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Abstract 

Brain injuries that cause mass effect, including stroke and traumatic brain injury, can 

increase intracranial pressure (ICP) due to the limited space within the skull. Intracerebral 

hemorrhage (ICH) is a subtype of stroke in which there is bleeding in the brain. In cases of large 

bleeds, the bleed and the associated swelling can cause ICP to increase to dangerous levels, 

possibly leading to brain herniation and/or death. Cranial contents can undergo compliance (a 

decrease in volume after being subject to the force of increased ICP), but this compliance is 

limited. Treatments to reduce ICP have mixed effectiveness, and are often not enough to 

compensate for large bleeds. Animal models are often used to study ICH, and although this is 

an important way to study ICH pathophysiology and potential treatments, high quality animal 

research requires an awareness and mitigation of translational problems where possible. In our 

rodent models, we have found that when ICP is increased after large bleeds, animals can 

compensate for this bleed by reducing the volume of uninjured brain tissue. Neurons and 

astrocytes in uninjured regions shrink by up to 50% and pack more densely together. In this 

thesis, we studied ICP and tissue compliance after ICH with a focus on research translation.  

 Chapters two and three were both focused on research translation. Chapter two 

reviewed and summarized current studies on ICP after ICH, including pathophysiology and 

treatment of increased ICP. We focused on translationally relevant considerations, including 

model choice, ICP measurement methodology, and ICP analysis. This review highlighted the 

need for more ICP research in the ICH field. The next chapter examined the use of isoflurane 

anesthetic in preclinical ICH research. Most ICH patients undergo ICH while conscious, yet 

almost all animal studies induce ICH under anesthetic for ethical reasons. Anesthetics can 

impact physiology, including temperature and blood pressure, and can exert neuroprotective 

effects. In this study, we induced a collagenase ICH in conscious animals using a cannula 

system. We found that the effects of isoflurane (reduced temperature, reduced blood pressure, 
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increased blood glucose) were largely transient and normalized quickly after surgery. In cases 

of large ICH, isoflurane did not affect hematoma volume, lesion volume, or functional deficits.  

 The following experiment tested the effect of glibenclamide, a sulfonylurea receptor 

antagonist, on edema after ICH. We hypothesized that this ion channel blocker would prevent 

cellular edema by preventing ion influx, which would then reduce mass effect. We planned this 

experiment in advance in the hopes of reducing bias, we used large sample sizes, pre-planned 

statistical analysis, and published all data with the manuscript. Contrary to our hypothesis, we 

found that glibenclamide did not reduce edema, lesion volume, or functional deficits.  

 Chapters five and six examined tissue compliance in translationally relevant rodent 

models of ICH. Previously, all studies of tissue compliance, despite using different injury 

models, had all used young, healthy mice. Therefore, we wanted to see if tissue compliance 

could be observed in a rodent population that better modelled the clinical population of ICH 

patients. We assessed hematoma volume, edema, ICP, and functional deficits in young and 

aged spontaneously hypertensive rats (SHRs). We then quantified contralateral hemisphere 

volume, cortical thickness, and cell volume and density in regions known to undergo tissue 

compliance. We found that tissue compliance was present across strains, and did not seem to 

be impaired by hypertension. This finding replicated in aged animals, where we again saw 

evidence of tissue compliance. These aged SHRs had lower ICP, smaller hematoma volumes, 

less edema, and a reduced mortality rate compared to young SHRs given the same amount of 

collagenase. Future research should explore the reasons behind this and exercise caution when 

using the collagenase model to study ICH in aged animals.  

 In the final experiment, we retrospectively analyzed CT images of ICH patients stratified 

by bleed volume at 24 hours post-ICH. We quantified brain tissue and CSF volumes and found 

that those with larger bleeds had reduced brain and CSF volume after taking gender into 

account. This preliminary study helps establish the methodology and justify a future clinical trial 

to characterize tissue compliance in people.  
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 In this thesis, we have demonstrated data to reduce translational concerns regarding the 

use of anesthetics in preclinical models. Glibenclamide, a sulfonylurea receptor inhibitor, was 

studied in an attempt to reduce edema and mass effect, but was unsuccessful. We have 

demonstrated that tissue compliance is evident in aged and hypertensive animal models of ICH, 

which better represents the clinical ICH population. This work justifies future studies of tissue 

compliance, as there is still a lot to learn. For example, studies should examine the functional 

consequences and negative effects of these drastic and transient cellular changes. Additionally, 

adequately powered clinical trials should investigate tissue compliance in patients using both 

imaging and neuropathological techniques. 
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1.1 Introduction to Stroke 

Stroke is a type of brain injury characterized by either a lack of blood supply in the brain 

(ischemic stroke), bleeding in the brain (ICH, intracerebral hemorrhage), or bleeding in the 

subarachnoid space (SAH, subarachnoid hemorrhage).1 Stroke is a devastating injury with 

high rates of morbidity and mortality, and is a leading cause of disability.2,3 Within minutes of 

blood supply being interrupted, various damage mechanisms begin. Cellular injury occurs via 

many forms of damage, including interrupted energy supply, inflammation, blood-brain barrier 

(BBB) damage, iron toxicity, and others.4–6 Since stroke is an acute event, there is a need for 

therapies that limit injury in the hours to days after the event. However, there is no current 

treatment for intracerebral hemorrhage beyond medical management.7 Thus, there is great 

interest in finding a neuroprotective agent that can prevent damage to neurons or boost 

neuronal repair processes, leading to improved recovery after stroke.  

 

1.2 ICH Epidemiology  

In Canada, approximately 62, 000 people have a stroke each year, and intracerebral 

hemorrhage represents ~10-15% of these cases.8,9 Primary intracerebral hemorrhage has two 

causes, hypertension and amyloid angiopathy.7 Beyond primary causes, secondary 

intracerebral hemorrhage can be caused by tumours, coagulopathy, and vascular abnormalities 

(including aneurysms). Hypertensive ICH often leads to non-lobar bleeds, due to the structure of 

the lenticulostriate arteries.10 With chronic and uncontrolled hypertension, arteries often undergo 

degenerative changes, such as atherosclerosis, where vasculature becomes brittle and bleeds 

become more frequent.11 In cases of amyloid angiopathy, vasculature is weakened with 

deposition of b-amyloid protein, leading to increased risk of bleeding.12 Amyloid angiopathy 

typically causes lobar bleeding, as cerebral amyloid angiopathy is most commonly observed in 

cortical vessels and is much less common in the basal ganglia and thalamus.10,13 Additionally, 
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multiple demographic and lifestyle factors increase an individual’s risk of ICH, which can be 

divided into non-modifiable, semi-modifiable, and modifiable factors.14,15  

 

1.2.1 Non-modifiable Risk Factors 

Non-modifiable factors include age, race, and sex. For example, age is the strongest non-

modifiable risk factor for stroke.16 Specifically, incidence of ICH increases with age, the average 

first-ever stroke occurs at 70 years of age,17 with ~30% of ICH patients above the age of 80.18,19 

As age increases, the risk of mortality from stroke also increases approximately 5% for each 

year increase in age.20,21 Older patients have increased risk of cerebral amyloid angiopathy, 

hypertension, and atherosclerosis, which can increase both the incidence rate of stroke as well 

as the initial hematoma volume, leading to worse outcome.22,23 Risk of stroke is also associated 

with race. Black and Hispanic individuals have a worse incidence rate of stroke when compared 

to White individuals.24 This is believed to be related to the differing rates of hypertension, as well 

as differential access to healthcare, which can affect risk factors such as diabetes, diet, and 

lifestyle.25 Additionally, genetic markers have been identified that may contribute to increased 

risk of stroke in Asian populations.26 Specifically, the risk of ICH is increased among Asian 

populations, and in addition to genetic factors such as a TNF-a polymorphism leading to 

increased TNF-a levels,27 the increased rates of diabetes and hypertension observed in this 

population contributes to greater ICH risk.28 Sex is another non-modifiable risk factor. Pre-

menopause, women typically have a lower stroke risk than men.16 The cytoprotective effects of 

estrogen on the cardiovascular system are believed to contribute to this effect.29 However, 

estrogen also increases the risk of clotting, and thus, those taking estrogen prescriptions and 

pregnant women are at increased risk of stroke.16,29 After menopause, the incidence rate of 

stroke in women becomes similar to men.16,30 In later years, women have a higher rate of stroke 

than men, largely due to the longer expectancy of women.31 Importantly, many risk factors 
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interact to differentially affect stroke risk. As previously mentioned, sex effects will vary with 

age.30 Although these factors are considered to be non-modifiable, with further research into the 

mechanisms causing increased risks, treatments could be found to mitigate these risk factors.  

 

1.2.2 Modifiable Risk Factors 

Important modifiable risk factors for ICH include smoking, alcohol use, and physical 

activity.15 Smoking significantly increases the risk of ICH, particularly lobar ICH.32 Although 

some studies suggest nicotinic receptor agonists may be neuroprotective,33 smoking can 

acutely increase blood pressure and therefore increase risk of ICH, but smoking does not 

significantly impact ICH outcomes.34 Alcohol has a direct linear relationship with risk of 

intracerebral hemorrhage, where heavy alcohol consumption (e.g., >5 drinks/day) greatly 

increases risk,35 but even moderate alcohol consumption (<2 drinks/day) can moderately 

increase risk.14,36,37 Alcohol use is often associated with hypertension and generally poor blood 

pressure regulation.14 As little as one alcoholic drink per day is associated with decreased brain 

volume, indicating neuronal loss and/or brain atrophy.38 On the other hand, physical activity, 

including leisure activity and active commuting time, is associated with decreased stroke risk.39 

Sedentary behaviour is associated with increased blood pressure and increased risk of 

diabetes, which likely contributes to the relationship between exercise and stroke risk.14 

 

1.2.3 Semi-modifiable Risk Factors 

Semi-modifiable risk factors include comorbidities such as diabetes, hypertension, and 

hypercholesteremia, that can be managed with medical treatment. The single most important 

risk factor for ICH is hypertension, which leads to vascular damage and a significantly increased 

risk of bleeding.40,41 The vasculature undergoes extreme changes when subjected to chronic 

hypertension, including hypertrophy.42 With hypertrophy, artery walls thicken and the vascular 

lumen decreases in size, which can reduce physical stress on the vasculature and protect 
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cerebral vessels.43 However, hypertrophy can also limit the ability of the vessel to dilate and the 

smaller lumen diameter can lead to hypoperfusion.44 Despite hypertrophy increasing resistance 

to physical stress, the high blood pressure due to chronic hypertension greatly increases 

physical stress on the vasculature, which can lead to vascular wall damage and vessel rupture. 

When cerebral vessels rupture, this causes ICH. Controlling hypertension with pharmacological 

treatments, such as antihypertensives, can significantly reduce the risk of stroke and other 

cardiovascular events (OR = 0.79).45 Similarly, cholesterol levels can affect stroke risk. High 

blood cholesterol can increase plaque deposits in arteries, causing them to narrow and stiffen, 

becoming more susceptible to injury and increasing the chance of blood clots.46 Dyslipidemia, 

specifically high low-density lipoprotein levels/low high-density lipoprotein levels, can 

significantly increase stroke risk.14,47 Interestingly, some studies suggest an inverse correlation 

between total cholesterol levels and hemorrhagic stroke risk, with the risk of hemorrhagic stroke 

increasing as cholesterol levels decrease.14 Diabetes mellitus is another independent risk factor 

for stroke.14,36,47 Death from stroke is the cause of ~20% of diabetic deaths.14 In addition to 

impaired glucose metabolism and irregular blood glucose levels, people with diabetes often 

have increased rates of atherosclerosis, hypertension, and abnormal blood lipid levels, all of 

which contribute to the increased risk of stroke.36 Medical treatment and lifestyle modification 

can reduce stroke risk in diabetics, but glycemic control alone does not confer the same risk 

reduction.14 Another important risk factor for stroke incidence and stroke outcome is 

coagulopathy.48,49 International normalized ratio (INR) is a standardized measure of the time it 

takes blood to clot, with numbers below 1 indicating faster clotting time than normal and 

numbers above 1 indicating greater bleeding than normal, and an increased risk of hemorrhagic 

stroke.50 Anticoagulants are often used to treat atrial fibrillation and reduce risk of thrombotic 

events, including stroke.14 Direct oral anticoagulants (DOACs) are anticoagulants with lower 

risk of bleeding events and a more favourable safety profile when compared to warfarin, a 

vitamin K antagonist that was formerly a front line treatment for atrial fibrillation.51,52 
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Approximately 20% of intracerebral hemorrhagic strokes are associated with anticoagulants,53,54 

although this rate may change as more physicians prescribe DOACs over warfarin.55 A key 

factor in medical management of ICH is reversing anticoagulant treatment and reducing the risk 

of continued bleeding.56  

 

1.2.4 Prognosis 

Intracerebral hemorrhage has an approximately 40% mortality rate at 30 days and 45% at 

one year.57 Independent predictors of mortality include age, initial Glasgow Coma Scale score, 

comorbidities (such as diabetes, etc.), and ICH volume and location.58,59 For example, each 

10% increase in hematoma volume increases the odds ratio of mortality by 5%.60 Additionally, 

for each absolute mL increase in hematoma volume, patients are approximately 7% more likely 

to not achieve independence.60 The average hematoma volume is ~ 30 mL in patients.61 

Typically, hematoma volumes of less than 25-30 mL are considered more likely to have a good 

outcome, and > 30 mL is often associated with a poor outcome (e.g., mortality, persistent 

functional impairment, modified Rankin scale score of 4-6, which denotes severe disability or 

death).60 In Canada, the mortality rate of ICH is ~40%, which has been decreasing over the past 

few decades.9,62 Hematomas closer to the brain stem (including pontine and cerebellar 

hemorrhages) and hematomas that extend into the ventricles are more likely to lead to death.63 

The 30 day mortality rate for infratentorial hemorrhages is approximately 50%.63 Smaller 

hemorrhages, particularly in supratentorial regions, are more likely to have a better recovery.64  

 

1.3 Pathophysiology of Intracerebral Hemorrhage 

Mechanical damage from the blood tearing through brain tissue is often referred to as 

primary injury.65 Subsequent injury from the bleed, such as edema, BBB damage, inflammation, 

and iron toxicity, are considered secondary injury (Figure 1-1).5,56,66,67 Both primary and 

secondary damage can cause cell death and impair brain function.68–71 With primary damage, 
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the mechanical injury from the force of the bleed can damage neurons and glial cells, 

interrupting their function, and physically damaging the BBB.72 This mechanical damage can 

also tear through blood vessels, leading to additional bleeding and interrupting the blood supply 

to the brain and potentially leading to ischemic damage. Treatments attempting to limit primary 

injury, such as blood pressure reduction (evidence level C – low quality or minimal 

evidence),73,74 correcting coagulopathy (evidence level B – moderate quality evidence),75–77 

increasing clotting factors (no clear evidence of benefit),78–80 and tranexamic acid (no clear 

evidence of benefit),81 are being studied with mixed results. One major issue with these 

treatments is timing, as studies are now suggesting that patients benefit most when treatment is 

delivered within two hours of injury onset, which can often be difficult to achieve in clinical 

practice.82 For instance, the time to diagnosis and sending patients to an appropriate hospital 

(e.g., primary stroke centres) is an impediment to early intervention. Thus, methods to assess 

stroke type and severity, such as stroke ambulances83 or portable diagnostic equipment (e.g., 

electroencephalogram devices84), could help improve treatments that limit primary injury. 

Secondary injury begins in the minutes to hours after injury and can persist for weeks.85 

Secondary injury is multi-faceted, with many mechanisms interacting and worsening overall 

injury. For example, edema can worsen BBB damage, which can in turn lead to increases in 

edema as well as increased infiltration of inflammatory cells and signaling molecules.6,66 Due to 

the extended timing of secondary injury, these mechanisms are often targeted for both acute 

and chronic treatment interventions. These interventions, such as anti-inflammatory agents, aim 

to reduce cell death and injury from secondary damage and improve functional outcome. Many 

treatments aiming to reduce secondary injury have demonstrated success in animal models, but 

thus far, none have translated to success in phase 3 clinical trials.86 Mechanisms of secondary 

injury will be discussed in greater detail in section 1.6. Despite the multi-faceted nature of 

secondary injury, treatments often only target one mechanism of injury. Many speculate that 

combination treatments, or agents targeting multiple mechanisms, such as hypothermia,87,88 are 
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more likely to see success in reducing brain injury and improving functional outcome,89,90 

although combination therapies often increase the risk of side effects. 

 

1.4 Preclinical Stroke Research: Animal Models  

Preclinical intracerebral hemorrhage research primarily employs two models of ICH, the 

collagenase (COL) model and the autologous whole blood (AWB) model (Figure 1-2).91–93 

The COL model involves injection of bacterial collagenase into the brain, which breaks down the 

basal lamina of endothelial cells and causes bleeding in the region of injection.92 In the AWB 

model, peripheral blood, often from the femoral or tail vein/artery, is injected into the brain.93 

Other, less frequently used ICH models include the micro-balloon model,72 injection of an inert 

substance,94 and injection of blood components (e.g., thrombin, iron, etc.).67,71 These models 

are often used to assess isolated effects of a particular component of ICH, such as mass effect 

or blood component toxicity. However, these models are less representative of clinical ICH and 

the interactions between different processes. For example, the micro-balloon model can be 

used to assess mass effect and ICP increases, but does not account for the combined effects of 

increased ICP and blood components on cell death. 

The AWB model and the COL model each have unique strengths and weaknesses. The 

COL model causes bleeding over the course of hours,92,95 which is also seen during clinical 

ICH.91,96 For instance, approximately 30% of ICH patients will experience hematoma expansion, 

which is believed to occur due to secondary rupture of blood vessels surrounding the initial 

hematoma region.97 However, injection of a foreign substance into the brain can lead to an 

exaggerated immune response, which may impede clinical translation if the immune response 

observed differentially affects injury and response to treatments.98 However, studies have 

shown that in vitro, collagenase itself does not directly lead to neuronal inflammation or cell 

death.99,100 The COL model typically leads to hematomas that are spherical in shape, similar to 

what is seen clinically,101 with more blood-brain barrier permeability, edema, and inflammation 
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compared to the AWB model.91,98 The AWB model avoids this problem as it does not involve 

injection of any exogenous components. However, the AWB model delivers the blood over the 

course of minutes, and there is little prolonged bleeding or hematoma expansion.91 Additionally, 

it is difficult to induce very severe ICHs with the AWB model, due to technical limitations with 

blood infusions (e.g., size of the Hamilton syringe, needing to inject the blood before it clots, 

having blood backflow up the needle track), and therefore a subset of clinical ICHs can be 

difficult to model.102 For example, even large volumes of blood (e.g., 160 µL in rat) do not lead 

to severe injury and mortality.102 In rats, lesions of <30 mm3, or <2% percent of brain volume, 

can be considered mild, whereas >60 mm3 is considered severe (compared to the average 

hematoma volume in humans of ~20-30 mL, or ~2% percent of brain volume, and >60 mL is 

considered severe clinically).90,103,104 Additionally, rodents do not typically exhibit mortality as 

high as humans for comparable insults,105 often surviving comparatively very large bleeds.102 

The reason for this is unknown, but is likely due to the widespread use of young, healthy 

animals, in addition to other factors, such as species differences in response to large bleeds. 

Beyond different surgical models of ICH, there are also different rodent strains that can be 

used in ICH research. One of the most common rodent strains used in biomedical research are 

Sprague Dawley rats.106 However, when modelling co-morbidities, other rodent strains can be 

used, including the spontaneously hypertensive rat (SHR) and the stroke-prone 

spontaneously hypertensive rat (SP-SHR).107,108 These animals are bred to have chronically 

elevated blood pressure, modelling hypertension. Therefore, these rats are expected to have 

similar vascular abnormalities to hypertensive patients and have a more comparable profile of 

primary and secondary injury (e.g., more severe neurological deficits,109 larger inflammatory 

responses,110 greater chance of hematoma expansion due to atherosclerosis111). Spontaneously 

hypertensive rats were bred from the Wistar Kyoto (WKY) strain of rat, and thus, WKY rats are 

often used as controls in experiments with SHRs. However, since WKY rats were not fully 

inbred, they can have much greater variability than inbred strains such as the Sprague Dawley 
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rats.112 In the SP-SHR strain, rodents will spontaneously experience strokes.113 While this is 

similar to the clinical reality, the spontaneous and unpredictable nature of the injury makes this 

model impractical for many studies, including studies on neuroprotective treatments. Genetic 

strains of hypertensive rats are only one way to model hypertension. Acute hypertension can be 

modelled pharmacologically, using hypertensives such as angiotensin II or a nitric oxide inhibitor 

such as L-NAME.114 Dietary interventions, such as a high sodium diet, can also induce 

hypertension, although this can be much more variable.115,116 Finally, hypertension can also be 

induced surgically by unilaterally constricting the renal artery, impairing renal autoregulatory 

capacity while leaving a functioning kidney to prevent salt and water retention.116   

 

1.5 Translational problems in preclinical stroke research  

1.5.1 Animal Research 

The quality of animal research is a growing concern for both ethical and scientific reasons. 

