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ABSTRACT 

Therapeutic hypothermia (TH) is a common intervention used in a variety of injury 

profiles. However, when applied to intracerebral hemorrhage (ICH), TH can worsen outcome. 

Previous research from our lab has shown that TH can aggravate intracranial bleeding both 

during cooling induction and rewarming phases.1 Here, I evaluate aspects of the safety of using 

TH in ICH.  

First, I tested if intra-arterial chilled infusate (ICI), one method of local cooling, is safe to 

use when active bleeding is present. The experimental group, anesthetized male adult rats, 

received an infusion of heparinized room temperature saline over 20 minutes into the internal 

carotid artery at the external carotid bifurcation. Brain temperature change from this infusion was 

determined using implanted temperature probes in naïve animals. There was an average drop of 

~0.1 °C, with a maximum drop of 0.5 °C in the ipsilateral hemisphere, when correcting for 

contralateral temperature change. Then, the infusion was given following the initiation of 

collagenase-induced ICH, during a time of active bleeding. Hematoma volume was assessed 24 

hours after collagenase injection using a hemoglobin-detecting spectrophotometric assay. There 

was no difference between ICI and control groups for hematoma volume (p = 0.64). Brain water 

content (edema) was measured in the ipsilateral and contralateral cortices and striata, as well as 

the cerebellum, using wet/dry weights. Elemental concentrations were measured using 

inductively coupled plasma mass spectrometry, and activity and core temperature were 

monitored using telemetry probes. There was no difference between the ICI and control groups 

in edema (p = 0.81) or elemental concentrations (p > 0.1) in any region of interest. There was 

also no difference between the experimental and control group for temperature (p = 0.56), or 
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activity (p = 0.61). These results suggest ICI is safe when implemented in collagenase-induced 

ICH.  

Clotting factors are inhibited by TH, and this effect may underlie TH-induced bleeding. 

Also, coagulopathy in late stages of ICH injury could aggravate ongoing bleeding. Therefore, I 

hypothesized next that late-onset coagulopathy would increase hematoma size. Warfarin (0.4 

mg/kg loading dose, 0.25 mg/kg/day maintenance for the following 5 days) was orally 

administered to naïve rats. Tail bleed time was used to assess anticoagulation 6 hours after the 

last warfarin dose (day 6). Tail bleed time showed warfarin successfully produced a state of 

anticoagulation between drug treated and placebo group animals (p = 0.02). A 

spectrophotometric assay determined that there was no difference (p = 0.28) in the concentration 

of hemoglobin within the brains of each of the warfarin treated and placebo naïve animal groups. 

This meant that the warfarin doses successfully induced anticoagulation, without causing 

spontaneous bleeding. Following this validation, the warfarin dosing regimen was administered 

to rats, with the loading dose starting 24-hours after collagenase-induced ICH. Tail bleed time 

between warfarin and placebo treated groups, measured 6 hours following the last dose (day 6), 

showed warfarin successfully induced longer bleed times (p = 0.008). Additionally, the 

diameters of blood blots collected during the tail bleed test were measured every 5 minutes. 

These showed that the warfarin treated group also bled at a faster rate than the placebo group (p 

= 0.03). Hematoma volume, as determined using a hemoglobin spectrophotometric assay, was 

not different between the warfarin and placebo treated groups (p = 0.39). These findings suggest 

that anticoagulation, an isolated factor of TH, does not cause late or re-bleeding in collagenase-

induced ICH. 



iv 

 Prolonged cooling, even if it does not worsen bleeding through coagulopathy, may still 

negatively affect outcome through other means. Depending on the depth and duration, TH has 

the potential to broadly affect brain plasticity, especially given the spatial, temporal, and 

mechanistic overlap with the injury processes that cooling is used to treat. I review experimental 

and clinical evidence to evaluate whether application of prolonged TH has any adverse or 

positive effects on post-stroke plasticity. The available data suggest that mild TH does not appear 

to have any deleterious effect on neuroplasticity; however, there is a need for additional high‐

quality preclinical and clinical work in this area.   
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CHAPTER 1 

1.1 Introduction  

This thesis describes a variety of safety considerations regarding the use of therapeutic 

hypothermia (TH) for treatment of intracerebral hemorrhagic stroke (ICH). The safety 

considerations include the use of intra-arterial chilled infusate (ICI), as well as anticoagulation 

effects in a rodent model of ICH. Also included is a review of potential changes to plasticity in 

both clinical and pre-clinical models.  

ICH is characterized by bleeding within brain tissue from damaged blood vessels, and 

accounts for approximately 10-15% of strokes worldwide.4 TH is the cooling of tissue to prevent 

or impede damage from injury, and is used in a variety of injury profiles—notably, ischemic 

stroke.5 Given that ischemic and hemorrhagic stroke overlap in pathophysiology, previous 

research has investigated the use of TH for ICH.1,6–8 Although some of these investigations in 

TH show promise for ICH, some have also found associated risks that limit the efficacy of this 

treatment. Thus, I evaluated a subset of factors thought to limit the efficacy of this therapy for 

ICH treatment. I hypothesized that ICI administered during a time of active bleeding would 

negatively affect outcome in ICH by worsening the bleed size. I also hypothesized that 

anticoagulation, one of the many effects of TH, would worsen bleed size in isolation. Further, I 

reviewed the literature to evaluate the risk TH poses to plasticity following both ischemic and 

ICH stroke. The rationale behind the experiments is reviewed in the following sections. 

Background information on relevant topics such as stroke epidemiology, experimental models of 

ICH, and TH, are provided.  
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1.2 Stroke 

1.2.1 Epidemiology 

Stroke occurs when there is a disruption of blood supply to the brain. This disruption 

leads to brain tissue damage, causing disability or death. Stroke is the second leading cause of 

death worldwide, after ischemic heart disease, accounting for 10.2% of total deaths.9 Although 

death rates have decreased over time as diagnoses and treatments improve, more people are 

living with the consequences and disabilities caused by the injury.10–12 Survivors require post-

stroke care, which has been estimated to cost ~18,849 CAD per patient year in Canada.13 One 

study found that only 21% of people who had their first-ever stroke survived to 15 years; of the 

survivors, 1 in 10 had lived with moderate-severe disability since their stroke.10 At 15 years, the 

prevalence of cognitive impairment, depressions, and anxiety was ~30-39% among survivors.10  

Ischemic stroke is the most common type of stroke, accounting for approximately 80% of 

incidents. Ischemic stroke occurs when there is a blockage of blood flow to the brain from a 

blood clot. Although ICH is less prevalent, causing ~10-15% of all stroke incidents, it is more 

lethal, with a mortality rate of 36-50%.4,14 ICH is characterized by a rupturing blood vessel 

within the brain parenchyma, and can be caused by trauma, arteriovenous malformations, 

tumors, or aneurysms.15 Another type of hemorrhagic stroke is a subarachnoid hemorrhage, 

which occurs in the sub-arachnoid space, and is half as common as ICH, but just as lethal.15 

Effective stroke treatments improve outcome through injury prevention, minimizing 

damage when it does occur, providing neuroprotection, and/or rehabilitation. Despite research 

efforts on effective pharmacological treatments and interventions, only tissue plasminogen 

activator (tPA) has been used in the clinical setting to minimize damage effectively. However, 

tPA is only used in ischemic stroke, often with mechanical thrombectomy, to break up clots. It is 
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limited by its narrow therapeutic window of effectiveness, which is ~4.5 hours from the start of 

the ischemic event.16 There is no comparable pharmaceutical intervention for acute ICH. Instead, 

efforts are made to reduce the amount of bleeding within the brain, with the aim of minimizing 

overall hematoma size. These attempts can include hemostatic treatments like recombinant factor 

VII activated (rFVIIa), methods to decrease blood pressure (BP), or in extreme cases, surgery to 

remove the hematoma.17–21 However, adverse interactions can complicate these strategies and 

require consideration. For example, hemostatic treatments require close monitoring of 

coagulation balance to minimize risk of ischemic events due to clotting.18,19,22 Likewise, 

lowering BP has the potential to affect cerebral blood flow and cell death; although lowering BP 

has been shown to be safe and ultimately neuroprotective through minimizing damage and 

preventing hematoma expansion in ICH.23–28 Commonly, ICH survivors participate in extensive 

rehabilitation, often learning to compensate for their functional deficits rather than achieving true 

neurological recovery. New treatments and therapies are needed to minimize damage in stroke, 

and to allow for the best possible recovery, not only to improve mortality rates, but to also 

decrease the long-term burden on survivors, their families, and the healthcare system. 

 

1.2.2 Intracerebral Hemorrhage 

Although ICH is less common than ischemic stroke, it has a higher mortality rate, 

especially for those with comorbidities like diabetes.4 Ischemic patients can also experience 

hemorrhagic transformation, which can be worsened if the patient is taking anticoagulant 

medications.29 Anticoagulants, like warfarin, can make asymptomatic microhemorrhages turn 

into symptomatic ICH.30 Typically, intervention in the acute phase of ICH is for the purpose of 

mitigating life-threatening events. Patients can succumb to autonomic failures due to brain 
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swelling, suffer epileptic seizures, or have fever that contributes to poor outcome.17 Many factors 

affect long-term outcome after an ICH, with the most predictive being the size of the 

hematoma.31 Other factors include age, comorbidities, state of coagulopathy, leakage of blood 

into the ventricular system, and BP.32–34 Hematoma expansion can also worsen prognosis, and 

occurs in ~33% of patients.35 Strategies to mitigate hematoma expansion include lowering BP 

and promoting clotting to stop active bleeding.17,21,36 Clinical studies into clotting methods, such 

as rFVIIa, show that hematoma expansion can be reduced, but with no change to functional 

outcome or mortality.37–39 Likewise, clinical studies of BP reduction found this helped mitigate 

hematoma expansion40, but did not reduce death or severe disability; however, lowering BP did 

improve functional outcome.23 These clinical studies have been challenged with accurately 

predicting which patients would benefit most from these interventions, considering that only a 

subset of patients with ICH experience hematoma expansion.35,39,41,42  

 

1.2.2.1 Risk Factors 

Underlying disease precedes and contributes to many non-traumatic ICH events.17 

Generally, acute stroke is the result of multiple interacting risk factors.43,44 Many factors that 

contribute to the risk of experiencing ICH are modifiable life-style habits that are also associated 

with comorbidities of ICH.43,44 These include poor diet and sedentary lifestyle, smoking, alcohol 

consumption, cholesterol levels, anticoagulation, and use of drugs such as cocaine, heroin, and 

amphetamines.44,45 Common and potentially modifiable risk factors are associated with an 

estimated 90% of population attributable risk for stroke worldwide.43 Other factors are non-

modifiable: aging, having hereditary cerebral amyloid angiopathy, and being male or of Asian 

ethnicity.44,45  
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Up to 66% of ICH cases are due to hypertension, or high BP.46 Subcortical regions where 

a large vessel feeds small vessels, like in the striatum or thalamus, are most susceptible to 

hypertensive hemorrhages.47 Chronic hypertension also causes microaneurysms and small vessel 

damage.48,49 The lobar areas are the second most common region for ICH, which is often the 

result of cerebral amyloid angiopathy.50 Deposits of the amyloid protein weakens blood vessels 

in a similar way to hypertension, accounting for ~33% of ICH in elderly patients.51 Further, β-

amyloid deposits are indicative of Alzheimer’s disease, and these patients are at higher risk for 

ICH.52 Hemorrhages caused by other factors, such as tumors, aneurysms, arteriovenous 

malformations, or coagulopathy are classified as ‘secondary’ ICH, whereas those caused by 

hypertension and cerebral amyloid angiopathy are deemed ‘primary’ ICH.53  

 

1.2.2.2 Clinical Manifestation 

Both ischemic and hemorrhagic stroke present similar symptoms at onset and therefore 

require imaging to determine the best course of intervention for that patient. Both types of stroke 

present focal neurological deficits in the acute phase, which depend on the location and size of 

the area in the brain where the stroke is occurring. These symptoms develop over the minutes to 

hours that the stroke first occurs. The basal ganglia is often where ICH occurs, but it can also 

occur in the cerebral lobes, thalamus, cerebellum, pons, and rarely in the medulla.51,54 Symptoms 

can consist of decreased consciousness, vomiting, headache, visual deficits, fever, increased BP, 

and seizures, many of which can also present during ischemic stroke.17,36,55 Seizures themselves 

can increase BP, increasing the risk of re-bleeding or increased bleeding, further complicating 

the injury and increasing mortality.55,56 Indeed, hemorrhage size and location are key predictors 

of outcome in ICH.31,47 Hematoma volumes are associated with the site of the hemorrhage, with 
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hemorrhages being larger in lobar areas and smallest in the brainstem, partly owing to the 

available tissue volume in each area.57 Hematoma volumes larger than 30 mL are associated with 

worse prognoses for mortality and morbidity58, and can be considered large.59 Hematoma 

volumes are considered medium sized when they fall between 15-30 mL, and small below 15 

mL.59 Hemorrhages in the brainstem, although smaller, can be more fatal because they affect an 

area of autonomic control. Typically, however, when the hematoma is larger, the patient will 

present with lower consciousness.51 Hematomas larger than 4 cm in diameter tend to be fatal, 

owing to the increased intracranial pressure (ICP) that often leads to brain stem compression.36,51 

The variability of ICP better predicts outcome than just the mean pressure, and is thus an 

important factor to control in the acute clinical setting.60 Moreover, hemorrhage in deeper areas 

of the brain, including the cerebellum and medulla, often causes coma and is associated with 

poor outcomes.51 Likewise, patients with lobar hemorrhages tend to have better functional 

outcomes than those with hemorrhages in deeper brain areas.61  

Patients presenting with larger ICH are more likely to have more extreme interventions 

than patients with smaller hematomas.62 This is because patients with large hematomas will have 

the greatest potential for improvement, outweighing the risks involved with invasive procedures. 

For example, surgical interventions such as a craniotomy or hematoma evacuation will likely 

only be attempted in patients whose hemorrhages are severe enough that these procedures would 

be life-saving.62,63 Further, coagulopathy is corrected prior to attempts at surgical interventions, 

owing to bleeding risks.64–66 Use of anticoagulant medication becomes more common as the 

population ages and atrial fibrillation detection increases.67 This is because anticoagulation 

medicine is a protective measure against the five- to sevenfold increased risk of ischemic stroke 

associated with atrial fibrillation.68 However, anticoagulant use threatens to exacerbate bleeding 
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in ICH, is a predictor of poor outcome following ICH, and can even cause an ICH itself.21,22,31,69–

71 The annual rate of ICH in patients taking oral anticoagulants, including warfarin, is 0.3% to 

0.6%.22,72,73 However, this number is lower (0.1% to 0.2%) when examining only the more 

recently developed direct oral anticoagulants.72–74 As distribution of these medications increases, 

the percentage of ICH associated with these anticoagulants is also increasing.21,71,75,76 Therefore, 

the investigation of the management of risks associated with these medications is of continued 

importance.  

 

1.2.2.3 Pathophysiology 

In ICH, damage is categorized as either primary or secondary. Primary damage is the 

initial injury caused by the rupturing of cerebral blood vessels. Blood pushes through brain 

tissue, mechanically dissecting the brain parenchyma.77 This injury impedes the normal 

functioning of vessels and neuronal cells both in the immediate area and in connecting networks. 

This dysfunction leads to ongoing metabolic imbalances and cell death. Secondary damage 

comprises the cascading effects of this initial injury, occurring in the perihematoma zone. 

Secondary damage involves cell death, oxidative damage, and inflammation, among many other 

deleterious processes (iron toxicity, excitotoxicity, etc.). Although a complete profile of 

secondary damage has not yet been fully described, it is hypothesized that it is mediated by 

multiple pathways that are activated by blood that infiltrates the brain tissue from primary 

damage.77,78 A mass effect of the growing hematoma, blood brain barrier (BBB) damage, toxicity 

from blood products, and cerebral edema all contribute to secondary damage. Furthermore, the 

ruptured vessels in the core of the hematoma area no longer supply blood to that region, and 

compounding ischemic injury can occur here.79 However, the compounding effects of reduced 



 

8 

blood flow and hematoma expansion do not appear to induce ischemic injury in areas outside the 

hematoma.25,80 

Expansion of the hematoma over time adds to the primary damage, and worsens 

secondary injury processes. Bleeding usually stops within 3 hours of the initial injury, but a 

potential exists for extended bleeding or re-bleeds weeks later.57,58,70,81,82 Initial hematoma 

development of >10.2 mL / hour has been shown to be a strong indicator of later hematoma 

growth.81 This suggests that more blood extrusion in the early phase can determine the amount of 

secondary bleeding later, leading to hematoma expansion and/or slowing hematoma resolution. 

This is one reason why therapies to limit bleeding in the early phase of injury, like BP control 

and rFVIIa, have been pursued. However, use of rFVIIa for anticoagulation reversal is not 

recommended, as it does not affect bleeding duration and volumes compared to a placebo when 

tested for warfarin reversal.21,83 There is debate over how hematoma expansion should be 

defined, with different research groups using varying quantitative cut-offs to define hematoma 

expansion either as an absolute amount or relative to the initial volume of injury.35 Regardless, 

~73% of ICH patients show some degree of hematoma expansion between brain scans within 3 

hours and a 24-hour follow up scan from symptom onset.70 Also, ~38% of patients show more 

than a 33% increase in hematoma volume over 24 hours.84 Evidence suggests that hematoma 

expansion is a result of multiple ruptured vessels that stretch and break from the force of the 

initial growing hematoma, in addition to ongoing bleeding from the initial site of injury.48,77 The 

risk for vessels to break appears to be highest closer to the primary bleeding site, as these vessels 

are not only more likely to be brittle or diseased, but also to have opposing pressures placed on 

them from the growing hematoma and the counter pressure of surrounding tissue.85–88 

Considering this, hematoma expansion does not occur in all ICH cases, and secondary breaking 



 

9 

of vessels appears to be dependent on a larger volume of blood intruding over a shorter period of 

time.89 Small volumes of blood over longer intervals put less pressure on the surrounding tissue, 

and could allow ongoing resolution processes to counteract a slow leak. 

 

1.2.2.4 Rodent Models 

A number of different species are used in research, but the most commonly used are 

rodents, especially rats and mice.90 A variety of methods can be used in preclinical ICH research 

to induce the ICH itself, but no method perfectly mimics the full range of characteristics in 

human ICH.91 The two most common methods are autologous whole blood injection (AWB) and 

collagenase injection.92,93 Other, less commonly used models of ICH include balloon inflation94, 

cerebral blood vessel avulsion95,96, focused ultrasound97, injection of specific blood components, 

and spontaneous ICH.98 Models of spontaneous ICH can use etiologically relevant methods, such 

as anticoagulant therapy, hypertension, amyloid angiopathy, and high sugar and fat diets to 

induce ICH. Each model can be used to study different characteristics of human clinical ICH, but 

each model also has its own limitations when compared to human ICH.99 Here, I focus on the 

collagenase injection model because it is used in the experiments described later in this thesis. I 

also briefly review the AWB model, as this is the other of the two most commonly used ICH 

models, next to collagenase injection.  

Both AWB and collagenase injection models use stereotaxic surgery to access the 

infusion sites. The striatum is often chosen as the infusion site, as this is the most common area 

of the brain where ICH occurs and it can easily contain small to large hemorrhages without 

extension into the ventricular system.54 The AWB model uses an infusion of blood from the 

animal, often taken from a superficial vessel (e.g., tail). This blood is injected into the brain 
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parenchyma at a clinically relevant volume, which can vary, to form a hematoma immediately 

after the injection. For example, the striatum of a rat is capable of containing hematomas of 

approximately 50-100 µL, which is relatively equal to a large hematoma in humans, scaled to 

brain size.100 This type of accumulation of blood within the brain tissue can reduce cerebral 

blood flow and causes edema.101 This mass effect means that the AWB model has the potential 

to lead to secondary hematoma expansion if the blood infusion caused surrounding vessels to 

rupture. However, there have been mixed results regarding the ability of the AWB model to 

reliably produce hematoma expansion via secondary bleeding.91,99,102–104 Although vessels break, 

young healthy animals tend to clot quickly, ceasing bleeding. Research suggests this model is 

poorly suited for studying the effects of rebleeding.99  

The collagenase infusion model uses the bacterial enzyme collagenase to degrade the 

basal lamina of blood vessels, which contain collagen.92 This leads to spontaneous bleeding 

within about 10 minutes from the injection, and a full hematoma develops within 24 hours.92 The 

collagenase model typically causes more edema than the AWB model, and is currently the ideal 

model for studying hematoma expansion and small vessel rupture.99,105 Differences between the 

AWB and collagenase models extend beyond the bleeding patterns and edema formation to how 

these models react to rehabilitation and TH, as discussed further in following sections.106,107  

Success in clinical translation from pre-clinical research is limited for numerous reasons, 

among which is the lack of a model of ICH that encompasses the complexity of the human 

condition.99 This failure to translate is abundant and concerning in ICH research. Issues such as 

flawed experimental designs and poor statistical use play major roles.100 Studies on safety and 

dose responses should be incorporated regularly, along with pre-planning of power analyses, 

randomization, and blinding. Additionally, most ICH research uses young, male rats, limiting the 
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generalization of findings to both sexes. Furthermore, because ICH is more common in older 

populations, using young animals further reduces the accuracy of the model in reflecting the 

clinical condition. However, the logistics of experimental implementation and minimizing 

mortality can be barriers to using older animals with comorbidities in stroke research. Treatment 

window is another consideration when examining how treatments alter outcome, because 

treatments can be delayed in the clinical setting.108 Preclinical studies often examine treatment 

effects when given immediately or soon after injury. Multiple factors can interplay in various 

ways to cause ICH and other forms of comorbid injury. Therefore, researchers should be testing 

therapies in multiple models and settings to get a holistic characterization of the effects. Further 

concern for preclinical research stems from a limited 12% of experimental ICH studies reporting 

no significant treatment effect.100 This suggests a bias in publication towards positive results, and 

increases the risk for different researchers to invest time and resources into studying unfruitful 

treatments that have already been studied but remain unreported. 

 

1.3 Therapeutic Hypothermia 

Therapeutic hypothermia is an intentional decrease in body temperature for the purposes 

of slowing or preventing injury. Historical reports show that TH has been used for resuscitation, 

and to effectively treat trauma, cardiac arrest, neonatal hypoxia/ischemia, schizophrenia, cancer, 

and typhoid fever.109–113 Consensus on the optimal parameters of TH for various injuries is 

difficult to establish, as each parameter is unique, with its own complications. TH is divided into 

different phases: induction, maintenance, and rewarming. However, there is no standardized 

classification for the depth of TH into mild, moderate, or severe cooling. Approximate ranges 

consist of <33C for severe, 33–34C for moderate, and >34C for mild cooling.114 Further 
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investigations are needed to determine optimal cooling depths, rates, timing of onset, rate of 

rewarming, and management of side effects for the various applications of TH. The efficacy of 

TH is dependent on these parameters.115 TH to a cooling depth of 32-35C has been shown to be 

neuroprotective after ischemia and trauma in animal models, leading to meaningful reductions in 

damage and better recovery.116–118 These findings have influenced clinical investigations using 

different methods, including surface and endovascular cooling, to evaluate safety and feasibility 

in ischemia.119–122 TH has also been applied in ICH clinical studies.123,124 The different injury 

profiles of ICH and ischemia could be differentially affected by decreased temperature, altering 

the overall efficacy of TH.125 Investigations are ongoing to understand the full range of 

mechanisms by which TH affects these similar but differing injuries.126 Hypothermia has 

numerous mechanisms of action, both protective and injurious (complications of this therapy), 

depending on how it is used. The broad effects of TH allow it to be more effective than an 

intervention that targets a more limited set of processes, but also relate to a broad set of potential 

complications. 

