and spatial overlap of neurodegenerative and neuroplastic processes after
ischemiaNeurodegenerative processes predominate during the first hours and days after
ischemia. The rate of cell death slows after several days but still persists for weeks and months in
some cases (e.g. mild insults, and use of neuroprotectants). Processesral mepair

temporally coincide with neurodegeneration. However, neuroplasticity predominates after

weeks. Cell injury and repair processes also overlap spatially after ischemia. For instance, cell
death and repair mechanisms are occurring simultaneioysgnumbral tissue. Therapies

targeting neurodegeneration should take into account that cell repair and death processes share
some of the same factors. For instance, glutamate toxicity is one of the main causes of cell death.
Nevertheless, decreasing glotate and targeting receptors for extensive periods may interfere

with glutamate related neuroplasticity (e.g., NMib#ediated longterm potentiationfor a

review segLo, 2008)
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Figure 1-2. Articles on TH and neuroprotection. We conducted a Pub Med search of all articles
containing the words A@AHypothermia and cerebr
strokeodo related t o s.\Wefound 186 mublieatonsi andel55mewiews filomi s m
1957 to 2011. This iarough estimate as we missed articles published before 1957 and we did

not use alternative search terms that might have detected other papers.
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Figure 1-3. Long durations of pogschemic HYPO (24 hours at 33 °C followed by 24 hours of

35 °C starting one hour from ischemic onset) provide neuroprotection as assessed at a long
survival time (42 days post global ischemia) . A) Photomicrograph of a hippocatamneds

with H&E of a sharmoperated animal. Photomicrographs B, C, and D were taken from the CA1
zone illustrated in the square (bar = 200 um). B) Sham hippocampus is depicted with intact CA1
cells. C) Normothermic ischemia results in the death of mostr@tons. D) Long durations of
postischemic TH are able to rescue most CAl neurons. Slides were taken from previous

published experimen{Silasi and Colbourne, 2011)
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Figure 1-4. Long durations of delayed HYPO (48 hewat 33 °C starting one hour from ischemic
onset) provide neuroprotection as illustrated here at 32 days post focal ischemia. A) Coronal
section stained with cresyl violet of permanent MCAO (electrocautery of MCA). Average lesion
volume was approximatel$50 mn?. B) Long durations of TH are able to partially rescue
cortical tissue. Average lesion volume was reduced to approximately 80Stides were taken

from previous published experimeri@Glark et al., 2009)
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Table 1-1. Phases of ischemiaSeveral factors contribute to cell death and repair during the
acute phase of ischemia. In this table, we list some of the main players of the acute, subacute and

chronic phases of ischemia.

Acute phase Subacute phase Chronic phase

(minuteshours) (several hours toays) (weeks to months)

Decline in cerebral blood flowDecrease in protein synthesis Resolution of diaschisis

ATP loss Blood brain barrier disruption  Neuroplasticity

lonic homeostasis imbalance Inflammation Angiogenesis

Spreadinglepression
Neurotransmitter release
Increase in intracellular ¢a

Excitotoxicity

Acidosis

Oxidative stress
Cytotoxic edema
Stress response
Cell death pathways

Zinc accumulation

Diaschisis
Exictotoxicity
Spreading depression

Activation of cell death and

survival pathways

Stress response

Cell death pathways
Vasogenicedemand V
Neuronal atrophy

Zinc neuroplasticity

Increases in growth factors (e.g

BDNF)

Seizures

Debris removal
Cell death pathways
Increases in spine density

Neurogenesis
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Table 1-2. Phases of ICHIn this table, we list some of the main players of the acute, subacute

and chronic phases of cell death after ICH. Many of these mechanisms of injury overlap with

ischemia.

Acute phase Subacute phase Chronic phase
(minuteshours) (several hours to days) (weeks to months)
Mechanical damage Iron toxicity Iron toxicity

Mass effect Thrombin toxicity Resolution of diaschisis

Decline in cerebral blood flowBlood brain barrier disruption Neuroplasticity

ATP loss Inflammation Angiogenesis

lonic homeostasis imbalance Diaschisis Debris removal
Spreading depression Exictotoxicity Cell death pathways
Neurotransmitter release Spreading depression Increases in spine density

Increase in intracellular a  Activation of cell death and Neurogenesis

survival pathways

Excitotoxicity Stress response
Acidosis Cell death pathways
Oxidative stress Vasogenic edem
Cytotoxic edema Neuronal atrophy
Seizures

Stress response

Cell death pathways
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Table 1-3. Principles of hypothermic neuroprotectioMany factors influence the mechanisms
of neuroprotection provided by TH, including the insult, animal and treatment parameters. All

these factors influence efficacy, but relatively few consider their impaceahanistic studies.

Parameters Principle Description
Insult Type of ischemia Focal vs. global ischemia vs. hypoxgchemic injury.
Insult model Method of producing the insult (e.g., craniotomy vs

intraluminal MCAO models).

Duration Duration ofischemia determines extent and rate of
injury (e.g., 5 vs. 10 minute global ischemia) with
several studies showing less benefit against more
severe ischemia.

Animal Species Species, strain and supplier effects have been shc

influence ischemic damag
Age With age there is reduced capacity for plasticity.

Sex Hormonal changes between sexes will have an im
on the insult severity and repair.
Co-morbidities Co-morbidities (e.g., hypertension) will impact mar

factors (e.g., CBF).

Depth Depth of HYPO (30°C vs. 35 °C) will impact HYPC
neuroprotection effectiveness and potentially

mechanisms of action.

Duration Longer durations (e.g., 48 hours) have been asso(
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Delay

Method of cooling

Monitoring of

temperature

Re-warming

Co-treatment

with better neuroprotection. Although they could
impede repair process@<., diminishing returns).
Shorter delays are associated with more HYPO

neuroprotection by targeting earlier cell death.