Many reviews and guidelines have been published to call for better experimental design, 

improved standards of reporting, and overall increased research quality.117–120 

Studies must be planned with a consideration for internal and external validity. A study with 

internal validity uses appropriate methodology and experimental design such that the research 

question will be answered, and external factors (e.g., confounding variables) are not likely to 

influence the observed relationship. Internal validity is threatened when there is a high level of 

bias, such as when there is a lack of blinding.121 Conversely, external validity refers to the 

generalizability of findings. If the sample was randomly selected from an appropriate population, 

findings can be generalized to that population. If studies frequently exclude participants (e.g., 

excluding rodents that die from a stroke), or the selection criteria is narrow (e.g., only using 

young, male rats), the lower the external validity will be. 

Study quality can also be improved greatly by taking steps to minimize bias wherever 

possible.122 For example, randomizing group assignment and performing behavioural 
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testing/data analysis without knowing group assignments are two easy ways to reduce the 

potential for bias.123 Data shows that ICH124 and ischemic stroke125 experiments that do not 

report allocation concealment find larger effect sizes of treatment than those who properly blind 

researchers to treatment status. However, in some cases, such as hypothermia, it is not 

possible to keep the treatment group concealed, and in these cases, it is especially important 

that other measures are in place to minimize bias. 

One suggestion for improving replicability of studies is to introduce measures of 

standardization between labs.126 For example, if researchers follow the same standard 

operating procedures for surgeries, histology, behavioural testing, etc., it will be much simpler to 

compare results between research labs. As it stands now, slight differences in procedures (e.g., 

differing anesthetic use) can lead to different results. Performing multi-centre preclinical studies 

is another suggested measure for improving study quality.126,127 These studies could have a 

centralized randomization and data centre, which will minimize bias during experimentation. 

Fortunately, analysis shows that despite translational failures, preclinical studies do predict 

stroke pathophysiology and clinical outcomes.128 Importantly, well designed and robust 

preclinical studies should better predict therapeutic efficacy. 

 

1.5.2 Translational Research 

Despite hundreds of successful neuroprotectants identified in preclinical stroke research, 

none have translated to clinical success.129 Still, many of these neuroprotectants have never 

been tested clinically, and some are still currently under investigation in clinical trials.130 Of the 

known translational failures, often multiple factors are suspected to play a role, including 

experimental design (e.g., lack of appropriate modelling, randomization, blinding), analysis (e.g., 

errors in statistical methodology), and reporting (e.g., positive publication bias, omitting 

data).126,131,132 There are many considerations to be made and steps to be taken when designing 

and undergoing preclinical research in order to maximize the chances of successful translation. 
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Modelling considerations are important when designing a translational study. Thought needs to 

be given about the clinical population that is being modelled, and how our animal models can 

best align with this population. For example, as discussed in section 1.2, many stroke patients 

are elderly and have comorbidities, such as diabetes and hypertension, and roughly half of 

these patients are female.19 However, many researchers exclusively use young, healthy, male 

rodents to model this patient population.131 For example, a recent review found that less than 

5% of stroke neuroprotection studies used rodents older than 12 months of age, and ~3% used 

female animals.131 The majority of animals used were healthy, and ~5% used animals with 

comorbid conditions. Therefore, when demonstrating that a treatment will be efficacious in 

clinical trials, researchers should first determine if treatment efficacy is affected by age, sex, or 

common comorbidities. This will ensure the treatment is tested in the appropriate patient 

populations. For example, in ischemic stroke, studies show that treatments that work in healthy 

rats fail in those with comorbidities.133,134 Further, therapeutics may interact with drugs taken to 

treat these comorbid conditions, and yet, this is rarely tested.  

 An important experimental design consideration is the choice of surgical anesthetic. As 

most people have strokes while conscious, it is important to consider how using anesthetics 

might interfere with animal physiology during a stroke, and subsequently, the functional 

outcome and recovery. Both volatile (e.g., isoflurane) and injectable (e.g., ketamine) anesthetics 

can affect physiological parameters (e.g., temperature, blood pressure, cerebral blood flow, etc.) 

that can impact ICH outcome.135–137 Additionally, evidence suggests some anesthetics can have 

neuroprotective effects.138,139 Thus, it is important to include sham surgeries as controls, 

carefully consider the effects of a chosen anesthetic, and examine interactions between 

anesthetics and therapeutics.   

Additionally, it is important to use an appropriate model of stroke.91,140,141 For example, 

which model of stroke will best represent the clinical population of interest? If researchers are 

interested in modelling severe hemorrhages with substantial edema and intracranial pressure 
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(ICP) increases, the COL model might be preferred over the AWB model.91 Using injection of 

blood components, such as thrombin, would be more appropriate for researchers interested at 

looking at the effects of blood components in isolation.71 Other important model considerations 

include stroke severity and location. Often, preclinical studies choose one severity and location 

for the injury, often the striatum, and comparatively, 25-50% of human ICHs affect the basal 

ganglia.142,143 Yet, clinically there is great heterogeneity in stroke presentations.144 Functional 

outcome differs depending on the location of the ICH,145–148 and it is possible that treatments 

may not have equal efficacy at all ICH locations, although this is rarely considered in animal 

studies. Additionally, complications may vary by stroke location (e.g., infratentorial ICH is 

associated with subjective pain).145 Finally, experimental design and methodology should be 

carefully reviewed to ensure there is adequate internal and external validity of the experiment so 

that appropriate conclusions can be drawn.149 

 

1.5.3 Statistical Considerations. 

Appropriate statistical analyses are needed to ensure data is being interpreted and 

presented correctly. Many peer-reviewed papers use improper statistical analysis, including 

using parametric analyses on non-parametric data and using an analysis of variance 

(ANOVA) even when the assumptions are violated.119,122 The fact that these studies are 

published after receiving multiple reviews indicates a multi-level problem with statistical 

knowledge. Ideally, researchers would be able to consult statisticians to assist with data 

analysis, but this can be cost-prohibitive. Most researchers have some statistical training, yet 

many are not proficient in statistics and maintain misperceptions (e.g., that the p-value 

represents the probability of the result being false, that a non-significant p-value means the null 

hypothesis is true, etc.).150 Overreliance on p-values without proper understanding can lead to 

misinterpretation of results. Instead, it may be better to focus on the meaning of results (e.g., 

effect sizes, implications) rather than a sole focus on statistical significance.151 Another potential 
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consideration is to include a statistical review by a statistician or a methodologist as part of the 

peer review process.152 Finally, studies need to be fully reported and published, even when 

some or all findings are null.153 Often, it can be difficult for researchers to publish negative 

findings, as they can be seen as less “impactful” or not believed if these findings are contrary to 

previously published positive findings. Other times, researchers could choose to leave out 

results that do not fit with their hypothesis or the rest of the findings. Finally, “p-hacking” is a 

known analysis problem, wherein researchers perform multiple statistical tests on the same data 

and choose the test that gives them the preferred conclusion.154 The above situations add bias 

to the literature, can lead to overstated efficacy, and hurts the chances of translational 

success.153 When assessing if a therapy is useful and should be studied clinically, it can be 

valuable to perform a meta-analysis of current data. However, if negative studies are not 

published, this will skew the findings of any additional analyses.  

 

1.6 Secondary injury  

Secondary injury processes after ICH lead to cell death and contribute to lasting functional 

deficits.155 The mechanisms of secondary injury are diverse, and can both independently cause 

damage as well as interact to worsen the damage of each individual mechanism. The extent of 

secondary injury can vary by model in animal studies, and due to the lack of studies comparing 

animal models to clinical findings, it can be difficult to determine which models are most 

accurate.91,98 Models should be selected based on the mechanisms being studied and the 

clinical relevance. For example, studies interested in ongoing bleeding and hematoma 

expansion should choose the COL model over the AWB model.  

The BBB is important in maintaining brain homeostasis and keeping toxic substances out of 

brain tissue.156 During ICH, the mechanical force of the blood shears through tissue and 

damages the BBB, impairing its function. Beyond primary injury, secondary injury processes, 

including edema and inflammation, can further damage the BBB, including endothelial cells, 
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astrocytes, and tight junctions, increasing BBB permeability.156,157 In the peri-hematoma zone, 

the damage to the BBB is considerable. However, distal regions also show increases in BBB 

permeability, including the contralateral hemisphere, possibly due to inflammation or 

angiogenesis.158 The increases in BBB permeability begin to resolve in the days after ICH in 

animal models, but in some animals, increased BBB permeability can persist for weeks.158 

Persistent BBB permeability has been noted clinically in ischemic stroke159 and is believed to 

exist after ICH,156 although there is less data in the chronic stages after ICH. In animal studies, 

the permeability of the BBB is often imaged and quantified using contrast agents or dyes that 

cannot normally cross the BBB, such as Evans blue or gadolinium.91,158 The COL model leads to 

greater BBB permeability than the AWB model.91 Damage to the blood-brain barrier can allow 

both inflammatory cells and water into the brain, thereby worsening inflammation and edema.  

Edema, or brain swelling, occurs in the minutes to hours following ICH and can persist 

for days.160 For comparison, in people, edema after ICH peaks around 1-2 weeks and takes 

longer to resolve.161 Edema is commonly divided into two types: cytotoxic and vasogenic. 

Cytotoxic edema is known as cellular swelling, where water enters neurons and glial cells.162 

This is often due to improper concentration gradients (e.g., excess sodium ions within neurons), 

which lead to movement of water into cells by osmosis. Concentration gradients can fail due to 

ischemic damage160 resulting from hypoperfusion as well as ion dyshomeostasis,158 which may 

be caused by BBB damage and blood components in the hematoma. However, evidence for 

ischemic injury after intracerebral hemorrhage is limited.102,163,164 Vasogenic edema refers to 

water entering the extracellular space in the brain, often resulting from BBB damage.165 Excess 

water in the brain can also contribute to mass effect, which can increase intracranial pressure 

(see: 1.7).166 In animal models of ICH, a substantial portion of edema is derived from blood 

plasma in the hematoma as the clot retracts.102,167 The proportion of hematocrit in blood is 

typically ~45%, but after clot retraction, the hematoma is ~90% hematocrit, reflecting the serum 

extrusion from the hematoma.168 In animal studies, brain water content (often using the wet 
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weight-dry weight method) is typically used as a measure of brain edema. In people, edema is 

often measured using imaging, specifically computed tomography (CT) or diffusion weighted 

imaging.169 The COL model typically causes increased edema compared to the AWB model, 

where the majority of brain water content is located within the hematoma, rather than the peri-

hematoma zone.91,102 In both ischemic stroke and ICH, edema can lead to life-threatening 

increases in ICP.165,170 Thus, treatments to acutely reduce edema are being investigated. 

Diuretics, such as bumetanide, have the potential to reduce brain water content, but results 

have been mixed.171–173 Glibenclamide blocks the Sur-1 Trpm-4 channel, which is an ion 

channel linked to edema formation.174 Early preclinical and clinical studies have shown promise 

in using glibenclamide to treat edema after severe ischemic stroke.175–177 Further work is 

warranted, particularly to determine if glibenclamide is efficacious after ICH.  

The combination of a permeable BBB and movement of water through tissue as the 

brain swells can contribute to impaired ion concentrations. Normally, the ionic environment of 

the brain is tightly regulated, as proper neuronal functioning depends on specific ionic 

gradients.178 After ICH, we see that ion concentrations are altered, and the severity of 

impairment is related to distance from the hematoma.158,179,180 Beyond ion movement associated 

with edema, the hematoma itself, which has different concentrations of key ions, including 

sodium, likely contributes to this ion dyshomeostasis in the brain. There is a clear gradient seen, 

with ion dyshomeostasis becoming less severe as distance from the hematoma increases.158 

The functional implications of ion dyshomeostasis are unclear, and the effect likely varies at 

different distances from the hematoma along with the concentration gradients. Pharmacological 

attempts to inhibit ion channels to restore homeostasis have been largely unsuccessful.173,181  

Even after primary mechanical damage, the blood components themselves are toxic and 

lead to secondary injury.182 For example, thrombin itself causes neuronal atrophy and cell death 

when injected into the brain.71 Thrombin increases neuronal excitability, leading to seizure 

activity, disrupts tight junctions, leading to BBB injury, and increases the activity of reactive 
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oxygen species, contributing to cell death and sub-lethal cellular injury.71,183,184 Hematoma 

resolution begins in the days following ICH, and involves red blood cell lysis and phagocytosis 

by immune cells.185 Clinically, density changes on CT scans indicate hematoma resolution 

largely starting at 5-14 days post-ICH and continuing in the days to weeks after.186 In animal 

models, we see hematoma resolution begin more quickly, starting at ~3 days post-ICH after the 

AWB model185 and between 3-7 days after the collagenase ICH model.187 Hematoma clearance 

can persist for weeks after the ICH.179 Red blood cell lysis releases blood-breakdown products, 

including hemoglobin, which is further broken down into bilirubin and iron.188 Cell death is partly 

attributable to Fenton reactions, where iron reacts with oxygen intermediates, including 

hydrogen peroxide, leading to free radicals and oxidative stress.189 The accumulation of free 

radicals quickly overwhelms endogenous anti-oxidants, such as superoxide dismutase. These 

free radicals damage cellular components, including deoxyribonucleic acids, proteins, and lipids, 

leading to cell death. Additionally, iron can cause cell death through ferroptosis, which is cell 

death dependent on iron and is characterized by the accumulation of lipid peroxidases.190  

Inflammation is a complex form of secondary injury that can be both harmful and 

beneficial.191,192 In response to blood components (red blood cells, thrombin, leukocytes, etc.) in 

the brain, inflammatory cells immediately respond and begin to accumulate at the site of 

injury.193 Microglia, the resident immune cells of the central nervous system, are believed to be 

the earliest responders. Microglia release cytokines, such as IL-1, IL-6, and TNF-a, which leads 

to the accumulation of circulating peripheral inflammatory cells, including T-cells, leukocytes, 

and macrophages.193 The accumulation of inflammatory cells can cause excess damage. 

Inflammatory cells produce free radicals and reactive oxygen species that can be lethal to 

neurons. Further, proinflammatory mediators, such as chemokines and cytokines, can further 

contribute to damage and increase BBB permeability.194 Conversely, the inflammatory response 

can also be beneficial. Macrophages and microglia help remove waste, including dead neurons 

and blood breakdown products.192 Microglia can also promote neurogenesis and angiogenesis, 
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aiding in recovery. One study demonstrated that minocycline, an anti-inflammatory treatment, 

loses efficacy when treatment is delayed to 7 days after ICH onset.195 This may be a reason 

why anti-inflammatory treatments, including minocycline, have had mixed results in both animal 

studies and clinical trials.196,197 Due to this complexity, treatments should target the harmful 

effects of inflammation without dampening the positive responses. This may mean targeting a 

specific component of the inflammatory cascade, or using a specific treatment timing. 

Seizures are believed to occur in approximately 10-20% of ICH patients, and 30% of ICH 

patients experience subclinical seizures.198 These seizures can often be missed in patients that 

do not undergo electroencephalographic monitoring (the majority of patients). Electrographic 

seizures occur in ~2/3 of animals, and behavioural seizures occur in ~1/2 of animals after the 

COL model, but are not seen after the AWB model.199,200 Seizures can lead to increased ICP, 

potentially aggravating injury (see section 1.7).201 For example, after traumatic brain injury, 

seizure activity contributed to prolonged ICP increases and impaired brain metabolism.202  

 

1.7 Intracranial pressure after intracerebral hemorrhage  

The space in the cranium is limited, due to the rigid skull. Brain injuries that add additional 

mass into this limited space can cause the ICP to increase.203 After severe ischemic strokes, 

such as large vessel occlusion, the added mass due to edema can cause intracranial 

hypertension.204 After large ICH, both the hematoma and subsequent edema contribute to mass 

effect, increasing ICP. Elevated ICP can acutely cause loss of consciousness, lead to worse 

functional outcome, and can cause mortality.205–207 The hydrostatic pressure (pressure exerted 

by fluids, such as edema) can directly lead to neuronal rupture, and studies have shown that the 

increased pressure can lead to oxidative damage and apoptosis.208,209 Cerebral perfusion 

pressure (CPP), ICP, and mean arterial pressure (MAP) are directly related through the 

formula: CPP = MAP – ICP. However, this formula is simplistic and limited, as it does not take 

into account venous blood volume or pressure gradients in arterial blood.210 Therefore, when 
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ICP is increased, this can impair cerebral blood flow (CBF), potentially causing ischemic 

damage.211 Additionally, when compliance mechanisms are exhausted, elevated ICP can lead 

to brain herniation, which can include lethal compression of the brainstem.212 Therefore, 

significantly elevated ICP is concerning and often requires ICP management strategies.  

 

1.8 Current ICP management strategies 

Although there are currently no treatments that reliably normalize ICP after ICH, there are 

treatments and ICP management strategies that have modest effect sizes and mixed results in 

clinical trials.213–217 Current ICH management guidelines56 state that evidence is limited in 

support of therapies, but still provide recommendation for ICP management. These 

recommendations include: cerebrospinal fluid (CSF) drainage, osmotic agents, 

decompressive craniectomy, sedation, barbiturates, hypothermia, and surgical hematoma 

removal.56 The listed recommendations are based on limited evidence, and often not level 1 

evidence (multiple randomized controlled trials and meta-analyses demonstrating efficacy). 

Draining CSF removes mass from the cranial compartment, aiding in lowering ICP.218 

Pharmacological agents to reduce CSF production, such as acetazolamide, have also been 

tested, with mixed results.219,220 Hyperosmotic agents, such as hypertonic saline and mannitol, 

draw water out of the brain via osmosis, thereby reducing ICP.221 Removing a portion of the 

skull does not remove any mass from the cranium, but does give the brain space to swell and 

prevents herniation.222 Pharmacological agents such as barbiturates and sedatives slow down 

metabolism of the central nervous system, reducing CBF and cerebral blood volume, reducing 

cranial contents.223,224 Similarly, therapeutic hypothermia also reduces metabolism, lowers CBF, 

and has been shown to reduce ICP.225,226 Some studies also demonstrate that hypothermia 

reduces edema, but this finding is inconsistent.227–229 One study posits that despite the 

inconsistent effects on edema lowering, therapeutic hypothermia may reduce ICP by reducing 

CSF outflow resistance, although data to support this theory is limited.230 Finally, surgical 
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hematoma removal (via stereotaxic or endoscopic methods) is theorized to reduce ICP by 

removing mass from the skull, but studies assessing ICP after hematoma removal are rare. 

Animal studies and clinical trials on ICP lowering treatments will be discussed in more detail in 

Chapter 2. 

 

1.9 ICP regulation and compliance mechanisms  

When ICP is elevated, compliance mechanisms exist to accommodate added mass and 

lower ICP. This is known as intracranial compliance.231 Originating in 1783, the Monro-Kellie 

doctrine states that since the skull is a rigid structure and the brain is incompressible, any 

change in blood, brain, or CSF volume necessitates a compensatory change to accommodate 

the added mass.232 For example, the volume of CSF is reduced (e.g., drainage increases and 

production decreases), and venous blood volume in the brain is reduced, typically via the 

external jugular veins.212 Clearing these fluids creates additional space within the cranium and 

can lower ICP. Therefore, in an uninjured brain, typically we see that relatively large changes in 

volume lead to small changes in ICP due to this accommodation. However, there is a limit to 

these compliance mechanisms, due to the limited volume of CSF and venous blood. For 

example, cerebral blood volume is 1-2 mL/100g of tissue, approximately 70% of which is 

venous blood.233,234 Therefore, after a certain volume of added mass, these compliance 

mechanisms become exhausted, and the volume added is beyond the zone of cerebral 

autoregulation, leading to greater increases in ICP.212 Cerebral autoregulation refers to the 

maintenance of consistent cerebral blood flow despite changing blood pressure.235 Originally, it 

was thought that CBF would be maintained from arterial pressures ranging from 60-150 

mmHg.236 However, the zone of cerebral autoregulation is not as wide as previously thought (5-

10 mmHg, vs the 90 mmHg range originally proposed), and the range varies greatly between 

individuals.237 Therefore, it is unclear how well cerebral blood flow might be maintained when 

accommodating an ICP challenge. It was previously believed that after the CSF and blood 



 21 

compliance was exhausted, then continually elevated ICP would lead to brain herniation and 

ischemia. However, recent data suggests that the skull itself may be able to expand to a small 

degree (<10 µM in rodents).238 Further, we have recently found that the parenchymal tissue 

itself can contribute to compliance,102,166 contrary to the Monro Kellie doctrine.232 After large ICH 

and severe ischemic stroke, neurons in uninjured brain regions, such as the contralateral 

hemisphere and distal structures, reduce their volume and increase their packing density, 

leading to an overall reduction in contralateral hemisphere volume.  