 

1.3.1 Mechanisms of Hypothermia 

The overarching benefit of TH is neuroprotection.127 The mechanisms of stroke injury 

and cell death are extensive, with much overlap between ICH and ischemia.128 Cooling is an 

effective neuroprotectant in a variety of brain injury profiles, particularly ischemic injury, 

because it targets numerous mechanisms of injury. Among many effects, TH has been shown to 

mitigate excitotoxicity, oxidative stress, BBB breakdown, inflammation, and apoptosis in 

ischemia.129–133 These processes contribute to edema formation, and the management of these 

with TH can be life-saving in ICH, where edema and raised ICP is often fatal. Many of the 
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damaging processes TH impedes are those triggered by anoxia, or a lack of blood and oxygen. 

Because ICH has a different injury profile than ischemia, it is possible that the effectiveness of 

TH in treating ICH could differ. For example, a previous study from our lab has shown TH does 

not directly influence iron-induced injury in rats. This contributes to the concerns for 

effectiveness of TH for ICH because iron toxicity is a factor in ICH, but not ischemia.134 

However, TH has been shown to have some benefit for ICH6,7,135–139, amongst other brain injury 

types, which may result from the various interplaying factors affected by this therapy.  

 

1.3.1.1 Metabolism 

Cerebral metabolism decreases by about 5% for every 1C drop in temperature.115,140 

This reduction in metabolism is beneficial when the oxygen supply is impaired, as it leads to 

lower demands for oxygen and glucose.109,115 This change in glucose demand affects cell death 

when intracellular metabolism switches to anaerobic glycolysis as a function of interrupted blood 

supply.141 Anaerobic glycolysis leads to intra- and extracellular acidosis and calcium influx, for 

which the cell is unable to compensate.115,142,143 TH has been shown to improve the capacity of 

cells to manage this calcium influx, and reduce neurotoxicity.142,144 Some animal studies have 

demonstrated a decrease in cerebral blood flow parallel to the cerebral oxygen consumption 

decline when body temperature decreases to ~28-30C.140,145,146 This decrease in cerebral blood 

flow can affect ICP, which is important when brain compliance is reduced.147  

 

1.3.1.2 Inflammation and Free Radicals 

 Tissue injury activates an inflammatory cascade that involves a variety of pro-

inflammatory cells infiltrating the injured area. The balance of this inflammation response is 
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important for patient outcome. Less inflammation could mean less intrinsic repair is triggered, 

but too much inflammation could lead to swelling, brain stem compression, and possibly death. 

Studies in rats have shown that TH attenuates the inflammatory response following stroke, 

although most of this work has been done in ischemia. The anti-inflammatory effect of TH works 

through a number of potential mechanisms. It reduces neutrophil infiltration148,149, microglial 

activation148,149, and inflammatory mediators like nitric oxide, and cytokines150–152. These effects 

could be influenced by the inhibition of inflammatory transcription factors (NF-κB), either by 

lowering translocation and activation, or by prolonging the accumulation in the nucleus of 

cells.115,153–156 The inflammatory response can also activate the production of free oxygen 

radicals.157 The number of free radicals can be lowered by TH, while also mitigating endogenous 

antioxidant mechanisms.158 Free radical production is positively related with temperature; 

decreasing temperatures correlate linearly with less free radical production.142  

 

1.3.1.3 Edema 

 Brain injury can lead to BBB breakdown and edema, contributing to the mass effect in 

ICH. Edema contributes to increases in ICP and the potential for brain herniation. TH has been 

shown to decrease vascular permeability and mitigate edema in both clinical and pre-clinical 

ICH research.8,159–161 One proposed mechanism for edema reduction by TH is through the 

preservation of the basal lamina by inhibiting matrix metalloproteinases (MMPs), and increasing 

the expression of endogenous MMP inhibitors.162–164 This is supported by preclinical research in 

rodents, which found lower levels of MMPs in TH treated groups compared to normothermic 

controls.165,166 Thus, the structural integrity of the BBB is better preserved when using TH, 

lessening the impact of edema.  
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1.3.2 Methods of Cooling 

 Brain injuries differ in injury cascades, suggesting the need for various TH cooling 

methods and regimens to reach maximum efficacy and protection for each. However, each 

cooling method is associated with its own set of benefits and risks, which must also be 

considered. Hypothermia initiated prior to ischemic injury has been shown to provide optimal 

protection117; however, this is unrealistic for spontaneous injuries and could pose issues for 

bleeding in ICH. Initiating TH early following injury and maintaining for longer is suggested as 

the best option131, but starting too early after hemorrhagic stroke could pose the same bleeding 

complications mentioned.167 Interestingly, longer cooling durations can recover some of the 

benefits typically lost due to delays in cooling in rats.168 In terms of temperature depth required, 

some meta-analyses suggest that brain temperatures of 30-34C can provide protection similar to 

when temperatures reach below 25C for ischemic stroke.117,131  

Cooling methods can be generalized into two main categories: surface cooling and core 

cooling. Conventional surface cooling refers to cooling with ice packs or air- or water-circulating 

cooling blankets. Cold water immersion can also be used for surface cooling. Core cooling uses 

devices like intravascular catheters, saline filled balloons, and cold fluid infusions (e.g., ICI). 

Some pre-clinical research also examines alternative methods of cooling, like cooling circulating 

blood169, and using drug-induced hypothermia as an alternative to physical hypothermia.170–172 

 

1.3.2.1 Focal versus Systemic Cooling 

 Systemic cooling refers to cooling the whole body, whereas focal cooling is only applied 

to a localized area. Although systemic surface cooling is common for inducing TH, it is risky 
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because it has numerous side effects and implementation challenges.173 Coagulation factors and 

platelet functions can be impaired when body temperatures are below 35C.174 Additionally, 

lowering core body temperature can induce vasoconstriction and shivering, thereby increasing 

BP, cardiac output, and possibly ICP.175 Systemic TH also has a slower rate of cooling because it 

requires cooling a larger volume, and the body has thermal resistance mechanisms.119,173 The 

increased time to target temperature limits treatment efficacy. Localized cooling can avoid many 

of the complications associated with systemic TH, and is therefore considered advantageous to 

systemic cooling.176 Many research groups have developed a variety of local cooling devices for 

either animal research or clinical use. One example is a cooling coil previously developed in our 

lab for inducing hemispheric-specific hypothermia in rats.177 Studies using this coil show that 

local cooling can been effective in reducing edema and improving functional recovery in rats 

with ICH, although it does not provide neuroprotection.135,136 Other local cooling devices have 

also been shown to avoid some of the complications of systemic TH, including rebound 

hyperthermia and ICP, infections, and coagulopathy.176–180  

 

1.3.2.2 Hypothermia in Patients 

 Surface and endovascular cooling are two methods for clinical TH.175 Although surface 

cooling is relatively non-invasive, temperature maintenance can be challenging when the body 

activates its autonomic resistance to temperature change. Increases in sympathetic tone, 

vasoconstriction, discomfort, and shivering all affect the ease of temperature induction and 

maintenance.175,181 Automated surface cooling systems have relatively high cooling rates and 

more precise levels of temperature control compared to other methods of cooling patients, such 

as ice packs, fans, convective air blankets, water mattresses, and alcohol bathing.182 
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Endovascular cooling by infusion of cold saline (4C) also induces hypothermia quickly, 

although the invasive nature requires expertise for its implementation, potentially delaying onset 

time.175,183 Regardless, interest in this method for the application of selective trans-arterial brain 

cooling remains.184–186  

 As mentioned above, selective cooling is ideal for avoiding systemic complications of 

TH. Although there are many devices for selective brain cooling, some, like helmets, head caps, 

and neckbands, only cool the surface. This means that deep brain areas do not reach target 

temperatures below 36C, and to monitor temperature in those deep areas requires sensor 

implantation, countering the non-invasiveness of the cooling technique.187  

 

1.3.2.3 Hypothermia in Rodents 

 Use of anesthetic is required for brain-selective methods of TH in rodents, and is 

therefore implemented for a short duration. These include the use of a cooling blanket188, a coil 

attached to the head177, or intra-arterial cold saline189,190. However, some devices have been 

developed to locally cool brain tissue without long-term anesthetic.177 Long term TH is not ideal 

under anesthetic, as it increases the risk of overdose and mortality.177 Most systemic methods of 

cooling rodents involve cooling blankets or spraying the animals with water or alcohol, which 

can be combined with the use of fans in either awake or anesthetized rodents.131,191 Other 

methods include the use of a cold room or pharmacological induction.192–194  

As previously mentioned, the AWB and collagenase models of rodent ICH differ in many 

characteristics, one of which is their reaction to therapeutic hypothermia. For example, TH in the 

AWB model, starting at 1 or 4 hours for a duration of two days post-ICH, reduces inflammation, 
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edema, and BBB disruption, without change to functional deficits or bleeding.138 Conversely, TH 

starting within 12 hours following collagenase infusion increases hematoma volume.1,195  

 

1.3.3 Rewarming and Other Limitations and Complications 

Rewarming rate is critical for preserving the neuroprotection gained from TH.196 

Rewarming following systemic cooling can lead to more severe effects compared to rewarming 

from local cooling, given the whole-body application of these methods. Rapid rewarming after 

TH risks increases in brain edema and ICP that could lead to brain stem compression or other 

ischemic injury, and possibly death. Slow rewarming is beneficial for avoiding sudden 

vasodilation, increased cardiac output volume and rate, and ICP changes.197 Indeed, a slow 

rewarming rate is correlated with slower increases in ICP and decreases in CPP (i.e., it mitigates 

sudden changes in ICP and CPP).198 Slow rewarming may also ease the restart of metabolic 

pathways that were altered by TH.199 

Side effects of TH need to be considered and managed as well, because their effects can 

worsen outcomes for patients. As mentioned previously, cooling before ischemic injury provides 

optimal neuroprotection. However, if cooling were to be applied before ICH, this could cause 

more bleeding and a larger hematoma, as TH contributes to coagulopathy. As mentioned above, 

the timing of cooling onset after injury is also important if there is active bleeding to prevent 

worsening hematoma size from hypothermia induced anticoagulation.167 Depth of cooling also 

appears to have an impact on platelet function. Research in both human patients and baboons 

found that temperatures below 35C can induce mild platelet dysfunction, and cooling below 

33C also affects the synthesis and kinetics of clotting enzymes and plasminogen activator 

inhibitors.174,200–204 Furthermore, coagulopathy worsens when acidosis co-occurs.205,206 
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Hypothermia is a stressful procedure for patients. Animal studies have shown that 

cooling without sedation counters the neuroprotective effects that would otherwise be 

generated.207,208 Shivering can occur when anesthetics are not used, leading to increased 

metabolism and oxygen consumption, countering the metabolic gains of TH. Cooling also leads 

to immune suppression and pneumonia121, increased risk of infection, cold diuresis and 

hypovolemia, electrolyte disorders, insulin resistance, and impaired drug clearance.196 

Although evidence of TH efficacy varies, especially in ICH, there is still much interest in 

the potential of TH.209–211 However, several problems remain. First, the mechanisms of injury 

vary between diseases, which necessitates different approaches and treatment parameters, such 

as depth, duration, and delay in order to achieve optimal neuroprotection. Second, side effects 

complicate the use of TH, both by reducing the potential benefits of TH and increasing the risk 

of poor outcome. These complications require investigations into effective management 

strategies to optimize patient outcomes. In summary, each injury profile, including ICH, likely 

requires its own set of TH parameters for optimization, and has its own set of complications to 

consider. 

 

1.4 Purpose 

This thesis has three aims, which I investigate with two experiments that use the 

collagenase model of ICH in rats, and a literature review. First, I will assess the safety of 

applying ICI at a time of active bleeding using spectrophotometry and wet/dry tissue weights. I 

hypothesize that ICI will worsen hematoma volume measured at 24-hours post-ICH onset. This 

will be the first time that ICI is experimentally applied during a time of known active bleeding in 

ICH. Second, I will investigate the risk of late or re-bleeding from the administration of the 
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anticoagulant medication warfarin, starting 24-hours post-ICH onset, and dosing every 24-hours. 

I hypothesize that warfarin will worsen the spectrophotometry assessment of hematoma volume 

7 days post-ICH. Lastly, I review potential effects of TH on plasticity in both clinical and pre-

clinical models.  
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CHAPTER 2: Assessing Safety of Intra-Arterial Chilled Infusate in Intracerebral 

Hemorrhage  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data from this chapter is included as part of a larger study, plublished as: Liddle LJ, Prokop BJ, 

Dirks CA, Denchuk A, Almekhlafi M, Colbourne F (2020). Infusion of Cold Saline into the 

Carotid Artery Does Not Affect Outcome after Intrastriatal Hemorrhage. Therapeutic 

Hypothermia and Temperature Management.2  
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2.1 Introduction 

Intra-arterial chilled infusate (ICI) is used for selective cooling in clinical and pre-clinical 

ischemic stroke.184 Most research has investigated this technique for ischemic stroke 

mitigation.184 However, ICI may also be beneficially applied to ICH to help remove or flush out 

harmful inflammatory cells and metabolites (see below), and/or locally cool to reduce injury 

through TH. That being said, there is a possibility that ICI could be harmful when applied to 

ICH, as the infusate often requires heparin to prevent the creation of emboli, and could induce 

coagulopathy and more bleeding. Adding to this effect, lower temperatures alone can also induce 

coagulopathy in a dose-dependent manner. However, ICI is brief compared to other methods of 

cooling (see Section 1.3.2), and may not create biologically significant temperature-induced 

changes to clotting. Furthermore, the infusion of saline into the vascular system could increase 

arterial volume, raising BP, and potentially cause clot failure and more bleeding. For these 

reasons, the use of ICI in ICH is important to investigate for potential benefits or harm.  

Using ICI as a method of selective cooling mitigates the complications associated with 

whole-body systemic cooling while implementing the protective benefits of hypothermia (see 

Section 1.3.2.1), which is one of the reasons for interest in investigating these methods. Focal 

cooling of the brain helps avoid pneumonia and uncontrollable shivering that is often seen in 

systemic cooling protocols.121,212 Examples of success in implementing these cold saline 

infusions in humans come from pilot studies that aimed to avoid body cooling, while attaining 

brain cooling. One clinical pilot study used 50 mL of 4C saline (10 mL/min) prior to clot 

extraction, and an additional 300 mL over 10 minutes afterwards, to reach an estimated brain 

temperature of 35.2-37.2C (not directly measured from brain).186 Another pilot study in humans 

infused ~660 mL of 4-17C saline over 20 minutes.213 Systemic cooling does not appear to be 
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the only benefit of ICI—it also flushes out metabolites such as lactate, prostaglandins, and 

carbon dioxide, as well MMPs214, that can worsen ongoing injury or impede recovery.189,215,216 

Inflammatory markers like leukocytes and cytokines can also be flushed away with ICI.217 This 

can be helpful if the infiltration of inflammatory cells is causing further injury from 

overexpression (see Section 1.3.1.2). Compared to the clinical studies, some pre-clinical studies 

of these infusion methods have used much larger volumes of infusate than would be used 

clinically, and at temperatures much lower than what is feasible in patients.212,218,219 For example, 

some animal studies in rats have used 10-36 mL/hour infusion rates of 0-20C saline over 10-30 

minutes.185,190,218–221 The use of such large volumes being infused at fast rates introduces higher 

risk for volume overload, increased BP, and could therefore lead to the rupturing of vulnerable 

blood vessels. Furthermore, the colder the infusate used, the more likely there will be induced 

vasospasms from abrupt and drastic temperature changes.  

The aforementioned clinical and pre-clinical work has focused on ischemic injuries. To 

my knowledge, the only study that has evaluated the safety of arterial infusions in hemorrhage 

did so in the context of ischemia with hemorrhagic transformation.222 This study mainly assessed 

the relation of other drug or contrast agent deliveries and safety assessments, and used saline as a 

control.222 They found that hemorrhagic transformation was associated with the size of the 

ischemic infarct volume, and there was no difference in prevalence of this complication between 

the different infusion-type groups.222 However, a no-infusion group was absent in this study, and 

hemorrhagic transformation could not be assessed based on presence or absence of infusion in 

this instance. Thorough investigation of these infusion protocols is needed to ensure safety, 

especially given the modest-to-poor translational quality of existing work, and the lack of 

investigations into hemorrhagic complications.  



 

24 

The goal of the research presented here is to assess if ICI is safe when used with ICH, at a 

time of active bleeding. We begin by determining the change in brain temperature of rats 

resulting from an infusion of 3 mL of room temperature (~20C) heparinized saline. Heparinized 

saline is necessary to prevent clotting within the catheter, thus ensuring stable flow and 

minimizing the risk of creating emboli. We chose to study room temperature saline, rather than 

chilled saline, because, clinically, cold (5C) saline is infused into an artery in the groin area, and 

the body has warmed it to around 20C by the time it reaches the catheter tip in the neck area.213 

Furthermore, 3 mL was calculated as the rat-equivalent volume that would be on the high-end of 

feasibility in patients, considering whole-body blood volume to avoid volume overload (see 

Section 2.2.2.1).186 We evaluate effectiveness of the infusion from the brain temperature change 

that occurs during these infusions. Following this, we assess if bleeding is worse when ICI is 

applied during a time of active bleeding in the collagenase model of intracerebral hemorrhage. 

We use this as a safety test to gauge risk in ICH. During a time of active bleeding, changes in 

temperature195 or infusion of anti-clotting agents like heparin223 could be dangerous.29 We 

hypothesized that heparinized ICI saline would worsen bleeding, because heparin (an anti-

clotting agent) and cooling both increase bleed time (see Section 1.3.3), and the infusion of 

saline could dilute the blood and slow clot time. Therefore, we review whether the ICI dose 

increased risk of hematoma expansion and, if so, by how much. We subsequently assess brain 

water content, an indication of edema. This model of pure ICH (in contrast to ischemia with 

hemorrhagic transformation) provides an indication of the safety of ICI in the case of 

hemorrhage. Future studies can take these findings into consideration for safety and other 

analyses of hemorrhagic transformation after ischemia.  
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2.2 Methods 

2.2.1 Subjects 

All protocols followed the Canadian Council of Animal Care Guidelines and were 

approved by the Biosciences Animal Care and Use Committee at the University of Alberta, 

Animal Use Protocol #960. Group sizes were calculated a priori to estimate 80% power to detect 

a 20% increase in hematoma volume and a 1% decrease in edema at an alpha level of 0.05. We 

used randomization and blinding throughout our experimentation. A total of 61 (Exp. 1 = 9; Exp. 

2 = 20, Exp. 3 = 32) male, Sprague Dawley rats (225-300 g; ~3 months old) were obtained from 

Charles River Laboratories (Saint-Constant). Animals spent a minimum of 7 days acclimating 

from transport before undergoing any procedures. All animals were individually housed after 

surgery with ad libitum access to food and water. Individual housing was necessary for animal 

safety with surgical attachments to the skull (Experiment 1), intensive monitoring purposes 

(Experiment 1, 2, and 3), and limitations of the telemetry device receivers for Experiment 3. 

Housing rooms were temperature, humidity, and light (12-hour light–12-hour dark cycle) 

controlled.  

 

2.2.2 Procedures 

In all surgical procedures, including core temperature telemetry probe implantation, 

cannula implantation, ICH induction, and ICI induction, rats were anesthetized with isoflurane 

(4% induction, 1.5-2.5% maintenance in 60% N2O and remainder O2). For cannula implantation 

and ICH induction, animals were placed in a stereotaxic frame. A rectal temperature probe 

connected to a heated water pad, along with a removable electric heating pad, maintained core 

temperature at ~37°C throughout all surgical procedures. All procedures were done in a sterile 
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manner. For ICH induction in Experiments 2 and 3, an incision was made at the midline on the 

scalp (~2.5 cm), and a burr hole was drilled (3.5 mm right and 0.5 mm anterior to 

Bregma).92,224,225 A 26 G Hamilton syringe (10 µL) was lowered 6.5 mm below the surface of the 

skull into the striatal area. The collagenase (1 µL of 0.6 U/µL, Sigma-Aldrich, type 4-S Lot# 

SLBL855 or 1 µL of 0.2 U/µL, Sigma-Aldrich, type 4-S Lot# 108M4100V) was infused over 5 

minutes, with a 5-minute ‘wait-time’ before the needle was slowly removed to prevent backflow. 

A solid metal screw (stainless steel, plain finish, binding head, slotted drive, 1/8” length, #0-80 

threads) was inserted into the burr hole. The incision site was closed with surgical staples, and a 

few drops of Bupivacaine hydrochloride (5 mg/mL, SteriMax Inc.) were applied to the site for 

local pain management. 

 

2.2.2.1 Experiment 1: Determining ICI brain temperature effect 

In Experiment 1 (n = 9; weight at surgery: 550 g ± 46 g), temperature was measured from 

the cooled striatum (Ipsi), the contralateral cortex (Contra), and rectum (Body) of anesthetized 

naïve rats to test the efficacy of cooling the brain from ICI via the internal carotid artery (ICA). 

Figure 2-1(A) shows the timeline of procedures for Experiment 1. Rats were anesthetized with 

isoflurane (4% induction, 1.5–2.5% maintenance in 60% N2O, balance O2) and two guide 

cannulas (23-gauge, 4 mm long) were implanted (AP=0.5, ML=+3.5 and ML=-3.5 from Bregma) 

and anchored with dental cement. Two other cannulas were placed posterior to the guide 

cannulas and secured with dental cement. These acted as anchors for attachment of the 

temperature probes to prevent movement when the animal was turned onto its back. Rats were 

given three days to recover from this procedure. Following this, rats were once more 

anesthetized, and two thermocouple probes (HYP1- 30-1/2-T-G-60-SMP-M, Omega, Stamford, 
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CT, USA) were lowered below the skull surface, into the striatal areas of the brain, and anchored 

with tape to the posterior cylinders to measure temperature from both the ipsilateral (side of 

cooling) and contralateral cortices during ICI induction. Once the thermocouple probes were 

securely anchored, the animal was turned onto its back to undergo the ICI procedure.  

Aseptically, a small (<3 cm) incision was made in the neck, slightly off to the left side of 

the midline of the animal. Both common carotid arteries were isolated, and auxiliary vessels 

were electro-cauterized (ME 102; KLS Martin). Following isolation, the common carotid and 

ICA were temporarily occluded using S&T vascular clamps (Fine Science Tools). Catheter 

tubing (PE-10) was inserted into the carotid system near the carotid bifurcation and secured with 

silk suture. The vascular clips were removed prior to the infusion. Heparinized (10,000 USP/L) 

saline (3 mL of room temperature, ~20°C) was infused with a micro infusion pump over 20 

minutes. This infusion protocol was based on clinical studies186, and assumes that a maximum 1L 

of saline can safely be infused into a patient’s middle cerebral artery at a rate of 30 mL/minute, 

within a reasonable period of time. Here, the dose is scaled to rats based on brain weight (1 L 

=~70% of human brain weight), total blood volume (~20% blood volume), and body mass 

(~1.25% body mass).2 A 3mL dose was ultimately selected, falling between a ~1.4 mL (scaled to 

brain weight) and a 4.4 mL infusion (scaled to body mass). Following the infusion, the internal 

and common carotid arteries were briefly occluded to remove the catheter. The external carotid 

artery was sealed using sterile suture and electrocoagulation. The incision was then sutured 

closed and treated with Bupivacaine hydrochloride (5 mg/mL, SteriMax Inc.), and the 

temperature probes were removed. During the procedure, temperature was recorded continuously 

with video for later entry and analysis.  