The method of induction (e.g., anesthetics vs. wat:
misters) may positively or negatively interagth

injury and neuroprotective processes.

Different sites predict brain temperature to varying

levels of accuracy.

Fast rewarming increases metabolism and CBF

leading diminishing HYPO neuroprotection.

Interactions of HYPO and other drugs (tPA) will afi
cooling effectiveness and mechanisms of

neuroprotection.
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CHAPTER 2

Contralesional Localized TherapeuticHypothermia ReducesUse ofthe Unimpaired Limb

in a Skilled Reaching Taskafter Motor Cortex Devascularization in the Rat
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2.1. Introduction

Therapeutic hypothermia (HYPO), reducing brain temperature3&°C,is the gold
standard neuroprotectant against ischei@leoi et al., 2012)Currently, HYPO is provided as a
treatment for cardiac arrgsatients and infants with hypoxischemic injury(The Hypothermia
After Cardiac Arrest Study Group, 2002; Gluckman et al., 20089ling is also bag tested in
clinical trials for ischemic and hemorrhagic str¢kellmar et al., 2012; Lyden et al., 2014; van
der Worp et al., 2014Neuroprotectants, such as HYPO, act by reducing acute and chronic brai
damage. Even though cell death processes predominate during the first hours after injury, many
neuroplasticity processes initiate within minutes and last for wgek<008) Also, these
processes not only occur simultaneously, but also in the same location (e.g., penumbra).
Moreover, these mechanisms have overlapping factors. For instance, HYPO reduces neuronal
activity and therefore reduces metabolistormal neuronal activity is essential for plasticity
(Moser et al., 1993; Lo, 2008piven that HYPO is applied for days after ijjucooling may
not only be reducing neurodegeneration but also affecting neuroplasticity after stroke.

There are conflicting reports regarding the impact of HYPO on repair processes after
stroke. For instancé]YPO enhanced neuronal proliferation afteslgll ischemia and hypoxic
ischemic injury in the ragSilasi and Colbourne, 2011a; Xiong et al., 20R130 cooling
increased brahderived reurotrophic factor (BDNF) gene expression after ischemic stroke,
cardiac arrest, and asphyX¥osleret al., 2005; Ohta et al., 200[D'Cruz et al., 2002; Vosler et
al., 2005) In a previous study, however, we found that four days of HYPO did not affect BDNF
expression after global ischengiilasi et al., 2012)Both intra and postischemic HYPO
restored evoked potentials in the CAL1 after weeks in global iscl{dlmiae and Corbett, 1994;

Dong et al., 2001)Conversely, another study found that in gerbilsqmigiemic HYPO
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decreased lonterm potentiabn (LTP) within a week after the insiiMiyamoto et al., 2000)

These discrepancies in the findings could have been due to factors such as differences in the type
of insult, insult severity, species, age, etc. Still, it is not clear whether HYPO negatively impacts
plasticity after ischemic stroke.

Systemic HYPO, Were the whole body gets cooled, is the most commonly used method
in the clinic(Polderman and Herold, 200Q)ocalized forms bcooling have been used, although
with more success in infants. Therefore, in most patients not only the affected hemisphere gets
HYPO, but also the contralesional side. Most neuronal reorganization occurs in the areas
surrounding the lesion and relategtworks(Cramer, 2008; Murphy and Corbett, 2009; Kolb
and Teskey, 2012However, several human and animal studies show that the contralesional
hemisphere undergoes substantial neuroplasticity, especially after a very large injury or major
destruction to a networdones et al., 1996; Chu and Jones, 2000; Gonzalez et al., 2004,
Gharbawie et al., 2007In patients, both increased activity in the +adfected hemisphere and
less lateralization have been associated with improved recovery after(§trakesr, 2008)In
the rat model of focal ischemigdritic arborization and synaptogenesisussan the layer V of
the contralesional hemisphere for weeks after the i{@uites and Schallert, 1998)inical and
animal studies also suggelsat there is hyperexcitability occurring after stroke in the
contralesional hemisphere, which inhibits the use of the affectedfiloél et al., 2004; Murase
et al., 2004; Ward and Cohen, 2004; Cramer et al., 2006; Dancause et al.TR0%5)herapies
make use of neinvasive methods such as transcranial magnetic stimulation and transcranial
direct current stimulation to reduce contralesional hemisphere activity in order to improve

activation of the ipsilesional siqelummel and Cohen, 20Q6)herefore, there is the possibility

92



that neuroprotectants, HYPO included, could impact plasticity and/or excitability in the region
surrounding the lesion as well as the repair processesioccin the contralesional side.

It is challenging to disentangle the effect of HYPO on behavioural outcome after stroke.
Given that this treatment provides neuroprotection on the ipsilesional side, it is nearly impossible
to discern whether cooling ménave a negative effect on plasticity. Therefore, our objective in
this study was to determine whether selectively cooling the contralesional hemisphere affected
reaching success after motor cortex devascularization, a model of focal is¢Gemzalez and
Kolb, 2003; Gharbawie et al., 200Rats tend to use their unimpaired paw after stroke
(Whishaw et al., 2008)This change also occurs in patients, and it is a phenomenon termed
Al e ar RuesdéTanboenal., 1999; Taub et al., 2006¢arned notuse develops during the
initial postlesional phase when the individual is unable to properly use the affected limb either
due to cortical shock caused by brain injury and/or diaschisis ¢f function in a portion of éh
brain connected to a distant damaged brain aférefore, the subject learns that using the
impaired limb leads to punishment (e.g., dropping objects) and they learn via negative
reinforcement to use the good limb instead. This in turn leadscreaeduse of the impaired
arm and depression of ipsilesional activity, making it less likely that the impairment will resolve.
Therapies have been developed to treat learnedisenFor instance, constraireduced
movement therapy (CIMT) is a treatmenattlencourages the use of the paretic limb by
restricting or discouraging the use of the 4pametic limb(Taub et al., 1999)Therefore, we also
assessed whether rats tended to rely on their unimpaired paw after the stroke. In another
experiment, we determined whether HYPO affected learning of a reaching task in otherwise

naive rats. We locally abed the cortex ipsilateral or contralateral to the preferred paw. We also
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had an additional group in which rats were maintained normothermic. This was done to explore

the impact of cooling on neuroplasticity driven by learning rather than injury.