 

1.10 Tissue compliance: what we currently know 

Tissue compliance (increased packing density and decreased volume of neurons) as an ICP 

compliance mechanism could be a life-saving compliance mechanism occurring as other forms 

of compliance reach their limits after severe mass effect.166 The additional space savings could 

prevent brain herniation and death. In rodent studies, we see that neurons start to decrease in 

volume at 6 hrs post-ICH (unpublished data), and by 24 hrs they have decreased volume by 

about 40-50%. These cells then return to their normal volume by 7 days post-ICH.102,166 At this 

time, we have no evidence of cell death in these neurons between 1-7 days post-ICH, as fluoro 

jade C staining did not reveal any fluoro jade positive cells (indicative of cell death) outside of 

the injured area. Therefore, these cells are not decreasing in volume due to apoptosis. We have 

seen evidence of tissue compliance across regions and hemispheres. Thus far, this includes 

hippocampal CA1 and sensory cortex pyramidal neurons in both hemispheres as well as 

medium-sized striatal neurons in the contralateral hemisphere. The decrease in cell volume is 

not just due to widespread changes in water content (e.g., dehydration), as muscle water 

content and cerebellum water content is unaffected. There appears to be a threshold ICH 

volume where tissue compliance begins. In the AWB model, tissue compliance was observed 

only after the largest of three insult severities, indicating this could be a phenomenon that 

engages at a certain threshold, rather than gradually as the hematoma volume increases.102 
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However, higher powered studies are needed to determine if this threshold exists and what the 

threshold is. 

This is not an ICP compliance mechanism that is limited to one model of ICH. Thus far, we 

have observed tissue compliance in both the COL model and the AWB model of ICH as well as 

the suture occlusion model of middle cerebral artery occlusion (MCAO).102,166 All of these 

models contain mass effect, either through brain edema or through both edema and the 

hematoma. Therefore, it is not an ICH specific property (e.g., blood components) that is leading 

to tissue compliance. The COL and AWB model have similar ICP profiles, but the extent of ICP 

increase is dependent on the hematoma and edema volume.102,239 Since the COL model has 

prolonged bleeding over hours, the peak ICP may be more delayed compared to the AWB 

model. The suture occlusion model of MCAO causes a similar increase in ICP, gradually but 

steadily increasing over the first day as edema forms.240 Finally, tissue compliance was also 

investigated in a neonatal model of hypoxic-ischemic encephalopathy.166 In this model, we see 

large amounts of edema, however, the ICP responses may differ, as the sutures in the skull 

have not fully fused. Because of this, we do not have the same closed system that exists in 

adult brain injury. In this model, we saw little evidence of tissue compliance, possibly due to 

differing ICP levels.  

Thus far, all data on tissue compliance after ICH has been done in young, healthy rodent 

models. Therefore, this may be a phenomenon specific to rodents that humans are not capable 

of. Alternatively, this may be only observed in young and healthy animals and people, and may 

not be a compliance mechanism that older patients with comorbidities (such as diabetes and 

hypertension) are capable of. There is some evidence that suggest humans may be capable of 

tissue compliance. A small clinical study demonstrated that neuronal density increased in 

patients that had large brain tumours.241 This suggests that humans may also use tissue 

compliance in cases of mass effect in order to reduce ICP. This case differs from ICH in that 
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tumour development involves a slow growing mass, whereas ICH and edema development 

occur rapidly and would leave less time for tissue compliance to take effect.  

However, the drastic and acute changes that these neurons undergo, despite not being 

lethal under the conditions we examined, may have consequences that are not currently known. 

For example, neuronal functioning may be impacted through changes to the ionic environment 

or from subcellular damage. Imaging data using x-ray fluorescence shows that regions around 

the hematoma (the peri-hematoma zone) have impaired ion concentrations (e.g., increased 

chloride and decreased potassium) that are most drastic closest to the hematoma.158,179 These 

studies have not found any large-scale impairments in contralateral regions, but it is important to 

note that this was done using a moderate size ICH that may not have caused substantially 

increased ICP and tissue compliance. It is possible that in the setting of tissue compliance, we 

would see ion concentration differences in areas of large cell volume changes. Additionally, it is 

possible that these ion concentration changes would be taking place on a much smaller scale 

than the impairments seen in the peri-hematoma zone, and thus may require finer resolution to 

quantify.242 Subcellular damage, such as damage to mitochondria or other organelles, could be 

impairing neuronal function. Previous research has noted mitochondrial injury in neurons that 

have undergone these extreme volume reductions.166 Therefore, even though these neurons 

survive, there still may be cellular damage that could lead to impairments in functioning (e.g., 

less ATP production). It is also possible that in some settings, the impacts to neuronal 

functioning could be lethal (e.g., depression in brainstem neuron function). Therefore, more 

work needs to be done to explore both the benefits and consequences of tissue compliance.  

 

1.11 Tissue compliance: what we hope to learn  

Many important questions still remain about tissue compliance in response to ICP 

challenges. What is the mechanism behind tissue compliance? Many cells naturally regulate 

volume using osmotic volume regulation, decreasing volume by extruding ions and osmolytes 
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(e.g., taurine).194,243,244 It is possible that ion channels (e.g., chloride channels, the sodium 

potassium pump),245,246 aquaporins, and mechanically sensitive channels (e.g., TRPV4) are 

implicated in the rapid and drastic cell volume decreases seen after ICH.247,248 Many of these ion 

channels (e.g., Sur-1 Trpm-4) that can contribute to cell volume regulation are also implicated in 

cytotoxic edema formation after ICH. Therefore, further study of these channels and the 

therapeutic implications of inhibiting them are warranted. Another key question about tissue 

compliance is if it is helpful or harmful? If both, a key research objective is to find a way to 

minimize side effects and negative consequences, while keeping the potentially lifesaving ICP 

lowering effects. Other main research objectives include determining which populations undergo 

tissue compliance, and which factors are related to tissue compliance? For example, it is 

important to determine if tissue compliance is observed in clinical populations. Perhaps there 

are sub-populations that cannot undergo tissue compliance, such as patients with chronic 

hypertension, elderly patients, or female patients. For example, age-related tissue atrophy may 

play a role in ICP responses.249 Additionally, estrogen is known to affect cell volume regulation, 

and therefore, the estrous cycle in females may impact tissue compliance.250 Knowing which 

factors influence this phenomenon can give insights into the mechanisms behind tissue 

compliance. For example, if there are age-related impairments in cell volume regulation,251 this 

could be expressed as reduced tissue compliance in the elderly, and the reasons behind this 

can be further explored. Knowing the mechanisms behind tissue compliance could potentially 

allow clinicians to induce tissue compliance in patients if they do not undergo tissue compliance 

on their own. Additionally, mechanistic insights can help lead to treatments limiting dangerous 

side effects. Finally, it is important to know how existing therapies impact tissue compliance. For 

example, hypertonic saline can be used to lower ICP,216 but this may impact cellular responses, 

cell volume regulation mechanisms, and therefore, tissue compliance.  

In summary, much more research is needed in the area of tissue compliance, but so far, 

current research is promising. Tissue compliance represents a potentially life-saving mechanism 
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of ICP compliance, but such drastic changes to the brain environment likely have 

consequences. Exploring both clinical research and preclinical research on the factors that 

influence tissue compliance (e.g., age, sex, and hypertension) is an important first step to guide 

future research. These studies will pave the way for additional mechanistic and therapeutic 

studies on tissue compliance after stroke. 
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Figure 1-1. Mechanisms of damage from ICH on the neurovascular unit. As bleeding occurs, 

resulting damage affects the BBB, glial cells, and neurons. 
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Figure 1-2. The collagenase model (left) compared to the autologous whole blood model (right). 

With the COL model, bacterial collagenase breaks down the basal lamina of the BBB and 

causes bleeding. With the AWB model, shearing forces of the injected blood can cause 

additional bleeding, but this occurs to a lesser extent than in the COL model. The COL model 

typically results in more spherical hematomas, whereas the AWB model results in more 

umbrella shaped hematomas. 
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Chapter 2: A Translational Perspective on Intracranial Pressure Responses following 
Intracerebral Hemorrhage in Animal Models 
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2.1.0 Introduction 

Intracerebral hemorrhage (ICH) is a devastating stroke caused by bleeding into the 

brain. Approximately 40% of ICH patients die,1 which is partly due to high intracranial pressure 

(ICP). Increased ICP is caused by the mass effect of the hematoma, which takes up space in 

the cranium. Brain edema formation after ICH can further increase ICP. Dangerously high ICP is 

associated with worse outcome2,3 and can lead to decreased cerebral blood flow (CBF),4 

potentially into the ischemic range, and even death via brain herniation.5 Treatments exist to 

lower critically elevated ICP, such as osmotic agents and surgical interventions, but the 

effectiveness of these treatments are limited and/or unclear in ICH.6–9  

 Animal models are used to assess both the pathology of ICH as well as to screen 

potential treatments. In this review, we summarize the harmful role of raised ICP in hemorrhagic 

stroke, presenting preclinical studies and how they relate to clinical findings. Here, we review 

ICP pathophysiology, research techniques, treatments, possible reasons for translational 

failures, and recommendations for improvements to strengthen future research.  

 

2.2.0 Increased ICP due to ICH 

2.1 Factors contributing to ICH-related increases in ICP 

 After ICH, there are many different factors that lead to increased ICP, including the mass 

of the hematoma, the development of edema, obstructive hydrocephalus, and other secondary 

complication such as seizures and fevers.10 The hematoma occupies space in the rigid cranium, 

which cannot increase in volume. Increased ICP can lead to brain shifts and herniation (Figure 

2-1), where the pressure causes protrusions of brain tissue through cranial foramina.5 

Additionally, the hydrostatic pressure itself can directly cause neuronal injury.11 Hydrostatic 

pressure, or pressure exerted by fluid, such as blood or CSF in the cranium can upregulate 

apoptotic factors and lead to decreased neuronal viability and cell death. The brain can 

accommodate added mass in the cranium to some extent, but after severe ICH, these 
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compliance mechanisms are not enough to accommodate the large hematoma and subsequent 

swelling. 

 Cerebral edema, the swelling of brain tissue, contributes to mass effect and raised ICP 

following ICH.12–16 Edema post-ICH is largely located in the peri-hematoma zone, and peaks at 

72 hours post-ICH in rats and anywhere between 4-12 days post-ICH in humans.14,17–20 

Cytotoxic edema is the earliest form of edema, typically forming within minutes of stroke 

onset.16,17 In cytotoxic edema, ion influx (Na+, Cl-, etc.) leads to cell swelling as water follows 

ions into cells from the extracellular space.14,16,21,22 In doing so, ions are depleted from the 

extracellular space, creating a driving force for ionic and vasogenic edema.16,21 Prior to BBB 

destruction, ions flow into the brain through channels, replenishing ions in the extracellular 

space and leading to water influx.16,17,21 Following BBB injury, protein influx into the brain leads 

to vasogenic edema.16,21,22 Hydrostatic pressure is one of the primary driving forces in 

vasogenic edema. Increased ICP  affects hydrostatic pressure, and causes more vasogenic 

edema.14,16 Other ICH-specific contributors to peri-hematomal edema are serum extrusion, 

thrombin production and red blood cells degradation. During clotting, serum is extruded from the 

hematoma, which adds to the water content in the brain.18 Additionally, the protein content of 

serum creates an osmotic gradient, which brings in additional water. Thrombin causes edema 

formation, and erythrocyte breakdown processes have been linked to formation of delayed 

edema.13,14,16,17 Many comprehensive reviews are available on edema formation and treatment 

after ICH.16,23,24 

 Beyond the mass effect of the hematoma and edema, other consequences of ICH can 

raise ICP. For example, ventricular bleeding can lead to obstructive hydrocephalus, which can 

markedly increase ICP.25,26 Further, seizures are common after ICH, and have been associated 

with increases in ICP.27,28 Seizure activity causes an increase in cerebral metabolism and elicits 

an increase in cerebral blood volume, which may be the reason for elevated ICP. Fever is 

another consequence of ICH that causes vasoconstriction, an increase in heart rate, and an 
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increase in blood pressure, all of which can further increase ICP.29–31 Therefore, seizures and 

fever provide a therapeutic target beyond mass effect to reduced ICP. 

 Clinically, ICP increases within hours after ICH and can remain elevated for many 

days.32 In rodents, ICP starts to elevate within hours, which matches the profile of hematoma 

formation in the collagenase model.20 Similarly, ICP remains elevated for approximately three 

days, which follows the progression of edema resolution and the start of hematoma clearance 

(Figure 2-2). After the initial bleeding event, serum is extruded during clot formation and 

stabilization, adding to the fluid in the cranium.33 However, subsequent hematoma clearance 

involves blood cell lysis and therefore, reduced cranial contents. When the only factor is mass 

effect, such as during microballoon inflation, ICP remains elevated while the balloon is inflated 

and returns to baseline minutes after deflation.34 Thus, it is not surprising that ICP remains 

elevated until hematoma clearance and edema resolution begin. Hematoma and edema 

progression influence the choice and timing of therapies to treat ICP.  

 

2.2.2 Brain Compliance Mechanisms 

Several compliance mechanisms accommodate to mass challenges. As outlined by 

Monro and Kellie in 1783,35 blood volume, particularly venous blood, as well as cerebrospinal 

fluid (CSF) are reduced to make space in the cranium.36 Normally, humans have ~150 mL of 

CSF and ~50-75 mL of cerebral venous blood on average37 relative to a mean brain volume of 

1400 mL.38  In contrast, rats have 90 µL of blood 39, 95 µL of CSF 40 and ~2 mL of brain 

volume.41 These fluid volumes provide an absolute ceiling on the ability to accommodate mass 

effect, but of course not all CSF or blood can be displaced – at a certain point this leads to 

serious complications (e.g., ischemia). The volume required to induce a 10 mmHg increase in 

ICP in adults is ~ 26 mL.41 Interestingly, people are able to accommodate a larger increase in 

volume if the increase occurs more slowly, suggesting that at least some compliance 

mechanisms happen over hours or longer.10 A recent study found that after large ICH with 
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increased ICP in rats, neurons distal to the hematoma reduced their soma volume and packed 

closer together, likely to accommodate the mass effect.18 This ‘tissue compliance’, which has 

yet to be evaluated directly in human stroke, may be a mechanism that would take longer to 

occur than blood and CSF reduction. These compliance mechanisms can be quickly overrun 

after large intracerebral hemorrhage, and with impaired autoregulation (local blood flow 

regulation) from brain injury there can be altered compliance responses.42,43 For example, 

compliance is lowered in patients with higher mean ICP.44 After traumatic brain injury (TBI), pigs 

with high blood pressure had higher ICP and had reduced ability to accommodate the mass 

effects of the injury.45 When patients have higher arterial blood volume, ICP will increase 

disproportionately in response to stimuli, such as gradually increasing brain edema.46 

Brain compliance mechanisms can prevent brain herniation and death if they are not 

overrun, but they can also have negative consequences. Cerebral perfusion pressure (CPP) is 

directly tied to ICP as explained by the equation: CPP = mean arterial pressure – ICP (Figure 2-

2). Cerebral blood flow is reduced as ICP increases if blood pressure is constant, and this CBF 

reduction can lead to ischemic damage. Many studies find a zone of acutely reduced CBF 

surrounding the hematoma.34,47,48 However, this reduced CBF does not always lead to ischemic 

damage.4,47,49 Although CBF is reduced, the metabolic demands of tissue in the perihematoma 

zone are likely also reduced, which results in an oxygen extraction fraction that is not increased, 

and the result is a lack of ischemic damage.47 This suggests that CBF reductions associated 

with compliance may not be as harmful as originally thought. However, this is likely dependent 

on the size of the stroke. Alternatively, if CSF production is reduced to make space for the mass 

effect, this leads to decreased waste clearance and impaired homeostasis.50 After injuries such 

as ICH, waste clearance is particularly important as the hematoma is broken down and toxic 

blood products, including iron, are cleared from the area of injury.51 After TBI, increased ICP in 

mice is associated with impaired lymphatic clearance that results in reduced toxin clearance.52 

Directly blocking lymphatic drainage resulted in a larger drop in CBF, greater increase in ICP, 



 61 

and increased edema after subarachnoid hemorrhage in rats.53 Beyond ICP increases, clotted 

blood in Virchow Robin spaces after ICH could block lymphatic drainage and induce 

downstream damage, such as focal lymphostatic encephalopathy, as seen in a rat model of 

ICH.54 Clinically, glymphatic clearance can also be impaired after stroke.55 Much of the research 

on the negative consequences of high ICP and compliance mechanisms focuses on reduced 

CBF and ischemia, but research on the downstream effects of impaired CSF after ICH is 

warranted. Lastly, tissue compliance can also have negative consequences. Initial evidence 

suggests that rapid cell shrinking leads to subcellular perturbations, such as mitochondrial 

damage (Kalisvaart et al., unpublished). Further research needs should determine the lasting 

impairments caused by tissue compliance.  

  

2.2.3 ICP and Outcome after ICH  

The relationship between ICP and outcome determines possible treatment targets and 

prognosis, but this relationship is not always straightforward. High ICP may limit re-bleeding and 

hematoma expansion, most of which occurs in the first few hours of onset,56 due to the 

tamponade effect.57 However, increased ICP can decrease CBF, potentially leading to ischemic 

damage. High ICP is not necessarily required for harmful effects, and mass effect is concerning, 

even if it does not always cause mortality.58 Beyond mean ICP, different ICP profiles, such as 

increased spiking or variability, may affect outcome (see section 4.4).2 

Larger bleeds take up more space in the skull and cause greater edema. Therefore, in 

general, larger hematomas lead to higher mean ICP, but this relationship is not linear.18 When 

comparing different severities of AWB ICH, both peak ICP and duration of ICP elevation were 

not significantly different, although there were trends for differences in mean ICP. Brain 

compliance is one explanation for a lack of ICP differences between ICH severities. In 

subarachnoid hemorrhage, injury grade was a significant predictor of higher ICP.59 In general, 
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smaller hematomas will have smaller increases in ICP, but when looking at a narrow range of 

ICH volumes, such as in preclinical studies, this effect may be harder to detect. 

In animal studies, many authors do not measure the relationship between ICP and 

functional outcome. Thus, even if a study finds animals had increased ICP and, for example, 

reduced CBF, it is not clear if the reduced CBF was biologically meaningful and lead to reduced 

function, or if it was transient and resolved without lasting impairment. Other animal studies do 

not clearly report mortality, or use short survival times (e.g., less than 24 hours) that prevent the 

true mortality rate from being realized.60 Finally, animal studies often do not induce a wide range 

of insults within a study. Those studying ICP will often pick a targeted hematoma volume that is 

large enough to cause increased ICP (e.g., 50 µL bleeds in the collagenase model in rat) but 

largely avoid spontaneous mortality, for ethical reasons. With a limited range of hematoma 

volumes necessarily comes a limited range of ICP responses and outcomes, and the true 

relationship between ICP and outcome becomes difficult to assess. Thus, researchers should 

consider larger ICH volumes in their models if they wish to improve clinical relevance and their 

ability to predict clinical responses to therapies.  

Clinically, the best predictors of outcome are hematoma volume and location, as well as 

the level of consciousness at admission.61 Higher ICP is related to larger hematoma volumes, 

which relate to poorer outcomes. The prognostic usefulness of ICP measurements alone are 

minor, since large hematoma volumes are already known to have poor prognosis.62 Markers of 

large ICP increases, such as presence of intraventricular hemorrhage (IVH), the size of the 

bleed, and worsening herniation over time are likely as useful for predicting outcome and 

mortality as ICP after ICH. Conversely, after subarachnoid hemorrhage (SAH), rising ICP 

pressure predicts worse patient outcome.59 In ICH, the lack of clear utility of ICP measurements 

in prognosis does not mean that ICP is not an important aspect of injury after ICH, merely that 

much of the variability in ICP is already explained by the size of the injury. Additionally, there is 

some suggestion that beyond mean ICP, other ICP measurements can be useful for predicting 
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outcome. For example, ICP variability and relative time spent over 20 mmHg are both 

associated with worse outcome in patients.63,64  

 

2.3.0 ICH Models 

2.3.1 ICP Across ICH Models 

Preclinically, primary ICH is most-commonly induced using the collagenase and AWB 

models. In the first model, bacterial collagenase is injected into the brain to cause breakdown of 

collagen and bleeding over the course of hours.65 The AWB model involves an infusion of blood 

(e.g., obtained from the tail artery) into the brain,4,66 and results in a hematoma in the brain with 

less secondary injury than the collagenase model.67 The microballoon model of ICH is used less 

commonly. Here a small balloon is implanted in the brain and is inflated to mimic the mass 

effect of the hematoma, without secondary damage caused by coagulation or blood breakdown 

products.34 Similarly, injections of inert substances, such as oil, can mimic the mass effects 

associated with ICH while avoiding the effects of the blood.68 Conversely, blood components 

can be injected to specifically examine the damage caused by certain components of the 

hematoma (e.g., iron).69–72 A less commonly used model of ICH is the spontaneous ICH model, 

which uses stroke-prone spontaneously hypertensive rats.73 This model leads to increased BBB 

permeability, edema, and likely impaired autoregulation.73,74 No model perfectly mimics clinical 

ICH,75 and all models represent certain aspects of the pathophysiology of ICH (Table 2-1). 