Animals were euthanized 24 hours after ICI induction, and brain samples were collected 
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for histological analysis. Briefly, animals were injected with Euthanyl (pentobarbital sodium; 80 

mg / kg; I.P; Bimeda-MTC) and brains were formalin-perfused fixated (0.9% saline and 

formalin). Brains were left in formalin for 1 week, after which they were transferred to a 

formalin-sucrose (30%) cryoprotective solution for a minimum of 3 days. Once equilibrated, 

brain samples were flash-frozen in isopentane chilled with surrounding dry ice. Brain samples 

were sectioned with a cryostat to 40 µm thick and stained with Cresyl violet. Sections were then 

examined for signs of damage due to the procedure (possible ischemia, hemorrhage, etc.) and to 

confirm correct placement of brain temperature probes.  

 

2.2.2.2 Experiment 2: Hematoma Volume Assessment in ICI 

A timeline of Experiment 2 is shown in Figure 2-1(B). An ICH was induced using an 

infusion of collagenase (1 µL of 0.6 U/µL, Sigma-Aldrich, type 4-S Lot# SLBL855 or 1 µL of 

0.2 U/µL, Sigma-Aldrich, type 4-S Lot# 108M4100V) into the striatum, ipsilateral to the ICI 

infusion side, as described above (see Figure 2-4). Upon completing the ICH induction, the 

animal was turned onto its back and transferred from the stereotaxic frame to a nose cone for the 

ICI procedure, as described above. Animals (weight at surgery: 381.75 g ± 56 g; ~4 months old) 

were randomized by pulling group allocations out of an opaque box into ICI infusion (n=10) or 

control groups (n=10) once the infusion catheter was in place. Control animals had a 20-minute 

wait time instead of the heparinized saline infusion. Average time between collagenase infusion 

and start of ICI was 59 minutes. Animals were euthanized 24 hours after collagenase injection, 

and brains collected for blood volume spectrophotometric analysis.105,226,227 For this, animals 

were anesthetized with 4% isoflurane (60% N2O, balance O2) and immediately decapitated (<30 

seconds after removal from anesthetic). Briefly, brain hemispheres were separated into 
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ipsilateral, contralateral, and cerebellar. These were each weighed and proportional amounts of 

dH2O were added to create a homogenate with a ratio of brain tissue to water of 1:4. After being 

left on ice for 7 minutes, this mixture was aliquoted into centrifuge tubes and spun (15800 g for 

35 minutes). The supernatant (100 µL) was mixed with Drabkin’s solution (600 µL, Sigma-

Aldrich) for spectrophotometric analysis of hemoglobin content (540 nm wavelength).  

 

2.2.2.3 Experiment 3: Brain Water Content Assessment in ICI 

A timeline of the procedure followed in Experiment 3 is shown in Figure 2-1(C). Core 

temperature telemetry probes were implanted as previously described.135,167 Briefly, a sterilized 

calibrated probe (model TA10TA-F40; Data Sciences Int., MN) was inserted through an 

abdominal incision (<3 cm). Analgesia was achieved using Bupivacaine (0.5 mg S.C.; SteriMax 

Inc.). Muscle and skin were sutured closed following core probe implantation, and Meloxicam 

(0.2 mg S.C., Boehringer Ingelheim Ltd.) was applied. Animals (weight at surgery: 300 g ± 26 g) 

were given three days to recover from this first procedure prior to further manipulations. During 

these three days, baseline temperature and activity readings were recorded using Advanced 

Research Technologies software (ART; version 2.30). Hourly moving averages were taken from 

30-second sample intervals for analysis, with each hourly value (corresponding to circadian 

cycle) averaged from data collected over the course of multiple days. Differences were taken for 

comparing post-procedure values to baseline values for temperature and activity ((post procedure 

value) – (baseline value)). 

Following this, an ICH was induced using an infusion of collagenase into the striatum, 

ipsilateral to the ICI infusion side (see Figure 2-4) as described above. Upon completing the ICH 

induction, the animal was placed onto its back and transferred from the stereotaxic frame to a 
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nose cone for the ICI procedure, as described above. Animals were randomized into ICI infusion 

or control groups once the infusion catheter was in place. Again, control animals had a 20-

minute wait time instead of the heparinized saline infusion. Average time between the 

collagenase infusion and the beginning of the ICI infusion was 43 minutes. 

Approximately 24 hours after collagenase injection, animals were anesthetized with 

isoflurane (described above), and injected with Magnevist® (gadopentetate dimeglumine; 2.5 

mL/kg; Bayer, Mississauga, ON) into the femoral vein, which was allowed to circulate for 10 

minutes. Magnevist® is a Gadolinium-based contrast imaging agent that is impermeable to a 

healthy BBB.228 This was for the purpose of sample preparation for inductively coupled plasma 

mass spectrometry (ICPMS) analyses. Following this 10-minute wait period, animals were 

euthanized (as described above in Experiment 2) 24 hours after collagenase injection, and brains 

were dissected for water content (indicative of edema; Figure 2-7), and ICPMS analyses 

(Thermo Scientific ICAP-Q quadrupole ICP-MS, University of Alberta) as previously 

described.224 

For brain water content measurements, extracted brains were cut coronally in a matrix 4 

mm posterior and 2 mm anterior to the needle mark (from the collagenase injection). The ventral 

portion, inferior to the lateral ends of the corpus callosum and about 7 mm ventral to the dorsal 

cortex surface, was removed. Hemispheres were then divided. Fine tools were used to gently 

separate the cortex from the striatum along the corpus callosum tract. The 4 regions of interest 

(ipsilateral and contralateral cortices and striata were weighed to assess ‘wet weight’. These were 

then placed in an oven at 100°C for 24 hours, removed, and weighed again to assess the ‘dry 

weight’. Water content was calculated as a percent of the region of interest using the equation 

below.  
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 =  
(𝑊𝑒𝑡 𝑊𝑒𝑖𝑔ℎ𝑡) − (𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡)

𝑊𝑒𝑡 𝑊𝑒𝑖𝑔ℎ𝑡
× 100 

 The striatal brain regions that were used for brain water content measurements were also 

used for ICPMS analysis after the dry weights were recorded. For this, each dried striatal sample 

was digested separately in 2 mL of high purity nitric acid (trace metal grade, Fisher Scientific) 

for at least 1 week. These samples were submitted for analysis through the Canadian Centre for 

Isotopic Microanalysis at the University of Alberta. Handling of samples was such that cross 

contamination was minimized. 

 

2.2.3 Statistical Analysis 

All statistical analyses were completed using GraphPad Prism (version 6.0c) software, 

except the 2-way repeated measure ANOVAs that analyzed the brain water content, temperature, 

and activity measurements (Experiment 3), which were done using Stata (IC 13.1). All 

significance levels are set at p < 0.05. Data from Experiment 2 was analyzed with a two-tailed 

unpaired t-test with Welch’s correction to assess if there was a difference in hematoma volume 

between the control and ICI groups, as well as if there was a difference in weight loss post-ICI 

procedure between the groups. 

 

2.3 Results 

2.3.1 Experiment 1: Determining ICI brain temperature effect 

 There were two animal exclusions in this phase, where the temperature probes did not 

reach low enough in the brain for accurate recording. Therefore, data from seven total animals 

were collected and used here. Temperature probe location was confirmed using histology to 

ensure it was recording from the correct brain regions (Figure 2-2). When comparing the 
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temperature change of the ipsilateral hemisphere to the temperature change of the contralateral 

hemisphere ((ipsilateral temperature change) – (contralateral temperature change)), the average 

change was a decrease of 0.1°C during the 20-minute infusion time. The maximum cooling 

((ipsilateral temperature change) – (contralateral temperature change)) in any one animal was a 

drop of 0.5°C for a duration of 2 seconds. The maximum cooling in any one animal in the 

hemisphere ipsilateral to the infusion (not controlled for temperature change in other body areas) 

was a drop of 0.8°C for a duration of 22 seconds. 

 

2.3.2 Experiment 2: Hematoma Volume Assessment in ICI 

There was no significant difference in hematoma volume between the infusion and 

control groups (p = 0.6424, Figure 2-5). There was also no significant difference in weight loss 

between the groups (p = 0.0918, Figure 2-6). There was no mortality in the assessment of 

hematoma volumes. 

 

2.3.3 Experiment 3: Brain Water Content Assessment in ICI 

 There were three mortalities in Experiment 3. The first mortality was attributed to 

coprophagic asphyxiation (as determined by a post-mortem assessment guided by the suspicion 

that this may have been the cause of the observed blocked airway) after core probe implantation, 

but before the ICI procedure. The second mortality was attributed to surgical error during the ICI 

procedure. The last mortality was attributed to a fatal-sized hemorrhage after ICH procedure as 

determined by a pathology exam (this animal was in the control group). This mortality, although 

concerning, can be explained by the variable nature of the collagenase-ICH model being used.105 

Furthermore, temperature and activity data from one animal was not able to be collected due to 
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battery failure of the telemetry probe after implantation, although this animal’s edema data was 

still included for assessment. Lastly, one ICI animal was excluded from ICPMS analysis due to 

suspected sample contamination during tissue processing (elemental concentrations were 5-15 x 

higher than average, and > 3 SD away from the mean). Overall, there were 29 animals included 

for brain water content assessment (n= 14 ICI, n= 15 control), 28 for temperature and activity 

(n= 14 in each of ICI and control groups), and 27 for ICPMS analysis (n= 13 ICI, n= 15 control).  

There was no significant difference between ICI and control groups in brain water 

content at any of the regions of interest (p = 0.8081; Figure 2-8). There was an expected effect of 

stroke, exemplified by the significance seen between regions of interest (p < 0.0001). Also, 

temperature (p = 0.5636; Figure 2-9) and activity (p = 0.6107; Figure 2-10) were not 

significantly different between the groups during the 24-hour post-procedure time. Differences 

from baseline measurements observed are likely an anesthetic effect and an impact of the stroke, 

since the changes are approximately equal between the groups. 

 Elemental concentrations were determined by ICPMS, and calculated as parts per million 

per dry weight of sample (grams) (Figure 2-11). Data were analyzed by ANOVA, which showed 

no difference between groups for any region of interest (p > 0.1). However, there was a main 

effect of region (ipsilateral vs. contralateral striatum) for gadolinium (Figure 2-11 (A); p < 

0.0001) and sodium (Figure 2-11 (B); p < 0.0001), with the ipsilateral striatum containing more 

of each element than the contralateral striatum. There was also a main effect of region for 

potassium (Figure 2-11 (C); p <0.0001), which was present in lower concentrations in the 

ipsilateral striatum than the contralateral striatum. 
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2.4 Discussion 

This data suggests that chilled heparinized saline infused during the acute period of 

collagenase-ICH in rats is safe, although it does not reduce injury. Both hematoma volume and 

edema levels were similar between ICI-treated and control groups. Further, ICPMS 

measurements suggest no change to BBB integrity between the groups. Additional 

experimentation by Liddle et al.2 found there were neither histological nor behavioral benefits 

associated with this cooling protocol (see publication for further details).  

Descriptive observational data from Experiment 1 demonstrates that, although there is an 

overall average change in brain temperature during ICI infusion, the change in brain temperature 

is small and transient. Brain temperature returns to baseline levels immediately upon cessation of 

the infusion. We used 3 mL of room temperature saline over 20 minutes, as this is a clinically 

comparable dose.186,213 Other researchers who used greater doses (colder, more volume, or faster 

infusion rates) have reported a larger drop in temperature of 2.4-7.5°C.185,218–221 Although using 

colder saline could achieve these lower brain temperatures, it risks adverse effects like 

vasospasm. Additionally, 3 mL was calculated to be a reasonable and comparable infusion 

volume in a rat, in relation to what is safe and feasible as a human-equivalent volume to infuse 

through a narrow catheter and avoid volume overload (see Section 2.2.2.1).186 Colder, higher 

volume, and higher infusion rates should be considered with caution for these reasons. 

Hematoma assessment from Experiment 2 shows that ICI does not increase hematoma 

size in this model during a time of active bleeding. This is important because hematoma size is 

the main predictor of outcome following ICH.31 Therefore, ICI appears to be safe when applied 

in a setting of active bleeding. This is a positive outcome, but it is contradictory to our 

expectation, because the saline was heparinized to prevent the catheter from being blocked. One 
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possible explanation for the lack of effect on hematoma volume is that the severity of the stroke 

was inappropriate. However, the hematoma volumes in this study are similar to those in other 

recent studies from our lab, suggesting that the lack of effect seen here is not due to the insult 

being either too large or too small.224,227,229 To investigate this unexpected outcome further, 

Experiment 3 was implemented. In Experiment 2, hematoma volume was assessed with an assay 

that measures hemoglobin concentration within brain tissue. We wanted to check if the blood of 

the ICI group was diluted by the saline, and therefore underestimating the blood volume, as 

determined by hemoglobin amounts. Experiment 3 showed no difference between the ICI and 

control groups in brain water content or post-procedure temperature or activity change. These 

findings suggest that the similarities between groups in Experiment 2 were not confounded by 

diluted blood in the ICI group. Additionally, analysis of elemental concentrations within both 

ipsilateral and contralateral striata found no difference in levels between the ICI and control 

groups. This provides further evidence that ICI is safe to use during a time of active bleeding in 

the brain, and does not change elemental concentrations within tissue. Notably, there were higher 

concentrations of gadolinium and sodium in the ipsilateral striata (seen in both groups), which is 

indicative of BBB damage, edema, and ion dyshomeostasis caused by the hematoma.224 

Although other methods of measuring BBB integrity exist (e.g., Evans Blue assay) and may 

yield different results, gadolinium has also been used as an acceptable screening test.224 

Conversely, there were lower concentrations of potassium in the ipsilateral striatum of both 

groups. Lower levels of potassium in the ipsilateral striatum are indicative of edema in that 

area.230 These results replicate findings from previous experiments measuring these elements in 

ICH.224 Because the differences found were consistent between the groups, we can conclude that 

ICI does not affect these elemental concentrations on a regional level. 
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Here, we use a scaled dose from what is believed to be clinically achievable (in terms of 

temperature and infusion rate) to test the safety of ICI when active bleeding is present. Previous 

research has shown the benefit of ICI in ischemic injury models, but their dosing regimens 

should be critically considered for clinical feasibility, as mentioned previously.185,190,218–221 

Additionally, ischemic injury can undergo hemorrhagic transformation, and studying ICI therapy 

in a setting of active bleeding is necessary to inform hemorrhagic scenarios. To our knowledge, 

this is the first study examining the safety of ICI that includes a no-infusion control group in an 

active bleeding setting. Considered together, the data from these experiments suggest that ICI is 

safe to use during a state of active bleeding within the brain. Further investigation into the 

potential benefits of ICI for ICH, as well as effects using an ischemic model with hemorrhagic 

transformation, is needed. Selective cooling and extent of regional wash-out are benefits of ICI 

in ischemia, and the details of these effects in ICH should be determined.  

 

2.5 Conclusions 

 We show that using a clinically feasible regimen of ICI during a time of active bleeding 

is safe. This finding was not expected, as the saline used as infusate was heparinized to prevent 

blockage of the catheter, and was expected to create coagulopathy and potentially more bleeding. 

Although the temperature effect in the brain was modest, ICI did not worsen bleeding, brain 

water content, behavioral activity levels, or change elemental concentrations compared to a no-

infusion control group. Future investigations are needed to determine if and how ICI may be 

beneficial for ICH.   
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A-Exp. 1 

 

 

B-Exp. 2 

 

 

C-Exp. 3 

 

 

Figure. 2-1. (A-Exp. 1) Timeline of Experiment 1. (B-Exp. 2) Timeline of Experiment 2. (C-

Exp. 3) Timeline of Experiment 3.  
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Figure. 2-2. (Exp. 1) Two thermocouple probes were lowered into the striatal areas of the brain 

to measure temperature from both the ipsilateral (side of cooling) and contralateral cortices 

during ICI induction in naïve animals. These three slices (40um thick; 120um between each slice 

shown in figure; Cresyl violet stained) show where the thermocouple probe needles were 

recording from during the procedure. Black arrow heads indicate where the needle tracts are.   
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Figure. 2-3. (Exp. 1) Change in brain temperature (°C) averaged over seven animals during ICI 

procedure. Corrected for baseline temperature. The black line represents the average temperature 

change difference from baseline values, using the contralateral hemisphere to the infusion side as 

an internal control across animals [(ipsilateral hemisphere) – (contralateral hemisphere)] over 

time with continuous sampling. The gray area represents the 95% confidence interval for all 

points.  
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Figure. 2-4. (Exp. 2) Representative animal orientation when receiving ICH induction (A) and 

when undergoing ICI procedure (B). Collagenase is infused while the animal is in a stereotaxic 

frame. ICI is given on the same side the animal was given an ICH. (Images made through 

biorender.com)  
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Figure. 2-5. (Exp. 2) Hematoma volume assessments measured with a spectrophotometric 

Drabkin’s-reaction assay. Bars are mean with 95% confidence interval. There was no significant 

difference between the infusion and control groups hematoma volumes (p = 0.6424).  
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Figure. 2-6. (Exp. 2) Weight loss in ICI, presented as percent loss from time of ICI procedure to 

time of euthanasia. [1- (weight at euthanasia/surgery weight)]. Bars represent the mean with 95% 

confidence interval. There was no significant difference in weight loss between the groups (p = 

0.0918).   
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Figure. 2-7. (Exp. 3) Striatal dissection stages.  
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Figure. 2-8. (Exp. 3) Percent water content (indicative of edema) assessment in ICI compared to 

control groups (no infusion). Bars are mean with 95% confidence interval. There is no significant 

difference between groups at any region of interest. There was an effect of stroke, exemplified 

by the significance seen between regions of interest (p < 0.0001).   
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Figure. 2-9. (Exp. 3) Symbols represent the mean, and the bars represent the 95 % confidence 

interval. Change in animals’ core temperature (°C) compared to baseline measurements between 

ICI and control (no infusion) groups. A positive value means that the groups were, on average, 

warmer than their pre-procedure temperatures, when corrected for circadian rhythms. Changes 

seen are likely an anesthetic effect and an impact of the stroke, since the changes are 

approximately equal between the groups (p = 0.5636).  
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Figure. 2-10. (Exp. 3) Change in animals’ activity post-ICI compared to baseline measurements 

in arbitrary units (AU; determined from detecting transmitter movements over the receiver). 

Symbols represent the average, and the bars represent the 95% confidence interval. This is 

calculated by taking the difference between the post-ICI activity and the pre-ICI activity, 

matched for circadian rhythm. A negative value indicated that activity of the group decreased 

after the ICI procedure, compared to the pre-procedure measurements. Like temperature above, 

changes here are likely an anesthetic effect and an impact of the stroke, since the changes are 

approximately equal between the groups (p = 0.6107).  



 

47 

 

 

B 

A 



 

48 

 

Figure. 2-11. (Exp. 3) ICPMS results of elemental concentration between ICI and control 

groups, between ipsilateral and contralateral striatum’s. Values are calculated in units of parts 

per million (ppm) per dry weight of tissue sample in grams (g). Bars represent the average, with 

95% confidence intervals. There was no difference between ICI and control groups at any region 

of interest for any element, considering the data both with and without outliers. There was a 

significant difference between ipsilateral and contralateral regions of interest within each type of 

element analyzed here (****p < 0.0001), exemplifying a main effect of stroke on these elemental 

changes.   

C 
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CHAPTER 3: Investigating Late Re-Bleeding in Intracerebral Hemorrhage 

 

3.1  Introduction 

The rupturing of blood vessels that is characteristic of ICH leads to BBB dysfunction, 

which is suspected to increase susceptibility for continued leaking of blood into brain tissue.46 

Breakdown of this barrier provides areas for blood to enter brain tissue, furthering injury and 

prolonging recovery.31 This can be due to leaking or a re-bleed from the main damaged vessel, or 

smaller vessels surrounding the primary injury site that have lost structural integrity. This 

potential for ongoing or late re-bleeding is a concern, because the main predictor of patient 

outcome is the size of the bleed (hematoma).31,58,231 Early hematoma expansion occurs in 

approximately 30% of patients. Hematoma expansion is the addition of any amount of blood into 

brain parenchyma past the initial bleed. Hematoma expansion is seen most often within the first 

3 hours, but can also appear at times 6 hours or later.58,77 Detecting late bleeding can be made 

more difficult if clinicians and researchers are not looking for it, or if blood is entering already 

damaged areas, or if there is ongoing hematoma resolution that may offset the appearance of new 

blood. 

One factor that could contribute to this secondary hematoma expansion is coagulopathy. 

Coagulopathy can be induced when temperatures drop, as in TH (see Section 1.3.3), or from 

anticoagulant medication use.1,196 Warfarin is one of the top five most commonly prescribed 

anticoagulant medications, and is used to prevent and secondarily control risk for 

thromboembolisms.232 Patients who experience an ICH when on these medications have larger 

hematomas, and are more likely to have hematoma expansion and worse outcomes.21,67,69,233,234 

These medications are stopped when a hemorrhagic event occurs, and no consensus has been 
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determined about when it is safe to restart these patients on these medications to prevent an 

ischemic insult, since this decision relies heavily on individual circumstances of the patient. 

Some guidelines say that some form of treatment can be instituted within the first 72 hours after 

ICH, whereas others suggest waiting longer than 4 months; all stress the dependence on the 

patient’s individual circumstances.235–238 

It is difficult to establish if this late bleeding regularly occurs after ICH in animal models 

commonly used, such as rodents. Although clinical assessments of re-bleeding use computed 

tomography (CT) or magnetic resonance imaging (MRI)239–241, these methods pose logistical 

difficulties in use with animals, as they would need to be anesthetized, introducing potential 

confounds to bleeding, like changes to BP.242 Considering this, animal researchers can turn to 

easily implemented assays to assess bleeding post-mortem.226 However, if late bleeding occurs, it 

may be from bleeds that are too small to easily detect with routine pre-clinical experimental 

methods. For example, microbleeds in rodents are difficult to detect. Microbleeds are clinically 

defined through neuroimaging as lesions with a size of 2-10 mm.243–246 Considering the brain 

volume of male rats are ~0.047% of male human brain volumes (~599 mm3 for rats247, and 

~1273.6 cm3 for humans248), a microbleed in a rat would be substantially smaller and therefore 

harder to detect accurately, especially with the methods available to pre-clinical researchers. A 

physiological state of decreased coagulation could be used to increase the amount of blood 

leakage (without causing spontaneous bleeds), and therefore increase the likelihood of detecting 

smaller bleeds using these assays. One way of doing this is to use the anticoagulation drug 

warfarin, which could prolong any ongoing bleeding, making any small bleeds easier to detect.249 

Warfarin is a common and affordable vitamin K inhibitor. This medication is used for decreasing 

coagulation in patients that have a predisposition for clotting complications that can lead to an 
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ischemic episode. By using an anticoagulant medication at a time when bleeding is assumed to 

have stopped, detection of late bleeding will be enhanced.  

As mentioned above, one of the many effects of TH is coagulopathy. A previous study 

investigating TH in ICH found that about 40% of rats cooled for a week, rather than 1-3 days, 

had a four-fold increase in hematoma volume.1 The current study investigates the effect of 

coagulopathy alone on hematoma expansion at later times, when coagulation is assumed to have 

stopped active bleeding in a rat model. This approach will help to explain the role coagulopathy 

may have had in the results from the previous pre-clinical study.1  

First, the dose of warfarin required needs to be validated to ensure that it is producing a 

sufficient level of anticoagulation, without causing spontaneous bleeding itself, which has been 

previously seen.30,250 Once a dose is found to be safe and valid for the needs of this study, the 

dosing regimen can be applied in a post-ICH setting to study late bleeding. This study 

compromises on quantifying how much bleeding would be naturally occurring, to allow us to 

simply detect it. An infusion of collagenase is used here to surgically induce an ICH. This model 

of ICH involves injury to multiple blood vessels. Compared to the AWB model, the collagenase 

model produces a larger primary injury, more distal injury, and has slower degradation.105 This 

injury model is the best option for studying the possibility of late bleeding, because without the 

severity and nature of the injury it provides, it is unlikely that late bleeding would be severe 

enough to detect. 