2.2. Methods
Subjects

All procedures followed the guidelines of the Canadian Council of Animal Care and were
approved by the Biosciences Animal Care and Use Committee at the University of Alberta. One
hundred and sixteen male Spradswley rats (306850 g, ~ 3months old) were obtained from
the Biosciences breeding colony at the University of Alberta. Food (Purina rodent chow) and
water were provided ad lib, unless food deprived for behavioral testing. Rats were housed in a
temperature and humid#gontrolled rem (lights on from 7 a.rm7 p.m.). All surgeries were
performed aseptically.

In experiment 1 (N=3), we measured temperature from the cooled motor cortex (Ipsi), the
contralateral cortex (Contra), and rectum (Body) of anesthetized naive rats to tesdinatgel
of the focal cooling devicé&Clark and Colbourne, 2007; Silasi and Colbourne, 2Q1Rafls were
anesthetized with isoflurane (4% induction,i2%5% maintenance in 60 % N20, balance O2)
and a cooling strip was implanted (see below). Two holes were drilled skthl (AP=+1.5,
ML=+2.5 and ML=2.5) and a 20G 1 cm cannula was attached to each hole with dental cement.
The skin was pulled and stapled in order to cover the skull. Two thermocouple probes (HYP1
30-1/2-T-G-60-SMP-M, Omega, Stamford, CT, USA) were lowdr3 mm below the skull
surface in order to measure temperature from both the ipsilateral (side of cooling) and

contralateral cortices. Temperature was measured for 15 minutes prior to cooling, which lasted
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30 minutes, until 15 minutes after cooling. Caldter was pumped at a rate of 110 ml/hour, a
similar rate to those used in other experiments.

In experiment 2 (N=80), we tested the impact of cooling the contralesional side on
behavioural outcome after a motor cortex devascularization. Rats were tralagsi\beek for 4
weeks in the single pellet reaching task (see below), and were also trained on a ladder task. The
single pellet reaching task assesses reaching success whereas the ladder task evaluates foot
placement while the rat crosses a series oflpabmrs spaced-3 cm apar{Metz and Whishaw,
2002; Clark et al., 2008 After baseline behavioural assessment, rats underwertoa cootex
devascularization contralateral to their preferred limb. Briefly, rats were anesthetizediiand f
holes were drilled using a yne dentlmm, burr i
ML=+1mm; AP=1mm, ML=+4mm; AP=4mm, ML =+1mm; AP=4.0 mmvL=4.0 mm
(Gharbawie et al., 2007The area enclosed by the burr holes was trephinated, the dura mater
was removed, and the tissue was devascularized with a scalpel blade and cotton swab. The area
was then covered with a sterilized piece of deo¢ément. Then the rats were implanted with a
focal cooling device (see belowAfter surgery, rats were randomly assigned to normothermia
(NORMO), cooling 149 (HYPG1-49hr), 297 (HYPG1-97hr), or 4896 (HYP(G48-96) hours
after the stroke. After coolingnimals were brought to normothermia over 6 hours. At 4 days
after the injury, all animals were anesthetized and untethered. Rats were then tested on single
pellet from days 710 and days 230, and on the ladder task on day8 &nd 2930 (Metz and
Whishaw, 2002; Schallert, 2006jor the ladder task, the success rate on four ladder crosses was
counted. Success ratas expressed as the number of successful foot placements/total number of

stepsx100.
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At day 30, all rats were injected with sodium pentobarbital (100 mg/kg, i.p.) and then
transcardially perfused with 0.9 % saline followed by 10 % neutral buffered forrBaéins
were extracted, cryostat sectioned at 40 € m,
taken every 200 em wer(Elahteha 2015 Klaht ef a&..2016)mei t h | m
volume of each hemisphere was calculated as follows: (average area of complete coronal section
oft he hemi sphereiarea of damagei ventricle) I
This method accounts for injury, atrophy and ventricular dilgidahr et al., 2015; Klahr et al.,
2016)

In experiment 3 (N=33), we tested the impact of cooling the comtiigsilateral side to
the peferred paw on learning of a skilled reaching task. First, all rats were implanted with the
focal cooling device. The side was randomly assigned. The day after focal cooling implantation,
rats were trained for single pellet reaching for two days to estigdiw preference. Then, rats
were randomly assigned to contralateral HYPO (CONTHRAPO), ipsilateral HYPO (IPSI
HYPO), or normothermia (NORMO). Rats were tested on the single pellet task while being
cooled or tethered for 5 days. Then, all rats were liatet and tested for another 5 days. At 10
days after randomization, rats were injected with intraperitoneally with sodium pentobarbital and

transcardially perfused with 0.9 % saline.

Singlepellet reaching task

Starting 3 days prior to training, rats were food deprived to 90% of free feeding weight
and weighed daily to maintain weight at this level. Food restriction took into account the natural
gain in body weight during the training period. Rats were placactiear plexiglass box

(length: 60 cm, width: 14 cm and height: 35 cm for Experiment 2 and 20 cm for Experiment 3)
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and trained to reach through a 1 cm wide opening to retrieve a food pellet placed on the ledge in
front of the opening§Greenough et al., 1985; MacLellan et al.0@p Pellets were placed in both
wells and reaching waslfowed by immediately replacing retrieved or displaced pellets.