Thus, experimental ICH models should be chosen based on accurate clinical representation of 

the aspects of disease that researchers are interested in.  

The collagenase model is associated with a significant increase in ICP. The extent of 

raised ICP depends on bleed size, but increases are on the order of 2-4´ relative to baseline 

readings.20,76 Elevated ICP begins to resolve by 3-4 days after ICH (Figure 2-3).20,76  Despite 

smaller bleeds, the collagenase model causes greater and more persistent elevations in ICP 
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than the AWB model, likely due to more secondary injury and edema in the collagenase 

model.20 This mass effect and corresponding ICP increase is similar to those seen in patients.  

The AWB model, despite accurately mimicking the mass effect of a hematoma, has 

considerably less edema than in the collagenase model.67 Water content in the AWB model is 

largely due to serum extrusion, and true peri-hematomal edema is limited.18 This is likely a main 

reason that ICP increases are less dramatic after an AWB infusion. After moderate AWB-

induced ICH, a mild ICP increase18 or no ICP increase20 have been observed, and even large 

infusions of blood do not lead to ICP increases as large as in the collagenase model.18 Further, 

raised ICP is more transient after AWB-induced ICH, with ICP often returning to baseline levels 

within hours.4 Therefore, when trying to accurately model the clinical ICP profile after ICH, we 

recommend the use of other animal models.  

Researchers have also characterized the ICP response after microballoon inflation in 

rats.34,77 Only with the largest inflation (100 µL) did they see a rise in peak ICP (16 mmHg 

increase) when the balloon was expanded for four hours. With lower inflation volumes (25 and 

50 µL) there was no significant increase in ICP, showing that this mass could be accommodated 

within the cranium. This suggests that in the collagenase and AWB models, at least 50 µL of 

blood and edema could be accommodated. With a shorter inflation time (10 minutes), the 

observed ICP increase was transient, resolving completely within minutes of deflation.34 This 

model does not cause significant cerebral edema, and thus, removing the mass effect by 

deflating the balloon resolves the ICP response. With this model, researchers can choose the 

duration of increased ICP with a relatively high degree of control. Although this model has less 

clinical relevance than others, the microballoon model is useful when researchers want to 

assess the mass effect of ICH without secondary injury due to blood products, such as iron-

mediated toxicity and ferroptosis.78  
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Location is another important consideration when modeling ICH. Striatal bleeding is 

often chosen to model a bleed in the lenticulostriate arteries, which is the most common site of 

intracranial bleeding in people and associated with hypertension.79 However, given that both 

collagenase and AWB are stereotactically injected, the location of bleeding is easy to vary. 

There are few studies in animal models that assess ICH in locations such as brainstem, 

cerebellum, or intraventricular extension.25,80,81 However, these locations are important to 

consider in studies of ICP, as brainstem and cerebellar hemorrhages are more likely to lead to 

herniation or brainstem compression and may respond differently to surgical treatment.82,83 

Additionally, intraventricular hemorrhage can lead to hydrocephalus and further increased ICP.84 

Therefore, the location of the hemorrhage should be varied depending on the particular 

objectives of the experiment, and further studies are needed to characterize ICP increases 

associated with different ICH locations.  

Side effects are common after ICH, both clinically and pre-clinically. However, in animal 

models, these side effects are rarely assessed and the impacts on ICP are not clear. For 

example, seizures increase cerebral blood flow and can increase ICP.28 Seizure activity has 

been observed in the collagenase, but not the AWB model.85,86 Fever is another side effect that 

can increase ICP,29,30 but fever incidence in ICH models is not often measured. Initial data 

suggests that location may be an important factor in fever incidence, with hyperthermia 

occurring in a collagenase-induced ventricular hemorrhage model (Liddle et al., unpublished 

data),87 and less so in collagenase-induced striatal ICH.88 

 

2.3.2 Species Differences 

 Although ICP studies modelling ICH use rats most frequently,89 ICP has been assessed 

in other species, including dogs,49,90,91 cats,92,93 rabbits,94,95 and non-human primates.4,96 Mice 

are not commonly used, likely due to technical difficulties in implanting devices onto a smaller 

skull. After ICH, ICP response will vary by species due to differences in the cranial 
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compartment, such as skull size and relative volume of brain, blood, and CSF.20 Rodents can 

tolerate mass effect and increases in ICP that are comparable to other species, including 

humans.18 For example, after severe middle cerebral artery occlusion, ICP increases reached 

up to ~30 mmHg in surviving rats.97 This indicates an ICP tolerance that is similar to humans.  

However, it is difficult to compare this to other species, as most ICH studies do not induce injury 

that severe and life-threatening. Importantly, ICH studies usually model a small range in bleed 

size, typically representing a moderate ICH. As a whole, preclinical studies do not capture the 

full range of insults observed in patients. Additionally, preclinical studies usually use young, 

healthy animals that are likely better able to accommodate mass effect than older animals with 

co-morbidities. Clinically, ~40% of ICH patients die, and mortality is associated with higher 

mean ICP.3 The number of deaths that are due to increased ICP directly are difficult to 

ascertain, although ~50% of deaths are due to neurological sequelae (initial bleed or re-

bleeding).98 Most deaths occur within the first few days after ICH, when ICP is elevated.99 

Animal studies directly quantifying the increase in ICP (e.g., due to mass in the cranium) that 

could be tolerated would be valuable, but challenging to compare and ethically difficult to 

conduct. The total cranial contents (brain, CSF, and blood) of rodents are ~2 mL, while humans 

are ~1700 mL.38 Thus, a large hematoma of 60 µL in a rodent comprises ~3% of the cranium. A 

60 mL (large)100 hematoma in patients occupies a slightly higher 3.5% of the cranium. Thus, the 

relative size of a hematoma that would cause high ICP is fairly consistent between species.  

Although ICH studies most commonly use murine models, larger species such as 

primates, cats, and dogs better represent the cerebral physiology of clinical ICH.101 These 

species are evolutionarily more closely related to humans than rodents, and their brains are 

gyrencephalic with a similar proportion of white matter.101 Two findings in canine studies 

regarding ICP dynamics after ICH have been replicated in clinical studies. The first being the 

finding that reducing blood pressure after ICH does not have a harmful effect on CBF or ICP 

and the second being that hypertonic saline is at least as effective as mannitol at controlling 
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ICP.90,91,101 Therefore, larger animal species can be useful in studying cerebral physiology after 

ICH, but factors such as cost and ethics must be considered.  

 

2.3.3 Animal Models in Relation to Clinical ICP 

 The ICP increases found in ICH models are similar to those observed in clinical settings. 

However, there are some key differences that must be considered when interpreting clinical 

studies. Baseline ICP is lower in rodents than dogs and humans, so the increase after ICH 

appears to be less as well. However, when looking at the increase in ICP, the relative amount 

across species is similar. Rodent ICP increases from about 3-4 mmHg to 9-12 mmHg, which is 

a 300% increase.18,20 Similarly, after ICH in dogs, ICP almost triples, from ~9 mmHg to ~25 

mmHg.90 Baseline ICP in humans is about 10 mmHg, and after ICH, ICP typically increases to 

21-40 mmHg, which is considered moderately increased and also reflects a tripling in ICP.102 

Therefore, the relative increase in ICP after ICH seems to be modelled well in animals. 

However, the time course of ICP resolution differs in some ways. ICP resolution is much faster 

in rats, resolving over the course of days rather than weeks.20 This likely reflects the quicker 

resolution of edema and the start of hematoma resolution, reducing the overall mass effect 

(Figure 2-3). Alternatively, quicker resolution of ICP in rodents could reflect better 

accommodation to ICP, or fewer secondary complications related to injury (such as infection 

and fever), which as noted earlier is less common in rodent models of ICH.  

Differences in acute care between animals and patients may affect relationships 

between ICP and outcome. For example, patients often receive treatments, such as osmotic 

therapy or surgical interventions; animal models do not use such therapies unless they are 

investigational. The monitoring and medical management that patients receive likely affect 

outcome independently of ICP. Animals are often left with no interventions other than analgesics 

for pain management related to the surgical induction of injury as well as the injury itself. These 

analgesics, such as buprenorphine, might affect ICP. Although some find buprenorphine did not 
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affect ICP in normal conditions,103 opioid agonists can cause hypoventilation, inducing cerebral 

hypoxia and increased intracranial pressure. Therefore, differences in ICH management can 

lead to translational failures in ICP studies. 

 Demographic factors and comorbidities are widely known to be poorly represented in 

preclinical research.60 Young, healthy, male animals are often used to model ICH, despite 

patients often being elderly, having concurrent illnesses and risk factors, and approximately half 

being female. In our recent literature review, only 1%, 3%, and 3% of all studies, respectively, 

used either hypertensive, female, or aged animals.60 Age, sex, and hypertension can all affect 

ICP,102,104,105 and not modeling these differences may lead to translational failures. Although age 

is associated with worse outcomes and greater edema,106 ICP is more likely to be severely 

increased in younger people.104 This may be because age-related atrophy could lead to 

increased compliance.107,108 However, this could also be due to attrition effects, where younger 

patients survive or are more likely to receive intensive care to survive larger bleeds. Still, older 

patients may respond differently to ICP therapies than younger patients. Like age, sex has the 

potential to impact ICP increases. Although there are no sex differences in normal ICP,109 sex 

hormones can influence injury progression and possibly ICP after ICH. Estrogen and 

progesterone can be neuroprotective, and in particular, can decrease bleeding and edema after 

brain injury.105,110–112 This should in theory equate to less mass effect and lower ICP in females. 

One study found that treatment with estrogen and progesterone resulted in decreased ICP after 

traumatic brain injury (TBI).105 However, this effect has not been widely documented pre-

clinically or clinically after ICH. Such an effect could be missed, perhaps because the majority of 

female ICH occurs post-menopause where estrogen levels are decreased, and because many 

female rodent ICH studies use ovariectomy to control for cycling hormone levels. On the other 

hand, testosterone can worsen injury, but largely does not affect bleeding or edema,112 and 

likely does not affect ICP to a biologically meaningful extent.  
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Beyond demographic factors, hypertension is one of the most prevalent risk factors for 

ICH.113 Acute hypertension might serve as a protective factor in a setting of raised ICP, as it 

may increase CPP. However, chronic hypertension causes vascular impairments that lead to 

decreased compliance and increased ICP.102 Clinically, hypertension is associated with 

impaired cerebral autoregulation.114 Pre-clinically, stroke-prone spontaneously hypertensive rats 

lose their ability to regulate cerebral blood flow as they age.115 This likely impairs auto-regulation 

of ICP as well. Therefore, work should be done to compare ICP pathology and compliance in 

normotensive and spontaneously hypertensive rats. 

In summary, animal model choice is a key factor in accurate prediction of clinical 

outcomes for work examining progression of injury and response to treatment. In Table 2-1, we 

provide a list of suggestions for choosing an accurate model for ICP research. Beyond model 

choice, there are many other important considerations in experimental design that can impact 

the likelihood of translation, such as randomization, replication, power analyses, etc. A 

comprehensive review of these topics can be referenced in translational stroke research 

guidelines.116,117  

 

2.4.0 Measuring ICP 

2.4.1 ICP Measurement Location 

 In animals, ICP is commonly measured from the lateral ventricle,4,34,109,118–124 the 

parenchyma,20,96,125 the cisterna magna,49,90,91,126 and the epidural space (Figure 2-

4).20,76,97,109,127,128 In patients, ICP gradients occur after ICH, such that ICP is highest near the 

hematoma, and lower further away from the hematoma, such as in the epidural space.125,129 

Likely, these pressure gradients are smaller in rodents due to smaller brains and less resistance 

from an intraparenchymal mass. After subdural hematoma in rats, ventricular and parenchymal 

recordings showed a large spike in ICP, while recordings in the cisterna magna only showed a 

slight and gradual increase from baseline.126 However, recordings in the epidural space can 
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reliably detect ICP increases related to mass effect in rodents,20,97,127 and Hiploylee and 

Colbourne found that epidural recordings did not differ from intraventricular recordings adjacent 

to the hematoma. However, these studies were not powered to detect more modest differences 

in recording values (e.g., <25%) that may exist. Although intraparenchymal recordings in or near 

the hematoma may be more accurate in some cases, invasive recordings like these can cause 

substantial damage to the small rodent brain.126  Specifically, having a cannula inserted after a 

large injury such as ICH with significant midline shift can lead to additional damage to brain 

tissue and can lead to the cannula measuring from a different area, depending on the amount of 

tissue displacement. Further, Uldall et al. found that ventricular recordings, when compared with 

epidural recordings, had very similar measurements (r = 0.9-1.0), and ventricular recordings 

caused a much higher rate of premature euthanasia due to complications such as 

hydrocephalus.109 Therefore, although epidural measurements could be slightly less accurate, 

the lower complication rate makes epidural recordings preferable in some settings, such as after 

ICH.  

 

2.4.2 ICP Measurements in Anesthetized Animals 

 In preclinical studies, ICP is often measured while the animal is under anesthetic. In 

some studies, measurements were taken continually for hours34 while the animal is under 

anesthetic, while in other studies, animals are repeatedly anesthetized for multiple 

measurement sessions.109 Either approach is problematic, as ICP can be affected by volatile 

anesthetics such as isoflurane and sevoflurane130 and injectable anesthetics such as 

ketamine.131,132 Anesthetics can affect blood pressure, cerebral metabolism, temperature, blood 

gases, and autoregulation, all which can alter ICP.133 Importantly, anesthetic effects can differ 

depending on pathophysiology, with small effects seen in normal conditions122 and larger effects 

seen after injury, such as TBI.130 For example, after diffuse brain injury in rats, ICP was 

significantly increased in animals anesthetized with sevoflurane compared to isoflurane.130 
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Similarly, halothane, another volatile anesthetic, increased ICP in patients with space-occupying 

lesions.134 On the other hand, in naïve rats, ICP was lower under anesthetic than when animals 

were awake.122 Anesthetics effects on ICP also differ depending on the anesthetic used, and 

while volatile anesthetics can increase ICP, other anesthetics, such as ketamine, propofol, and 

barbiturates, can lead to decreases in ICP.131,132,135 Therefore, experiment findings should be 

interpreted based on which anesthetic they used as well as the dose and duration of that 

anesthetic.  

 

2.4.3 ICP Measurements in Conscious Animals  

 Methods of anesthetized ICP measurement can be adapted for use in conscious 

animals.122,123,136 For example, pressure can be measured through a cannula inserted into the 

lateral ventricle. While the cannula is implanted during an anesthetized procedure, 

measurements can be taken in non-anesthetized animals after recovery, using light restraint. 

This method can be used for repeated measurements, but is not optimal for continuous ICP 

monitoring. Efforts should be taken to minimize handling and restraint, as this can cause stress-

induced alterations in physiology, such as an increase in blood pressure,137 temperature,138 and 

ICP.139 Alternatively, connecting an inserted catheter through a fluid swivel allows for longer 

measurement periods, such as hours to days at a time.123,136 

Continuous measurements of ICP can also be obtained in freely moving animals using 

telemetry.20,96,97,118–121,127,128 This is advantageous, as it avoids anesthetic confounds and allows 

researchers to record ICP for days at a time. A pressure transducer can be used to measure 

ICP by inserting the catheter into the epidural space,97,128 the lateral ventricle,118–121 or the brain 

parenchyma.96 In the case of ICP measurements after ICH induction, the catheter can be 

inserted into the burr hole used to induce the hemorrhage, simplifying the surgical procedure. 

Using telemetry, mean ICP in uninjured rodents is 3.4-6 mmHg.18,97,119,128 Another advantage of 

telemetry is that dual pressure telemeters can be used to simultaneously measure ICP and 
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arterial blood pressure. This allows researchers to continuously measure cerebral perfusion 

pressure as well as dynamic changes in ICP, blood pressure, and cerebral perfusion pressure 

that occur in response to ICH.  

When using telemetry, movement artefacts and their effect on ICP measurements must 

be considered. For example, dual pressure telemeters are often implanted in the abdominal 

cavity to allow measurements of both ICP and blood pressure simultaneously.128 In this case, 

movement can create artefact,97 both through bending the tube, causing fluid compression, and 

by changing the relative position of the tip of the catheter to the sensor (e.g., during rearing). 

Therefore, a head assembly is advantageous, as it maintains the position of the telemeter 

relative to the tip of the catheter, and bends in the line are rare.97 In cases where the telemeter 

is implanted abdominally, using video recordings may be beneficial, as researchers could 

exclude data artefacts that are due to animal movement. 

One disadvantage of telemetry is the relatively low accuracy of pressure telemeters. For 

example, Data Sciences International lists the accuracy of their PA-C10 pressure telemeter as ± 

3 mmHg. When measuring a larger number, such as mean arterial pressure (~100 mmHg), this 

potential measurement error is less problematic than when measuring a smaller number, such 

as normal ICP in rodents. This accuracy range makes it difficult to discern where the true 

baseline ICP is in rodents, and gives researchers less confidence in detecting small but 

meaningful changes in ICP between experiments, such as a doubling from 4 mmHg to 8 mmHg. 

However, measuring offsets prior to and following probe implantation can help circumvent these 

accuracy problems. Further, researchers should consider changes over time and not just 

absolute values. 

 

2.4.4 Analysis of ICP Measurements 

One consideration when dealing with continuous measurements, sometimes hours to 

days’ worth, is how to meaningfully express and analyze this data. Most preclinical studies 
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express measurements as mean ICP over time, however, it is unclear if that is the best predictor 

of mortality or functional outcome or if other parameters, such as peak ICP or ICP variability, 

have a stronger relationship. For example, one clinical study found that high ICP variability was 

an independent predictor of mortality and was strongly correlated with cerebral perfusion 

pressure.63 Another clinical study found that there was no relationship between mean ICP or 

initial ICP and outcome.32 In other work, mean ICP, ICP variability, and amount of time spent 

with ICP >20 mmHg were all associated with mortality and poor outcome, whereas peak ICP 

was not.3 In the previous study, mean ICP was the strongest predictor of mortality, while time 

spent with ICP >20 mmHg was the strongest predictor of poor functional outcome.  

In animals, a study testing the efficacy of acetazolamide to lower ICP found that the 

treatment did not affect mean ICP, but did reduce peak ICP and lower the amount of 

disproportionate increases in ICP, defined as sudden ICP increases greater than 10 mmHg 

above preceding data points (Figure 2-5), which are indicative of poor intracranial 

compliance.127 However, reducing these events did not lead to improved functional outcome or 

decreased lesion volume. This is supported by findings that show a weak relationship between 

peak ICP and lesion volume in rats, but a significant relationship between mean ICP on day 3 

post-ICH and edema.20 Taken together, mean ICP, time spent > 20 mmHg, and ICP variability 

tend to be the strongest predictors of outcome after ICH. However, further research should be 

done to determine how different aspects of ICP relate to injury after ICH so future treatments 

can target those parameters.  

 

2.4.5 Clinical ICP Measurement 

Measuring ICP is invasive, and therefore, not all patients undergo ICP monitoring. A 

retrospective analysis has shown ~20% of patients have ICP monitored.140 Commonly, ICP is 

monitored after hematoma evacuation or in patients with an external ventricular drain, as there 

is already surgical access to monitor ICP.141,142 Intraparenchymal and epidural monitors can also 
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be used if a ventricular catheter is not already in place.26,142 Ventricular monitors have a higher 

rate of infections compared to subdural catheters,143,144 but are still considered the “gold 

standard” method for assessing elevations in global ICP.5 

With complications related to ICP monitoring, such as increased risk of infection, some 

have tried to determine whether the benefits outweigh the risks. In comatose patients, ICP can 

be used to predict mortality and poor outcome.64 In ICH patients overall, the relationship 

between ICP monitoring and outcome is less robust than in other injury types, such as TBI.26 

Still, when ICH patients were randomly assigned to receive ICP monitoring, those that had ICP 

monitored had lower rates of secondary brain herniation and better neurological outcome, 

despite similar hematoma volumes and rates of hematoma expansion.5  

There is an interest in developing a less invasive measure of ICP, including using 

ultrasound to measure optic nerve diameter.145 With this method, authors found the cut-off point 

of optic nerve diameter that is associated with ICP > 20 mmHg. Although this does not provide a 

direct measure of ICP, it is a non-invasive method that can determine which patients have 

elevated ICP and might benefit from treatment.  