Taking previous research findings of late bleeding in TH into consideration1, we 

hypothesized that late-onset coagulopathy, an isolated factor of TH, would increase hematoma 

size assessed 1 week after ICH. The finding of a larger hematoma size in a late-onset 

anticoagulated group would indicate that late bleeding is occurring regularly in a rat animal 
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model of ICH, but at normally undetectable levels. An alternative outcome is that hematoma size 

could be unchanged between anti- and normal coagulation groups. This alternative outcome 

would indicate that factors other than, or in addition to, coagulopathy likely play a larger role in 

the late bleeding seen with TH.  

 

3.2 Methods 

3.2.1 Subjects 

All protocols followed the Canadian Council of Animal Care Guidelines and were 

approved by the Biosciences Animal Care and Use Committee at the University of Alberta. A 

total of 44 male, Sprague Dawley rats were used for Experiments 1 and 2. All of Experiment 1 

animals, and 12 animals for Experiment 2, were obtained from Charles River Laboratories (250-

275 g; age ~7 weeks). The other 20 animals used in Experiment 2 were obtained from the 

University of Alberta’s Science Animal Support Services (SASS) colony (250-300 g; age ~7 

weeks; Charles River origin). This change in supplier was due to a cessation of SASS’s breeding 

colony program. Animals spent a minimum of 7 days acclimating from transport from Charles 

River, and a minimum of 5 days acclimating from the University of Alberta’s Science Animal 

Support Services colony before undergoing any procedures or being transferred to single 

housing. All animals were individually housed for the duration of the experiments with ad 

libitum access to food and water. Housing rooms were temperature, humidity, and light (12-hour 

light–12-hour dark cycle) controlled. Randomization into warfarin and saline treated groups was 

determined using a set of red and black playing cards, shuffled, and pulled randomly at the time 

of the first dosing (24 hours post-surgery). 
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3.2.2 Warfarin Administration 

A 0.4 mg/kg loading dose was used on day 1, starting 24 hours following collagenase 

induced ICH. Timing was chosen based on previous TH work in our lab that showed cooling 

before 24 hours, using either local or systemic cooling, increased bleeding.1,137,195 On each of 

days 2-6, a dose of 0.25 mg/kg was given every 24 hours to maintain an anticoagulated state. 

This maintenance dose was chosen by consulting previous literature, an verified with a pilot 

dosing control study (see appendix).251–255 Warfarin sodium (Sigma-Aldrich, product code 

PHR1435, Lot# LRAA2743) was mixed into dH2O at a concentration of 3.5 mg/mL. Saline at 

proportional volumes was used for the control group to try mimic the salty taste of the sodium in 

the warfarin. The solutions were separately mixed into cookie dough (Pillsbury ‘Ready to Bake’ 

sugar cookies) for oral consumption. This cookie dough was given to the rats in the days prior to 

the animal receiving an ICH to avoid neophobic reactions post-ICH. All oral doses were given 

on a tray placed on the floor of the animal’s cage. The animals consumed these voluntarily 

within ~1-10 minutes under experimenter observation to ensure complete consumption. This 

route of administration was chosen to minimize stress (e.g., raised BP associated with gavage 

procedures) and remove the need for anesthetic use, both of which could introduce confounds to 

the experiments.256,257  

 

3.2.2.1 Experiment 1: Dose Validation 

A total of 12 animals were used for this phase of the study, with 6 in each of the warfarin 

treated and control (saline) groups. Figure 3-1(A) shows the experimental timeline. Every 24 

hours, the animals were weighed to calculate and prepare accurate doses (described above). 

Approximately 6 hours after the last dose was consumed, animals were anesthetized and a tail 
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bleed assessment completed. The core temperature of the animal was maintained at ~37°C with a 

heated water pad and a removable electric heating pad. The tip of the tail was transected 2 mm 

from the tip, and a timer started. Blotting (filter, Whatman #1) paper was used to blot the incision 

every 10 seconds to absorb new blood. Bleeding was considered to have stopped when two 

consecutive blots showed no additional blood, and the timer was stopped at this point. The 

maximum duration permitted was 30 minutes.  

Animals were euthanized on day 6 of dosing, after the tail bleed assessment (~6 hours 

after the last dose), and brains were collected for blood volume spectrophotometric 

analysis.2,105,226,227 Animals were anesthetized with 4% isoflurane and quickly decapitated (<30 

seconds after removal from anesthetic). Brain hemispheres were immediately separated into 

ipsilesional, contralesional, and the cerebellum. These were each weighed, and proportional 

amounts of dH2O were added to create a homogenate with a ratio of brain tissue to water of 1:4. 

After being left on ice for 7 minutes, this mixture was aliquoted into centrifuge tubes and spun 

(15800 g for 35 minutes). The supernatant (100 µL) was mixed with Drabkin’s solution (600 µL, 

Sigma-Aldrich) for spectrophotometric analysis of hemoglobin content (540 nm wavelength).  

 

3.2.2.2 Experiment 2: Late Bleeding Assessment 

A total of 32 animals were used for this experiment. On day 0, an ICH was induced using 

an infusion of collagenase (1 µL of 0.6 U/µL, Sigma-Aldrich, type 4-S Lot# SLBL855) into the 

striatum (see Figure 3-1(B) for timeline).2,92,224,225 Rats were anesthetized with isoflurane (4 % 

induction, 1.5-2.5 % maintenance in 60 % N2O and remainder O2). A rectal temperature probe 

connected to a heated water pad, along with a removable electric heating pad, maintained core 

temperature at ~37°C throughout the surgical procedure. An incision was made at the midline on 
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the scalp (~2.5 cm), and a burr hole was drilled (3.5 mm right and 0.05 mm anterior to Bregma). 

A 26 G Hamilton syringe (10 µL) was lowered 6.5 mm below the surface of the skull into the 

striatal area. The collagenase was infused over 5 minutes, with a 5-minute ‘wait-time’ following 

before the needle was slowly removed to prevent backflow. A solid metal screw (stainless steel, 

plain finish, binding head, slotted drive, 1/8” length, #0-80 threads) was inserted into the burr 

hole. Surgical staples were used to close the incision site, and a few drops of Bupivacaine 

hydrochloride (5 mg/mL, Pfizer Canada) were applied to the site for local pain management. 

Every 24 hours, the animals were weighed to calculate and prepare accurate doses (as 

described above). Approximately 6 hours after the last dose was consumed, animals were 

anesthetized and a tail bleed assessment was completed as described above. For this, the animal’s 

body temperature was monitored by a rectal probe and maintained (including tail) at ~37°C with 

a heated water pad and a removable electric heating pad. Diameter of the blood blot taken was 

measured at each 5-minute time mark as a quantitative measurement of the amount of bleeding 

occurring over time. Animals were euthanized on day 6 after collagenase injection, after the tail 

bleed assessment, and brains were collected for blood volume spectrophotometric analysis, as 

described above.  

 

3.2.3 Statistical Analysis 

T-test analyses were completed using GraphPad Prism (version 6.0c) software. Data are 

presented as mean with 95% confidence intervals. All significance levels are set at p< 0.05. 

Whole brain blood volume, hematoma volume, and tail bleed times were each assessed with a 

one-way, unpaired t-test with Welch’s correction. Blot size over time was analyzed with a 2-way 

repeated measures ANOVA using Stata (IC 13.1) software. This ANOVA was followed up with 
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an analysis of the simple effects of the significant factors identified in the ANOVA.  

 

3.3 Results 

 There were no mortalities nor violations of protocol in either experiment.  

 

3.3.1 Experiment 1: Dose Validation 

 There was a statistically significant difference in tail bleed times between the warfarin 

treated and control group in otherwise naïve animals (p = 0.0243; Figure 3-2). Warfarin animals 

bled for 1.5x longer than the control group, reaching the maximum ethical time limit allowed for 

this procedure of 30 minutes (i.e. a ceiling effect). There was no significant difference in whole 

brain blood volume between the warfarin treated and control groups in naïve animals (p = 

0.2817; Figure 3-3). 

 

3.3.2 Experiment 2: Late Bleeding Assessment 

 There was a statistically significant difference in tail bleed times of animals with ICH 

between the warfarin treated and control group (p = 0.0084; Figure 3-4). One animal from each 

of the warfarin and saline treated groups had tail bleed times less than 5 minutes, so the 2-way 

repeated-measure ANOVA on blot diameter was completed with 15 animals per group (instead 

of the 16-total included in tail bleed time analyses, given diameter was measured once every 5 

minutes starting at the 5-minute mark). There was a main effect of treatment (p = 0.0325), with 

no other significant outcomes for size of tail bleed blot (Figure 3-5). The simple effects analysis 

of treatment (at each time interval) revealed treatment to have the most prominent effect at the 

15-minute measurement time (p = 0.0130). All other times, except at 20-minutes (p = 0.1386), 
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were trending towards significance (0.06 < p < 0.09). There was no significant difference in 

hematoma volume between the warfarin treated and the control group (p = 0.3905; Figure 3-6); 

however, the power to detect small effects is limited here. 

 

3.4 Discussion 

Warfarin increases tail bleed time by at least 1.5x—an indication of an anticoagulated 

state. We could not detect bleeding times longer than 30 minutes in this experiment, as 30 

minutes is the maximum time ethically allowed in this procedure. However, no difference was 

seen in whole brain blood volume between the warfarin and control groups. This indicates that 

there was no spontaneous bleeding caused by warfarin in these naïve (no ICH) animals. 

Therefore, the dosing regimen used (0.4 mg/kg loading dose on day 1, and 0.25 mg/kg given 

every 24 hours on days 2-6) induced a state of anticoagulation without causing spontaneous 

hemorrhaging, and was determined to be safe. Following this dosing validation, the regimen was 

applied in Experiment 2 of this study to increase any late bleeding that was already occurring. If 

bleeding was occurring, the warfarin should theoretically improve the detectability of these 

(potentially micro-sized) bleeds. In short, this dosing procedure was used to determine if late 

bleeding occurs in the rat animal model of ICH used, specifically due to an anticoagulated state 

alone. 

Analysis of the tail bleed data in Experiment 2 shows that warfarin significantly 

increased the duration of bleeding, as well as revealed significance and trends over time for the 

amount of bleeding occurring (blot diameter over time) compared to saline-treated control 

animals. Together, these are indications that warfarin is successfully inducing an anticoagulated 

state, matching findings from previous research at comparable doses.251,253–255 For example, one 
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group also measuring tail bleed time found a warfarin-dose-to-bleeding-time curve estimating a 

0.25 mg/kg/day dose to correlate with a tail bleed time approximately double that of the control 

group.251 This group also followed a maximum of 30-minutes allowed for the tail bleed test. 

However, analysis of the hematoma volume results here shows that, despite the increased bleed 

time and amount, warfarin-treated animals did not have differently-sized hematomas. Therefore, 

it would seem that anticoagulation, as an isolated factor of TH, is not affecting late re-bleeding in 

this model of ICH. In other words, clotting dysfunction 24-hours after induced ICH does not 

increase brain bleeding in this model.  

Considering that it is well known that anti-coagulant medications used during a time of 

known active bleeding produce larger bleeds, we would expect any late bleeding to be 

enhanced.21,67,69,233 Therefore, because the hematoma sizes were not different between the 

treatment and control groups, this suggests that there is no late bleeding occurring in the 

collagenase model used here. 

Although our results indicate that anticoagulation alone does not cause late re-bleeding, 

we cannot rule out the possibility that late bleeding would occur under different conditions, or 

with multiple factors acting together. For example, higher doses of medication, a larger 

hematoma, a different model of ICH induction, high BP, or co-morbidities like diabetes could all 

produce different late bleeding results. Dysfunction of the BBB caused by ICH leads to 

susceptible tissue, which when physiologically strained, could lead to further damage.224 

Increased BP is common in ICH patients, and hypertension is the leading cause of ICH. 

Furthermore, post-ICH interventions such as rehabilitation have been shown to be harmful if 

started too early.258 This may be due to increases in BP from physical activity during 

rehabilitation leading to clot failure and bleeding into the brain. However, when our lab 
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investigated this in the same animal model of ICH described here, we found modest changes in 

BP due to routine lab assessments and no effect on hematoma volume (L. Liddle, R. Reinders, B. 

Prokop, C. Nadeau, & F. Colbourne, unpublished data). These results should be considered with 

caution, as the animals used were young and healthy. A model more realistic to clinical 

presentations, such as hypertensive or other comorbid animals, should be used in the future.  

As mentioned earlier, hypothermia causes numerous physiological changes that have the 

possibility to cause re-bleeding in a hemorrhagic setting.1 Some of these changes include 

increases in BP175, vasodynamic changes196, and decreased coagulation174,200–203. Increases in BP 

and/or vasotonic changes (i.e., a narrowing or widening of vessel diameter that is closing off the 

damaged area) could induce clot failure and secondary bleeding in damaged and vulnerable 

blood vessels. Compounding this, a state of anticoagulation would increase the amount of any 

bleeding. An investigation of raised BP was attempted as a follow-up to the experiment 

presented here. A previous pilot study by K. Dietrich of our lab had no success using injected 

phenylephrine under anesthetic to produce sustained BP increases in rats. Phenylephrine 

produced a large abrupt change in BP, with quick regression to baseline (within ~2 minutes), 

despite continued treatment and progressively raised doses. In another pilot study (n=2) by 

myself and F. Colbourne, midodrine hydrochloride (a vasopressor) was orally administered twice 

daily (~3.5-4.5 hours apart) at various doses (0.167, 1, 2, 3, 4, 5, and 10 mg/kg). The oral dosing 

procedure was the same as the warfarin administration procedure described above. Animals were 

monitored, and BP was recorded. None of the midodrine doses showed temporally sustained 

increases in BP (see appendix). The increases in BP produced by midodrine were no longer than 

about 30-60 minutes. Furthermore, the 10 mg/kg dose quickly produced signs of toxicity (e.g., 

piloerection, shivering, porphyrin) in the rats, and was immediately discontinued (no 
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mortalities). Therefore, the effect of BP on late bleeding could not be studied using this method. 

The logistical difficulties and the poor responses to these pharmacological methods of 

manipulating BP makes it difficult to study these factors. Future investigations of these factors 

should consider using a spontaneously hypertensive rat animal model to study the effect of BP, 

and its combination with anticoagulation, on late re-bleeding. Furthermore, the results of clinical 

studies that have found that interventions to lower BP had little to no impact on outcome should 

be taken into account when planning future studies of mitigating this damage.23,42  

Following this, investigations into the treatment of these complications should be 

pursued. Possibilities include substances such as milrinone (a vasodilator). Milrinone has been 

shown to be protective against rewarming shock (acidosis), afterdrop (when warm blood shunts 

to the periphery and cold blood to the core), rebound vasodilation, and vascular dysfunction 

associated with the rewarming phase of TH.259,260 Although milrinone has the potential to be 

beneficial in protecting the body from these adverse rewarming effects, it may have harmful 

effects if its vasodilating properties induce clot failure. After a clot forms and closes off a leaking 

vessel, changes to the size of that vessel could potentially dislodge that clot, causing another 

bleed. Full investigation of the help or harm of this type of substance is important for our 

understanding and improvement of patient care. These studies could also inform researchers on 

the validity of experimental animal models used reflect clinical outcomes. This knowledge is 

important for gauging risk of side effects, in addition to telling us how well a treatment may 

work. It is important to persevere with these studies, as they could inform decisions on timing 

and methods of patient care, and to avoid critical times where there is a risk of aggravating 

damage.  

 



 

61 

3.5 Conclusions 

 Anticoagulation alone does not cause larger hematoma sizes 24-hours post-ICH. By 

extension, this suggest that late bleeding is not regularly occurring in a rat animal model of ICH. 

Of the factors involved in TH, coagulopathy alone does not appear to be the explanation for 

previous studies that found TH to increase bleed size.1 Future studies are needed to determine 

which factors, or combinations thereof, can cause the re-bleeding complications seen in previous 

work.1 This knowledge will help in patient care decisions and avoiding situations that worsen 

patient outcome.  
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A 

 

 

B 

 

Figure 3-1. (A-Exp. 1) Experimental timeline for dose validation. (B-Exp. 2) Experimental 

timeline for late bleeding assessment. 
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Figure 3-2. (Exp. 1) Tail bleed time assessment of coagulopathy between warfarin treated (0.4 

mg/kg loading dose, 0.25 mg/kg maintenance dose every 24 hours) and control (saline) groups in 

naïve animals (* p = 0.0243). Bars are average with 95% confidence interval. These data 

demonstrate that warfarin effectively increased time to clotting. 
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Figure 3-3. (Exp. 1) Whole brain blood volume (µL) of naïve animals. Comparison between 

warfarin treated (0.4 mg/kg loading dose, 0.25 mg/kg maintenance dose every 24 hours) and 

control (saline) groups (p = 0.2817). Bars are average with 95% confidence interval. These data 

demonstrate that warfarin did not cause increased bleeding in the brain. 
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Figure 3-4. (Exp. 2) Tail bleed time assessment of coagulopathy between warfarin treated (0.4 

mg/kg loading dose, 0.25 mg/kg maintenance dose every 24 hours) and control (saline) groups. 

Maximum time allowed for this test is 30 minutes. Bars are average with 95% confidence 

interval (**p = 0.0084). There was a significant difference between the groups, demonstrating 

the effectiveness of warfarin to increase time to clotting. 
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Figure 3-5. (Exp. 2) Size of tail bleed blot, over time, between warfarin treated (0.4 mg/kg 

loading dose, 0.25 mg/kg maintenance dose every 24 hours) and control (saline) groups. 

Symbols represents the average, and bars show the 95% confidence interval. There was a main 

effect of treatment (p = 0.0325). Simple effects analysis of treatment (at each time interval) 

showed treatment to have the most prominent effect at the 15-minute measurement time (*p = 

0.0130). All other times, except at 20-minutes (p = 0.1386), were trending towards significance 

(p < 0.09). These data demonstrate that warfarin increased the amount of bleeding (not only the 

time of bleeding).  
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Figure 3-6. (Exp. 2) Hematoma volume (µL) between warfarin treated (0.4 mg/kg loading dose, 

0.25 mg/kg maintenance dose every 24 hours) and control (saline) groups. Bars are average with 

95% confidence interval. There was no significant difference between the groups (p= 0.3905). 

These data demonstrate that warfarin did not increase the amount of bleeding within the brain, 

suggesting that bleeding after the initial hematoma formation is unlikely to be occurring.  
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CHAPTER 4: Hypothermia: Impact on Plasticity Following Stroke 

Anna C.J. Kalisvaart BSc, Brittany J. Prokop BSc, Frederick Colbourne1 PhD 
1Department of Psychology, University of Alberta, Edmonton, Alberta, Canada 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is a review paper that has been published, with irrelevant sections removed.3 

Sections not included here are those which focus on injury profiles not consistent with the theme 

for this thesis (i.e. not stroke). Kalisvaart ACJ, Prokop BJ, Colbourne F (2019). Hypothermia: 

Impact on plasticity following brain injury. Brain Circulation 5(4)169-178 
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4.1 Introduction 

Therapeutic hypothermia (TH) counteracts many deleterious mechanisms of ischemic 

and hemorrhagic brain injuries, and there is considerable preclinical evidence that this leads to 

meaningful reductions in brain damage with concomitantly better recovery.117 Although clinical 

evidence of efficacy is less impressive and sometimes contradictory, there is still much interest 

in the potential of TH.209–211 However, several problems must be resolved before that goal is 

fully realized. First, mechanisms of injury vary between different types of stroke (see Chapter 1), 

which may necessitate different approaches and treatment parameters, such as depth, duration, 

and delay in order to get optimal neuroprotection. Second, side effects have long complicated the 

use of TH, both by reducing the potential benefits of TH and increasing the risk of poor 

outcomes. For example, cooling increases the risk of infection and can cause coagulopathy. 

These systemic complications have been extensively studied in an attempt to avoid them or find 

effective management strategies, thereby optimizing patient outcomes. For instance, using brain-

selective cooling can avoid many systemic complications.  

As discussed in Chapter 1, TH has many adverse effects. Here, we review another 

potential side effect of TH - the possibility that TH will adversely affect neuroplasticity, thereby 

delaying or weakening neurological and functional recovery. Such deleterious effects are 

possible with TH, especially given its broad-spectrum effects, which could directly impact neural 

repair processes that spatially and temporally overlap with mechanisms of injury.261–263 For 

instance, neuronal metabolism is dampened by TH, which is advantageous for mitigating brain 

injury; however, this same mechanism may weaken neuroplastic changes that require heightened 

metabolic activity.264,265 One can assume that the duration of TH affects this risk, with days of 

TH potentially having the greatest chance of impeding repair compared to brief cooling. The 
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same concerns apply to the depth and the method of cooling. Nonetheless, even local application 

of mild TH may affect brain regions vital to neural repair (e.g., peri-infarct cortex), with likely 

greater impact if deeper levels of cooling are achieved. 

Despite these concerns, only a few of the TH efficacy studies done in animals have 

considered such risks. This chapter explores the literature on brain repair when TH has been 

applied following ischemia and intracerebral hemorrhage (ICH). No clinical studies have directly 

assessed whether TH impacts neuroplasticity, only whether cooling improves the final outcome 

or a specific mechanism of injury (e.g., raised ICP). Therefore, these studies do not exclude the 

possibility that TH may have had harmful effects on brain repair. 

 

4.2 Method of Article Collection 

Primary collection for articles reviewed here were found using the University of Alberta’s 

Library journal article search engine and Google Scholar. Main terms were used in a variety of 

combinations. These included “hypothermia”, “neuroplasticity”, “hibernation”, “neurogenesis”, 

“brain-derived neurotrophic factor,” “plasticity”, “cooling”, “therapeutic cooling,” “therapeutic 

hypothermia”, “angiogenesis”, “synaptogenesis”, “neuronal sprouting”, “dendritic branching”, 

“BrdU”, “doublecortin”, “golgi stain”, and “targeted temperature management” in conjunction 

with the pathologies of interest, with English, full text and peer reviewed being requirements. 

Following this, we explored references within these and other readings that were deemed 

applicable. We also identified articles from our knowledge of this research area. 
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4.3 Hypothermia and Neuroprotection 

Cooling can impact all mechanisms of injury either directly or indirectly, depending upon 

the treatment parameters used (depth, duration, etc.). For instance, TH has been shown to 

mitigate excitotoxicity, oxidative stress, BBB breakdown, and inflammation, to name a few.130–

132 Many of these are triggers and/or are essential for plasticity responses that are key to 

behavioral recovery. Thus, TH may directly impact repair by impeding such processes (e.g., 

glutamatergic neurotransmission).266 Indirect effects are also expected. For example, a highly 

neuroprotective cooling protocol would likely diminish the need for repair. Alternatively, the 

rescue of tissue can promote or alter the spatial pattern or timing of neuroplasticity, such as by 

saving enough of a circuit to enable further repair. 