In Experiment 2, once rats displayed a paw preference and were reliably reaching, the
pellet was placed in the well contralateral to their preferred paw to prevent simultaneous use of
the nonpreferred paw. Each rat received one daily test session consisting of 20 trials. The last
four sessions were used in calculating average baseline perfor(ivaaieellan et al., 2006)n
Experiment 3, there was no baseline, just training. In both experiments, a reach was considered a
Asuccesso i f i n pedthe pelet breughpitinsitdeithe box asing itg paa, and
pl aced the pellet into its mouth. A Afailedo
through the slot but missed the pellet or knocked it off the ledge. Reaching success (for each type
of reach) was defined as (number of successful retrievals/20)x100. During baseline, if rats
reached <20% of the trials, they were excluded. Also, only rats that attempted to reach at all time
points (baseline, day 7, and day 27) were included. In experBnérhe rats did not decide on
a paw preference during those two days they were excluded.

Some rats tend to use their unimpaired limb instead of their affected paw after stroke.
Therefore, in Experiment 2 we recorded whether rats changed their pavepoefin the single
pellet taskWe then computed a bias ratio, which is calculated by (total reaches with the
unimpaired paw total reaches with impaired paw)/total number of reaches. A bias ratio of 1
depicts that the rat is using its originally preéer paw, whereas a ratio df depicts that the rat
solely reaches with its unimpaired paw after the stroke. Rats were considered to have

meaningfully altered paw preference if their bias ratio was below 0.75.
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Focal Cooling Device Implantation

A coolingstrip was surgically implanted and secured with screws and dental cement
(Clark and Colbourne, 2007; Silasi and Colbm) 2011b) At t he end of surger
was connected via silastic watbemgsoor aea. oFer hi
that received HYPO, the flow of <c-haul |l ed water
treatment, as previously doffilasi and Colburne, 2011b)This protocol causes brain
temperature to drop to ~ 33°C in the hippocampus while body temperature remains
normothermic in nomanesthetized ra{Silasi and Colbourne, 2011 ontrol rats were treated
similarly except they did not have waterfosed through the device and thus they remained

normothermic.

Statistical Analysis

Data are presented as mean + SD for normally distributed data, or median * IQR- for non
parametric and not normally distributed data. All data was analysed using SPSS, FFSS
Il nc., Chicago, IL). ANOVA or Fishero6s Exact t

the data.

2.3. Results

In Experiment 1, we measured temperature during HYPO in otherwise naive rats. As
expected, ipsilateral cortical temperature wageied to~29°C during cooling (baseline
temperature-35.5C), whereas the contralateral side droppeel38°C(baseline temperature

~35°C, Figure 21).
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In Experiment 2, there were initially 20 rats in each group. Thirteen rats were excluded
due to technial complications with the cooling system (rats remaining HYIPQ®hr N=16,
HYPO-1-97hr N=16, HYP®48-96hr N=18, NORMO N=17). There wam significant
difference in lesion volume among groups 0.371, Figure 22). In the single pellet task, eight
rats wee excluded due to failed criteria (rats remaining, HYR@hr N=16, HYPG1-97hr
N=14, HYPO48-96hr N=14, NORMO N=15). Motor cortex devasculariaatimpaired
reaching success as well as walking on the ladffer the stroke in all conditiofpgO 0. 007 4) .
We did not find a treatment effect in the single pellet task)(523, Figure -3). However, we
found that in the ladder task the affected and unaffected forelimb had a treatmenp@ffect (
0.0481), and the unaffected limb also had an interaction ¢ffe€.0001, Figure-2). For the
impaired paw, the HYP&8-96hr group performed worse on days3®compared to NORMO
and HYPQ1-49hrpO 0. 038) . Mor eover , f or-488ahrgroupni mpai r e
performed worse than all groups on day& @O 0 ). b ehd HYPG1-48hr condition there
were no rats that switched paw preference at any of the time fféigiise 25). This difference
was statistically significant when HYRD48hr was compared to NORMO and HYH8-96hr
groups at days-I0 (p <0.0177) buiceased being significant at days3¥ (p>0.0996).

In Experiment 3, six rats were excluded due to complications with the cooling system.
One additional rat had to be euthanized early due to health issues seemingly unrelated to the
experiment (rats rem@ing HYPO CONTRA N=8, HYPO IPSI N=8, NORMO= 10). As
expected, rats reaching success improved in the last 5 days in all gre0@901). However,
there were no interactions among group, day of training, and/or period (tethered versus
untetheredp>0.592).0Once untethered both HYPO groups performed slightly worse than

NORMO (<10% difference), although this was not significpr0(197, Figure ).
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2.4. Discussion

In this study, we found that early cooling for 48 hours lessened reliance on the
unimpairedimb after stroke. Some rats still shifted limb preference with longer cooling (HYPO
1-96hr) although not as many as in the H¥B&96hr and NORMO groups. This suggests that
early contralesional HYPO acted similato CIMT, as cooling the contralesioratie of the
brain discouraged the use of the unimpaired paw. Contralesional HYPO did not reduce lesion
volume or affect reaching success in a single pellet task. Cooling may not be worsening
ipsilesional plasticity or disturbing ipsilateral projectionsiirthe intact hemisphere to the
affected limb. Rats displayed impaired walking on both forelimbs in the H¥&®g@5hr group.
However, this behavioral effect was small (<10%) and we do not think it is biologically
important. Additionally, we tested whetheataing skilled reaching in the single pellet task was
affected by HYPO in rats without a stroke. We found that reaching success was not significantly
worsened by cooling. Therefore, cooling did not impair learning or remembering of the reaching
task in otlerwise naive animals.