 

2.5.0 ICP Treatments   

2.5.1 Medical Management 

 Although not all ICH patients undergo ICP monitoring, all patients should frequently 

undergo neurological examinations to detect signs of increased ICP or brainstem herniation.146 

Monitoring ICP is recommended in patients with decreased consciousness, signs of brain 

herniation, ventricular hemorrhage, or hydrocephalus.129 Typically, treatment is recommended 

when ICP becomes elevated above 20 mmHg.83  

 Currently, treatments for elevated ICP recommended by ICH management guidelines129 

include: CSF drainage (class 2a, level B), hyperosmolar therapy (class 2a, level C), sedation 

(class 2a, level C), decompressive craniectomy (class 2b, level C), barbiturates (class 2b, level 
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C), hypothermia (class 2b, level C), and surgical evaluation of the hematoma (class 2b, level C). 

Draining CSF is recommended in patients with IVH and hydrocephalus, particularly when there 

are signs of herniation.9,129,146 Decompressive craniectomy can be done in cases where patients 

have a large ICH with significant midline shift or elevated ICP persisting beyond medical 

management. However, while decompressive craniectomy can be lifesaving, it does not always 

improve outcome.6,147,148 Hematoma evacuation is still under investigation, and the current 

consensus is that cerebellar hemorrhages should undergo surgical removal of the hematoma 

and some superficial hematomas, but the usefulness of surgery is not well established in 

supratentorial ICH.83,129 Hyperosmolar therapy is commonly recommended, with both mannitol 

and hypertonic saline being used.9,83 Sedation with agents such as fentanyl or propofol is 

recommended to minimize pain and agitation, which can worsen ICP through straining and 

increased cerebral oxygen metabolism.9 Agents with a short half-life are recommended so that 

intermittent neurological assessments can still be performed. Similarly, barbiturates, such as 

pentobarbital can control ICP by decreasing cerebral metabolic activity. When using 

barbiturates, electroencephalography can be monitored to ensure the dose produces burst-

suppression and avoids excessive sedation.9 Hyperventilation can also be used to lower ICP, 

but its effects typically only last a few hours, and are best when combined with hyperosmotic 

therapy. Finally, moderate to mild therapeutic hypothermia has been suggested for lowering 

ICP, but is a strategy employed less frequently due to the many complications associated with 

cooling (e.g., pneumonia).76,149 Current guidelines caution against using corticosteroids to treat 

elevated ICP, as they are associated with increased complications, such as infections, after 

ICH.129 For further in depth review on ICP management and treatment, numerous reviews are 

available.99,129,150 

 Many different treatments have been and are currently being investigated to lower ICP in 

the acute phase of ICH. These treatments range from surgical to pharmacological, and have 

achieved mixed success. One issue these studies face is patient selection. Clinical trials can be 
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negative overall, with subgroups of patients seeing significant benefit. The heterogeneity of 

many clinical trials allows for this sub-analysis, which provides hypothesis-generating findings 

for future trials. For example, the surgical trial in ICH (STICH II) trial was negative, but patients 

with superficial lobar hemorrhages appeared to benefit.151 This has led to follow up trials 

investigating specific subgroups that might benefit from surgical removal of the hematoma, such 

as lobar hemorrhages and comatose patients, and results show that endoscopic approaches in 

patients with lobar hematomas are most effective at improving outcome.152,153 Animal studies 

are more homogenous, and while this should afford greater statistical power and fewer 

confounds, effects may be missed due to inappropriate model selection and the preponderance 

of small-N studies (statistically underpowered and unreliable). For example, studies inducing 

moderate-sized AWB hemorrhages may not see an effect of an ICP lowering drug, but the same 

drug may be effective when treating a larger hemorrhage induced by collagenase that has 

substantial and sustained ICP increases. Thus, results of preclinical treatment studies should 

always be viewed in the context of that given study, with modelling limitations considered. 

Further, many preclinical studies of potential ICP treatments (such as osmotic agents) rely on 

edema as a measurement of the treatment effect and do not measure ICP, likely owing to 

expense or technical challenges. Indeed, ~58% of ICH neuroprotection studies in rodents use 

edema as their endpoint, but do not measure ICP.60 In rats, ICP and edema do not always 

directly correlate,18 and thus, using only edema as an endpoint does not demonstrate whether 

the therapy would have a clinically meaningful effect on ICP. For example, therapeutic 

hypothermia in ICH rats can reduce mean ICP without reducing edema.76 

 Various studies illustrate the importance of considering ICP and edema in tandem when 

planning and implementing treatment strategies. For instance, decompressive craniectomy and 

other ICP lowering treatments may exacerbate edema formation.21 It is recommended that 

dehydration therapies such as hypertonic saline and mannitol are tailored to each case 

depending on the patient’s state of edema, ICP, and likelihood of re-bleeding.14,23 Recent 
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guidelines on managing intracerebral hemorrhage from 2015 do not directly recommend 

monitoring edema when treating ICP, and vice versa.129 However, it is acknowledged that 

edema contributes to raised ICP. Future experiments investigating edema and ICP treatments 

should monitor the treatments effect on both edema as well as ICP. 

 

2.5.2 Osmotic Therapies  

 Currently, one of the first line methods for controlling ICP is osmotic therapy. 

Hyperosmotic agents, such as mannitol or hypertonic saline (HTS), are used to osmotically 

draw out fluid due to differences in osmolarity between the blood and the parenchyma. This 

lowers intracranial pressure by reducing the amount of fluid in edematous regions but likely 

other areas as well in the cranial compartment,154 transiently reducing ICP and allowing time for 

further treatments, such as craniectomy or hematoma evacuation. The specific impact of 

osmotic therapies on CSF levels, intracellular fluid volume, and blood volume is not yet known. 

Additionally, these therapies can have side effects that must also be considered.129 Historically, 

mannitol has been the first-choice therapy for treating edema and ICP rises, but evidence 

suggests that HTS may be more effective.155,156 

  

2.5.2.1 Animal Data 

 In dogs, the differential effect of HTS and mannitol on ICP after ICH have been 

assessed. A single dose of HTS reduced ICP, and this effect lasted longest when low dose HTS 

was injected.90,157 In a lethal intracranial model where ICP was raised to 50 mmHg with a 

microballoon, the animals treated with HTS and mannitol survived longer than the control group, 

and animals given HTS had the lowest ICP.158 After collagenase ICH in rats, both mannitol and 

HTS reduced both inflammatory markers and midline shift, although no difference was detected 

between the two treatments.159 In a rat model of TBI, although HTS and mannitol had equal 
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effects on edema, HTS had a larger effect on ICP reduction and the duration of ICP 

reduction.155  

 These studies used a variety of models (AWB, collagenase, and microballoon inflation), 

which improves confidence in these findings. The sample sizes ranged from 4-8, which is 

slightly below average for the field.60 In canine studies, both sexes were used, but effects were 

not analyzed by sex. In studies with rabbits and rats, only males were used. Therefore, it is 

unknown whether the effects of osmotic therapies differ by sex. In all ICH studies, animals had 

no comorbidities (aged, hypertensive, diabetic, etc.).90,157–159 

 

2.5.2.2 Clinical Data 

 This animal data is supported by a meta-analysis of randomized clinical trials comparing 

iso-osmolar doses of mannitol and HTS, which found that HTS was more effective than mannitol 

at lowering ICP.156 Still, the data show that osmotic therapy is only effective for a limited time, 

and is not a feasible solution for lowering ICP for long durations, such as hours to days.7 

Additionally, it is unclear if this reduction in ICP results in a better functional outcome or 

reductions in secondary damage.7,156 

 

2.5.3 Surgical Interventions  

 Multiple surgical approaches have been explored that attempt to reduce mass effect, 

lower ICP, and improve outcomes after ICH. Decompressive craniectomy has been tried as a 

method to reduce ICP by giving the brain room to swell. Ventricular catheters are an option to 

drain CSF from the ventricle and lower ICP.160 Surgical removal of the hematoma has also been 

investigated as a treatment. Methods of hematoma evacuation include clot removal via 

craniotomy, minimally invasive endoscopic surgery, minimally invasive parafascicular surgery, 

and using tissue plasminogen activator to breakdown the clot prior to removal.129,161 Animal data 

shows that the optimal time window for surgery is between 6-12 hours after ICH.162 Preclinically, 
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there is a paucity of research on surgical interventions after ICH.34,77,147 This is likely due to the 

difficulty performing such procedures in small animals and a lack of surgical expertise to the 

extent found clinically. However, preclinical studies can help determine optimal parameters for 

treatment, such as treatment timing162 and which patient subgroups are likely to receive benefit. 

Of course, the caveat being that in order to best guide clinical studies, animal studies must be of 

sufficient quality (including randomization, blinding, replication, etc.), and it is clear that this is 

often not the case.60 Additionally, given the differences between rodents and humans in timing 

of injury, parameters would likely be most beneficial as relative to injury rather than absolute 

timing (e.g., treatment at the time of maximum edema).  

 

2.5.3.1 Animal Data 

 Craniectomies can be performed to allow for decompression and decreases in ICP. One 

study looked specifically at the timing of decompressive craniectomy after striatal ICH in rats, 

and they used the AWB model.147 Craniectomy was performed at either 1, 6, or 24 hours after 

ICH. All groups had lower mortality, better neurological scores, and reduced cell death 

compared to the control group. Effect sizes were dependent on time, with earlier having better 

outcomes. There was a wide treatment window for decompressive craniectomy, with earlier 

intervention having more favourable results. Decompressive craniectomy can reduce ICP 

effectively, but the side effects, such as increased rebleeding,148 must be characterized further 

and taken into account.  

 Ventricular shunting is commonly used to drain CSF and lower ICP in cases of 

hydrocephalus. Animal studies of ventricular shunting are largely done using models of 

hydrocephalus, rather than intracerebral hemorrhage. In a dog model of chronic hydrocephalus, 

ventriculoperitoneal shunts lowered ICP and improved tissue oxygen saturation.163 After CSF 

shunting in rats with hydrocephalus, the inflammatory response was reduced.164 However, 
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clinically, infection is a common risk associated with shunt implantation, and this risk may 

outweigh any benefits from minor reductions in inflammation.  

 Hematoma evacuation is a surgical intervention that can both lower ICP and reduce 

secondary injury caused by blood products in the hematoma. As with other surgical 

interventions, patient selection is key, as surgical risks and side effects can outweigh the 

benefits of hematoma removal. Preclinically, the microballoon model has been used to mimic 

hematoma evacuation by deflating and removing the balloon. These studies show that earlier 

removal is better165 and that removing the mass can improve CBF, reduce ischemic damage, 

and improve neurological outcome.166 However, removal of a microballon is much easier than 

removing a hematoma, which likely leads to less damage to surrounding brain regions. Others 

have examined hematoma evacuation by aspiration in the AWB model. After AWB-induced ICH 

in dogs, hematoma evacuation improved neurological deficits with earlier evacuation (within 12 

hours of injury) being most effective. Pre-clinically, many studies have investigated using a 

thrombolytic agent, such as tissue plasminogen activator or urokinase to dissolve the hematoma 

prior to aspiration. This surgical procedure has been shown to improve CBF and reduce 

ischemic damage,167 reduce edema and inflammation,168 and reduce blood-brain barrier 

permeability.169 However, this procedure can also lead to increased edema.170 Unfortunately, no 

research to date examines the effect of hematoma evacuation on ICP after AWB or collagenase 

ICH. There may be additional benefit of ICP lowering in patients with severe ICH, and this 

should be studied.  

 

2.5.3.2 Clinical Data 

The current ICH management guidelines state that decompressive craniectomy might 

reduce mortality in patients who have severely elevated ICP or are comatose, but this evidence 

is weak (level of evidence C), highlighting the need for further study.129 Ventricular drainage is 

recommended as a treatment for ICH patients that develop hydrocephalus, commonly as a 
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result of intraventricular hemorrhage.129 Clinical evidence shows that patients with cerebellar 

hemorrhage or patients with brainstem compression/hydrocephalus benefit most from 

hematoma removal.129 Minimally invasive surgical methods are being developed to decrease 

surgical damage, but the effectiveness of these methods are uncertain.8,129 

 

2.5.4 Pharmacological Therapies  

 Pharmacological agents exist that can lower ICP, but few have been assessed in 

preclinical ICH models. Much of the research on these agents has been done after TBI, both 

clinically and pre-clinically. Reducing CSF production is one method of lowering ICP. Drugs 

such as acetazolamide, topiramate, and furosemide are some examples of agents that reduce 

CSF production to lower ICP.  

 

2.5.4.1 Animal Data 

In the collagenase model of ICH, acetazolamide reduced ICP variability by reducing both 

the magnitude and occurrence of ICP spiking, but did not reduce mean ICP.127 This ICP 

variability reduction did not lead to improved functional outcome. In a dog model of 

hydrocephalus, acetazolamide did not reduce clinical symptoms as compared to ventricular 

shunting, and this study did not measure the effect of acetazolamide on ICP.171 However, in 

healthy rats, acetazolamide reduced mean ICP by over 50%.172 This suggests that the effects of 

acetazolamide may be dependent on the injury model. However, this study used 2-3´ the 

scaled maximum dose recommended clinically, and thus predictive clinical value is 

questionable. Furosemide, a diuretic that reduces CSF secretion, has been studied in an 

epidural microballoon inflation model in dogs. Furosemide caused small, slow, and variable 

reductions in ICP, and worked beset when combined with mannitol.173,174 In uninjured female 

rats, topiramate is the most effective ICP lowering agent when compared to acetazolamide and 

furosemide.175 Additional studies should be done to determine the effect of topiramate after ICH.   
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 Sedatives and anesthetics are another category of pharmacological therapies that can 

reduce ICP by slowing down CNS metabolism, which reduces CBF and cerebral blood volume. 

Pentobarbital and propofol are a few such agents that have been assessed pre-clinically. 

Propofol, when combined with therapeutic hypothermia, decreased ICP after diffuse TBI in 

rats.176 Propofol also caused increases in CPP, which would likely aid in preventing ischemia, 

but might lead to increased bleeding after ICH. Conversely, pentobarbital reduced ICP and CPP 

after epidural microballoon inflation in dogs.177 This also lead to profound hypotension, which 

increases the risk of ischemic damage but lowers risk of re-bleeding. Others have found that 

intraparenchymal injection of pentobarbital lowers ICP after subarachnoid hemorrhage in dogs, 

but only when injected into the medulla, not the hypothalamus or the pontine reticular 

formation.178 The off-target effects of sedatives and anesthetics are potentially harmful, and 

therefore make other pharmacological therapies a more promising option. 

 

2.5.4.2 Clinical Data   

 Currently, there have been no studies that have examined the efficacy of CSF reducing 

agents, including acetazolamide, topiramate, or furosemide for treatment of ICP after ICH. 

Before large-scale clinical trials are started, more animal work is warranted to evaluate the 

efficacy of these treatments in animals with appropriate co-morbidities.  

The effects of anesthetics and sedatives on ICP have been evaluated in patients with 

brain injuries. In patients with subarachnoid hemorrhage, isoflurane increased CBF without 

increasing ICP.179 After brain trauma, propofol can lead to decreased ICP and CPP.133 

Interestingly, although sedatives can reduce ICP, a systematic review of randomized controlled 

trials found that no one sedative agent is more efficacious than others at improving patient 

outcomes or lowering ICP after traumatic brain injury.180  

 

2.5.5 Hypothermia 
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 Therapeutic hypothermia is a neuroprotective therapy that slows down metabolism, 

which can be beneficial after stroke, among many other mechanisms of action.181,182 Decreasing 

metabolic demands can decrease blood pressure, which can in turn lower ICP.  

 

2.5.5.1 Animal Data 

After collagenase ICH in rats, local cooling of the skull to 33°C reduced both mean ICP 

and peak ICP.76 In this study, hypothermia treatment did not reduce hematoma size or edema, 

and therefore the decrease in ICP was not due to reducing the mass effect. After subdural 

hematoma in rats, neither mild (34°C) nor moderate (32°C) therapeutic hypothermia affected 

ICP or CPP, but it did reduce cortical edema.183 However, this study had a much earlier survival 

time of four hours and animals were under anesthetic for the duration of the study, whereas 

John et al. began treatment 24 hours after ICH, and ICP was decreased from 48-96 hours post-

ICH.  Therefore, hypothermia may only reduce ICP with a longer duration of treatment. 

However, the most beneficial cooling method may differ depending on brain injury, and there 

are striking differences in the extent of protection obtained in ischemic and hemorrhagic stroke 

models. The side effects of cooling include increased bleeding when animals are cooled during 

active hemorrhaging,184 and possibly at the time of rewarming.185 Increasing mass effect could 

end up worsening ICP.  

Hypothermia has also been shown to reduce ICP after ischemic stroke, but in these 

studies, a much shorter duration of only a few hours was used to reduce complications.186,187 

Therefore, further research should be done in ICH models to determine the optimal hypothermia 

parameters for lowering ICP while mitigating risks of side effects and complications of cooling.149 

Overall, evidence on the efficacy of hypothermia is mixed, because complications can outweigh 

benefits.149,188 However, subgroup analysis should be done in patients with elevated ICP to 

determine if this group may benefit more from hypothermia than those with mild ICP increases. 
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2.5.5.2 Clinical Data 

 After ICH, hypothermia can reduce edema,189,190 which may in turn lead to reduced ICP. 

However, this is level C evidence, and no randomized controlled clinical trials have looked at 

how hypothermia affects ICP after ICH, so further studies are warranted.  

 

2.5.6 Future Directions 

 The majority of ongoing research on ICP after ICH is taking place clinically, rather than 

pre-clinically. Current areas of interest on ICP measurement and control after ICH include: the 

importance of measuring ICP, less invasive methods of ICP measurements, and ICP lowering 

treatments. The SynapseICU trial is currently investigating variation in the practice of ICP 

monitoring in ICH and how this relates to outcome.191 This large-scale trial aims to recruit over 

5000 patients, and will hopefully provide insights into the role ICP monitoring may play in 

outcome. Other clinical trials are comparing new ICP monitoring techniques to conventional 

methods. For example, one study examined the use of cochlear microphonic potential and 

found it is closely correlated to ICP and could be a good alternative measurement.192 A clinical 

trial explored the use of near infrared spectroscopy to measure ICP, temperature, and cerebral 

blood flow after SAH.193 However, this spectroscopy probe still requires an invasive implantation 

procedure, and therefore would likely not reduce complications or risks associated with routine 

ICP monitoring. Finally, an ongoing clinical trial validating the use of ultrasound measurements 

of optic nerve sheath diameter as a marker of increased ICP.  

 Other trials have focused on interventions to reduce ICP. Lima et al. measured the 

impact of positive end-expiratory pressure levels on both CPP and ICP. They found that this did 

not impact CPP, BP or ICP. A recent trial comparing anesthetics used during subdural 

hematoma evacuation found that ICP was significantly lower in patients given propofol instead 
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of isoflurane.194 Thus far, no trial has found a therapy that significantly reduces ICP for an 

extended period of time without substantial complications, thus further research is needed.  

 Pharmacological therapies that may have secondary impacts on ICP are being explored. 

For example, ion channel antagonists such as glibenclamide and bumetanide are being 

investigated as anti-edema agents, with mixed results in ICH.88,195,196 If these drugs lower 

edema, this may in turn lead to reduced ICP. Additionally, sulforaphane may increase 

hematoma clearance, reducing mass effect and ICP more quickly.197,198 

 

2.6.0 Conclusion 

 In conclusion, ICP is an understudied endpoint in preclinical ICH research, likely owing 

to technical challenges and expenses associated with ICP measurement, especially compared 

to the trivial simplicity and cost of measuring cerebral edema. In efficacy studies of ICH 

therapies, researchers are more likely to use edema as a surrogate marker of benefit in the 

absence of ICP measurements, despite a lack of consistent relationship between both edema 

and ICP and between edema and outcome.60 Additionally, edema measurements do not 

separate serum extrusion from true peri-hematomal edema.18 Even without intervention for 

increased ICP, compliance mechanisms exist to accommodate ICP increases, however these 

compliance mechanisms are not fully understood. Mechanisms that increase ICP compliance 

are thought to be beneficial, but many have potential side effects (such as ischemia) that are not 

well studied. A better understanding of brain compliance, and particularly tissue compliance,18 

could lead to new ICP treatments to either augment compliance or reduce side effects 

associated with compliance. Current ICP reducing therapies have modest effects, and many 

have associated side effects, such as increased risk of infection. A need exists for a more 

robust therapy with fewer complications. New ICP lowering treatments are being investigated, 

and preclinical research can help with mechanistic studies, optimal dosing and timing, and 

determining which subgroups will benefit most from a given treatment, but only if studies are of 
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high translational quality (otherwise they often fail to translate199). Although it is difficult to 

measure ICP in animals, the need for this research in the ICH field is ever-present.  
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Figure 2-1. After large ICH, the mass effect of the hematoma and edema leads to midline shift, 

reduced CSF, compressed ventricles, and, in some cases, brain herniation. Pictured is a 

coronal section of a normal brain in humans (A) and the resulting brain shifts due to a 

hematoma (B). For comparison is a lissencephalic rat brain both before (C) and after ICH (D). In 

both cases, ventricular or subarachnoid extension of the hematoma can further increase ICP by 

obstructing CSF flow.200 

 



 112 

 

Figure 2-2. Cerebral perfusion pressure (CPP) = Mean Arterial Pressure (MAP) - Intracranial 

Pressure (ICP). In healthy patients, CPP is around 60 mmHg, MAP is around 70 mmHg, and 

ICP is around 10 mmHg.32,201 In hypertensive patients, an increase in MAP results in a similar 

increase in CPP, with no change in ICP. In hypertensive patients with increased ICP, such as 

stroke patients, increases in MAP and ICP can result in either an increase or decrease in CPP 

from healthy levels. These changes are similar in rodents, albeit with lower ICP values. 