 

4.4 Plasticity Following Brain Injury 

Neuroplasticity refers to molecular and anatomical modifications that are driven as a 

result of aging, experiences, hormones, drugs, and disease or injury to the brain. The 

mechanisms that enact these plastic changes, such as synaptogenesis, neurogenesis, and 

angiogenesis, are anatomical alterations underwritten by various molecular processes and 

cascades (e.g. growth factors) that are subsequently shaped and refined by internal or external 

factors.261,267–270 Kolb and Gibb, Murphy and Corbett, and Carmichael comprehensively review 

this information on the mechanisms of plasticity.261,271,272 

The extent of redundant connectivity within the central nervous system (CNS) provides a 

basis for reorganization and functional recovery following brain injury.273 For example, imaging 

studies have established that corresponding contralesional brain regions are recruited to aid in 

behavioral recovery early after stroke. Later, as injury processes and inflammation resolves, 
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there is a shift of recruitment to diffuse ipsilesional areas surrounding the site of injury, at least 

for some stroke patients, illustrating the progression of plastic processes.274 Similarly, traumatic 

brain injury patients demonstrate a wider cerebral activation pattern following their initial injury 

that gradually decreases in complexity as more efficient connections are made and recovery 

progresses.275 These macroscopic changes are the result of a period of heightened synaptic 

malleability and neurogenesis following injury. Brain injury, especially stroke, induces peri-

injury axonal sprouting through both alterations in the cellular environment, including 

upregulation of growth factors and genetic modifications favoring neuronal growth.274 These new 

axonal connections, along with unmasked latent connections, are strengthened and refined 

through Hebbian processes, resulting in greater functional recovery.275 Use of TH promotes 

neuroprotection and cellular sparing, possibly reducing the need for broad scale network 

recruitment while enabling restoration and retraining of salvaged tissue.  

 

4.5 Effects of Hypothermia in Naïve Animals 

There is substantial evidence that learning acquisition is heavily influenced by body 

temperature, with significant reductions in core temperature resulting in poor performance in 

serial problem-solving tasks and spatial learning tasks, such as the Morris Water Maze.276,277 

Thus, it is natural to presume that the plastic processes underlying cognitive tasks and motor skill 

learning are also affected by changes in core body temperature. Klahr et al. recently subjected 

naïve rats to mild focal TH treatment (30°C -31°C) in the hemisphere contralateral to the 

preferred paw for 5 days, followed by 5 days of normothermia, and measured learning 

acquisition during a skilled reaching task throughout the 10-day treatment period.278 They found 

no significant difference in learning acquisition rates between the TH and normothermic 
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conditions, and subsequent histological analysis did not show any difference in dendritic 

complexity.278 In this case, the cooling depth was mild, but clinically relevant, and it is fortunate 

that this dose had no obvious effects on plasticity or behavior. Presumably, by extending the 

duration of mild cooling, the risk to plasticity is higher. However, as demonstrated in stroke 

sham-operated rats, application of mild focal TH to the motor cortex for 21 days at 32°C did not 

negatively affect subsequent behavior, dendritic morphology, or result in cortical injury.176 

Evidence from brain slice preparations suggest that mild hypothermia (30°C -36°C) maintains 

ionotropic glutamate receptor function due to the reduction in metabolic demand. However, deep 

hypothermia (below 18°C) results in suppression of long-term potentiation (LTP), the 

neuroplastic process by which efficiency of synaptic transmission is upregulated via coincident 

bursts of high frequency stimulation between neurons.266,279 Taken with the behavioral data, this 

suggests that mild TH for long durations is not inherently harmful to natural plastic processes; 

however, given the risk of impairing LTP, caution should be taken when cooling to greater 

depths or durations. In addition, these limited studies are in naïve animals, and they do not 

include the study of other pharmacological agents that are often given concurrently with TH, 

which may potentially impact plastic processes. Finally, to fully understand the effect TH has on 

plasticity, we must consider brain injuries such as stroke, as TH may potentially change the 

ability of the brain to regulate repair processes, and must be evaluated.  

 

4.6 Focal Ischemia 

Most focal ischemia animal studies report positive outcomes following application of TH, 

with robust reductions in lesion volume and significant improvement in behavior.114,130,280 

However, clinical studies using TH following focal ischemia are limited, and have mixed 
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evidence in terms of efficacy.131 To ensure better translational success, we must also consider 

that factors important to neuroprotection such as cooling duration, depth, intervention delay, and 

cooling/rewarming rates may ultimately harm plasticity. Although the effect of these factors on 

neuroprotection is well-studied preclinically, the same cannot be said for plasticity. The optimal 

duration of TH following focal ischemia seems to depend on treatment delay and injury severity; 

overall, mild cooling for longer durations results in better outcomes, even when delayed, 

although not everyone agrees.126,168,281–289 For example, Clark et al. demonstrated that initiation 

of 48 hours of mild systemic TH 1 hour following permanent middle cerebral artery occlusion 

resulted in improved behavioral scores and lesion volume compared to 12- and 24-hour 

durations.280 In general, mild cooling for longer (up to a few days) appears to provide the best 

results; however, recent evidence suggests that this may depend upon the cell type that is 

assessed.168 Mild cooling is widely used across preclinical and clinical studies due to a lower risk 

of adverse complications. Many have shown that cooling past approximately 32°C -34°C results 

in worse neuroprotection and outcome.283,284,290,291 Therefore, caution should be taken when 

cooling to both a greater depth and duration as this increases the risk of complications, 

interference in repair processes, and impeding plasticity. 

Clinical studies typically use systemic whole-body cooling due to challenges in achieving 

target temperature with focal cooling methods and the longer duration required to achieve 

equivalent protection.292 It is difficult to deal with the complexities of inducing hypothermia in 

clinical practice. For example, the recent EuroHYP-1 trial ran into several issues, such as the 

logistical challenge of administering such a complex treatment for a full 24 hours. This trial was 

unfortunately discontinued due to these issues and funding expiration.284 In addition, there is 

concern that systemic cooling may affect the overlapping temporal and spatial processes of 
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neuroprotection and plasticity occurring in the ipsilesional versus contralesional hemispheres 

following the focal ischemic insult, and may therefore limit the extent of benefit. The 

neuroplastic involvement of the contralateral hemisphere is important following focal ischemia, 

as it is one of the sites of synaptogenesis and remapping of cortical areas, especially following 

severe injury.272,293,294 Nonetheless, there is some concern of behavioral compensation and 

resulting contralesional plasticity limiting true recovery.295 Thus, it is important to discern how 

cooling affects the contralesional hemisphere in order to best inform clinical treatment decisions. 

In this regard, focal cooling in rodents is advantageous, as it can be used to evaluate the effect of 

cooling on a single hemisphere or area without confound. Following a motor cortex 

devascularization model of focal ischemic stroke, Klahr et al. applied focal cooling to the 

contralesional hemisphere and found that cooling did not affect dendritic spine complexity or 

skilled reaching success.278 In addition, early cooling of the contralateral hemisphere reduced 

reliance on the unimpaired limb, perhaps discouraging compensatory behaviors (learned 

nonuse).278 With large lesions, or in cases where cooling is less effective (e.g., insufficient depth 

or duration), contralateral cooling may be harmful. This is because with little tissue left in the 

ipsilesional hemisphere to rely upon, compensatory behaviors and contralateral reorganization 

may be needed, which are heightened in the days following stroke.296 Based on this work, it 

appears that contralateral cooling after a focal ischemic insult does not harm plasticity and could 

provide benefits in certain cases by limiting compensation. However, similar work in additional 

focal ischemia models and clinical studies should be done to make definitive conclusions. 
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4.7 Intracerebral Hemorrhage 

Most preclinical and clinical work investigating TH for ICH has assessed the effects on 

edema, inflammation, BBB dysfunction, and the mitigation of functional deficits, with little 

focus on neuroplastic processes.7,160,283 A recent meta-analysis of outcomes in ICH studies 

following application of TH demonstrated a significant positive impact on behavioral 

assessment.6 Although this benefit is concurrent with a simultaneous decrease in edema and 

other neuroprotective factors, it is a rough indicator that TH is not directly harming plastic 

processes following ICH. Supporting this conclusion, Fingas et al. gave rats an ICH via 

autologous blood infusion and focally cooled on the ipsilesional side for either 12 hours, 3 days, 

or 6 days poststroke and found no significant group differences in behavior or lesion size.136 If 

cooling does negatively affect plasticity, the expectation would be that groups who are cooled for 

longer would have worse behavioral performance than those cooled for a shorter duration. 

Although this is not a direct measure of plasticity, the behavioral improvement paired with a lack 

of change in histology does indicate that plastic processes are maintained regardless of focal 

cooling duration after ICH. Without preclinical data on plasticity following systemic cooling, it 

is difficult to definitively state whether TH has any adverse effects on plasticity; however, 

Staykov et al. have shown that prolonged systemic cooling (8-10 days) reduced mortality and 

improved patient outcome, indicating similar conclusions to preclinical data.7 This was a small 

study and not a randomized control trial. Thus, further preclinical ICH studies that directly assess 

plasticity following TH are needed, especially if the goal of translating this therapy clinically is 

to become a reality. 
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4.8 Adjunct Therapies in Therapeutic Hypothermia 

The use of pharmacological intervention in conjunction with TH differs between clinical 

and preclinical settings. Whereas sedative and anti-shivering agents like meperidine, propofol, 

midazolam, clonidine, and morphine are common in clinical care, preclinical studies rarely use 

any pharmacological intervention, despite the fact that these sedatives are crucial in mitigating 

the stress of cooling and improving patient recovery.196,297–304 In preclinical studies, many use 

general anesthetics such as isoflurane, which are typically used during short durations of cooling. 

As clinical sedative agents are rarely used preclinically, their effect on neuroplasticity in the 

context of TH is unknown. Future clinical and preclinical studies should take sedative agents and 

their potential impact on recovery into account. 

Although these pharmacological agents have not been studied in the context of TH, 

especially following brain injury, there has been some study on the plastic changes that these 

drugs induce independently. For example, one study investigating propofol demonstrated that it 

can decrease synapse number and alter dendritic spine density, morphology, length, and 

arborization patterns.305 This disturbance in synaptic organization resulted in atypical behavioral 

activity up to 6 months later. In conjunction with other work showing the effect of propofol on 

dendritic spine densities, this demonstrates the potential for propofol to permanently impair 

neuronal morphology and function, especially in developing brains.306,307 In contrast, midazolam 

seems to be beneficial, as it induces changes in the signaling of sleep-induced cortical plasticity 

by promoting factors involved in neurogenesis and cellular sparing, and has additional 

neuroprotective effects.308 Similarly, analgesics like clonidine and morphine can prevent 

unwanted CNS secondary neuroplastic changes like central sensitization resulting from 

prolonged pain stimuli.309–311 However, some research suggests that these agents may impede 
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memory formation and induce unhealthy changes to brain structures and neuronal connectivity 

when used over days.312,313 Finally, although reduction of complications such as shivering is 

important, extended sedation can delay rehabilitation and mobilization, diminishing any 

potentially beneficial returns. Therefore, both positive and negative effects of pharmacological 

intervention on plasticity, rehabilitation, and recovery must be considered for optimization of 

treatment, especially with the concurrent use of TH. 

 

4.9 Current Perspectives on Therapeutic Hypothermia and Plasticity 

Considering the available evidence at this time, it does not appear that TH impedes 

plasticity or neurogenesis. However, this comes with several considerable caveats. First, it is 

clear that there is a substantial need for further study on the effect of TH on neuroplasticity; the 

bulk of the TH literature does not consider either direct or indirect effects on neuroplasticity. 

Second, a more holistic battery of plasticity measures and time points are needed to accurately 

gauge the effects of TH. Third, most of the studies discussed here used mild TH ranging from 

30°C to 35°C. Experiments in which cooling depth, duration, and delay are varied are needed in 

order to establish which treatment parameters will optimally augment or negatively affect 

plasticity, especially as local cooling methods become more commonly used. Fourth, 

pharmacological agents that are used clinically in conjunction with TH must be assessed in 

preclinical models to establish their effect on plasticity and to ensure safety or enhance efficacy. 

This must be done across models and pathologies in order to fully inform clinical practice. 

Finally, future work must be done in both sexes, multiple species, young to aged animals, 

replicated in multiple laboratories, and be appropriately randomized and blinded, in accordance 

with Stroke Treatment Academic Industry Roundtable (STAIR) guidelines.314 Ensuring that the 
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above aspects are considered when planning future studies on this subject will aid translational 

success, as plasticity is an important driving force behind optimal functional recovery and must 

be assessed as part of the efficacy of TH as a potential treatment. 
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Chapter 5: General Discussion 

5.1 Primary Findings 

 The purpose of this thesis was to examine aspects concerning the safety of using TH in a 

rat model of collagenase-induced ICH. These investigations are an effort to better predict the 

clinical effects of TH after ICH. Considered together, the thesis results yield the following four 

conclusions: 1) ICI can be safe in a hemorrhagic setting; 2) there is no significant late or re-

bleeding regularly occurring in our rat model of collagenase-induced ICH; 3) coagulopathy, an 

isolated factor of TH, does not cause late or re-bleeding by itself; 4) mild hypothermia does not 

have deleterious effects on neuroplasticity.  

The results in Chapter 2 show that ICI given during a time of active brain bleeding does 

not affect brain hematoma volume, edema, or elemental concentrations 24 hours after ICH. This 

suggests that although this infusion protocol appears safe, it does not improve outcome. Future 

research may be able to implement a co-treatment with ICI, or use different dosing regimens to 

improve efficacy and achieve some level of neuroprotection. In the experiments outlined in 

Chapter 3, warfarin was used 24 hours after ICH for 6 days to induce a state of anticoagulation. 

Anticoagulated animals did not have larger hematomas after the week of treatment compared to 

the placebo group. This finding suggests that anticoagulation, as an isolated factor of TH, does 

not increase bleed size on its own. Applying this further, the late re-bleeding seen in previous 

work is unlikely to be due to anticoagulation alone.1 These findings further suggest that late 

bleeding is not regularly occurring in a rat animal model of ICH. Future studies are needed to 

determine which factors, or combinations thereof, can cause the re-bleeding complications seen 

in previous work.1 In Chapter 4, I reviewed the literature regarding the effects of TH on 

neuroplasticity after stroke, finding that mild hypothermia does not appear to be harmful to 
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neuroplastic responses. This suggests that the possibility of TH impeding critical recovery 

mechanisms following injury is less of a concern than previously thought. However, future 

research should consider direct and indirect effects on neuroplasticity, and include measures and 

time points that will capture the wide range of TH effects. They should also implement varied 

cooling depths, durations, and delays in treatment parameters. Further pre-clinical research 

should also investigate the pharmacological agents used with clinical TH to establish their effect 

on plasticity, to ensure safety, and enhance efficacy. 

In summary, TH appears to be safe for ICH; however, future investigations are needed to 

identify which combination of TH factors could cause harm in ICH. Moreover, studies to 

optimize efficacy of TH for ICH should be pursued. Addressing the many parameters of TH and 

balancing its risks with benefits will help inform optimal individualistic patient treatment.  

 

5.2 Limitations and Future Directions 

 One limitation of this work is the use of a single rodent ICH model in Chapters 2 and 3. 

Although the collagenase model mimics ongoing bleeding, it is unlikely to incorporate all the 

nuances, comorbidities, and complications of clinical ICH. Also, young, healthy male rats were 

used. These rats may be biologically better equipped (i.e., with healthier vasculature and lack of 

other diseases) for protection against ICH than their aged counterparts. Future research should 

use multiple models of ICH, such as spontaneously hypertensive rats or other species, before 

attempting to translate findings to a clinical setting. The STAIR guidelines provide a standard for 

future work: research should include both sexes, multiple species, young to aged animals, and be 

replicated in multiple laboratories, and appropriately randomized and blinded.314  
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 The work in Chapter 2 was continued by others in the lab during the writing of this 

thesis.2 They followed up on the results presented here with an investigation of functional and 

histological outcome for a long-term (28-day post-ICH) survival. They found similar 

performance on functional behavioral assessments and no difference in histological lesion 

volume between the groups. Considered together, these findings were contrary to our initial 

hypothesis that ICI would worsen hematoma volume and outcome in ICH. The lack of difference 

between ICI and control groups suggests that, although ICI may not cause harm in ICH, it does 

not appear to be beneficial either. Further research is needed to determine what changes, if any, 

ICI causes in the course of injury in ICH. For example, ICI could be engaging collateral 

vasculature and flushing inflammatory mediators, and this is a possible avenue for further 

investigations. Additionally, ICI was performed immediately following (~1 hour) ICH initiation 

in our studies to reduce confounds associated with re-anesthetizing the animal. Future research 

could vary the timing of ICI following ICH, possibly using the awake ICH method227 newly 

developed by others in our lab to avoid re-anesthetizing confounds. Lastly, our results suggest 

that ICI is safe for primary hemorrhage, but this may not be generalizable to other hemorrhagic 

scenarios or when given at different doses or time periods. For example, safety of ICI use in 

secondary hemorrhage in ischemic stroke should be investigated. Individual circumstances, such 

as co-morbidities and active pharmaceuticals, should also be considered and investigated. 

 Results from Chapter 3 indicate that anticoagulation alone does not cause late re-bleeding 

in ICH. However, late bleeding may occur when anticoagulation is combined with other factors, 

such as high BP, variable vasodynamics (constriction or dilation), or co-morbid diseases. More 

work is needed to find feasible methods of manipulating these factors in various combinations. 

Possibilities could include pharmacological methods, or the use of animals with co-morbid 
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diseases such as hypertension or diabetes. However, the avenues already explored, such as 

midodrine and phenylephrine, show the challenges drug studies face. These require considerable 

time and resources to find the right type of substance, appropriate dose and timing, and to ensure 

that interactions are known and managed when combined with other drugs. Milrinone is a 

hopeful next stage in examining the effects of vasodynamics and anticoagulation. Milrinone is 

used clinically in TH to counteract acidosis, afterdrop, rebound vasodilation, and vascular 

dysfunction associated with the rewarming phase.259,260 If investigated pre-clinically, these types 

of studies could inform clinical practice with the use of these drugs, TH, and coagulopathy or 

high BP. Furthermore, investigations into the treatment of these combined harmful effects should 

be pursued.  

 The literature review in Chapter 4 found that, although cooling does not appear to 

critically impede plasticity, there is need for further studies into the effects of TH on 

neuroplasticity. This is because most TH literature does not consider either direct or indirect 

effects on neuroplasticity. For this, multiple measures, at variable times, using a range of cooling 

depth, duration, and delays should be used to attain a more holistic view of the effects of TH on 

neuroplasticity. For example, measuring cell counts, morphology, or activity can be direct 

measures of neuronal plasticity. Furthermore, the many pharmacological agents that are used in 

combination with TH clinically should be assessed for effects on neuroplasticity. In preparing the 

literature review presented in Chapter 4, I found 108 substances that have been associated with 

TH or other stroke therapies.196,297–304,315–331 Of these, 55 substances have been investigated for 

use with TH. A further 42 substances have been reported as ‘on-board’ when TH is initiated (i.e., 

drugs that a patient is taking for other purposes, but that may interact with TH). Finally, another 

11 were reported as neuroprotective substances that are hopeful for improving the efficacy of 



 

84 

treatment overall. However, the activity of all these substances could alter with changed 

temperature. Some of these activity changes are known, and some are not. It is important to 

continue the work on these drugs, to be informed about how these many substances may act in 

conjunction with TH, so patient care can be optimized. All these factors must be considered 

together to develop an optimal protocol of TH for individual patients. 

 

5.3 Conclusions 

 This thesis evaluated aspects of safety relating to TH use for ICH. First, ICI was found to 

have no effect on hematoma size or edema measured 24 hours after ICH. This suggests that ICI 

is safe when administered during a time of active bleeding in ICH. Second, warfarin-induced 

anticoagulation starting 24 hours post ICH did not worsen hematoma volume assessed at 7 days 

post-ICH. Lastly, a review of recent literature suggests mild TH is not harmful to neuroplastic 

mechanisms following ICH. Considered together, TH appears to be safe for ICH; however, 

future investigations are needed to identify which (likely compounding) factors of TH could 

cause harm in ICH. 

  



 

85 

Bibliography 

1. Wowk, S., Fagan, K. J., Ma, Y., Nichol, H. & Colbourne, F. Examining potential side 

effects of therapeutic hypothermia in experimental intracerebral hemorrhage. J Cereb 

Blood Flow Metab 37, 2975–2986 (2017). 

2. Liddle, L. J. et al. Infusion of Cold Saline into the Carotid Artery Does Not Affect 

Outcome After Intrastriatal Hemorrhage. Therapeutic Hypothermia and Temperature 

Management ther.2020.0010 (2020) doi:10.1089/ther.2020.0010. 

3. Kalisvaart, A. C. J., Prokop, B. J. & Colbourne, F. Hypothermia: Impact on plasticity 

following brain injury. Brain Circ 5, 169 (2019). 

4. Sacco, S., Marini, C., Toni, D., Olivieri, L. & Carolei, A. Incidence and 10-Year Survival 

of Intracerebral Hemorrhage in a Population-Based Registry. Stroke 40, 394–399 (2009). 

5. Sun, Y.-J., Zhang, Z.-Y., Fan, B. & Li, G.-Y. Neuroprotection by Therapeutic 

Hypothermia. Front. Neurosci. 13, 586 (2019). 

6. Melmed, K. R. & Lyden, P. D. Meta-Analysis of Pre-Clinical Trials of Therapeutic 

Hypothermia for Intracerebral Hemorrhage. Therapeutic Hypothermia and Temperature 

Management 7, 141–146 (2017). 

7. Staykov, D. et al. Mild Prolonged Hypothermia for Large Intracerebral Hemorrhage. 

Neurocrit Care 18, 178–183 (2013). 

8. Staykov, D., Schwab, S., Dörfler, A. & Kollmar, R. Hypothermia reduces perihemorrhagic 

edema after intracerebral hemorrhage: but does it influence functional outcome and 

mortality? Therapeutic Hypothermia And Temperature Management 1, 105–106 (2011). 

9. Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by Region, 

2000-2016. (2018). 



 

86 

10. Crichton, S. L., Bray, B. D., McKevitt, C., Rudd, A. G. & Wolfe, C. D. A. Patient 

outcomes up to 15 years after stroke: survival, disability, quality of life, cognition and 

mental health. J Neurol Neurosurg Psychiatry 87, 1091–1098 (2016). 

11. Feigin, V. L. Anthology of stroke epidemiology in the 20th and 21st centuries: Assessing 

the past, the present, and envisioning the future. International Journal of Stroke 14, 223–

237 (2019). 

12. Johnson, C. O. et al. Global, regional, and national burden of stroke, 1990–2016: a 

systematic analysis for the Global Burden of Disease Study 2016. The Lancet Neurology 

18, 439–458 (2019). 

13. Rajsic, S. et al. Economic burden of stroke: a systematic review on post-stroke care. Eur J 

Health Econ 20, 107–134 (2019). 

14. Nilsson, O. G., Lindgren, A., Brandt, L. & Säveland, H. Prediction of death in patients 

with primary intracerebral hemorrhage: a prospective study of a defined population. 

Journal of Neurosurgery 97, 531–536 (2002). 

15. Aguilar, M. I. & Brott, T. G. Update in Intracerebral Hemorrhage. The Neurohospitalist 1, 

148–159 (2011). 

16. Powers, W. J. et al. 2015 American Heart Association/American Stroke Association 

Focused Update of the 2013 Guidelines for the Early Management of Patients With Acute 

Ischemic Stroke Regarding Endovascular Treatment: A Guideline for Healthcare 

Professionals From the American Heart Association/American Stroke Association. Stroke 

46, 3020–3035 (2015). 