Several animal and human studies have shown that contralesional plasticity aids recovery
after strokgSchallert et al., 1997; Schaechter, 20Birnaskie et al., 2005; Hsu and Jones,
2006; Gharbawie et al., 2007; Murphy and Corbett, 2089pstantial conformational changes
occur in the contralesional hemisphere, ranging from synaptogenesis, motor remapping, dendritic
arborization, etc. These repair processes tend to correlate witbviejpbehavioral performance
(Schaechter, 2004; Hsu addnes, 2006; Kolb and Teskey, 201R2)r instance, rats that partially
recovered after focalegbemia display enhanced forelimb impairments when the contralesional
motor cortex is either inhibite@Biernaskie et al., 2®) or lesionedGharbawie et al., 2007)

Conversely, some clinical studies suggest that the contralesional hemisphere may create an
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imbalance or inhiktiuse of the affected lim@#-loel et al., 2004; Murase et al., 2004; Ward and
Cohen, 2004; Cramer et al., 2006; Dancause et al., Z04&)mbalance between hemispheres is
thought to be mediated by hyperexcitability in the contralesional cortex, characterized by both a
reduction in GABA and an increase in NMDA receptdieyeret al., 1985; Sakatani et al.,

1990; Kozlowski et al., 1994; Witte and Stoll, 1997; Qu et al., 1998; Mohajerani et al., 2011)
Therefore, some studies actually attempt to reduce activity in the contralesional hemisphere
(Hummel and Cohen, 2006} study performed in rats showed that applying GABAgonist

in the contralesional hemisphere for up to a¢slled to improvement in the use of the impaired
limb in a reaching task and reduced bias in a spontaneous limb ugeléasioori etal., 2014)

As HYPO reduces neuronal metabolism and activity, it was possible that it may have had an
improvement in reaching. However, it may also have been that Hi¢ef@ased anatomical
changes occurring in the contralesional hemisphere, therefore affecting re€vegigus

research showed that the motor cortex devascularization model used in our experiments elicited
contralesional plasticity that aided recoveryhas affected sidéGharbawie et al., 200.7yVe did

not find that contralesional HYPO affected performance of the impaired paw, just the bias in
shifting paw preference. In the future, it would be interesting to assess how our cooling protocol
affeded reaching trajectory or how it may have affected mechanisms of plasticity.

Individuals with stroke tend to rely on their unimpaired limb to compensate for their
behavioral impairment, a phenomenon termed learnedise{Schallert et al., 1997; Taub et al.,
1999) The first study on learned narse was carried out in monkeys with a deafferentel. |
The monkeys tended to solely rely on the use of itsimpaired limb after deafferentation.

Even though the monkeys were able to use their affected limb, they did not have sensory

feedback and could not use it properly. Therefore, they learned thaiiseanimpaired limb to
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compensate for the loss of function in the other @aub, 1980)In order to treat learned non

use, rehabilitation therapies such as CIMT discourage the use of the unimpaired limb and
encourage use of the affected lifilaub et al., 1999)Use of the unimpaired limb not only leads

to compensatory behaviors but may also worsen performance of the impairéalipaadvand

Jones, 2008)Therefore, HYPO applied to the contralesional hemisphere may be beneficial to
stroke patients if this leads to decreased learnedisenThe effect of HYPO ahis type of

lesion may vary depending on lesion size as most studies find that the intact hemisphere tends to
be mostly involved in patients with large lesi¢Bghaechter, 2004; Hsu and Jones, 2006;

Murphy and Corbett, 2009; Kolb and key, 2012; Dancause et al., 2015) instances where

there is not much neuronal tissue left in the affected hemisphere for true recovery to occur,
compensatory behaviors may be the only option available to reduce disability in these patients.
Indeed, rehabilitation therggs may lead to a reduction in disability but not impairniRath et

al., 1998) In this regard, CIMT tends to encourage reduction in impairfientb and Morris,

2001)

Extensive research shows that cooling is one of the best neuroprotective treatments for
ischemia(O'Collins et al., 2006)Pre-clinical research shows that HYPO reduces lesion volume
and robustly improves outcomeeaftfocal ischemi@Miyazawa et al., 2003; Clark et al., 2008;
Clark et al., 2009; Choi et al., 201Zhe potential benefit diYPO acting as CIMT could only
occur when cooling is provided only to the contralesional hemisphere, which is not the case in
most patientsStill, given that most plasticity processes occur on the lesioned hemisphere
(Murphy and Corbett, 2009here is the possibility that these reorganizational processes could
be hindered by HYPO. Impaired neuroplasticity, however, may be masked by the decrease in

neuronal injury as this could be a stronger determinant of functional outcome. Most cell death
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mechanisms predominate within the first hours and days after the @tmk2008; Murphy and
Corbett, 2009)Thus, prolonged HYPO may have a detrimental effect on recovery. This is
important to determine as stroke patients tend to be cooled for days or everiRodédisnan
and Herold, 2009; Staykov et al., 201B)patients are undergoing HYPO, it is unlikely that they
will be involved in any rehabilitation therapy. This delay may influence patient progrsosis
well. Furthermore, the use of sedatives such as meperidine, are used to decrease discomfort
during cooling(Polderman and Hela, 2009) The impact of such drugs on pastoke recovery
has not been properly assessed.

There are only a few studies assessing how HYPO may affeestpaise plasticity.
Cooling enhances cell proliferation and angiogenesis in an animal model (fdo et al.,
2010) However, we did not find that cooling impacted neurogenesis, Syptagsin, or brain
derived neurotrophic factor levels after global ischemia in thgSrasi et al., 2012)Another
study using younger animals anceder cooling (30°C) found that cell proliferation was
decreased in the hippocampus after ji@stemic coolingKanagawa et al., 2006furthermore,
cooling decreased NMDA receptor NMDARL1 expression after global ischemia in the gerbil.
Even though reducing NMDARL1 conferred neuroprotection by ameliorating excitotoxicity, it
also led to a depressed LTP even a week after the ischemigMs@linoto et al., 2000) These
studies, however, were mairggrried out in global ischemia models in which damage occurs in
both sides.