Following ICH, lowered CPP can lead to risk of ischemic damage.77 
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Figure 2-3. Theoretical timing of relative ICP, edema, and hematoma volume progression after 

collagenase ICH, assuming a maximum hematoma size of 60 µL in a rat brain. After ICH, 

increased hematoma volume and subsequent edema both contribute to elevated ICP. In 

rodents, hematoma volume increases rapidly over hours as bleeding occurs after collagenase 

infusion (represented by the black line). After a few days, hematoma resolution and clearance 

begins.67 On the other hand, edema formation progresses over the first couple of days after ICH 

and peaks after about three days. Edema resolves within the first week after ICH. 

Consequently, ICP rises and peaks at ~ 24 hours after ICH and remains elevated for 2-3 days, 

and is almost resolved by a week post-ICH.20 
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Figure 2-4. Common locations of ICP measurement are shown from a coronal (A) and 

midsagittal (B) view. ICP is often monitored via intraparenchymal (green), epidural (red), 

ventricular (blue), or intra-cisterna (yellow) methods. Using telemetry, ICP probes can be 

implanted either in the abdomen (C), on the head (D), or in the subcutaneous space below the 

neck (D). The relative size of the ICP sensor is shown. In clinical settings, ventricular catheters 

are the "gold standard" for monitoring ICP. 
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Figure 2-5. Within 72 hours after collagenase ICH (representative trace), acetazolamide 

treatment affected peak ICP (arrows) and ICP variability (brackets) without changing mean ICP 

(~10 mmHg) when compared to animals given vehicle control treatment after ICH. This graph 

illustrates the importance of ICP analysis and determining which parameters predict outcome, 

as simply looking at mean ICP over time may miss out on crucial treatment effects. Modified 

from Williamson et al. 2018 (http://creativecommons.org/licenses/by/4.0/).127 
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Model Factors Contributing to ICP 

increase 

ICP data 

using 

these 

models? 

How well it matches clinical 

ICP profile 

Collagenase Hematoma, edema, seizures Yes Similar rise and timing 

Autologous 

Whole Blood 

Hematoma, edema (less than 

collagenase). 

Yes Similar rise, but shorter 

duration, likely due to less 

edema 

Microballoon Inflated microballoon Yes Depends on the duration of 

inflation and the size of the 

balloon. If correct inflation time 

and balloon size is chosen, 

can match clinical profile 

closely.  

Intraventricular 

Hemorrhage 

Hematoma, edema, 

obstructive hydrocephalus, 

fever87 

No Unknown 

Stroke-Prone 

Spontaneously 

Hypertensive 

Rats 

Hematoma (often multiple 

lesions and bleeds), edema, 

possibly seizures and fever 

(unknown), if bleeding occurs 

in ventricle, also obstructive 

hydrocephalus 

No Unknown 

Table 2-1. Common models of ICH and their respective ICP responses. Studies measuring ICP 
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after ICH are lacking, and thus it is often unknown how well each model represents clinical ICP 

responses. Some models that may be representative clinically are impractical for ICP research, 

such as the stroke-prone models. In these models, the timing of insult is unknown, making ICP 

measurements unfeasible. Researchers should be mindful of side effects, such as seizures, that 

affect ICP and may be present in some models and not others.86  
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Considerations for Translational ICH Models Impact on ICP 

Location of ICH Ventricular extension can raise ICP, 

location can affect herniation outcomes 

Severity of ICH Larger bleeds tend to cause greater ICP 

rises 

Anesthetic effects on ICP Mixed, depending on the type of 

anesthetic used 

Comorbidities (e.g., hypertension) Can lead to reduced compliance 

Age Younger age can have greater ICP 

responses, more data needed in animal 

models 

Sex Unknown effect 

Amount and type of edema More edema tends to cause to greater 

ICP 

Model choice Models have differing amounts of mass 

effect, leading to differential ICP 

responses 

Species May have differing compliance, different 

baseline ICP 

 

Table 2-2. A summary of issues raised in this review that should be considered when planning 

preclinical ICH studies with respect to measuring and treating ICP. Several reviews have been 

done on preclinical stroke study quality,116,117 and still guidelines are often not followed.60 These 

translational issues can also be discussed in the context of their effect on ICP. 
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Chapter 3: The collagenase model of intracerebral hemorrhage in awake, freely moving 

animals: The effects of isoflurane 
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3.1.0 Introduction 

Intracerebral hemorrhage (ICH) has a mortality rate of approximately 40%, and accounts 

for 10-20% of all strokes.1 Despite improvements in patient care and risk factor management, 

incidence and mortality rates have not changed in the past three decades.2 In order to enhance 

the chance of translational success and replicability, preclinical animal models must be as 

accurate to clinical presentation as possible. Currently, a major discrepancy of many preclinical 

ICH studies is the presence of volatile (e.g., isoflurane, sevoflurane, and desflurane) or 

injectable anesthetics (e.g., pentobarbital, ketamine and xylazine) shortly before or during the 

hemorrhage.3 These anesthetics are often necessary, but introduce a confound not present in 

ICH patients. Thus, understanding the effect of anesthetics in pre-clinical stroke models is vital, 

especially considering their influences on physiology and neuroprotection.4–7 For example, a 

photothrombosis model in awake animals has been developed to carefully examine the effects 

of isoflurane after focal ischemia,8 but effects may differ after ICH.  

The fluorinated ether anesthetic family, including isoflurane, sevoflurane, and desflurane, 

are believed to work by inhibiting pre-synaptic excitatory activity and enhancing inhibitory post-

synaptic GABAA receptor activity.9 Isoflurane, in particular, is commonly used in preclinical 

laboratories due to its affordability and low solubility coefficient in blood, which allows for quicker 

anesthetic induction and recovery.9 Isoflurane anesthesia is commonly coupled with nitrous 

oxide gas as this reduces the blood solubility coefficient, increasing uptake rate.10 Adding 

nitrous oxide to isoflurane also causes heightened cardiovascular activity, including increased 

blood pressure and heart rate compared to isoflurane alone.11 In animals, isoflurane is 

eliminated from the brain according to the two-compartment model, with half-lives of 26 and 174 

min.12 Thus, while they regain consciousness quickly there is still isoflurane present at the time 

of the bleed.13 

Concerningly, isoflurane alters physiology in ways that may impact stroke outcome. 

Notably, isoflurane can be neuroprotective when administered during pre, post, or peri-ischemic 
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periods.14,15 This neuroprotective effect arises from several mechanisms including limiting 

excitotoxicity, pro-apoptotic signaling, and the expression of pro-inflammatory factors; improving 

intracellular Ca2+ homeostasis; and causing vasodilation, thereby improving cerebral blood 

flow.14,15 Both pre- and post-conditioning with isoflurane can reduce cell death, edema, and 

behavioural deficits following ICH, presumably through similar mechanisms.16,17 Therefore, the 

effects of anesthetics must be carefully considered in pre-clinical research, including when 

testing neuroprotective agents.8 

Despite the promising neuroprotective potential of isoflurane, it may also impact stroke 

outcome negatively, especially during or following ICH. As mentioned, isoflurane is a potent 

vasodilator that increases cerebral blood flow.18,19 During a hemorrhage, an increase in cerebral 

blood flow could increase the size of the hematoma; however, this may be compensated for, as 

isoflurane also reduces blood pressure (BP) and heart rate.20 In addition to these hemodynamic 

factors, temperature is an important component in hemostasis.21 Volatile anesthetics can lower 

temperature by several degrees in patients22 and animals23 during and transiently after surgical 

procedures. This is potentially problematic, as mild reductions in temperature can inhibit clotting 

enzymes and can cause platelet dysfunction.21 Temperature reductions also impact other 

mechanisms of injury, such as inflammation and apoptosis.24 Thus, establishing whether 

anesthetic influences these physiological factors in the collagenase model of ICH is vital, as the 

predictive accuracy of our preclinical model could be affected.  

 As with spontaneous ICH in patients, rats experience seizures in the days following a 

collagenase-induced ICH.25,26 Electroencephalograms (EEG) show burst suppression under 

isoflurane anesthesia, a pattern in which cortical activity alternates between silence and high 

amplitude slow or sharp waves.27 Isoflurane also disrupts cortical network connectivity,28 a 

feature that has also been associated with seizures.29 However, isoflurane also depresses 

glutamate transmission, which is believed to play a role in post-ICH injury.30 How these 

alterations influence seizure activity following the collagenase ICH model is unclear; therefore, 
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establishing whether isoflurane is interacting with the injury to produce seizures, or whether this 

is an intrinsic property of the ICH model is important. Post-stroke seizure activity may be notably 

different in frequency and intensity in animals that are not given anesthetics.  

Thus, in order to assess isoflurane’s impact on the collagenase ICH model, we utilized a 

common drug delivery approach to infuse collagenase into awake animals. Rats were 

randomized to either the isoflurane (ISO) or the no isoflurane (NO-ISO) group. In the first 

experiment, we assessed the impact of isoflurane on blood glucose as well as hematoma 

volume, temperature, activity, and pain acutely following a small ICH (Figure 3-1). In the second 

experiment, based on these results, we again assessed hematoma volume, blood glucose, and 

pain after a large ICH to determine if our findings were dependent on ICH size. In the third 

experiment, we compared the historic characteristics, including rate, duration, and severity of 

post-stroke seizures commonly observed following an anesthetized ICH procedure with that 

seen here in conscious animals to determine the effect of isoflurane on seizure activity. In the 

fourth experiment, we compared the BP and hematoma volume observed during and following 

the anesthetized and conscious ICH models to investigate one mechanism by which isoflurane 

may be affecting hematoma volume.  

 

3.2.0 Experimental Procedure 

3.2.1 Subjects and Exclusion Criteria 

All procedures were done according to the Canadian Council on Animal Care Guidelines 

and were approved (protocol AUP960) by the Biosciences Animal Care and Use Committee at 

the University of Alberta. We obtained 104 male Sprague Dawley rats (275-600 g, 

approximately 2-4 months old) from Charles River (Saint Constant, Quebec). Animals were kept 

in a temperature and humidity-controlled room with lights on from 7:00 am-7:00 pm, and all 

procedures were done during the light phase. Animals were single-housed during experiments 

with food and water provided ad libitum. All animals were handled for a total of 30 m over days 
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prior to the collagenase infusion to decrease stress during handling. Rats were handled gently 

including repeatedly touching the dummy cannula to give rats exposure to having the device 

manipulated and to increase comfort level with experimenter handling. 

We established a priori exclusion criteria of a hematoma volume <5 μL for experiment 2, 

thus excluding any animals that did not receive a moderate-sized ICH. 

 

3.2.2 Experimental Design 

Animals were randomly assigned to groups using random.org and data was analyzed in 

a blinded manner for all experiments. Group sizes were calculated a priori using a power 

analysis for a desired 80% power to detect a 33% difference in the primary endpoint, hematoma 

volume. In this study, we conducted 4 experiments to examine the effect of isoflurane on 

collagenase-induced ICH (Figure 3-1). Animals were either randomized to receive an ICH under 

ISO or NO-ISO to examine the effect of isoflurane on ICH. In experiment 1, we assessed 

whether isoflurane affected temperature and activity for the first 24 h after a small collagenase-

induced ICH. Blood glucose was measured at the beginning and end of anesthetic procedures, 

and pain was measured at 6 and 23 h post-ICH. Hematoma volume was assessed at 24 h post-

ICH. Rats were randomized to ISO (n=12) or NO-ISO (n=12) conditions. As the variability was 

greater than expected, this experiment was repeated with an additional 12 animals per group to 

increase statistical power and the results were pooled for a total sample of n=24 per group. 

Temperature and activity were only assessed in the first 24 animals (n=12 per group). In 

experiment 2, we assessed the impact of isoflurane on blood glucose before and after surgical 

procedures, pain at 6 and 23 h post-ICH, and hematoma volume at 24 h after a large 

collagenase ICH. We used a larger insult in this experiment to test whether the effects of 

isoflurane were dependent on bleed size. Here, we had 18 animals per group. In experiment 3, 

we determined whether isoflurane influenced seizure activity after stroke. Here, we assigned 8 

animals to the NO-ISO group. After 48 h of EEG activity measurements post-ICH, we collected 
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brain tissue for lesion volume assessment. We determined post-ICH seizure incidence rate, 

which is ~61.3% after anesthetized collagenase-induced ICH.25,26 In experiment 4, we 

determined the effects of isoflurane and the no-anesthetic procedure on BP and hematoma 

volume after ICH. Animals were randomly assigned to ISO (n=6) or NO-ISO (n=6). 

 

3.2.3 Telemetry Probe Implantation 

Rats were anesthetized with isoflurane (4% induction, 2-2.25% maintenance, 60% N2O, and 

remainder O2). In animals used for core temperature measurements, a sterile calibrated probe 

was inserted into the peritoneal cavity (Model TA10TA-F40, Data Sciences International, St. 

Paul, MN, accurate to ± 0.2˚C). In animals used for EEG analysis, an EEG telemetry probe 

(F40EET, Data Sciences International, sampled at 500 Hz and low-pass filtered at 100 Hz) was 

inserted into the peritoneal cavity as previously described.25 Leads were channeled under the 

skin and attached to screws (B000FMWBA0, Small Parts) and secured with dental cement. The 

screws were placed ipsilateral (AP -4, ML -4) and contralateral (AP-4, ML 4) to Bregma to avoid 

interfering with the cannula. In animals used for BP measurements, a calibrated PA-C10 probe’s 

catheter was inserted into the left femoral artery, and the probe (Data Sciences International, 

accurate to ± 3 mmHg) was implanted subcutaneously, as previously described.31 

A guide cannula was implanted (see Cannula Implantation and Collagenase Infusion) 

following implantation procedures. Meloxicam (0.2 mg/kg SC) and bupivacaine hydrochloride 

(0.5 mg/kg SC) were administered for analgesia, with the exception of EEG implantation where 

only bupivacaine hydrochloride was administered. This was to avoid excessive analgesia and 

suture removal by animals, which otherwise would be more problematic with this procedure.  

Baseline measurements were taken for 24 h prior to ICH induction. Data measurements 

were taken every 30 s prior to and after the ICH. Post-ICH core temperature and activity 

readings were corrected hourly to baseline values in order to account for temperature changes 

due to circadian rhythm. In our past experience, we do not see spontaneous seizure activity in 
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this rat strain.25,26 Nonetheless, baseline EEG data was assessed to ensure there was no pre-

ICH seizure activity. For BP measurements, baseline data was taken for 3 h on the day prior to 

ICH and averaged. All data were corrected for probe offset readings taken prior to implantation.  

 

3.2.4 Cannula Implantation and Collagenase Infusion 

Animals were anesthetized with isoflurane and temperature was maintained at 37˚C 

using a rectal temperature probe and heating pad placed under the animal. Meloxicam and 

bupivacaine hydrochloride were administered at the start of surgical procedures as an 

analgesic. A hole was drilled into the skull at 0.5 mm anterior, 3.5 mm lateral (left side) to 

Bregma.32 The dura mater was punctured to minimize possible pain during the non-anesthetized 

procedure. A guide cannula (C316G/SPC guide with 1 mm below pedestal, Invivo1, Roanoke, 

VA) was placed onto the hole and secured in place using 3 anchoring screws and dental 

cement. Dummy cannula was placed on the guide cannula to prevent pathogen entry and to 

maintain patency during recovery.  

Rats recovered for 3 days following the cannula implant procedure. Then, an internal 

cannula (C316I/SPC, 5.5 mm extension from guide, invivo1, Roanoke, VA) was inserted 6.5 mm 

into the striatum (the depth used in previous research). Bacterial collagenase (Type IV-S, 

Sigma, 0.6 U/μL in sterile saline) was infused through PE tubing into the internal cannula and 

striatum. Either 1.0 μL (experiment 1) or 3.0 μL (experiments 2-4) of collagenase solution was 

infused over 2.5 m. The internal cannula was kept in place for 5 m to prevent backflow before 

being slowly removed, and the dummy cannula reinserted. Animals in the NO-ISO group were 

awake and lightly restrained by the experimenter during the cannula insertion. The experimenter 

used her hands to briefly hold the rat’s head still for ~ 10 s. Animals were allowed to freely move 

within the procedure space during infusion after the infusion cannula was inserted. Animals 

tolerated this procedure well, with no visible signs of discomfort. This infusion technique is 

commonly used in neuroscience research, including research on anxiety.33,34 Animals in the 
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anesthetized group were kept under isoflurane anesthesia for exactly 25 m including an ~ 2 m 

induction time (the duration of a typical collagenase procedure in prior research) with 

temperature maintained as described above. Note that the cannula implant procedure 3 days 

prior also took approximately 25 m of anesthetic. 

 

3.2.5 Blood Glucose Measurements 

Blood glucose was measured with a glucometer immediately after anesthetic induction 

and again prior to the end of surgical procedures (Contour Next One, Ascensia Diabetes Care, 

Mississauga, ON). A small drop of capillary blood was obtained from the tail by needle prick. 

Rats were free feeding prior to surgical procedures.  

 

3.2.6 Grimace Scale 

Pain was assessed using the rat grimace scale (RGS) to test whether the conscious ICH 

procedure caused additional pain post-ICH.35 Animals were video recorded for 10 m at both 6 h 

and 23 h post-ICH. We did not assess pain during the procedure, as collagenase-induced 

bleeding occurs over hours.13 Ten images were selected from each video at approximately 1 m 

intervals (to allow full view of face at each time). Each image was scored on orbital tightening, 

nose/cheek flattening, ear changes, and whisker changes by a scorer blinded to group identity. 

Each subscale was scored from 0-2, and the combined score was added for a total score 

ranging from 0-8, with zero meaning no pain. Group differences between both subscales and 

total scores were assessed. For ease of comparison with previous research, total scores were 

averaged by subscale for a score ranging from 0-2. Animal’s scores were the average of the 

scores on the 10 images. A second rater scored a subset of animals to check for inter-rater 

reliability, which was high (Spearman’s rho of 0.839, P = 0.004). Four naïve animals served as a 

negative control, and these animals received an average score of 0.162. 
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3.2.7 Hemoglobin Assay 

The amount of hemoglobin in each hemisphere was determined using a spectroscopic 

assay based upon a standard curve.13 Hematoma volume was calculated as ipsilateral blood 

volume minus contralateral blood volume. This accounts for the blood in the hemisphere that is 

not attributed to the hematoma (blood in the vasculature).  

 

3.2.8 Electroencephalogram Analysis 

Baseline and post-infusion EEG traces were visualized with Dataquest A.R.T software 

(v. 2.3, Data Sciences International). Two to five-minute long epochs of slow wave sleep (SWS) 

activity prior, and day 1 and 2 after collagenase injection as well as putative epileptiform traces 

were exported and analyzed using custom code written in MATLAB (R2012a, Mathworks, 

Natick, MA). We computed the root mean square (RMS), a measure of the fluctuation in the 

EEG signal, for all traces of interest. Baseline SWS from the day prior to collagenase injection 

(control) and putative epileptiform traces were exported and analyzed using custom code written 

in MATLAB for detection of seizures. The code identified epileptiform peaks that were above 4 

standard deviations from the mean of the control traces, and considered 10 peak clusters 

occurring within 1 s apart as seizures.25,26 Seizures detected by the MATLAB code were also 

visually verified for further accuracy, and any artefacts were excluded.  

Power spectral density using Welch’s averaged modified periodogram method (6 s 

window, 2 s overlap) as well as dual channel coherence for ipsilateral and contralateral 

recordings (3 s window; 1 s overlap) were computed for those epileptiform traces longer than 25 

s. Power spectra and coherence were compared to non-epileptic control traces similar in 

duration to determine which frequencies had significant changes in power during seizure activity 

(i.e., outside 95% confidence interval, CI). A randomized coherence distribution based on a 

series of sequential time-shifted (and also time-reversed) coherence computations from these 

actual traces was computed to calculate the coherence significance level. During epileptiform 
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activity, we determine cross-hemispheric coupling changes by subtracting the coherence values 

of normal activity from those of epileptic traces and considered that any increases equal to or 

larger than the confidence limit for that trace to be significant.  