17. Morotti, A. & Goldstein, J. N. Diagnosis and Management of Acute Intracerebral 

Hemorrhage. Emergency Medicine Clinics of North America 34, 883–899 (2016). 



 

87 

18. Diringer, M. N. et al. Thromboembolic Events With Recombinant Activated Factor VII in 

Spontaneous Intracerebral Hemorrhage: Results From the Factor Seven for Acute 

Hemorrhagic Stroke (FAST) Trial. Stroke 41, 48–53 (2010). 

19. Kumar, S. & Badrinath, H. Early recombinant factor VIIa therapy in acute intracerebral 

hemorrhage: Promising approach. Neurol India 54, 24 (2006). 

20. Al-Shahi Salman, R., Law, Z. K., Bath, P. M., Steiner, T. & Sprigg, N. Haemostatic 

therapies for acute spontaneous intracerebral haemorrhage. Cochrane Database of 

Systematic Reviews (2018) doi:10.1002/14651858.CD005951.pub4. 

21. Flaherty, M. Anticoagulant-Associated Intracerebral Hemorrhage. Semin Neurol 30, 565–

572 (2010). 

22. Steiner, T., Weitz, J. I. & Veltkamp, R. Anticoagulant-Associated Intracranial Hemorrhage 

in the Era of Reversal Agents. Stroke 48, 1432–1437 (2017). 

23. Anderson, C. S. et al. Rapid Blood-Pressure Lowering in Patients with Acute Intracerebral 

Hemorrhage. N Engl J Med 368, 2355–2365 (2013). 

24. Butcher, K. S. et al. The Intracerebral Hemorrhage Acutely Decreasing Arterial Pressure 

Trial. Stroke 44, 620–626 (2013). 

25. Gould, B. et al. Acute Blood Pressure Reduction in Patients With Intracerebral 

Hemorrhage Does Not Result in Borderzone Region Hypoperfusion. Stroke 45, 2894–2899 

(2014). 

26. Bobinger, T., Burkardt, P., B. Huttner, H. & Manaenko, A. Programmed Cell Death after 

Intracerebral Hemorrhage. CN 16, 1267–1281 (2018). 



 

88 

27. Sakurai-Yamashita, Y., Nabika, T. & Niwa, M. Blood Pressure-Independent Factors 

Determine the Susceptibility to Delayed Neuronal Death in the Stroke-Prone 

Spontaneously Hypertensive Rats. Cell Mol Neurobiol 30, 283–287 (2010). 

28. He, D.-H. et al. Differential effects of antihypertensive treatments on apoptosis, oxidative 

stress, and expression of angiotensin receptors in the cerebral cortex from the onset of 

prehypertension and hypertension in stroke-prone spontaneous hypertensive rats: 

NeuroReport 24, 911–917 (2013). 

29. Jickling, G. C. et al. Hemorrhagic Transformation after Ischemic Stroke in Animals and 

Humans. J Cereb Blood Flow Metab 34, 185–199 (2014). 

30. Lee, S.-H., Ryu, W.-S. & Roh, J.-K. Cerebral microbleeds are a risk factor for warfarin-

related intracerebral hemorrhage. Neurology 72, 171–176 (2009). 

31. Broderick, J. P., Brott, T. G., Duldner, J. E., Tomsick, T. & Huster, G. Volume of 

intracerebral hemorrhage. A powerful and easy-to-use predictor of 30-day mortality. Stroke 

24, 987–993 (1993). 

32. Szepesi, R. et al. New Prognostic Score for the Prediction of 30-Day Outcome in 

Spontaneous Supratentorial Cerebral Haemorrhage. BioMed Research International 2015, 

1–8 (2015). 

33. Ferrete-Araujo, A. M., Egea-Guerrero, J. J., Vilches-Arenas, Á., Godoy, D. A. & Murillo-

Cabezas, F. Predictors of mortality and poor functional outcome in severe spontaneous 

intracerebral hemorrhage: A prospective observational study. Medicina Intensiva (English 

Edition) 39, 422–432 (2015). 



 

89 

34. Alawieh, A., Zhao, J. & Feng, W. Factors affecting post-stroke motor recovery: 

Implications on neurotherapy after brain injury. Behavioural Brain Research 340, 94–101 

(2018). 

35. Chen, S. et al. Predictors of hematoma expansion predictors after intracerebral 

hemorrhage. Oncotarget 8, (2017). 

36. Ko, S.-B., Choi, H. A. & Lee, K. Clinical Syndromes and Management of Intracerebral 

Hemorrhage. Curr Atheroscler Rep 14, 307–313 (2012). 

37. Mayer, S. A. et al. Efficacy and Safety of Recombinant Activated Factor VII for Acute 

Intracerebral Hemorrhage. N Engl J Med 358, 2127–2137 (2008). 

38. Mayer, S. A., Broderick, J. & Skolnick, B. E. Recombinant Activated Factor VII for Acute 

Intracerebral Hemorrhage. The New England Journal of Medicine 9 (2005). 

39. Brouwers, H. B. & Greenberg, S. M. Hematoma Expansion following Acute Intracerebral 

Hemorrhage. Cerebrovasc Dis 35, 195–201 (2013). 

40. Anderson, C. S. et al. Intensive blood pressure reduction in acute cerebral haemorrhage 

trial (INTERACT): a randomised pilot trial. The Lancet Neurology 7, 391–399 (2008). 

41. Mayer, S. A. et al. Can a Subset of Intracerebral Hemorrhage Patients Benefit From 

Hemostatic Therapy With Recombinant Activated Factor VII? Stroke 40, 833–840 (2009). 

42. Qureshi, A. I. Effect of Systolic Blood Pressure Reduction on Hematoma Expansion, 

Perihematomal Edema, and 3-Month Outcome Among Patients With Intracerebral 

Hemorrhage: Results From the Antihypertensive Treatment of Acute Cerebral Hemorrhage 

Study. Arch Neurol 67, 570 (2010). 



 

90 

43. O’Donnell, M. J. et al. Global and regional effects of potentially modifiable risk factors 

associated with acute stroke in 32 countries (INTERSTROKE): a case-control study. The 

Lancet 388, 761–775 (2016). 

44. An, S. J., Kim, T. J. & Yoon, B.-W. Epidemiology, Risk Factors, and Clinical Features of 

Intracerebral Hemorrhage: An Update. J Stroke 19, 3–10 (2017). 

45. Ariesen, M. J., Claus, S. P., Rinkel, G. J. E. & Algra, A. Risk Factors for Intracerebral 

Hemorrhage in the General Population: A Systematic Review. Stroke 34, 2060–2065 

(2003). 

46. Keep, R. F. et al. Vascular disruption and blood–brain barrier dysfunction in intracerebral 

hemorrhage. Fluids Barriers CNS 11, 18 (2014). 

47. Xi, G., Keep, R. F. & Hoff, J. T. Mechanisms of brain injury after intracerebral 

haemorrhage. The Lancet Neurology 5, 53–63 (2006). 

48. Fisher, C. M. Pathological Observations in Hypertensive Cerebral Hemorrhage. J 

Neuropathol Exp Neurol 30, 536–550 (1971). 

49. Fisher, C. M. Cerebral Miliary Aneurysms in Hypertension. Am J Pathol 66, 313–330 

(1971). 

50. Morgenstern, L. B. et al. Guidelines for the Management of Spontaneous Intracerebral 

Hemorrhage: A Guideline for Healthcare Professionals From the American Heart 

Association/American Stroke Association. Stroke 41, 2108–2129 (2010). 

51. Sacco, S., Marini, C. & Carolei, A. Medical treatment of intracerebral hemorrhage. 

Neurological Sciences 25, s6–s9 (2004). 

52. Viswanathan, A. & Greenberg, S. M. Cerebral amyloid angiopathy in the elderly. Ann 

Neurol. 70, 871–880 (2011). 



 

91 

53. Sutherland, G. R. & Auer, R. N. Primary intracerebral hemorrhage. Journal of Clinical 

Neuroscience 13, 511–517 (2006). 

54. Delcourt, C. et al. Intracerebral hemorrhage location and outcome among INTERACT2 

participants. Neurology 88, 1408–1414 (2017). 

55. Balami, J. S. & Buchan, A. M. Complications of intracerebral haemorrhage. The Lancet 

Neurology 11, 101–118 (2012). 

56. Passero, S., Rocchi, R., Rossi, S., Ulivelli, M. & Vatti, G. Seizures after Spontaneous 

Supratentorial Intracerebral Hemorrhage. Epilepsia 43, 1175–1180 (2002). 

57. Helal, H. H. A. E., Bahnasy, W. S., Ghali, A. A. & Rabie, M. O. Early hematoma 

expansion in primary intracerebral hemorrhage: incidence and predictors. Egypt J Neurol 

Psychiatry Neurosurg 55, 61 (2019). 

58. LoPresti, M. A. et al. Hematoma volume as the major determinant of outcomes after 

intracerebral hemorrhage. Journal of the Neurological Sciences 345, 3–7 (2014). 

59. Wei, L. et al. Analysis of different hematoma expansion shapes caused by different risk 

factors in patients with hypertensive intracerebral hemorrhage. Clinical Neurology and 

Neurosurgery 194, 105820 (2020). 

60. Tian, Y. et al. Intracranial pressure variability predicts short-term outcome after 

intracerebral hemorrhage: A retrospective study. Journal of the Neurological Sciences 330, 

38–44 (2013). 

61. Sreekrishnan, A. et al. Intracerebral Hemorrhage Location and Functional Outcomes of 

Patients: A Systematic Literature Review and Meta-Analysis. Neurocrit Care 25, 384–391 

(2016). 



 

92 

62. khallaf, M. & Abdelrahman, M. Surgical management for large hypertensive basal 

ganglionic hemorrhage: single center experience. Egypt J Neurosurg 34, 19 (2019). 

63. Xu, F. et al. Extensive basal ganglia hematomas treated by local thrombolysis versus 

conservative management – a comparative retrospective analysis. British Journal of 

Neurosurgery 30, 401–406 (2016). 

64. Sweidan, A. J. et al. Coagulopathy reversal in intracerebral haemorrhage. Stroke Vasc 

Neurol 5, 29–33 (2020). 

65. Ray, B. & Keyrouz, S. G. Management of anticoagulant-related intracranial hemorrhage: 

an evidence-based review. Crit Care 18, 223 (2014). 

66. Morgenstern, L. B., Demchuk, A. M., Kim, D. H., Frankowski, R. F. & Grotta, J. C. 

Rebleeding leads to poor outcome in ultra-early craniotomy for intracerebral hemorrhage. 

Neurology 56, 1294–1299 (2001). 

67. Huttner, H. B. et al. Hematoma Growth and Outcome in Treated Neurocritical Care 

Patients With Intracerebral Hemorrhage Related to Oral Anticoagulant Therapy: 

Comparison of Acute Treatment Strategies Using Vitamin K, Fresh Frozen Plasma, and 

Prothrombin Complex Concentrates. Stroke 37, 1465–1470 (2006). 

68. Stroke Prevention in Atrial Fibrillation Invesitgators group. Stroke Prevention in Atrial 

Fibrillation Study. Final results. Circulation 84, 527–539 (1991). 

69. Rosand, J., Eckman, M. H., Knudsen, K. A., Singer, D. E. & Greenberg, S. M. The Effect 

of Warfarin and Intensity of Anticoagulation on Outcome of Intracerebral Hemorrhage. 

Arch Intern Med 164, 880 (2004). 

70. Davis, S. M. et al. Hematoma growth is a determinant of mortality and poor outcome after 

intracerebral hemorrhage. Neurology 66, 7 (2006). 



 

93 

71. Flaherty, M. L. et al. The inceasing incidence of anticoagulant-associated intracerebral 

hemorrhage. Neurology 68, 116–21 (2007). 

72. Hankey, G. J. et al. Intracranial Hemorrhage Among Patients With Atrial Fibrillation 

Anticoagulated With Warfarin or Rivaroxaban: The Rivaroxaban Once Daily, Oral, Direct 

Factor Xa Inhibition Compared With Vitamin K Antagonism for Prevention of Stroke and 

Embolism Trial in Atrial Fibrillation. Stroke 45, 1304–1312 (2014). 

73. Hart, R. G. et al. Intracranial Hemorrhage in Atrial Fibrillation Patients During 

Anticoagulation With Warfarin or Dabigatran: The RE-LY Trial. Stroke 43, 1511–1517 

(2012). 

74. Kawabori, M. et al. Characteristics of Symptomatic Intracerebral Hemorrhage in Patient 

Receiving Direct Oral Anticoagulants: Comparison with Warfarin. Journal of Stroke and 

Cerebrovascular Diseases 27, 1338–1342 (2018). 

75. Kucher, N. et al. Time trends in warfarin-associated hemorrhage. The American Journal of 

Cardiology 94, 403–406 (2004). 

76. Lawrentschuk, N., Kariappa, S. & Kaye, A. H. Spontaneous intracerebral haemorrhages—

warfarin as a risk factor. Journal of Clinical Neuroscience 10, 550–552 (2003). 

77. Schlunk, F. & Greenberg, S. M. The Pathophysiology of Intracerebral Hemorrhage 

Formation and Expansion. Transl. Stroke Res. 6, 257–263 (2015). 

78. Aronowski, J. & Zhao, X. Molecular Pathophysiology of Cerebral Hemorrhage: Secondary 

Brain Injury. Stroke 42, 1781–1786 (2011). 

79. Knight, R. A. et al. Temporal MRI Assessment of Intracerebral Hemorrhage in Rats. 

Stroke 39, 2596–2602 (2008). 



 

94 

80. Zazulia, A. R. et al. Hypoperfusion without Ischemia Surrounding Acute Intracerebral 

Hemorrhage. J Cereb Blood Flow Metab 21, 804–810 (2001). 

81. Rodriguez-Luna, D. et al. Ultraearly hematoma growth predicts poor outcome after acute 

intracerebral hemorrhage. Neurology 77, 1599–1604 (2011). 

82. Passero, S., Burgalassi, L., D’Andrea, P. & Battistini, N. Recurrence of Bleeding in 

Patients with Primary Intracerebral Hemorrhage. Stroke 26, 1189–92 (1995). 

83. Skolnick, B. E., Mathews, D. R., Khutoryansky, N. M., Pusateri, A. E. & Carr, M. E. 

Exploratory study on the reversal of warfarin with rFVIIa in healthy subjects. Blood 116, 

693–701 (2010). 

84. Brott, T. et al. Early Hemorrhage Growth in Patients With Intracerebral Hemorrhage. 

Stroke 28, 1–5 (1997). 

85. Rosand, J. et al. Spatial clustering of hemorrhages in probable cerebral amyloid 

angiopathy. Ann Neurol. 58, 459–462 (2005). 

86. Edlow, B. L., Bove, R. M., Viswanathan, A., Greenberg, S. M. & Silverman, S. B. The 

Pattern and Pace of Hyperacute Hemorrhage Expansion. Neurocrit Care 17, 250–254 

(2012). 

87. Barras, C. D. et al. Density and Shape as CT Predictors of Intracerebral Hemorrhage 

Growth. Stroke 40, 1325–1331 (2009). 

88. Boulouis, G. et al. Anatomic Pattern of Intracerebral Hemorrhage Expansion: Relation to 

CT Angiography Spot Sign and Hematoma Center. Stroke 45, 1154–1156 (2014). 

89. Fisher, C. M. Hypertensive Cerebral Hemorrhage. Demonstration of the Source of 

Bleeding. J Neuropathol Exp Neurol 62, 104–107 (2003). 



 

95 

90. Casals, J. B. et al. The Use of Animal Models for Stroke Research: A Review. 

Comparative Medicine 61, 9 (2011). 

91. James, M. L., Warner, D. S. & Laskowitz, D. T. Preclinical Models of Intracerebral 

Hemorrhage: A Translational Perspective. Neurocrit Care 9, 139–152 (2008). 

92. Rosenberg, G. A., Mun-Bryce, S., Wesley, M. & Kornfeld, M. Collagenase-induced 

intracerebral hemorrhage in rats. Stroke 21, 801–807 (1990). 

93. Ropper, A. H. & Zervas, N. T. Cerebral blood flow after experimental basal ganglia 

hemorrhage. Ann Neurol. 11, 266–271 (1982). 

94. Lopez Valdes, E. et al. Time window for clinical effectiveness of mass evacuation in a rat 

balloon model mimicking an intraparenchymatous hematoma. Journal of the Neurological 

Sciences 174, 40–46 (2000). 

95. Stephens, P. H., Cuello, A. C., Sofroniew, M. V., Pearson, R. C. A. & Tagari, P. Effect of 

Unilateral Decortication on Choline Acetyltransferase Activity in the Nucleus Basalis and 

Other Areas of the Rat Brain. J Neurochem 45, 1021–1026 (1985). 

96. Sofroniew, M. V., Pearson, R. C. A. & Powell, T. P. S. The cholinergic nuclei of the basal 

forebrain of the rat: normal structure, development and experimentally induced 

degeneration. Brain Research 411, 310–331 (1987). 

97. Aviv, R. I. et al. An In Vivo, MRI-Integrated Real-Time Model of Active Contrast 

Extravasation in Acute Intracerebral Hemorrhage. American Journal of Neuroradiology 

35, 1693–1699 (2014). 

98. Yan, T., Chopp, M. & Chen, J. Experimental animal models and inflammatory cellular 

changes in cerebral ischemic and hemorrhagic stroke. Neurosci. Bull. 31, 717–734 (2015). 



 

96 

99. Kirkman, M. A., Allan, S. M. & Parry-Jones, A. R. Experimental Intracerebral 

Hemorrhage: Avoiding Pitfalls in Translational Research. J Cereb Blood Flow Metab 31, 

2135–2151 (2011). 

100. MacLellan, C. L., Paquette, R. & Colbourne, F. A Critical Appraisal of Experimental 

Intracerebral Hemorrhage Research. J Cereb Blood Flow Metab 32, 612–627 (2012). 

101. Nath, F. P., Jenkins, A., Mendelow, A. D., Graham, D. I. & Teasdale, G. M. Early 

hemodynamic changes in experimental intracerebral hemorrhage. Journal of Neurosurgery 

65, 697–703 (1986). 

102. Liu, J. et al. Hyperglycemia-induced cerebral hematoma expansion is mediated by plasma 

kallikrein. Nat Med 17, 206–210 (2011). 

103. Lei, B. et al. Intrastriatal Injection of Autologous Blood or Clostridial Collagenase as 

Murine Models of Intracerebral Hemorrhage. JoVE 51439 (2014) doi:10.3791/51439. 

104. Wang, J., Fields, J. & Doré, S. The development of an improved preclinical mouse model 

of intracerebral hemorrhage using double infusion of autologous whole blood. Brain 

Research 1222, 214–221 (2008). 

105. MacLellan, C. L. et al. Intracerebral Hemorrhage Models in Rat: Comparing Collagenase 

to Blood Infusion. J Cereb Blood Flow Metab 28, 516–525 (2008). 

106. Caliaperumal, J. & Colbourne, F. Rehabilitation Improves Behavioral Recovery and 

Lessens Cell Death Without Affecting Iron, Ferritin, Transferrin, or Inflammation After 

Intracerebral Hemorrhage in Rats. Neurorehabil Neural Repair 28, 395–404 (2014). 

107. MacLellan, C. L., Plummer, N., Silasi, G., Auriat, A. M. & Colbourne, F. Rehabilitation 

Promotes Recovery After Whole Blood–Induced Intracerebral Hemorrhage in Rats. 

Neurorehabil Neural Repair 25, 477–483 (2011). 



 

97 

108. Gladstone, D. J., Black, S. E. & Hakim, A. M. Toward Wisdom From Failure: Lessons 

From Neuroprotective Stroke Trials and New Therapeutic Directions. Stroke 33, 2123–

2136 (2002). 

109. Fay, T. Early Experiences with Local and Generalized Refrigeration of the Human Brain. 

Journal of Neurosurgery 16, 239–260 (1959). 

110. Wang, H., Olivero, W., Wang, D. & Lanzino, G. Cold as a therapeutic agent. Acta 

Neurochir (Wien) 148, 565–570 (2006). 

111. Varon, J. & Acosta, P. Therapeutic Hypothermia. Chest 133, 1267–1274 (2008). 

112. Williams, G. R. & Spencer, F. C. The Clinical Use of Hypothermia Following Cardiac 

Arrest. Ann Surg 148, 462–8 (1958). 

113. Benson, D. W., Williams, G. R., Spencer, F. C. & Yates, A. J. The Use of Hypothermia 

After Cardiac Arrest. Anesth Analg 38, 423–8 (1959). 

114. Dumitrascu, O. M., Lamb, J. & Lyden, P. D. Still cooling after all these years: Meta-

analysis of pre-clinical trials of therapeutic hypothermia for acute ischemic stroke. J Cereb 

Blood Flow Metab 36, 1157–1164 (2016). 

115. Schmitt, K. R. L., Tong, G. & Berger, F. Mechanisms of hypothermia-induced cell 

protection in the brain. Mol Cell Pediatr 1, 7 (2014). 

116. Colbourne, F. & Corbett, D. Delayed and prolonged post-ischemic hypothermia is 

neuroprotective in the gerbil. Brain Research 654, 265–272 (1994). 

117. van der Worp, H. B., Sena, E. S., Donnan, G. A., Howells, D. W. & Macleod, M. R. 

Hypothermia in animal models of acute ischaemic stroke: a systematic review and meta-

analysis. Brain 130, 3063–3074 (2007). 



 

98 

118. MacLellan, C. L., Clark, D. L., Silasi, G. & Colbourne, F. Use of Prolonged Hypothermia 

to Treat Ischemic and Hemorrhagic Stroke. Journal of Neurotrauma 26, 313–323 (2009). 

119. Krieger, D. W. et al. Cooling for Acute Ischemic Brain Damage (COOL AID): An Open 

Pilot Study of Induced Hypothermia in Acute Ischemic Stroke. Stroke 32, 1847–1854 

(2001). 

120. Hemmen, T. M. et al. Intravenous Thrombolysis Plus Hypothermia for Acute Treatment of 

Ischemic Stroke (ICTuS-L): Final Results. Stroke 41, 2265–2270 (2010). 

121. Lyden, P. et al. Results of the ICTuS 2 Trial (Intravascular Cooling in the Treatment of 

Stroke 2). Stroke 47, 2888–2895 (2016). 

122. De Georgia, M. A. et al. Cooling for Acute Ischemic Brain Damage (COOL AID): A 

feasibility trial of endovascular cooling. Neurology 63, 312–17 (2004). 

123. Abdullah, J. M. & Husin, A. Intravascular Hypothermia for Acute Hemorrhagic Stroke: A 

Pilot Study. in Intracerebral Hemorrhage Research: From Bench to Bedside (eds. Zhang, 

J. & Colohan, A.) 421–424 (Springer Vienna, 2011). doi:10.1007/978-3-7091-0693-8_72. 

124. Su, X. et al. Effect of local mild hypothermia on regional cerebral blood flow in patients 

with acute intracerebral hemorrhage assessed by 99mTc-ECD SPECT imaging. Journal of 

X-Ray Science and Technology 23, 101–109 (2015). 

125. Keep, R. F., Hua, Y. & Xi, G. Intracerebral haemorrhage: mechanisms of injury and 

therapeutic targets. The Lancet Neurology 11, 720–731 (2012). 

126. Yenari, M. A. & Hemmen, T. M. Therapeutic Hypothermia for Brain Ischemia: Where 

Have We Come and Where Do We Go? Stroke 41, S72–S74 (2010). 

127. Drury, P. P., Gunn, E. R., Bennet, L. & Gunn, A. J. Mechanisms of Hypothermic 

Neuroprotection. Clinics in Perinatology 41, 161–175 (2014). 