Cooling for 21 days does not have any impact on physiological variables (e.g., blood
pressure), behavioural outcome, or cortical neuronal morphology in otherwise naive animals
(Auriat et al., 2012)However, in that study there was no factor that was driving plgsteco.,

injury, learning, etc.). Interestingly, a previous study assessing spatial learning in healthy rats
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showed that the rats cooled during training in the Morris water maze performed as well as

NORMO rats despite HYPO lowering evoked potentials enftippocampugMoser and

Andersen, 1994)n this case, cooling could have acted as a motivator, as the discomfort of being
codcoul d have i mproved the ratso ability to pe
results. However, when their hippocampal temperature went below 30°C, rats were not able to
perform the task as wglMoser and Andersen, 1994)is possible that deeper cooling

temperatures, which are not currently used in the clinic, could have impaired learning.

In our study, we initiallyhypothesized that cooling the contralateral side to the preferred
paw of naive rats would impair reaching or make rats switch limb preference. Instead we found
that both HYPO conditions, although not a large or significant effect, similarly reducechigeachi
success. These could be explained by different factors. First, cooling could be acting as a
stressor. This could be further assessed in a future study by measuring cortisol levels and
correlating these to outcome. Second, our cooling device may neleloé\ee enough to just
cool one side, as shown in the anesthetized animals. This is challenging to address, as it would be
cumbersome to have a device that would cool one side and keep the other normothermic. This
would imply having to measure brain temgiire, which in itself can lead to injury. Third, there
is the possibility that cooling the contralesional hemisphere hinders balance of the unimpaired
paw therefore also affecting reaching. This could be further studied by measuring spontaneous
limb use,for instance by testing the rats in a cylinder task. Last, it may be a combination of all of
these factors. Overall, our results suggest that HYPO is a safe treatment, as it did not have a
detrimental effect on learning. In order to determine whethemitggdriven plasticity was
affected by cooling, we will also measure dendritic arborization in the motor cortex with Golgi

Cox stain. The data is currently being analyzed.
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In conclusion, contralesional HYPO does not hinder reaching success of the impaired
limb but reduces shift in limb preference. This might be helpful when combined with
rehabilitation therapyMacLellan et al., 2005)Also, cooling does not impair learning of a
forelimb reaching task in otherwise naive rats. Indeed, HYPO may be beneficial for recovery by
reducing learned neanse. However, bilateral cooling applied for extended psnody have a
detrimental effect (e.g., diminishing returns), as it may not act only by reducing cell death but
may begin to negatively interact with plasticity processes. Further animal research must assess

when HYPO ceases to be neuroprotective and staadiering outcome.

105



2.5. References

Allred RP, Jones TA (2008) Maladaptive effects of learning with thedfssted forelimb after
focal cortical infarcts in rats. Exp Neurol 210:1¥21.

Auriat A, Klahr A, Silasi GMacLellan CL, Penner M, Clark DL, Colbourne F (2012) Prolonged
hypothermia in rat: a safety study using brsaétective and systemic treatments.
Therapeutic Hypothermia and Temperature Managemen4337

Biernaskie J, Szymanska A, Windle V, Corbett D @0Bi-hemispheric contribution to
functional motor recovery of the affected forelimb following focal ischemic brain injury
in rats. Eur J Neurosci 21:9889.

Choi HA, Badjatia N, Mayer SA (2012) Hypothermia for acute brain injorgchanisms and
practicalaspects. Nat Rev Neurol 8:2222.

Chu CJ, Jones TA (2000) Experiersependent structural plasticity in cortex heterotopic to
focal sensorimotor cortical damage. Exp Neurol 166403,

Clark DL, Colbourne F (2007) A simple method to induce focal brgoothermia in rats. J
Cereb Blood Flow Metab 27:1182.

Clark DL, Penner M, Orellardordan IM, Colbourne F (2008) Comparison of 12, 24 and 48
hours of systemic hypothermia on outcome after permanent focal ischemia in rat. Exp
Neurol 212:386392.

Clark DL, Penner M, Wowk S, Orellankordan I, Colbourne F (2009) Treatments (12 and 48 h)
with systemic and braiselective hypothermia techniques after permanent focal cerebral
ischemia in rat. Exp Neurol 220:32D9.

Cramer SC (2008) Repairing the human bréteratroke: I. Mechanisms of spontaneous

recovery. Ann Neurol 63:27287.

106



Cramer SC, Shah R, Juranek J, Crafton KR, Le V (2006) Activity in thergarct rim in
relation to recovery from stroke. Stroke 37:411115.

D'Cruz BJ, Fertig KC, Filiano AJ, HiskSD, DeFranco DB, Callaway CW (2002) Hypothermic
reperfusion after cardiac arrest augments bdanived neurotrophic factor activation. J
Cereb Blood Flow Metab 22:8481.

Dancause N, Touvykine B, Mansoori BK (2015) Inhibition of the contralesionakpéerie
after stroke: reviewing a few of the building blocks with a focus on animal models. Prog
Brain Res 218:363887.

Dong H, MoodyCorbett F, Colbourne F, Pittman Q, Corbett D (2001) Electrophysiological
properties of CA1 neurons protected by postischdmgpothermia in gerbils. Stroke
32:788795.

Floel A, Nagorsen U, Werhahn KJ, Ravindran S, Birbaumer N, Knecht S, Cohen LG (2004)
Influence of somatosensory input on motor function in patients with chronic stroke. Ann
Neurol 56:206212.

Gharbawie OA, KarIM, Whishaw 1Q (2007) Recovery of skilled reaching following motor
cortex stroke: do residual corticofugal fibers mediate compensatory recovery? Eur J
Neurosci 26:33038327.

Gluckman PD, Wyatt JS, Azzopardi D, Ballard R, Edwards AD, Ferriero DM, Polin RA,
Robertson CM, Thoresen M, Whitelaw A, Gunn AJ (2005) Selective head cooling with
mild systemic hypothermia after neonatal encephalopathy: multicentre randomised trial.
Lancet 365:66%70.