 

3.2.9 Histological Analysis 

At 48 h post-ICH, animals from the seizure experiment were injected with 100 mg/kg IP 

of sodium pentobarbital and perfused with 0.9% saline followed by 10% neutral-buffered 

formalin. Prior to cryostat sectioning, brains were placed in a 20% sucrose solution for 

cryoprotection. Coronal sections (20-μm thick) were taken every 200 μm and analyzed every 

400 μm. Sections were stained with cresyl-violet as done previously.36 Due to edema confounds 

and distortion caused by the hematoma itself at 48 h post-ICH, we were not able to calculate 

lesion volume by comparing hemisphere volumes.37 Instead, the lesion was calculated as: 

(average area of damage x interval between sections x number of sections).  

 

3.2.10 Statistical Analysis 

Data were analyzed using GraphPad Prism (v 6.0, GraphPad Software Inc., La Jolla, CA). Data 

are presented as mean ± 95% CI. T-tests were used for 2 group comparisons. Welch’s 

correction was applied when group variances were not equal, as determined with an F test to 

compare variances. Blood glucose levels and RMS were analyzed using a 2-way repeated 

measures ANOVA with Sidak’s multiple comparisons test. Rat grimace scale scores were 

assessed using a Mann-Whitney U-test, and group contingencies were assessed using a 

Fisher’s exact test. Relationship between variables was assessed with Pearson’s correlation 

coefficient. All P values below 0.05 were considered statistically significant. 

 

3.3.0 Results  

3.3.1 Exclusions and Mortality 
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Five animals were completely excluded from experiment 2, and 1 additional animal was 

excluded from RGS analysis. One animal in the ISO group died spontaneously after ICH, and 1 

animal in the NO-ISO group was not given an ICH due to a blocked cannula. In the ISO group, 1 

animal was excluded from RGS analysis because he was sleeping for the duration of the video. 

Three animals were excluded based on insufficient hematoma volume, 2 from the ISO group 

and 1 from the NO-ISO group. In experiment 3, one animal spontaneously died ~42 h after ICH, 

but was still included in assessment. Two animals’ BP data in experiment 4 were excluded from 

the ISO group due to blocked catheter. No animals were excluded or prematurely euthanized for 

animal welfare concerns.  

 

3.3.2 Experiment 1: The effects of isoflurane after a small ICH 

3.3.2.1 Blood Glucose 

Blood glucose was measured before and after the telemetry probe and cannula 

implantation surgeries, in which both groups were exposed to isoflurane. There was a significant 

interaction between group and time on blood glucose after the telemetry probe and cannula 

implantation surgeries (Figure 3-2c, P = 0.046, interaction effect). There were no group 

differences at either time of measurement (Figure 3-2c, P = 0.489, before surgery; P = 0.300, 

after surgery). Blood glucose was increased by the end of the surgery in both groups (Figure 3-

2c, ISO group P < 0.001, Cohen’s d = 1.91; NO-ISO group P < 0.001, Cohen’s d = 2.83).  

 

3.3.2.2 Hematoma Volume 

Hematoma volume was significantly larger in the NO-ISO group (Figure 3-2a, P = 0.042, 

Cohen’s d = 0.60, moderate effect). Data was not distributed normally in either group (both P < 

0.05, Shapiro-Wilk’s test). When assessed with a Mann-Whitney U-test, the NO-ISO group still 

had a significantly larger hematoma volume than the ISO group (Figure 3-2, P = 0.008). 
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3.3.2.3 Temperature and Activity 

Average core temperature during the 24 h baseline did not differ between the groups (P 

= 0.088, data not shown). There was a significant interaction between time and group on 

temperature post-ICH (Figure 3-3a, P < 0.001, interaction effect). Isoflurane significantly 

reduced temperature for the first 2 h after surgery (Figure 3-3a, P < 0.001 immediately post-

ICH, Cohen’s d = 3.62; P = 0.037 at 1 h post-ICH, Cohen’s d = 1.10). Similarly, there was a 

significant interaction between time and group on activity (Figure 3-3b, P = 0.020, interaction 

effect). The NO-ISO rats were less active at 10 h post-ICH only (Figure 3-3b, P = 0.037, 

Cohen’s d = 1.17). As this difference only occurred at one time comparison, it is likely due to 

chance. 

 

3.3.2.4 Rodent Grimace Scale 

There was no group difference in observed pain after ICH at either time (Figure 3-4a, P 

= 0.577, 6 h; P = 0.529, 23 h). Pain scores did not differ between 6 and 23 h post-ICH (Figure 3-

4a, P = 0.333). There were no differences in pain between groups on any of the four subscales 

(all P > 0.454). The median score of 0.28 shows the majority of rats are below the proposed 

analgesic intervention threshold of 0.67.38 In the ISO group, 1 rat was above this threshold, and 

in the NO ISO group there were 3 rats above this threshold (P = 0.609). 

 

3.3.2.5 Weight Loss 

 There was no difference in weight loss between the groups (P = 0.602, interaction effect; 

P = 0.685, group main effect) and there was no significant weight loss after the ICH (P = 0.659, 

time main effect, data not shown).  

 

3.3.3 Experiment 2: The effects of isoflurane after a large ICH 

3.3.3.1 Blood Glucose 
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Blood glucose levels were significantly increased after cannula implantation surgery 

(Figure 3-2d, P < 0.001, time main effect, partial h2 = 0.79). There was no difference in blood 

glucose between the ISO and NO-ISO groups (Figure 3-2d, P = 0.824, group main effect; P = 

0.807, interaction effect), who were both given isoflurane for that procedure, which was three 

days prior to the ICH induction. 

  

3.3.3.2 Hematoma Volume 

Isoflurane did not significantly impact hematoma volume in this experiment (Figure 3-2b, 

P = 0.169). Animals in the NO-ISO group had significantly less variability in hematoma sizes as 

compared to the ISO group (Figure 3-2b, P = 0.009). Our conclusion did not change when 

analysis was redone with Welch’s correction (P = 0.183).  

 

3.3.3.3 Rodent Grimace Scale 

There was no effect of isoflurane on rat grimace scale scores after ICH (Figure 3-4b, P = 

0.358, 6 h; P = 0.936, 23 h). There were no group differences in pain on any of the four 

subscales (all P > 0.151). With the larger ICH, the median score of 0.80 is slightly higher than 

the analgesic intervention score of 0.67, indicating that approximately half of the animals were 

experiencing pain.38 The median score seen here is similar to what is seen in other injuries, 

such as spinal cord injury,39 and lower than a previous ICH study.40 The grimace scale scores 

did not improve or worsen by 23 h post-ICH (Figure 3-4b, P = 0.333).  

 

3.3.3.4 Weight Loss 

 There was significant weight loss after the ICH (P < 0.001, time main effect), with 

animals losing an average of 5.7% of their body weight. However, there was no difference in 

weight loss between the groups (P = 0.991, interaction effect; P = 0.537, group main effect, data 

not shown).  
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3.3.4 Experiment 3: Seizure activity after non-anesthetized ICH 

3.3.4.1 Baseline EEG in the Collagenase Group 

When we compared the RMS of slow wave sleep of the day prior to stroke with days 1 

and 2 post-ICH in those rats with epileptiform activity, we found a significant effect for day (P = 

0.013) but no interaction with hemisphere (P = 0.266, Figure 3-5a). This shows that the 

fluctuations in non-epileptic EEG traces after ICH were higher on day 1 compared to day 2 in 

both hemispheres.  

 

3.3.4.2 Seizures after Collagenase  

Five out of eight rats (62.5%) had seizures and interictal spikes (Figures 3-5 to 3-7) 

within the first two days after the stroke, with the earliest occurring after ~7.5 h and the latest 

occurring after ~45 h. Seizures ranged in duration from ~5 to 45 s (Table 3-1, Figure 3-6). All 

rats with seizures had extended periods of abnormal interictal activity, as seen previously.25,26 

Most seizures were bilateral, but there were instances in which seizures occurred only 

ipsilaterally or contralaterally (Figure 3-6). Surprisingly, in animals that spent the least amount of 

time in seizure activity, slow wave sleep RMS was reduced compared to baseline slow wave 

sleep RMS, indicating that the fluctuations had decreased in amplitude. Increases in power 

were seen at almost all frequencies for rat 3 (Table 3-1), which had the highest RMS and the 

longest seizures. However, for rat 1, which had a low RMS, it had an overall decrease in power, 

with those frequencies mainly affected being those below 11 Hz.    

For coherence calculations, we concentrated on increases in coherence at the 

frequencies in which we noted a change in power. Coherence values range from 0 to 1; values 



 133 

of 0 indicating that signal-specific frequencies between the two channels are completely 

unrelated, whereas values of 1 indicate that they are completely related. We found that for 

animal 1 there was an overall increase in coherence. Even though rat 3 had power increases 

along most frequencies of interest, the seizures showed mostly decreases in coherence in 

frequencies ranging from 0.12-1 Hz and 6-13 Hz, and 20-25 Hz and increases in frequencies 

between 40-50 Hz. 

 

3.3.4.3 Lesion Volume 

 The mean lesion volume in this experiment was 47.1 mm3 (± 31.8 mm3, 95% CI). We did 

not observe a relationship between lesion volume and number of seizures (Figure 3-5b, R2 = 

0.170, P = 0.310) or the total duration of seizures (R2 = 0.103, P = 0.438). 

 

3.3.5 Experiment 4: Effect of isoflurane on blood pressure and hematoma volume 

3.3.5.1 Blood Pressure 

During the ICH procedure, there was a significant interaction between group and time on 

BP (Figure 3-8a, P = 0.003), but these changes were transient. The animals in the NO-ISO 

group had significantly elevated BP as compared to the ISO group from minutes 2-12 of the ICH 

procedure (Figure 3-8a, all P < 0.007, partial h2 = 0.43). Note that animals in the ISO group were 

kept under isoflurane for 25 m, but animals in the NO-ISO group were typically done their 

infusion procedure within 10 m (infusion plus handling time).  

In the 24 h following the ICH procedure, there was no effect of group on hourly averaged 

BP (Figure 3-8b, P = 0.492, group main effect; P = 0.152, interaction effect). There was a 

significant effect of time on BP (Figure 3-8b, P < 0.001), likely a circadian rhythm effect. 

 

3.3.5.2 Hematoma Volume 
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There was no group difference in hematoma volume (P = 0.955, ISO = 12.61 ± 11.7, 

NO-ISO = 13.05 ± 15.69, data not shown). The size of the hematoma was not predicted by peak 

BP (R2 = 0.097, P = 0.382), average BP (R2 = 0.244, P = 0.147), average BP during the ICH 

procedure (R2 = 0.103, P = 0.366), or average BP during the first 6 h post-ICH (R2 = 0.252, P = 

0.139).  

 

3.4.0 Discussion 

Models of ICH typically require anesthetics that often markedly affect physiology.6 Here, 

we used a cannula infusion system to investigate a model of collagenase ICH in non-

anesthetized animals in order to assess the effects of isoflurane on outcome after ICH. Non-

anesthetized animals had similar pain levels after ICH, indicating that this is an ethically 

acceptable way to induce an ICH and avoid anesthetic confounds. Isoflurane slightly decreased 

BP, decreased temperature, and increased blood glucose; however, these effects often 

resolved within minutes to hours. The effects of isoflurane lead to an increase in bleeding when 

the ICH was small, but did not significantly increase bleeding when the ICH was large. It is 

possible that other anesthetics or a longer duration of anesthetic may have greater effects, 

although Esposito and colleagues found that higher doses of isoflurane did not impact 

collagenase induced ICH.41 This cannula infusion model is beneficial in cases where anesthetic 

effects are being tested and when anesthetic interactions with other therapies are a concern. 

We used the RGS to determine if the lack of isoflurane during the ICH procedure 

resulted in additional pain. We found that the RGS scores both 6 and 23 h after ICH did not 

differ between groups, indicating that conducting the procedure under isoflurane anesthesia 

does not reduce post-ICH pain and is an ethical method of ICH induction. Further, animals 

experienced approximately the same weight loss in the day after ICH, providing further evidence 

that the non-anesthetized procedure was not causing significant additional stress. This also 
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suggests that most of the pain experienced after collagenase-induced ICH is due to the injury 

itself and not the surgical procedure. After a large ICH, the majority of rats in both groups were 

above the analgesic intervention threshold.38 In this case, we did not treat the pain in these rats, 

as selectively treating animals with analgesics that influence injury can confound studies.40,42 

Others may choose to treat post-stroke pain, and further research is needed to determine the 

impact of those analgesics on bleeding and brain injury. 

As hypothesized, isoflurane affected all of the physiological variables that were tested, 

and would have affected many others that were not tested. Despite that, we found only little 

differences between models, likely because these effects were short lasting or minor in nature. 

Temperature was decreased for the first 2 h post-surgery in the isoflurane group, and was 

increased above baseline in the conscious group. However, in this case, such a transient and 

modest temperature difference only led to a significant difference in hematoma volume after a 

small ICH. In the NO-ISO group, BP increased for the duration of the ICH procedure, and 

quickly returned to baseline once the dummy cannula was replaced. Anesthetized animals had 

their BP gradually drop throughout the duration of the surgical procedure, which returned to 

baseline within the hour. We expected that fluctuations in BP would result in large differences in 

hematoma volume. The lack of effect may be due to the collagenase enzyme causing prolonged 

bleeding over several hours,13 whereas the observed BP changes only lasted for up to 25 m. 

Additionally, BP increases may not have equated to increases in cerebral perfusion pressure. 

Isoflurane increases intracranial pressure,43 and after large ICH, intracranial pressure increases 

even further.31,44 When intracranial pressure increases and arterial BP decreases by a similar 

amount, cerebral perfusion pressure stays the same,45 which may be one possible explanation 

for why we only see an increase in hematoma volume after a small ICH. The observed BP 

changes may have effects that we did not measure. For example, stress responses, such as 

increased corticosterone, may also affect the course of injury and recovery.46 Clinically, ICH 

patients are commonly hypertensive, and BP is often elevated during the course of injury,47 
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although this is typically for longer and to a much greater extent than what we see in rats. 

Therefore, the more accurate model of BP during an ICH would likely be increased BP.  

Isoflurane increased blood glucose by nearly twofold by the end of the surgical 

procedure. We could not determine how long blood glucose was elevated for, as blood sampling 

required anesthetizing the animals or additional handling stress. However, previous research 

shows that in mice, isoflurane-induced glucose elevations resolve within an hour.48 In patients, 

higher blood glucose at admission was associated with mortality.49 In a rat model of focal 

ischemia, the harmful effects of hyperglycemia are well known.50 It is possible that the non-

anesthetized rats experience a stress induced hyperglycemic response during the ICH 

procedure, as indicated by increased blood-pressure.51 As many preclinical ICH studies use a 

similar anesthetic protocol as we use here, we believe that a substantial portion of ICH research 

involves acute hyperglycemia at the time of the bleed.  

In animals without anesthetic, we observed a post-ICH seizure rate of 5/8 (62.5%), 

which is similar to past work that found 61.3% of rats had seizures25,26 but higher than the rate 

seen clinically and in the autologous whole blood model of ICH.25,52 With the NO-ISO, we saw 

seizures limited to the contralateral hemisphere in two animals, which has not been seen in our 

previous work. One animal had decreased coherence during a bilateral seizure, suggesting two 

independent seizures were happening at the same time. Following ischemic stroke, seizure foci 

may be present contralaterally as well as ipsilaterally, and can propagate via the thalamus.53 

Isoflurane can affect thalamic information transfer,54 thalamic GABAA receptors,55 and blunt the 

overall thalamic response to stimuli,56 which may be the reason we do not see contralateral 

seizures after animals have been exposed to isoflurane. Additionally, in most cases, the power 

change during seizures compared to baseline was quite small, suggesting that these seizures 

were not as severe as in previous work.25 As isoflurane supresses neural activity and prevents 

seizures in some cases,57,58 it is possible that after isoflurane exposure, animals may 

experience rebound effects, such as exacerbated seizure activity.59 Therefore, isoflurane may 
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be altering the characteristics of seizures rather than the frequency that seizures occur. 

However, because this experiment used historical controls rather than an experimental control 

group, results should be interpreted with caution, and follow up experiments should be done.  

This study had some additional limitations. We did not assess the long-term effects of 

isoflurane on injury and behaviour.4,5,8 Future studies should examine chronic effects of 

isoflurane after ICH. Further, we did not assess the effects of isoflurane in the autologous whole 

blood model, as it would be technically difficult to do. Although the physiological impacts are 

likely similar, our conclusions are limited to the collagenase model of ICH. Here, we did not 

visually assess seizure activity, as we did not video record any of the seizure events. Therefore, 

we cannot provide any conclusive information regarding the behavioural manifestations of this 

epileptiform activity.  

Our findings suggest brief use of isoflurane anesthesia is an appropriate model. 

However, we recommend the use of non-anesthetized ICH in specific cases. For example, 

isoflurane may interact with many drugs,60,61 including analgesics (e.g., opiates) and potential 

neuroprotectants, especially those given before or at the time of surgery. Validating findings in a 

model without anesthesia would be beneficial to ensure effects are not dependent on or 

interacting with isoflurane. Further, avoiding anesthetic would be ideal in situations where 

researchers are specifically examining the effects of anesthetics. Previously, most studies 

looking at the effects of anesthetics on stroke simply compared anesthetics to each other, or 

compared different doses of the same anesthetic, without having a no anesthetic control 

group.62,63 By using a non-anesthetized ICH, researchers can compare findings to a no 

anesthetic control group, increasing the validity of their findings. Although we only assessed 

isoflurane in this study, a variety of other anesthetics are commonly used in ICH research (e.g., 

chloral hydrate and sodium pentobarbital)3 and should be similarly assessed for their effects on 

ICH outcome. 
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In conclusion, we demonstrate that isoflurane can have small hematoma-size-dependent 

impacts on the ICH model. The physiological impacts of isoflurane are often transient, but 

should still be considered a potential confound. The non-anesthetized ICH is an important tool 

for researchers when anesthetic effects are a concern, especially in neuroprotectant studies and 

those with a short survival time. 
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1 

Ipsilatera

l 

5 1 1 

Ipsilatera

l 

19.64 31h 19m 0.88 N/A N/A N/A 

 

Table 3-1 Characteristics of seizures after NO-ISO ICH. EEG activity occurring in the first two 

days after collagenase injection were visualized and analyzed. For each rat, the number of 

seizures, laterality, total duration, and time of onset were documented. We also reported other 

factors to determine the variability of the traces as depicted by the RMS ratio (RMS 

seizure/RMS non-epileptic activity) and changes in voltage according to their frequency, as 

depicted by power changes and frequencies affected. Also, for those frequencies in which the 

power was affected, coherence was assessed as an indicator of how coupled the activity was in 

between both channels. Here, coherence was computed as an increase from baseline 

coherence. Traces shorter than 25 s were not analyzed for power and coherence. 

  



 149 

 

Study Seizure 
Incidence 
Rate 

ID Number of 
Seizures 
(Ipsilateral or 
Bilateral) 

Total 
Duration (s) 

Time of onset 
after ICH 

Klahr et al. 
2014 

6/9 
(Collagenase 
Group Only) 

1 1 14 11 h 52 m 
2 2 102 18 h 50 m 
3 3 163 22 h 7 m 
4 4 108 16 h 25 m 
5 8 173 11 h 37 m  
6 14 616 9 h 57 m 

Klahr et al. 
2016 

13/22 
(Control 
Group Only) 

1 34 481 6 h 27 m 
2 18 375 9 h 3 m 
3 60 1455 8 h 12 m 
4 37 607 7 h 
5 40 718 4 h 48 m 
6 27 495 6 h 36 m 
7 1 18 9 h 44 m 
8 2 31 19 h 32 m 
9 203 4138 7 h 23 m 
10 2 21 17 h 18 m 
11 21 537 3 h 53 m 
12 124 1831 11 h 32 m 
13 3 45 8 h 58 m 

 

Table 3-2 Characteristics of seizures from our previous studies (Klahr et al., 2014, 2016). In 

both studies, the lesion volume averaged 33 mm3. Note that survival times were longer in these 

studies, ranging from 11-66 d. However, first seizure incidence was always within the first 24 h. 
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Figure 3-1 Timeline of Experiments. Dashed line denotes telemetry recordings. Sample sizes 

were 24 per group in experiment 1, 18 per group in experiment 2, 8 in experiment 3, and 6 per 

group in experiment 4. Figure not to scale. 
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Figure 3-2 Experiment 1. Blood glucose was assessed immediately before and after surgery, 

while hematoma volume was assessed 24 h after small ICH induction. Awake ICH rats had 

significantly larger (a) hematoma volumes (µL; P = 0.0082), and both groups had higher (c) 

post-surgical blood glucose levels (mmol/L; P < 0.001) compared to pre-surgery, with significant 

group by time interactions (P = 0.046). One rat in this experiment had a negative hematoma 

volume, likely due to variability in vasculature blood between hemispheres, as hematoma 

volume is calculated as ipsilateral – contralateral blood volume. Experiment 2. After a larger 

ICH, isoflurane had no effect on (b) hematoma volume (P = 0.183), though awake rats had less 

variability in hematoma size observed (P = 0.009). Both groups had (d) elevated blood glucose 

levels following cannula surgery (P < 0.001) and were not significantly different (P = 0.824). 