 

99 

128. Sekerdag, E., Solaroglu, I. & Gursoy-Ozdemir, Y. Cell Death Mechanisms in Stroke and 

Novel Molecular and Cellular Treatment Options. CN 16, 1396–1415 (2018). 

129. Xu, L., Yenari, M. A., Steinberg, G. K. & Giffard, R. G. Mild Hypothermia Reduces 

Apoptosis of Mouse Neurons In vitro Early in the Cascade. J Cereb Blood Flow Metab 22, 

21–28 (2002). 

130. Yenari, M. A. & Han, H. S. Neuroprotective mechanisms of hypothermia in brain 

ischaemia. Nat Rev Neurosci 13, 267–278 (2012). 

131. Kurisu, K. & Yenari, M. A. Therapeutic hypothermia for ischemic stroke; pathophysiology 

and future promise. Neuropharmacology 134, 302–309 (2018). 

132. Wassink, G. et al. Therapeutic Hypothermia in Neonatal Hypoxic-Ischemic 

Encephalopathy. Curr Neurol Neurosci Rep 19, 2 (2019). 

133. Wassink, G. et al. A working model for hypothermic neuroprotection: Mechanisms of 

therapeutic hypothermia. J Physiol 596, 5641–5654 (2018). 

134. Wowk, S., Ma, Y. & Colbourne, F. Therapeutic Hypothermia Does Not Mitigate Iron-

Induced Injury in Rat. Therapeutic Hypothermia and Temperature Management 6, 23–29 

(2016). 

135. Fingas, M., Clark, D. L. & Colbourne, F. The effects of selective brain hypothermia on 

intracerebral hemorrhage in rats. Experimental Neurology 208, 277–284 (2007). 

136. Fingas, M., Penner, M., Silasi, G. & Colbourne, F. Treatment of intracerebral hemorrhage 

in rats with 12 h, 3 days and 6 days of selective brain hypothermia. Experimental 

Neurology 219, 156–162 (2009). 



 

100 

137. John, R. F. & Colbourne, F. Delayed localized hypothermia reduces intracranial pressure 

following collagenase-induced intracerebral hemorrhage in rat. Brain Research 1633, 27–

36 (2016). 

138. MacLellan, C. L., Davies, L. M., Fingas, M. S. & Colbourne, F. The Influence of 

Hypothermia on Outcome After Intracerebral Hemorrhage in Rats. Stroke 37, 1266–1270 

(2006). 

139. Sun, H. et al. Effects of local hypothermia on neuronal cell apoptosis after intracerebral 

hemorrhage in rats. J Nutr Health Aging 19, 291–298 (2015). 

140. Hägerdal, M., Harp, J., Nilsson, L. & Siesjöu, B. K. The effect of induced hypothermia 

upon oxygen in the rat brain. J Neurochem 24, 311–316 (1975). 

141. Small, D. L., Morley, P. & Buchan, A. M. Biology of ischemic cerebral cell death. 

Progress in Cardiovascular Diseases 42, 185–207 (1999). 

142. Hall, E. D. Acute Therapeutic Interventions: Free Radical Scavengers and Antioxidants. 

Neurosurgery Clinics of North America 8, 195–206 (1997). 

143. Lee, J.-M., Grabb, M. C., Zipfel, G. J. & Choi, D. W. Brain tissue responses to ischemia. J. 

Clin. Invest. 106, 723–731 (2000). 

144. Siesjo, B. K., Bengtsson, F., Grampp, W. & Theander, S. Calcium, Excitotoxins, and 

Neuronal Death in the Brain. Annals New York Academy of Sciences 234–251. 

145. Lafferty, J. J., Keykhah, M. M., Shapiro, H. M., Van Horn, K. & Behar, M. G. Cerebral 

Hypometabolism Obtained with Deep Pentobarbital Anesthesia and Hypothermia (30 C). 

Anesthesiology 49, 159–64 (1978). 



 

101 

146. Busija, D. W. & Leffler, C. W. Hypothermia reduces cerebral metabolic rate and cerebral 

blood flow in newborn pigs. American Journal of Physiology-Heart and Circulatory 

Physiology 253, H869–H873 (1987). 

147. Stretti, F. et al. Body temperature affects cerebral hemodynamics in acutely brain injured 

patients: an observational transcranial color-coded duplex sonography study. Crit Care 18, 

552 (2014). 

148. Wang, G. J., Deng, H. Y., Maier, C. M., Sun, G. H. & Yenari, M. A. Mild hypothermia 

reduces ICAM-1 expression, neutrophil infiltration and microglia/monocyte accumulation 

following experimental stroke. Neuroscience 114, 1081–1090 (2002). 

149. Deng, H., Han, H. S., Cheng, D., Sun, G. H. & Yenari, M. A. Mild Hypothermia Inhibits 

Inflammation After Experimental Stroke and Brain Inflammation. Stroke 34, 2495–2501 

(2003). 

150. Meybohm, P. et al. Mild hypothermia alone or in combination with anesthetic post-

conditioning reduces expression of inflammatory cytokines in the cerebral cortex of pigs 

after cardiopulmonary resuscitation. Crit Care 14, R21 (2010). 

151. Han, H. S., Qiao, Y., Karabiyikoglu, M., Giffard, R. G. & Yenari, M. A. Influence of Mild 

Hypothermia on Inducible Nitric Oxide Synthase Expression and Reactive Nitrogen 

Production in Experimental Stroke and Inflammation. J. Neurosci. 22, 3921–3928 (2002). 

152. Kimura, A., Sakurada, S., Ohkuni, H., Todome, Y. & Kurata, K. Moderate hypothermia 

delays proinflammatory cytokine production of human peripheral blood mononuclear 

cells*. Critical Care Medicine 30, 1499–1502 (2002). 



 

102 

153. Han, H. S., Karabiyikoglu, M., Kelly, S., Sobel, R. A. & Yenari, M. A. Mild Hypothermia 

Inhibits Nuclear Factor-κB Translocation in Experimental Stroke. J Cereb Blood Flow 

Metab 23, 589–598 (2003). 

154. Webster, C. M. et al. Inflammation and NFκB activation is decreased by hypothermia 

following global cerebral ischemia. Neurobiology of Disease 33, 301–312 (2009). 

155. Fairchild, K. D., Singh, I. S., Carter, H. C., Hester, L. & Hasday, J. D. Hypothermia 

enhances phosphorylation of IκB kinase and prolongs nuclear localization of NF-κB in 

lipopolysaccharide-activated macrophages. American Journal of Physiology-Cell 

Physiology 289, C1114–C1121 (2005). 

156. Kim, J. Y., Kawabori, M. & Yenari, M. A. Innate Inflammatory Responses in Stroke: 

Mechanisms and Potential Therapeutic Targets. CMC 21, 2076–2097 (2014). 

157. Globus, M. Y.-T., Alonso, O., Dietrich, W. D., Busto, R. & Ginsberg, M. D. Glutamate 

Release and Free Radical Production Following Brain Injury: Effects of Posttraumatic 

Hypothermia. Journal of Neurochemistry 65, 1704–1711 (2002). 

158. Wang, Q., Tang, X. & Yenari, M. The inflammatory response in stroke. Journal of 

Neuroimmunology 184, 53–68 (2007). 

159. Kawanishi, M. et al. Effect of Delayed Mild Brain Hypothermia on Edema Formation 

After Intracerebral Hemorrhage in Rats. Journal of Stroke and Cerebrovascular Diseases 

17, 187–195 (2008). 

160. Kollmar, R. et al. Hypothermia Reduces Perihemorrhagic Edema After Intracerebral 

Hemorrhage. Stroke 41, 1684–1689 (2010). 

161. Huang, Z. G. et al. Biphasic Opening of the Blood-Brain Barrier Following Transient 

Focal Ischemia: Effects of Hypothermia. Can. j. neurol. sci. 26, 298–304 (1999). 



 

103 

162. Karibe, H., Zarow, G. J., Graham, S. H. & Weinstein, P. R. Mild Intraischemic 

Hypothermia Reduces Postischemic Hyperperfusion, Delayed Postischemic 

Hypoperfusion, Blood-Brain Barrier Disruption, Brain Edema, and Neuronal Damage 

Volume after Temporary Focal Cerebral Ischemia in Rats. J Cereb Blood Flow Metab 14, 

620–627 (1994). 

163. Wagner, S. et al. Topographically graded postischemic presence of metalloproteinases is 

inhibited by hypothermia. Brain Research 984, 63–75 (2003). 

164. Baumann, E., Preston, E., Slinn, J. & Stanimirovic, D. Post-ischemic hypothermia 

attenuates loss of the vascular basement membrane proteins, agrin and SPARC, and the 

blood–brain barrier disruption after global cerebral ischemia. Brain Research 1269, 185–

197 (2009). 

165. Lee, J. E., Yoon, Y. J., Moseley, M. E. & Yenari, M. A. Reduction in levels of matrix 

metalloproteinases and increased expression of tissue inhibitor of metalloproteinase—2 in 

response to mild hypothermia therapy in experimental stroke. Journal of Neurosurgery 

103, 289–297 (2005). 

166. Hamann, G. F. et al. Mild to Moderate Hypothermia Prevents Microvascular Basal Lamina 

Antigen Loss in Experimental Focal Cerebral Ischemia. Stroke 35, 764–769 (2004). 

167. MacLellan, C. L., Girgis, J. & Colbourne, F. Delayed Onset of Prolonged Hypothermia 

Improves Outcome after Intracerebral Hemorrhage in Rats. J Cereb Blood Flow Metab 24, 

432–440 (2004). 

168. Lyden, P. D. et al. Differential effects of hypothermia on neurovascular unit determine 

protective or toxic results: Toward optimized therapeutic hypothermia. J Cereb Blood 

Flow Metab 0271678X1881461 (2018) doi:10.1177/0271678X18814614. 



 

104 

169. Lamb, J. A., Rajput, P. S. & Lyden, P. D. Novel method for inducing rapid, controllable 

therapeutic hypothermia in rats using a perivascular implanted closed-loop cooling circuit. 

Journal of Neuroscience Methods 267, 55–61 (2016). 

170. Rawls, S. M., Cabassa, J., Geller, E. B. & Adler, M. W. CB 1 Receptors in the Preoptic 

Anterior Hypothalamus Regulate WIN 55212-2 [(4,5-Dihydro-2-methyl-4(4-

morpholinylmethyl)-1-(1-naphthalenyl-carbonyl)-6 H -pyrrolo[3,2,1ij]quinolin-6-one]-

Induced Hypothermia. J Pharmacol Exp Ther 301, 963–968 (2002). 

171. Leker, R. R., Gai, N., Mechoulam, R. & Ovadia, H. Drug-Induced Hypothermia Reduces 

Ischemic Damage: Effects of the Cannabinoid HU-210. Stroke 34, 2000–2006 (2003). 

172. Liu, K., Khan, H., Geng, X., Zhang, J. & Ding, Y. Pharmacological hypothermia: a 

potential for future stroke therapy? Neurological Research 38, 478–490 (2016). 

173. Diller, K. R. & Zhu, L. Hypothermia Therapy for Brain Injury. Annu. Rev. Biomed. Eng. 

11, 135–162 (2009). 

174. Valeri, C. R., Shukri Khuri, G. C., Feingold, H., Mark, G. R. & Altschule. Hypothermia-

induced Reversible Platelet Dysfunction: Annals of Surgery 205, 175–181 (1987). 

175. Polderman, K. H. & Herold, I. Therapeutic hypothermia and controlled normothermia in 

the intensive care unit: Practical considerations, side effects, and cooling methods*. 

Critical Care Medicine 37, 1101–1120 (2009). 

176. Auriat, A. M. et al. Prolonged Hypothermia in Rat: A Safety Study Using Brain-Selective 

and Systemic Treatments. Therapeutic Hypothermia and Temperature Management 2, 37–

43 (2012). 

177. Clark, D. L. & Colbourne, F. A Simple Method to Induce Focal Brain Hypothermia in 

Rats. J Cereb Blood Flow Metab 27, 115–122 (2007). 



 

105 

178. Wang, H. et al. Rapid and selective cerebral hypothermia achieved using a cooling helmet. 

Journal of Neurosurgery 100, 272–277 (2004). 

179. Qiu, W. et al. Noninvasive selective brain cooling by head and neck cooling is protective 

in severe traumatic brain injury. Journal of Clinical Neuroscience 13, 995–1000 (2006). 

180. Abou-Chebl, A., Sung, G., Barbut, D. & Torbey, M. Local Brain Temperature Reduction 

Through Intranasal Cooling With the RhinoChill Device: Preliminary Safety Data in Brain-

Injured Patients. Stroke 42, 2164–2169 (2011). 

181. Sessler, D. I. Defeating Normal Thermoregulatory Defenses: Induction of Therapeutic 

Hypothermia. Stroke 40, (2009). 

182. van der Worp, H. B., Macleod, M. R., Kollmar, R. & for the European Stroke Research 

Network for Hypothermia (EuroHYP). Therapeutic Hypothermia for Acute Ischemic 

Stroke: Ready to Start Large Randomized Trials? J Cereb Blood Flow Metab 30, 1079–

1093 (2010). 

183. Georgiadis, D., Schwarz, S., Kollmar, R. & Schwab, S. Endovascular Cooling for 

Moderate Hypothermia in Patients With Acute Stroke: First Results of a Novel Approach. 

Stroke 32, 2550–2553 (2001). 

184. Esposito, E., Ebner, M., Ziemann, U. & Poli, S. In Cold Blood: Intraarteral Cold Infusions 

for Selective Brain Cooling in Stroke. J Cereb Blood Flow Metab 34, 743–752 (2014). 

185. Kurisu, K. et al. Transarterial regional hypothermia provides robust neuroprotection in a 

rat model of permanent middle cerebral artery occlusion with transient collateral 

hypoperfusion. Brain Research 1651, 95–103 (2016). 

186. Chen, J. et al. Endovascular Hypothermia in Acute Ischemic Stroke: Pilot Study of 

Selective Intra-Arterial Cold Saline Infusion. Stroke 47, 1933–1935 (2016). 



 

106 

187. Keller, E. et al. Theoretical evaluations of therapeutic systemic and local cerebral 

hypothermia. Journal of Neuroscience Methods 178, 345–349 (2009). 

188. Nurse, S. & Corbett, D. Direct Measurement of Brain Temperature during and after 

lntraischemic Hypothermia: Correlation with Behavioral, Physiological, and Histological 

Endpoints. The Journal of Neuroscience 14, 7726–34 (1994). 

189. Ding, Y., Li, J., Rafols, J. A., Phillis, J. W. & Diaz, F. G. Prereperfusion Saline Infusion 

Into Ischemic Territory Reduces Inflammatory Injury After Transient Middle Cerebral 

Artery Occlusion in Rats. Stroke 33, 2492–2498 (2002). 

190. Li, J. et al. Long-term neuroprotection induced by regional brain cooling with saline 

infusion into ischemic territory in rats: a behavioral analysis. Neurological Research 26, 

677–683 (2004). 

191. Colbourne, F., Sutherland, G. R. & Auer, R. N. An automated system for regulating brain 

temperature in awake and freely moving rodents. Journal of Neuroscience Methods 67, 

185–190 (1996). 

192. Babcock, A. M. et al. Neurotensin-induced hypothermia prevents hippocampal neuronal 

damage and increased locomotor activity in ischemic gerbils. Brain Research Bulletin 32, 

373–378 (1993). 

193. Dowden, J., Reid, C., Dooley, P. & Corbett, D. Diazepam-induced neuroprotection: 

dissociating the effects of hypothermia following global ischemia. Brain Research 829, 1–

6 (1999). 

194. Klahr, A. C., Nadeau, C. A. & Colbourne, F. Temperature Control in Rodent 

Neuroprotection Studies: Methods and Challenges. Therapeutic Hypothermia and 

Temperature Management 7, 42–49 (2017). 



 

107 

195. John, R. F., Williamson, M. R., Dietrich, K. & Colbourne, F. Localized Hypothermia 

Aggravates Bleeding in the Collagenase Model of Intracerebral Hemorrhage. Therapeutic 

Hypothermia and Temperature Management 5, 19–25 (2015). 

196. Polderman, K. H. Mechanisms of action, physiological effects, and complications of 

hypothermia. Critical Care Medicine 37, S186–S202 (2009). 

197. Eshel, G. et al. Comparison of fast versus slow rewarming following acute moderate 

hypothermia in rats. Paediatric Anaesthesia 12, 235–42 (2002). 

198. Steiner, T. et al. Effect and Feasibility of Controlled Rewarming After Moderate 

Hypothermia in Stroke Patients With Malignant Infarction of the Middle Cerebral Artery. 

Stroke 32, 2833–2835 (2001). 

199. Dietrich, W. D., Halley, M., Valdes, I. & Busto, R. Interrelationships between increased 

vascular permeability and acute neuronal damage following temperature-controlled brain 

ischemia in rats. Acta Neuropathol 81, 615–625 (1991). 

200. Watts, D. D. et al. Hypothermic Coagulopathy in Trauma: Effect of Varying Levels of 

Hypothermia on Enzyme Speed, Platelet Function, and Fibrinolytic Activity. J Trauma 44, 

846–54 (1998). 

201. Valeri, C. R., MacGregor, H., Cassidy, G., Tinney, R. & Pompei, F. Effects of temperature 

on bleeding time in normal male and female volunteers. Crit Care Med 23, 698–704 

(1995). 

202. Ruzicka, J. et al. Hypothermic anticoagulation: testing individual responses to graded 

severe hypothermia with thromboelastography. Blood Coagulation & Fibrinolysis 23, 285–

289 (2012). 



 

108 

203. Ferrara, A., MacArthur, J. D., Wright, H. K., Modlin, I. M. & McMillen, M. A. Hypotheria 

and Acidosis Worsen Coagulopathy in the Patient Requiring Massive Transfusion. The 

American Journal of Surgery 160, 515–8 (1990). 

204. Polderman, K. H. Hypothermia and coagulation. Critical Care 16, A20 (2012). 

205. Hanke, A. A. et al. Effects of desmopressin on platelet function under conditions of 

hypothermia and acidosis: an in vitro study using multiple electrode aggregometry*. 

Anaesthesia 65, 688–691 (2010). 

206. Hanke, A. A. et al. Potential of whole blood coagulation reconstitution by desmopressin 

and fibrinogen under conditions of hypothermia and acidosis – an in vitro study using 

rotation thrombelastometry. Scandinavian Journal of Clinical and Laboratory 

Investigation 71, 292–298 (2011). 

207. Thoresen, M. et al. Twenty-Four Hours of Mild Hypothermia in Unsedated Newborn Pigs 

Starting after a Severe Global Hypoxic-Ischemic Insult Is Not Neuroprotective. Pediatr 

Res 50, 405–411 (2001). 

208. Tooley, J. R., Satas, S., Porter, H., Silver, I. A. & Thoresen, M. Head cooling with mild 

systemic hypothermia in anesthetized piglets is neuroprotective. Ann Neurol. 53, 65–72 

(2003). 

209. Geurts, M. et al. COOLIST (Cooling for Ischemic Stroke Trial): A Multicenter, Open, 

Randomized, Phase II, Clinical Trial. Stroke 48, 219–221 (2017). 

210. Scholefield, B. R. et al. Therapeutic hypothermia after paediatric cardiac arrest: Pooled 

randomized controlled trials. Resuscitation 133, 101–107 (2018). 

211. Mody, P., Kulkarni, N., Khera, R. & Link, M. S. Targeted temperature management for 

cardiac arrest. Progress in Cardiovascular Diseases 62, 272–278 (2019). 



 

109 

212. van der Worp, H. B. et al. Therapeutic hypothermia for acute ischaemic stroke. Results of 

a European multicentre, randomised, phase III clinical trial. European Stroke Journal 

239698731984469 (2019) doi:10.1177/2396987319844690. 

213. Choi, J. H. et al. Selective Brain Cooling with Endovascular Intracarotid Infusion of Cold 

Saline: A Pilot Feasibility Study. AJNR Am J Neuroradiol 31, 928–934 (2010). 

214. Ding, Y.-H., Li, J., Rafols, J. A. & Ding, Y. Reduced brain edema and matrix 

metalloproteinase (MMP) expression by pre-reperfusion infusion into ischemic territory in 

rat. Neuroscience Letters 372, 35–39 (2004). 

215. Duan, H., Huber, M., Ding, J., Huber, C. & Geng, X. Local endovascular infusion and 

hypothermia in stroke therapy: A systematic review. Brain Circ 5, 68 (2019). 

216. Luan, X. et al. Regional brain cooling induced by vascular saline infusion into ischemic 

territory reduces brain inflammation in stroke. Acta Neuropathologica 107, 227–234 

(2004). 

217. Ding, Y. et al. Reduced inflammatory mediator expression by pre-reperfusion infusion into 

ischemic territory in rats: a real-time polymerase chain reaction analysis. Neuroscience 

Letters 353, 173–176 (2003). 

218. Ji, Y.-B. et al. Interrupted intracarotid artery cold saline infusion as an alternative method 

for neuroprotection after ischemic stroke. FOC 33, E10 (2012). 

219. Ji, Y. et al. Therapeutic time window of hypothermia is broader than cerebral artery 

flushing in carotid saline infusion after transient focal ischemic stroke in rats. Neurological 

Research 34, 657–663 (2012). 



 

110 

220. Ding, Y. et al. Local Saline Infusion into Ischemic Territory Induces Regional Brain 

Cooling and Neuroprotection in Rats with Transient Middle Cerebral Artery Occlusion. 

Neurosurgery 54, 956–965 (2004). 

221. Chen, J. et al. Enhanced Neuroprotection by Local Intra-Arterial Infusion of Human 

Albumin Solution and Local Hypothermia. Stroke 44, 260–262 (2013). 

222. Morales, H. et al. Decreased Infarct Volume and Intracranial Hemorrhage Associated with 

Intra-Arterial Nonionic Iso-Osmolar Contrast Material in an MCA Occlusion/Reperfusion 

Model. AJNR Am J Neuroradiol 35, 1885–1891 (2014). 

223. Pan, X., Li, J., Xu, L., Deng, S. & Wang, Z. Safety of Prophylactic Heparin in the 

Prevention of Venous Thromboembolism After Spontaneous Intracerebral Hemorrhage: A 

Meta-analysis. J Neurol Surg A Cent Eur Neurosurg 81, 253–260 (2020). 

224. Nadeau, C. A. et al. Prolonged Blood-Brain Barrier Injury Occurs After Experimental 

Intracerebral Hemorrhage and Is Not Acutely Associated with Additional Bleeding. Transl. 

Stroke Res. 10, 287–297 (2019). 

225. Wilkinson, C. M., Brar, P. S., Balay, C. J. & Colbourne, F. Glibenclamide, a Sur1-Trpm4 

antagonist, does not improve outcome after collagenase-induced intracerebral hemorrhage. 

PLoS ONE 14, e0215952 (2019). 

226. Choudhri Tanvir F., Hoh Brian L., Solomon Robert A., Connolly E. Sander & Pinsky 

David J. Use of a Spectrophotometric Hemoglobin Assay to Objectively Quantify 

Intracerebral Hemorrhage in Mice. Stroke 28, 2296–2302 (1997). 

227. Wilkinson, C. M. et al. The collagenase model of intracerebral hemorrhage in awake, 

freely moving animals: The effects of isoflurane. Brain Research 1728, 12 (2020). 



 

111 

228. Wardlaw, J. M. Blood-brain barrier and cerebral small vessel disease. Journal of the 

Neurological Sciences 299, 66–71 (2010). 