Gonzalez CL, Kolb B (2003) A comparison of different models of stk behaviour and brain

morphology. Eur J Neurosci 18:193962.

107



Gonzalez CL, Gharbawie OA, Williams PT, Kleim JA, Kolb B, Whishaw 1Q (2004) Evidence
for bilateral control of skilled movements: ipsilateral skilled forelimb reaching deficits
and functionatecovery in rats follow motor cortex and lateral frontal cortex lesions. Eur
J Neurosci 20:3443452.

Greenough WT, Larson JR, Withers GS (1985) Effects of unilateral and bilateral training in a
reaching task on dendritic branching of neurons in the o&brsensory forelimb cortex.
Behav Neural Biol 44:30814.

Hsu JE, Jones TA (2006) Contralesional neural plasticity and functional changes in-the less
affected forelimb after large and small cortical infarcts in rats. Exp Neurol 204349

Hummel FC, Chen LG (2006) No#invasive brain stimulation: a new strategy to improve
neurorehabilitation after stroke? Lancet Neurol 5:708.

Jones TA, Schallert T (1994) Usependent growth of pyramidal neurons after neocortical
damage. J Neurosci 14:212052.

Jores TA, Kleim JA, Greenough WT (1996) Synaptogenesis and dendritic growth in the cortex
opposite unilateral sensorimotor cortex damage in adult rats: a quantitative electron
microscopic examination. Brain Res 733:1¥48.

Kanagawa T, Fukuda H, Tsubouchikmoto Y, Hayashi S, Fukui O, Shimoya K, Murata Y
(2006) A decrease of cell proliferation by hypothermia in the hippocampus of the
neonatal rat. Brain Res 1111:36.

Klahr AC, Dickson CT, Colbourne F (2015) Seizure Activity Occurs in the Collagenasetbut
the Blood Infusion Model of Striatal Hemorrhagic Stroke in Rats. Transl Stroke Res

6:29-38.

108



Klahr AC, Dietrich K, Dickson CT, Colbourne F (2016) Prolonged Localized Mild Hypothermia
Does Not Affect Seizure Activity After Intracerebral Hemorrhage irsReer
Hypothermia Temp Manag.

Kolb B, Teskey GC (2012) Age, experience, injury, and the changing brain. Dev Psychobiol
54:311325.

Kollmar R, Juettler E, Huttner HB, Dorfler A, Staykov D, Kallmuenzer B, Schmutzhard E,
Schwab S, Broessner G (2012) Coolingntracerebral hemorrhage (CINCH) trial:
protocol of a randomized Germ&ustrian clinical trial. Int J Stroke 7:16B72.

Kozlowski DA, Jones TA, Schallert T (1994) Pruning of dendrites and restoration of function
after brain damage: Role of the NMDAceptor. Restor Neurol Neurosci 7:1196.

Kuo JR, Lo CJ, Chang CP, Lin HJ, Lin MT, Chio CC (2010) Brain coedngulated
angiogenesis and neurogenesis attenuated traumatic brain injury in rats. J Trauma
69:14671472.

Lo EH (2008) A new penumbra: transiting from injury into repair after stroke. Nat Med
14:497500.

Lyden PD, Hemmen TM, Grotta J, Rapp K, Raman R (2014) Endovascular therapeutic
hypothermia for acute ischemic stroke: ICTuS 2/3 protocol. Int J Stroke-22BL7
MacLellan CL, Gyawali S, Colhone F (2006) Skilled reaching impairments follow intrastriatal

hemorrhagic stroke in rats. Behav Brain Res 17882

MacLellan CL, Grams J, Adams K, Colbourne F (2005) Combined use of a cytoprotectant and

rehabilitation therapy after severe intracerehehorrhage in rats. Brain Res 1063:40

47.

109



Mansoori BK, JeatCharles L, Touvykine B, Liu A, Quessy S, Dancause N (2014) Acute
inactivation of the contralesional hemisphere for longer durations improves recovery after
cortical injury. Exp Neurol 254:128.

Metz GA, Whishaw IQ (2002) Cortical and subcortical lesions impair skilled walking in the
ladder rung walking test: a new task to evaluate-fane hindlimb stepping, placing, and
co-ordination. J Neurosci Methods 115:16%99.

Meyer KL, Dempsey RJ, Roy MWDonaldson DL (1985) Somatosensory evoked potentials as a
measure of experimental cerebral ischemia. J Neurosurg 627269

Miyamoto O, Nakamura T, Yamagami S, Negi T, Tokuda M, Matsui H, Itano T (2000)
Depression of long term potentiation in gerbil pampus following postischemic
hypothermia. Brain Res 873:1492.

Miyazawa T, Tamura A, Fukui S, Hossmann KA (2003) Effect of mild hypothermia on focal
cerebral ischemia. Review of experimental studies. Neurol Res 25467

Mohajerani MH, Aminoltejari KMurphy TH (2011) Targeted misitrokes produce changes in
interhemispheric sensory signal processing that are indicative of disinhibition within
minutes. Proc Natl Acad Sci U S A 108:E1831.

Moser E, Mathiesen |, Andersen P (1993) Association betwem temperature and dentate
field potentials in exploring and swimming rats. Science 259-1324.

Moser El, Andersen P (1994) Conserved spatial learning in cooled rats in spite of slowing of
dentate field potentials. J Neurosci 14:44Bk66.

Murase N, ique J, Mazzocchio R, Cohen LG (2004) Influence of interhemispheric interactions

on motor function in chronic stroke. Ann Neurol 55:4019.

110



Murphy TH, Corbett D (2009) Plasticity during stroke recovery: from synapse to behaviour. Nat
Rev Neurosci 10:86872.

Nurse S, Corbett D (1994) Direct measurement of brain temperature during and after
intraischemic hypothermia: correlation with behavioral, physiological, and histological
endpoints. J Neurosci 14:772634.

O'Collins VE, Macleod MR, Donnan GA, Horky |.kan der Worp BH, Howells DW (2006)

1,026 experimental treatments in acute stroke. Ann Neurol 5%&4B.7

Ohta H, Terao Y, Shintani Y, Kiyota Y (2007) Therapeutic time window of-gosemic mild
hypothermia and the gene expression associated with ehepnetection in rat focal
cerebral ischemia. Neurosci Res 57438.

Polderman KH, Herold | (2009) Therapeutic hypothermia and controlled normothermia in the
intensive care unit: practical considerations, side effects, and cooling methods. Crit Care
Med 37:11011120.

Qu M, BuchkremeRatzmann I, Schiene K, Schroeter M, Witte OW, Zilles K (1998)
Bihemispheric reduction of GABAA receptor binding following focal cortical
photothrombotic lesions in the rat brain. Brain Res 8133801

Roth EJ, Heinemann AW,ovell LL, Harvey RL, McGuire JR, Diaz S (1998) Impairment and
disability: their relation during stroke rehabilitation. Arch Phys Med Rehabil 78339

Sakatani K, lizuka H, Young W (1990) Somatosensory evoked potentials in rat cerebral cortex
before andafter middle cerebral artery occlusion. Stroke 21:122.

Schaechter JD (2004) Motor rehabilitation and brain plasticity after hemiparetic stroke. Prog
Neurobiol 73:6172.

Schallert T (2006) Behavioral tests for preclinical intervention assesIN@nmbRx 3:497504.

111



Schallert T, Kozlowski DA, Humm JL, Cocke RR (1997) Wependent structural events in
recovery of function. Adv Neurol 73:22Z88.

Silasi G, Colbourne F (2011a) Therapeutic hypothermia influences cell genesis and survival in
the rat hippocampus following global ischemia. J Cereb Blood Flow Metab 31:1725
1735.

Silasi G, Colbourne F (2011b) Unilateral brain hypothermia as a method to examine efficacy and
mechanisms of neuroprotection against global ischemia. Therapeutic Hypothermia and
Tenperature Management 1:&2.

Silasi G, Klahr A, Hackett MJ, Auriat AM, Nichol H, Colbourne F (2012) Prolonged therapeutic
hypothermia does not adversely impact neuroplasticity after global ischemia in rats. J
Cereb Blood Flow Metab:in press.

Staykov D, Wager |, Volbers B, Doerfler A, Schwab S, Kollmar R (2013) Mild prolonged
hypothermia for large intracerebral hemorrhage. Neurocrit Care 18338

Taub E (1980) Somatosensory deafferentation research with monkeys: implications for
rehabilitation medicindn: Behavioral Psychology in Rehab... pp 3i1.

Taub E, Morris DM (2001) Constraimduced movement therapy to enhance recovery after
stroke. Curr Atheroscler Rep 3:2286.

Taub E, Uswatte G, Pidikiti R (1999) Constraintluced Movement Therapy: a néamily of
techniques with broad application to physical rehabilitateoolinical review. Journal of
rehabilitation research and development 36:23%.

Taub E, Uswatte G, Mark VW, Morris DM (2006) The learned nonuse phenomenon:

implications for rehabitation. Eura Medicophys 42:24£56.

112



The Hypothermia After Cardiac Arrest Study Group (2002) Mild therapeutic hypothermia to
improve the neurologic outcome after cardiac arrest. N Engl J Med 3455849

van der Worp HB, Macleod MR, Bath PM, Demotes J, DdiAaleski |, Gebhardt B, Gluud C,
Kollmar R, Krieger DW, Lees KR, Molina C, Montaner J, Roine RO, Petersson J,
Staykov D, Szabo I, Wardlaw JM, Schwab S (2014) EuroYPBuropean multicenter,
randomized, phase Il clinical trial of therapeutic hypothenphiz best medical
treatment vs. best medical treatment alone for acute ischemic stroke. Int J Stroke 9:642
645.

Vosler PS, Logue ES, Repine MJ, Callaway CW (2005) Delayed hypothermia preferentially
increases expression of bralerived neurotrophic fact@xon Il in rat hippocampus
after asphyxial cardiac arrest. Brain Res Mol Brain Res 135921

Ward NS, Cohen LG (2004) Mechanisms underlying recovery of motor function after stroke.
Arch Neurol 61:18441848.

Whishaw 1Q, Alaverdashvili M, Kolb B (2008) Eproblem of relating plasticity and skilled
reaching after motor cortex stroke in the rat. Behav Brain Res 19234

Witte OW, Stoll G (1997) Delayed and remote effects of focal cortical infarctions: secondary
damage and reactive plasticity. Adv Neur8t207227.

Xiong M, Cheng GQ, Ma SM, Yang Y, Shao XM, Zhou WH (2011) Fadtemic hypothermia
promotes generation of neural cells and reduces apoptosis{yilthe striatum of

neonatal rat brain. Neurochem Int 58:6323%3.

113



Bod
38+ . y
- |psi
— 36 —= Contra

QO
| -
-
®
— ~
q’ i h S -
Q= 32
T2
= 2
26
1 ] ) ]
0 15 30 45 60

Minutes

Figure 2-1. Temperature measurements from rectum (Body), ipsilateral (Ipsi), and contralateral

(Contra) cortex prior, during, and after localized cooling in anesthetized rats (Experiment 1).
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Figure 2-2. A) Profile of injury after motor cortex devascularization. B) Lesion volume was not

affected by contralesional HYPO (Experiment 2).
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Figure 2-3. Succeshul reaching in the single pellet task was not different among groups. Overall
performane was worse due to the motor cortex devascularization at both time points after the

stroke but there were no differences among groups (Experiment 2).
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