229. Wilkinson, C. M. et al. Failure of bumetanide to improve outcome after intracerebral 

hemorrhage in rat. PLoS ONE 14, e0210660 (2019). 

230. Betz, A. L., Keep, R. F., Beer, M. E. & Ren, X.-D. Blood—Brain Barrier Permeability and 

Brain Concentration of Sodium, Potassium, and Chloride during Focal Ischemia. J Cereb 

Blood Flow Metab 14, 29–37 (1994). 

231. Flaherty, M. L. et al. Long-term mortality after intracerebral hemorrhage. Neurology 66, 

1182–1186 (2006). 

232. Jiang, R. et al. Comparative efficacy and safety of low-intensity warfarin therapy in 

preventing unprovoked recurrent venous thromboembolism: A systematic review and 

meta-analysis. Clin Respir J 12, 2170–2177 (2018). 

233. Flaherty, M. L. et al. Location and Outcome of Anticoagulant-Associated Intracerebral 

Hemorrhage. NCC 5, 197–201 (2006). 

234. Brouwers, H. B. et al. Predicting Hematoma Expansion After Primary Intracerebral 

Hemorrhage. JAMA Neurol 71, 158 (2014). 

235. Pennlert, J. et al. Optimal Timing of Anticoagulant Treatment After Intracerebral 

Hemorrhage in Patients With Atrial Fibrillation. Stroke 48, 314–320 (2017). 

236. Goldstein, J. N. & Greenberg, S. M. Should anticoagulation be resumed after intracerebral 

hemorrhage? CCJM 77, 791–799 (2010). 

237. Li, Y. & Lip, G. Y. H. Anticoagulation Resumption After Intracerebral Hemorrhage. Curr 

Atheroscler Rep 20, 32 (2018). 



 

112 

238. Sembill, J. A., Kuramatsu, J. B., Schwab, S. & Huttner, H. B. Resumption of oral 

anticoagulation after spontaneous intracerebral hemorrhage. Neurol. Res. Pract. 1, 12 

(2019). 

239. Nighoghossian, N. et al. Old Microbleeds Are a Potential Risk Factor for Cerebral 

Bleeding After Ischemic Stroke: A Gradient-Echo T2*-Weighted Brain MRI Study. Stroke 

33, 735–742 (2002). 

240. Wu, G. et al. Post-operative re-bleeding in patients with hypertensive ICH is closely 

associated with the CT blend sign. BMC Neurol 17, 131 (2017). 

241. Dastur, C. K. & Yu, W. Current management of spontaneous intracerebral haemorrhage. 

Stroke Vasc Neurol 2, 21–29 (2017). 

242. Albrecht, M., Henke, J., Tacke, S., Markert, M. & Guth, B. Influence of repeated 

anaesthesia on physiological parameters in male Wistar rats: a telemetric study about 

isoflurane, ketamine-xylazine and a combination of medetomidine, midazolam and 

fentanyl. BMC Vet Res 10, 310 (2014). 

243. Lee, J., Sohn, E. H., Oh, E. & Lee, A. Y. Characteristics of Cerebral Microbleeds. Dement 

Neurocognitive Disord 17, 73 (2018). 

244. Shoamanesh, A., Kwok, C. S. & Benavente, O. Cerebral Microbleeds: Histopathological 

Correlation of Neuroimaging. Cerebrovasc Dis 32, 528–534 (2011). 

245. Wardlaw, J. M. et al. Neuroimaging standards for research into small vessel disease and its 

contribution to ageing and neurodegeneration. The Lancet Neurology 12, 822–838 (2013). 

246. Greenberg, S. M. et al. Cerebral microbleeds: a guide to detection and interpretation. The 

Lancet Neurology 8, 165–174 (2009). 



 

113 

247. Sahin, B. et al. Brain volumes of the lamb, rat, and bird do not show hemispheric 

asymmetry: A stereological study. Image Anal Stereol 20, 9 (2011). 

248. Allen, J. S., Damasio, H. & Grabowski, T. J. Normal neuroanatomical variation in the 

human brain: An MRI-volumetric study. Am. J. Phys. Anthropol. 118, 341–358 (2002). 

249. Freedman, M. D. Oral Anticoagulants: Pharmacodynamics, Clinical Indications and 

Adverse Effects. The Journal of Clinical Pharmacology 32, 196–209 (1992). 

250. Charidimou, A., Shakeshaft, C. & Werring, D. J. Cerebral Microbleeds on Magnetic 

Resonance Imaging and Anticoagulant-Associated Intracerebral Hemorrhage Risk. Front 

Neurol 3, (2012). 

251. Morishima, Y., Honda, Y., Kamisato, C. & Shibano, T. Comparison of antithrombotic and 

hemorrhagic effects of edoxaban, a novel factor Xa inhibitor, with unfractionated heparin, 

dalteparin, lepirudin and warfarin in rats. Thrombosis Research 6 (2013). 

252. John, J., John, M., Wu, L. & Hsiao, C. Effects of etravirine on the pharmacokinetics and 

pharmacodynamics of warfarin in rats. 9. 

253. Ploen, R. et al. Rivaroxaban Does Not Increase Hemorrhage after Thrombolysis in 

Experimental Ischemic Stroke. 7 (2014). 

254. Panossian, A., Hovhannisyan, A., Abrahamyan, H., Gabrielyan, E. & Wikman, G. 

Pharmacokinetic and pharmacodynamic study of interaction of Rhodiola rosea SHR-5 

extract with warfarin and theophylline in rats. Phytotherapy Research 23, 351–357 (2009). 

255. Dong, H. et al. Global deregulation of ginseng products may be a safety hazard to warfarin 

takers: solid evidence of ginseng-warfarin interaction. Sci Rep 7, 5813 (2017). 



 

114 

256. Sharma, H. S. & Dey, P. K. Influence of long-term immobilization stress on regional 

blood-brain barrier permeability, cerebral blood flow and 5-HT level in conscious 

normotensive young rats. J. Neurol. Sci. 72, 61–76 (1986). 

257. Chi, O. Z., Mellender, S. J., Kiss, G. K., Liu, X. & Weiss, H. R. Blood -brain barrier 

disruption was less under isoflurane than pentobarbital anesthesia via a PI3K/Akt pathway 

in early cerebral ischemia. Brain Research Bulletin 131, 1–6 (2017). 

258. Efficacy and safety of very early mobilisation within 24 h of stroke onset (AVERT): a 

randomised controlled trial. The Lancet 386, 46–55 (2015). 

259. Dietrichs, E. S., Kondratiev, T. & Tveita, T. Milrinone ameliorates cardiac mechanical 

dysfunction after hypothermia in an intact rat model. Cryobiology 69, 361–366 (2014). 

260. Tveita, T. & Sieck, G. C. Effects of milrinone on left ventricular cardiac function during 

cooling in an intact animal model. Cryobiology 65, 27–32 (2012). 

261. Murphy, T. H. & Corbett, D. Plasticity during stroke recovery: from synapse to behaviour. 

Nat Rev Neurosci 10, 861–872 (2009). 

262. Kolb, B. & Teskey, G. C. Age, experience, injury, and the changing brain. Dev. 

Psychobiol. 54, 311–325 (2012). 

263. Zhao, C.-C. et al. Mild Hypothermia Promotes Pericontusion Neuronal Sprouting via 

Suppressing Suppressor of Cytokine Signaling 3 Expression after Moderate Traumatic 

Brain Injury. Journal of Neurotrauma 34, 1636–1644 (2017). 

264. Edvard Moser, Iacob Mathiesen & Per Andersen. Association Between Brain Temperature 

and Dentate Field Potentials in Exploring and Swimming Rats. Science 259, 1324–1326 

(1993). 



 

115 

265. Lo, E. H. A new penumbra: transitioning from injury into repair after stroke. Nat Med 14, 

497–500 (2008). 

266. Mokrushin, A. A., Pavlinova, L. I. & Borovikov, S. E. Influence of cooling rate on activity 

of ionotropic glutamate receptors in brain slices at hypothermia. Journal of Thermal 

Biology 44, 5–13 (2014). 

267. Carmichael, S. T. Emergent properties of neural repair: elemental biology to therapeutic 

concepts: Neural Repair. Ann Neurol. 79, 895–906 (2016). 

268. Carmichael, S. T., Kathirvelu, B., Schweppe, C. A. & Nie, E. H. Molecular, cellular and 

functional events in axonal sprouting after stroke. Experimental Neurology 287, 384–394 

(2017). 

269. Overman, J. J. & Carmichael, S. T. Plasticity in the Injured Brain: More than Molecules 

Matter. Neuroscientist 20, 15–28 (2014). 

270. Wieloch, T. & Nikolich, K. Mechanisms of neural plasticity following brain injury. 

Current Opinion in Neurobiology 16, 258–264 (2006). 

271. Kolb, B. & Gibb, R. Searching for the principles of brain plasticity and behavior. Cortex 

58, 251–260 (2014). 

272. Carmichael, S. T. Plasticity of Cortical Projections after Stroke. Neuroscientist 9, 64–75 

(2003). 

273. Warraich, Z. & Kleim, J. A. Neural Plasticity: The Biological Substrate For 

Neurorehabilitation. PM&R 2, S208–S219 (2010). 

274. Carmichael, S. T. Cellular and molecular mechanisms of neural repair after stroke: Making 

waves. Ann Neurol. 59, 735–742 (2006). 



 

116 

275. Chen, H., Epstein, J. & Stern, E. Neural Plasticity After Acquired Brain Injury: Evidence 

from Functional Neuroimaging. PM&R 2, S306–S312 (2010). 

276. Andjus, R. K., Knöpfelmacher, F., Russell, R. W. & Smith, A. U. Some Effects of Severe 

Hypothermia on Learning and Retention. Quarterly Journal of Experimental Psychology 8, 

15–23 (1956). 

277. Rauch, T. M., Welch, D. I. & Gallego, L. Hypothermia impairs performance in the Morris 

water maze. Physiology & Behavior 46, 315–320 (1989). 

278. Klahr, A. C., Fagan, K., Aziz, J. R., John, R. & Colbourne, F. Mild Contralesional 

Hypothermia Reduces Use of the Unimpaired Forelimb in a Skilled Reaching Task After 

Motor Cortex Injury in Rats. Therapeutic Hypothermia and Temperature Management 8, 

90–98 (2018). 

279. Bliss, T. V. P. & Collingridge, G. L. A synaptic model of memory: long-term potentiation 

in the hippocampus. Nature 361, 31–39 (1993). 

280. Clark, D. L., Penner, M., Orellana-Jordan, I. M. & Colbourne, F. Comparison of 12, 24 and 

48 h of systemic hypothermia on outcome after permanent focal ischemia in rat. 

Experimental Neurology 212, 386–392 (2008). 

281. Dietrich, W. D., Busto, R., Alonso, O., Globus, M. Y.-T. & Ginsberg, M. D. Intraischemic 

but Not Postischemic Brain Hypothermia Protects Chronically following Global Forebrain 

Ischemia in Rats. J Cereb Blood Flow Metab 13, 541–549 (1993). 

282. Yanamoto, H. et al. Combination of Intraischemic and Postischemic Hypothermia Provides 

Potent and Persistent Neuroprotection Against Temporary Focal Ischemia in Rats. Stroke 

30, 2720–2726 (1999). 



 

117 

283. MacLellan, C. L., Clark, D. L., Silasi, G. & Colbourne, F. Use of prolonged hypothermia 

to treat ischemic and hemorrhagic stroke. Journal Of Neurotrauma 26, 313–323 (2009). 

284. Maier, C. M. et al. Optimal Depth and Duration of Mild Hypothermia in a Focal Model of 

Transient Cerebral Ischemia: Effects on Neurologic Outcome, Infarct Size, Apoptosis, and 

Inflammation. Stroke 29, 2171–2180 (1998). 

285. Carroll, M. & Beek, O. Protection Against Hippocampal CA1 Cell Loss by Post-Ischemic 

Hypothermia is Dependent on Delay of Initiation and Duration. Metabolic Brain Disease 

7, 45–50 (1992). 

286. Hemmen, T. M. & Lyden, P. D. Hypothermia after Acute Ischemic Stroke. Journal of 

Neurotrauma 26, 387–391 (2009). 

287. Maier, C. M., Sun, G. H., Kunis, D., Yenari, M. A. & Steinberg, G. K. Delayed induction 

and long-term effects of mild hypothermia in a focal model of transient cerebral ischemia: 

neurological outcome and infarct size. Journal of Neurosurgery 94, 90–96 (2001). 

288. Kollmar, R. et al. Neuroprotective Effect of Delayed Moderate Hypothermia After Focal 

Cerebral Ischemia: An MRI Study. Stroke 33, 1899–1904 (2002). 

289. Han, Z., Liu, X., Luo, Y. & Ji, X. Therapeutic hypothermia for stroke: Where to go? 

Experimental Neurology 272, 67–77 (2015). 

290. Kollmar, R., Blank, T., Han, J. L., Georgiadis, D. & Schwab, S. Different Degrees of 

Hypothermia After Experimental Stroke: Short- and Long-Term Outcome. Stroke 38, 

1585–1589 (2007). 

291. Huh, P. W. & Koch, S. Comparative neuroprotective efficacy of prolonged moderate 

intraischemic and postischemic hypothermia in focal cerebral ischemia. J. Neurosurg. 92, 9 

(2000). 



 

118 

292. Vieites-Prado, A. et al. Protective Effects and Magnetic Resonance Imaging Temperature 

Mapping of Systemic and Focal Hypothermia in Cerebral Ischemia. Stroke 47, 2386–2396 

(2016). 

293. Biernaskie, J., Szymanska, A., Windle, V. & Corbett, D. Bi-hemispheric contribution to 

functional motor recovery of the affected forelimb following focal ischemic brain injury in 

rats: Ipsilateral contribution to motor recovery. European Journal of Neuroscience 21, 

989–999 (2005). 

294. Gharbawie, O. A., Karl, J. M. & Whishaw, I. Q. Recovery of skilled reaching following 

motor cortex stroke: do residual corticofugal fibers mediate compensatory recovery? 

European Journal of Neuroscience 26, 3309–3327 (2007). 

295. Jones, T. A. Motor compensation and its effects on neural reorganization after stroke. Nat 

Rev Neurosci 18, 267–280 (2017). 

296. Buetefisch, C. M. Role of the Contralesional Hemisphere in Post-Stroke Recovery of 

Upper Extremity Motor Function. Front. Neurol. 6, (2015). 

297. Park, S. M., Mangat, H. S., Berger, K. & Rosengart, A. J. Efficacy spectrum of 

antishivering medications: Meta-analysis of randomized controlled trials. Critical Care 

Medicine 40, 3070–3082 (2012). 

298. Jain, A. et al. Shivering Treatments for Targeted Temperature Management: A Review. 

Journal of Neuroscience Nursing 50, 63–67 (2018). 

299. Wildschut, E. D. et al. The Impact of Extracorporeal Life Support and Hypothermia on 

Drug Disposition in Critically Ill Infants and Children. Pediatric Clinics of North America 

59, 1183–1204 (2012). 



 

119 

300. Šunjić, K. M., Webb, A. C., Šunjić, I., Palà Creus, M. & Folse, S. L. Pharmacokinetic and 

Other Considerations for Drug Therapy During Targeted Temperature Management: 

Critical Care Medicine 43, 2228–2238 (2015). 

301. Chamorro, C., Borrallo, J. M., Romera, M. A., Silva, J. A. & Balandin, B. Anesthesia and 

Analgesia Protocol During Therapeutic Hypothermia After Cardiac Arrest: A Systematic 

Review. Anesthesia and analgesia 110, 1328–1335 (2010). 

302. Favié, L. M. A. et al. Pharmacokinetics of morphine in encephalopathic neonates treated 

with therapeutic hypothermia. PLoS ONE 14, e0211910 (2019). 

303. Orban, J.-C. et al. The Practice of Therapeutic Hypothermia after Cardiac Arrest in France: 

A National Survey. PLoS ONE 7, e45284 (2012). 

304. Frymoyer, A. et al. Decreased Morphine Clearance in Neonates With Hypoxic Ischemic 

Encephalopathy Receiving Hypothermia. The Journal of Clinical Pharmacology 57, 64–76 

(2017). 

305. Milanovic, D. et al. Neonatal Propofol Anesthesia Changes Expression of Synaptic 

Plasticity Proteins and Increases Stereotypic and Anxyolitic Behavior in Adult Rats. 

Neurotox Res 32, 247–263 (2017). 

306. Briner, A. et al. Developmental Stage-dependent Persistent Impact of Propofol Anesthesia 

on Dendritic Spines in the Rat Medial Prefrontal Cortex: Anesthesiology 115, 282–293 

(2011). 

307. Puskarjov, M. et al. K-Cl Cotransporter 2–mediated Cl− Extrusion Determines 

Developmental Stage–dependent Impact of Propofol Anesthesia on Dendritic Spines: 

Anesthesiology 126, 855–867 (2017). 



 

120 

308. Álvaro-Bartolomé, M. & García-Sevilla, J. A. The neuroplastic index p-FADD/FADD and 

phosphoprotein PEA-15, interacting at GABAA receptor, are upregulated in brain cortex 

during midazolam-induced hypnosis in mice. European Neuropsychopharmacology 25, 

2131–2144 (2015). 

309. Persec, J. et al. Preoperative Clonidine or Levobupivacaine – Effect on Systemic 

Inflammatory Stress Response. Coll. Antropol. 33, 573–577 (2009). 

310. García-Fuster, M. J., Ramos-Miguel, A., Miralles, A. & García-Sevilla, J. A. Opioid 

receptor agonists enhance the phosphorylation state of Fas-associated death domain 

(FADD) protein in the rat brain: Functional interactions with casein kinase Iα, Gαi 

proteins, and ERK1/2 signaling. Neuropharmacology 55, 886–899 (2008). 

311. Persec, J., Persec, Z. & Husedzinovic, I. Postoperative pain and systemic inflammatory 

stress response after preoperative analgesia with clonidine or levobupivacaine: a 

randomized controlled trial. Wien Klin Wochenschr 121, 558–563 (2009). 

312. Liang, D., Li, X. & Clark, J. D. Increased expression of Ca2+/calmodulin-dependent 

protein kinase IIα during chronic morphine exposure. Neuroscience 123, 769–775 (2004). 

313. Younger, J. W. et al. Prescription opioid analgesics rapidly change the human brain: Pain 

152, 1803–1810 (2011). 

314. Fisher, M. et al. Update of the Stroke Therapy Academic Industry Roundtable Preclinical 

Recommendations. Stroke 40, 2244–2250 (2009). 

315. Broessner, G., Fischer, M., Schubert, G., Metzler, B. & Schmutzhard, E. Update on 

therapeutic temperature management. Crit Care 16, A1, cc11259 (2012). 



 

121 

316. Jiang, J.-Y. et al. Effect of Long-Term Mild Hypothermia or Short-Term Mild 

Hypothermia on Outcome of Patients with Severe Traumatic Brain Injury. J Cereb Blood 

Flow Metab 26, 771–776 (2006). 

317. MacLaren, R., Gallagher, J., Shin, J., Varnado, S. & Nguyen, L. Assessment of Adverse 

Events and Predictors of Neurological Recovery After Therapeutic Hypothermia. Ann 

Pharmacother 48, 17–25 (2014). 

318. Kesavan, K. et al. Breathing and temperature control disrupted by morphine and stabilized 

by clonidine in neonatal rats. Respiratory Physiology & Neurobiology 201, 93–100 (2014). 

319. Empey, P. E. et al. Mild hypothermia decreases fentanyl and midazolam steady-state 

clearance in a rat model of cardiac arrest: Critical Care Medicine 40, 1221–1228 (2012). 

320. Iida, Y., Nishi, S. & Asada, A. Effect of Mild Therapeutic Hypothermia on Phenytoin 

Pharmacokinetics: Therapeutic Drug Monitoring 23, 192–197 (2001). 

321. Empey, P. E. et al. Therapeutic Hypothermia Decreases Phenytoin Elimination in Children 

with Traumatic Brain Injury*: Critical Care Medicine 41, 2379–2387 (2013). 

322. Alzaga, A. G., Cerdan, M. & Varon, J. Therapeutic hypothermia. Resuscitation 70, 369–

380 (2006). 

323. Kim, S. J. et al. Effect of Antibiotic Prophylaxis on Early-Onset Pneumonia in Cardiac 

Arrest Patients Treated with Therapeutic Hypothermia. Korean J Crit Care Med 31, 17 

(2016). 

324. Tortorici, M. A., Kochanek, P. M. & Poloyac, S. M. Effects of hypothermia on drug 

disposition, metabolism, and response: A focus of hypothermia-mediated alterations on the 

cytochrome P450 enzyme system. Critical Care Medicine 35, 2196–2204 (2007). 



 

122 

325. Rocha-Ferreira, E. et al. Neuroprotective exendin-4 enhances hypothermia therapy in a 

model of hypoxic-ischaemic encephalopathy. Brain 141, 2925–2942 (2018). 

326. Jin, G. et al. Development of a novel neuroprotective strategy: Combined treatment with 

hypothermia and valproic acid improves survival in hypoxic hippocampal cells. Surgery 

156, 221–228 (2014). 

327. Cilio, M. R. & Ferriero, D. M. Synergistic neuroprotective therapies with hypothermia. 

Seminars in Fetal and Neonatal Medicine 15, 293–298 (2010). 

328. Pastukhov, A. & Borisova, T. Levetiracetam-mediated improvement of decreased NMDA-

induced glutamate release from nerve terminals during hypothermia. Brain Research 1699, 

69–78 (2018). 

329. Zhu, S. et al. Glibenclamide Enhances the Therapeutic Benefits of Early Hypothermia after 

Severe Stroke in Rats. A&D 9, 685 (2018). 

330. Wiklund, L. et al. Improved neuroprotective effect of methylene blue with hypothermia 

after porcine cardiac arrest: Methylene blue and induced hypothermia. Acta Anaesthesiol 

Scand 57, 1073–1082 (2013). 

331. Tortorici, M. A., Kochanek, P. M., Bies, R. R. & Poloyac, S. M. Therapeutic hypothermia-

induced pharmacokinetic alterations on CYP2E1 chlorzoxazone-mediated metabolism in a 

cardiac arrest rat model*. Critical Care Medicine 34, 785–791 (2006). 

 

  



 

123 

Appendix   

 

 
Figure. A3.1. (Warfarin Dosing Pilot) Testing tail bleed times of 3 dosing groups in naïve (no 

ICH) animals: Controls (saline), 0.2 mg/kg/day, and 0.25 mg/kg/day (both treatment groups had 

a 0.4 mg/kg loading dose on Day 1). Bars represent the average, with 95% confidence intervals. 

Tail bleed times of the initially tested 0.2 mg/kg maintenance dose regimen were more variable 

than desired. When re-tested with a 0.25 mg/kg maintenance dose, that variability reduced, and 

all animals bled for maximum time allowed, without spontaneous bleeding being induced. This 

outcome was desired.  
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Figure. A3.2. (Warfarin Dosing Pilot) Whole brain blood volume (µL) on day 6, comparing 

0.2 mg/kg and 0.25 mg/kg warfarin doses and saline treated groups in naïve (no ICH) animals. 

Bars are average with 95% confidence interval. One-way ANOVA with multiple comparisons 

shows no difference between groups (p > 0.9). Thus, each warfarin dose is not causing detectable 

spontaneous bleeding in the brain tissue.  
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Figure. A3.3. (Midodrine Dosing Pilot) Investigation of various midodrine doses effects on 

blood pressure (BP) over time. Bars are average with 95% confidence interval. Extent of change 

and variability of the BP response was not adequate to pursue midodrine hydrochloride as an 

acceptable pharmacological manipulation of BP.  
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