Sample sizes were n=24 per group in experiment 1 and n=18 per group in experiment 2. 
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Figure 3-3 Experiment 1. Isoflurane rats had (a) significantly lower core temperature (°C) for 2 

h (P < 0.001 at 1 h, p=0.0373 at 2 h) and (b) lower activity at 11h (AU = arbitrary units of animal 

movement detected and recorded by a telemetry receiver placed under the animal 64, p=0.0372) 

post-ICH induction. There was a group by time interaction for both (a) temperature (P < 0.01) 

and (b) activity (P = 0.020). Sample size was 12 per group. 
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Figure 3-4 Experiments 1 and 2. Rat grimace scale (RGS) scores were not significantly 

different between isoflurane and awake rats after (a) a small ICH (P = 0.369) or (b) a moderate 

to large ICH (P = 0.402). Pain was also not significantly different between 6 and 23 h post-ICH 

induction for either experiment 1 (P = 0.421) or experiment 2 (P = 0.435). Sample size was 24 

per group for experiment 1 and 18 per group for experiment 2. 
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Figure 3-5 Experiment 3. (a) RMS in the rats that had seizures was higher for day 1 compared 

to day 2 in SWS EEG after collagenase-induced ICH. This indicates that there were more 

fluctuations in the EEG traces during the first day after the stroke. There were no statistical 

differences between sides. Sample size was n=5. There was no relationship between the 

number of seizures and the lesion volume in all rats (b, N=8, P = 0.310). Representative section 

from the middle of the lesion is embedded into graph b (lesion volume = 40.40 mm3 as indicated 

by arrow). 
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Figure 3-6 Experiment 3. Seizures occurring after NO-ISO collagenase-induced ICH. (a) 

Seizure of rat 1, which had a decreased RMS and power compared to baseline SWS (see Table 

3-1). (b) Seizure of rat 3 with high power and high RMS. (c) Example of contralateral seizure 

occurring in rat 1. 
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Figure 3-7 Experiment 3. Left- Example of seizure in rat 1 displayed lower power (top) but 

increased coherence (bottom) than baseline SWS EEG, meaning the magnitude of brain activity 

was decreased while coordination between hemispheres was increased. Right- Example of 

seizure in rat 3 displayed higher power and lower coherence, signifying that the magnitude of 

epileptiform activity was increased, and activity in each hemisphere was less coordinated than 

baseline levels. The dashed lines in the power spectrum represent the 95 % CI and the solid 

lines represent the mean values for the spectrum. For the coherence, any increase in 

coherence above the CI limit of the difference between seizure and baseline SWS was 

significant. 
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Figure 3-8 Experiment 4. There was a significant group by time interaction on (a) BP during 

the ICH procedure (mmHg; averaged per minute, P = 0.003). Awake animals had significantly 

higher BP from 2-12 m of the ICH surgery when compared to the isoflurane group (P < 0.007). 

Isoflurane animals were kept under anesthesia for 25 m, while the infusion procedure was 

typically completed in awake animals within 10 m. No group effect was found on (b) BP 24 h 

after ICH induction (mmHg; averaged hourly, P = 0.4924, interaction effect P = 0.1524). There 

was a significant effect of time on BP (P < 0.001). Sample size was 4 in the isoflurane group 

and 6 in the awake group. 
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Chapter 4: Glibenclamide, a Sur1-Trpm4 antagonist, does not improve outcome after 

collagenase-induced intracerebral hemorrhage 
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4.1 Introduction 

Intracerebral hemorrhage (ICH) is a devastating stroke with a 40% mortality rate.1 In the 

hours after an ICH, ionic homeostasis becomes disrupted, and this dyshomeostasis can persist 

for weeks.2–4 Sodium (Na) and chloride (Cl) concentration increase whereas potassium (K) 

concentration declines. These ionic perturbations are greatest near the hematoma, but extend 

well into the perihematoma zone.4 Perhaps because of this, and other factors, there is 

considerable cellular injury (e.g., loss of dendrites5) and death in the perihematoma region.6 

Likely these ionic perturbations also directly impair neural function, and could lead to seizures, 

commonly seen in preclinical work and in patients.7,8 Further indirect support comes from our 

research that shows that rehabilitation normalizes Cl levels in the peri-hematoma zone after 

experimental ICH,3 which might underlie how rehabilitation improves behavioral recovery. These 

data also suggest that pharmacological therapies to restore ion homeostasis may improve 

outcome after ICH.  

 Sulfonylurea receptor 1 (Sur 1) is constitutively expressed, but the transient receptor 

potential melastatin 4 (Trpm4) is not normally present in brain tissue. Sur 1 and Trpm4 are both 

upregulated and co-expressed as the heteromeric Sur1-Trpm4 channel after brain injury, such 

as ICH, ischemic stroke, and traumatic brain injury.9,10 These channels allow for Na entry into 

cells, thereby contributing to cytotoxic edema11 and likely persistent ionic dyshomeostasis. 

Glibenclamide, a Sur1 receptor antagonist, is being explored as a treatment to reduce edema 

after brain injuries, such as ischemic stroke, traumatic brain injury, and subarachnoid 

hemorrhage.12–15 Higher doses of glibenclamide are used as a hypoglycemic agent to treat 

diabetes, as glibenclamide inhibits Sur1 receptors on pancreatic b cells, stimulating insulin 

release.13 In ICH, lower doses of glibenclamide are a promising therapeutic due to the role 

Sur1-Trpm4 channels may play in edema formation and ion dyshomeostasis.  

Two studies have explored whether glibenclamide improves outcome in a preclinical ICH 

model. Jiang et al. used the autologous whole blood model of ICH in Sprague Dawley rats, and 
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found glibenclamide reduced edema, protected blood-brain barrier (BBB) integrity, and 

improved long-term neurological deficits.16 Another study, using the collagenase model of ICH in 

rats, reported that glibenclamide reduced oxidative stress, inhibited apoptosis, and improved 

neurological deficits.17 Neither of these studies measured ion concentrations nor did they 

assess lesion size. As lesion volume is a key predictor in patient and rodent outcomes, it makes 

sense to determine the impact of potential therapies on total lesion size,18,19 which is the 

definitive method to measure neuroprotection. Glibenclamide after ICH has been investigated 

clinically as well. Ghasami et al. compared the use of glibenclamide and insulin when given to 

diabetic hemorrhagic stroke patients.20 The glibenclamide group had no benefit as compared to 

the insulin group. However, we note that this was a small, non-randomized, non-placebo-

controlled trial, and further clinical work in hemorrhage would be needed.   

 In our study, we rigorously tested the effectiveness of glibenclamide after ICH in rats. 

We produced ICH using an intra-striatal injection of collagenase. As we were investigating the 

ability of glibenclamide to reduce edema and improve BBB integrity, we used the collagenase 

model that causes more extensive edema and BBB damage than the autologous whole blood 

model.21 Arguably, the collagenase model may better represent the amount of edema and BBB 

injury seen in many ICH patients.4,21–23 Further, ion dyshomeostasis persists for at least 14 days 

in the collagenase model,3 likely far longer than what occurs in the standard autologous whole 

blood model of ICH.2 The effect of glibenclamide on edema, BBB integrity, and ion homeostasis 

have only been assessed using the autologous whole blood model of ICH. The use of multiple 

models is a recommended step in pre-clinical translational research,21,24,25 as ICH patients have 

heterogeneous injuries that are not reproduced by any one model. First, we assessed the safety 

of glibenclamide by measuring its effects on bleeding, blood glucose, core temperature, and 

activity. Glibenclamide affects vasodilation and could potentially impact bleeding after ICH.26 

These cardiovascular actions further support investigation using the collagenase model, which 

directly causes bleeding. Additionally, the effect of glibenclamide on core temperature has not 
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been assessed, although it is needed, as core temperature can confound preclinical research 

and affect outcome in diverse ways.25,27 Next, we determined the acute effects of glibenclamide 

on edema, BBB integrity, ion concentrations, neurological deficits, and blood glucose to directly 

assess the intended effects of blocking Sur1-Trpm4. Finally, we evaluated the long-term effects 

of glibenclamide on skilled reaching, walking ability, blood glucose, and lesion volume.  

 

4.2 Materials and Methods 

4.2.1 Subjects 

 Procedures were in accordance with the Canadian Council on Animal Care Guidelines 

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

Alberta. All surgical procedures were performed under isoflurane anesthesia, and bupivacaine 

hydrochloride was used as an analgesic to minimize suffering. 

We used 80 male Sprague Dawley rats (275-450 g, ~2-4 months old) from Charles River 

(Saint Constant, Quebec). Purina rodent chow and water were provided ad libitum, except when 

behavioural testing required food deprivation. Animals were single-housed, except during 

experiment 3, where they were housed in groups of 4, in a temperature- and humidity-controlled 

room with a 12-hour light cycle. All procedures were done in the light phase.  

 

4.2.2 Experimental Design 

In all experiments, animals were randomly assigned to groups and data was collected 

and analysed while blinded to group assignment. A complete experimental plan, including 

power calculations and statistical analyses were made prior to the start of the experiment and is 

available at https://www.ualberta.ca/science/about-us/contact-us/faculty-directory/fred-

colbourne. A priori power analyses were based on expected effect size and variability of the 

primary endpoint.  
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In experiment 1, we assessed the impact of glibenclamide on bleeding, blood glucose, 

core temperature, and activity at 24 hours post-ICH to determine the safety of glibenclamide 

with the collagenase ICH model. Rats were randomized to either glibenclamide (n=6) or vehicle 

(n=6), which was estimated to give 80% power to detect a 40% change in hematoma volume. 

Note that this experiment was stopped after a blinded and planned interim analysis (at a N of 6 

per group, set at a=0.1) showed no change in hematoma volume.  

In experiment 2, we determined the effect of glibenclamide on edema, BBB permeability, 

ion concentrations, blood glucose, and neurological deficits at 3 days post-ICH. With 16 animals 

per group (glibenclamide vs. vehicle), we anticipated having 80% power to detect a 1% increase 

or decrease in edema. This effect size was based on Jiang et al, who saw a 1.04% decrease in 

edema after treatment with glibenclamide.16  

In experiment 3, we assessed whether glibenclamide provided long-term efficacy by 

assessing skilled reaching, walking ability, and lesion volume at 28 days post-ICH. Animals 

were randomized to either glibenclamide (n=18) or vehicle (n=18), which was expected to give 

80% power to detect a 30% increase or decrease in lesion volume. This effect size is 

detectable,19 and should be biologically meaningful.  

 

4.2.3 Telemetry Probe Implantation (Exp. 1) 

 Animals were anesthetized with isoflurane (4% induction, 2–2.5% maintenance, 60% 

N2O, and remainder O2).28–30 A sterile probe was inserted into the abdomen (Model TA10TA-

F40, Data Sciences International, St. Paul, MN, accurate to ±0.1°C). Meloxicam (0.2 mg/kg SC) 

and bupivacaine hydrochloride (0.5 mg/kg SC) were administered for analgesia. Baseline data 

was recorded for 24 hours prior to ICH induction. Core temperature and activity were recorded 

every 30 seconds and averaged every hour. Post-ICH core temperature and activity readings 

were corrected hourly to baseline values in order to control for circadian rhythm effects. 
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According to our typical analysis methods, extreme data points (e.g., above 42°C), which 

occasionally occur due to signal noise, were excluded. 

 

4.2.4 Blood Glucose Measurement 

 Blood glucose was measured using a glucometer (Contour Next One, Ascensia 

Diabetes Care, Mississauga, ON) in free feeding rats.29 Immediately following induction of 

isoflurane anesthesia, the tail was pricked with a needle to obtain a small drop of capillary blood 

for analysis. 

 

4.2.5 Intracerebral Hemorrhage 

 Rats were anesthetized (isoflurane) and rectal temperature was maintained at 37°C 

using a rectal thermometer probe and a heating pad. Bacterial collagenase (Type IV-S, Sigma, 

1.0 μL of 0.6 U/μL in saline) was infused into the striatum at 0.5 mm anterior, 3.5 mm lateral, 

and 6.5 mm down from Bregma over 5 minutes.28,31,32 The needle was left in place over 5 

minutes to prevent backflow. A screw was used to close the needle hole and the incision was 

stapled shut. Bupivacaine hydrochloride was applied subcutaneously for analgesia. 

Collagenase was injected into the left striatum, except in experiment 3, where collagenase was 

injected into the side contralateral to the preferred paw, as assessed by the skilled reaching task 

baseline. Animals were randomly assigned following the ICH procedure.  

 

4.2.6 Glibenclamide Administration 

 Glibenclamide (Abcam, Product # ab120267, Toronto, ON) was prepared using 

dimethylsufoxide, sodium hydroxide, and saline as described.12 Glibenclamide was infused 

subcutaneously starting at 2 hours post-ICH using a mini-osmotic pump (Alzet osmotic pumps, 

2001, 1.0 μl/h) to give a dose of 200ng/hour. This was the same dose used in previous work in 
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hemorrhage and ischemia.12,16,33 Mini-osmotic pumps were primed overnight before implant. At 

the time of pump insertion, a loading dose of 10 μg/kg was given intraperitoneally. Drug delivery 

was verified by measuring amount of solution remaining after pump removal.  

 

4.2.7 Hemoglobin Assay (Exp. 1) 

 A spectroscopic hemoglobin assay was used to determine the amount of hemoglobin in 

each hemisphere based upon a standard curve.21 Hematoma volume, our primary endpoint in 

experiment 1, was calculated as: ipsilateral blood volume minus contralateral blood volume, 

which accounts for blood in the vasculature not attributed to the hematoma.  

 

4.2.8 Behavioural Assessment  

 The Montoya staircase task was used to measure skilled reaching ability and was the 

primary behavioural endpoint.19 During training and testing, animals were maintained at 90% of 

their free feeding weight to encourage reaching. Rats were trained twice daily, 5 days per week 

for 4 weeks prior to ICH. The average number of pellets retrieved by the dominant paw over the 

last 3 training days was used as the baseline score. Animals were excluded if they failed to 

retrieve at least 9 out of 21 pellets (45 mg reward pellets, Bio-Serv Flemington, NJ). Excluded 

animals still underwent behavioural testing and were otherwise included in the experiment. 

Testing took place on days 8-10 and 25-27 post-ICH.  

 Walking ability was assessed using the horizontal-ladder walking test.19 Rats were 

videotaped while crossing a horizontal ladder with variable spaced rungs (3-5 cm apart). On 

each testing day, 2 crosses were recorded. The number of slips for each limb was recorded and 

averaged across the trials. Animals were assessed at baseline (pre-ICH), and days 7 and 28 

post-ICH. Rats were excluded from only the ladder test if they failed to cross the apparatus 

twice in the baseline testing session. 
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Neurological deficits were assessed using the Neurological Deficit Scale (NDS), which is 

comprised of beam walking, spontaneous circling, forelimb flexion, bilateral forelimb grasping, 

and contralateral hind limb retraction.19 Scores ranged from 0-14, with 0 indicating no 

impairments.  

 

4.2.9 Brain Water and Ion Determination (Exp. 2) 

 Rats were briefly anesthetized (isoflurane) and received an injection of Magnevist 

(gadopentetate dimeglumine; 2.5 mL/kg; Bayer, Mississauga, ON) into the tail vein.4 Gadolinium 

(Gd) does not normally cross an intact BBB, and thus high Gd content in the brain is an 

indicator of BBB permeability.34 Magnevist has a short half-life, so rats were decapitated 10 

minutes after injection. Brains were rapidly removed and assessed for water and element 

content.  

 Brain water content was measured using the wet weight-dry weight method, our primary 

endpoint in experiment 2.35 Here, we define edema as increased water content, and note that 

this can include serum extrusion as well as edema. Brains were blocked from 2 mm anterior to 4 

mm posterior to the collagenase needle tract, and tissue was separated into striatal and cortical 

tissue for each hemisphere. The cerebellum was taken as a control. The tissue wet weight was 

measured, and the dry weight was determined after tissue samples were baked at 100°C for 24 

hours.  

 After measurement of brain water content, the dried tissue was digested in high purity 

nitric acid (Sigma-Aldrich) for 1 week, as done previously.4,28 Na, K, iron (Fe), and Gd were 

measured using inductively coupled plasma mass spectrometry (ICP-MS; Thermo Scientific 

ICAP-Q quadrupole ICP-MS, Canadian Centre for Isotopic Microanalysis, University of Alberta). 

Fe was used as a rough indicator of hematoma volume. Other elements measured but not 

presented include magnesium, phosphorus, calcium, manganese, copper, zinc, and selenium 

(data available in S1 dataset). 
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4.2.10 Histology (Exp. 3) 

On day 28 post-ICH, animals were injected with 100 mg/kg IP of Na pentobarbital and 

perfused with 0.9% saline followed by 10% neutral-buffered formalin. Brains were cryoprotected 

with 20% sucrose prior to cryostat sectioning. Coronal sections were 40-µm thick and taken 

every 200 µm from before, through, and beyond the lesion. Tissue was stained with cresyl violet 

and lesion volume was analyzed, as previously done.19 The volume of a hemisphere was 

calculated as: (average area of complete coronal section of hemisphere-area of damage-area of 

ventricle) x interval between sections x number of sections). The volume of tissue lost, which 

includes observable tissue loss, atrophy and ventriculomegaly, was calculated as the 

contralateral hemisphere minus the ipsilateral hemisphere volume. Total tissue loss was the 

primary endpoint of experiment 3, and a priori, what we considered to be our most important 

endpoint overall.  

 

4.2.11 Statistical Analysis 

 Data were analyzed using GraphPad Prism (v. 6.0, GraphPad Software Inc., La Jolla, 

CA) or RStudio (v. 1.1.456, RStudio, Boston, MA). All data are presented as mean ± 95% 

confidence interval, except non-parametric data, which are expressed as median ± interquartile 

range. Two group comparisons were made using a t-test, except NDS, which was compared 

with a Mann-Whitney U-test. Repeated measures data was assessed using a 2-way ANOVA 

with Sidak’s multiple comparisons test. Level of statistical significance was set at a=0.05. 

 

4.3 Results 

4.3.1 Mortality and Exclusions 
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 In experiment 1, 1 rat died due to surgical complications during the telemetry probe 

implantation, prior to group assignment. In experiment 2, 1 animal in the glibenclamide group 

and 3 animals in the vehicle group were excluded from Gd analysis due to technical problems 

with the Gd injection. These animals were excluded at the time of the procedure, prior to data 

analysis. In experiment 3, 1 animal from the vehicle group was excluded from skilled reaching 

analysis due to failure to meet baseline criteria. One glucose reading in the vehicle group was 

excluded due to failure to obtain sufficient blood sample. Five individual ladder videos were 

excluded from analysis due to experimenter error.  

 

4.3.2 Experiment 1 

4.3.2.1 Temperature and Activity 

 Core temperature varied over time after ICH, with core temperatures above baseline 

until approximately 12 hours post-ICH, indicating mild post-stroke hyperthermia (Figure 4-1A, P 

< 0.001, time main effect, partial h2=0.901, large effect). Core temperature was not significantly 

impacted by glibenclamide (Figure 4-1A, P = 0.187, group main effect; P = 0.323, interaction 

effect). The ICH reduced spontaneous activity, (Figure 4-1B, P = 0.001, time main effect, partial 

h2=0.683, large effect), but glibenclamide did not impact activity levels (Figure 4-1B, P = 0.876, 

group main effect, P = 0.240, interaction effect). 

 

4.3.2.2 Hematoma Volume 

 Glibenclamide did not significantly alter hematoma volume measured 24 hours post-ICH 

(Figure 4-1C, P = 0.991). 

 

4.3.2.3 Blood Glucose 
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Blood glucose values dropped at 24 hours after ICH (Figure 4-1D, P = 0.040, time main 

effect, partial h2=0.795, large effect). This was likely due to rats eating less. Glibenclamide did 

not significantly impact blood glucose (Figure 4-1D, P = 0.763, group main effect; P = 0.475, 

interaction effect). 

 

4.3.3 Experiment 2 

4.3.3.1 Brain Water Content 

 Water content was increased in the ipsilateral striatum after ICH (Figure 4-2A, P < 0.001, 

region main effect; Cohen’s d=2.68). Glibenclamide did not affect the amount of water in the 

brain (Figure 4-2A, P = 0.629, group main effect; P = 0.897, interaction effect). There was no 

effect of ICH or glibenclamide on water content in the contralateral hemisphere (see S1 

dataset).  

 

4.3.3.2 NDS 

 The ICH led to significant neurological deficits (Figure 4-2B, P < 0.001, Cohen’s d = 

2.31, large effect), which were unaffected by glibenclamide (Figure 4-2B, P = 0.743). 

 

4.3.3.3 Blood Glucose 

There was no effect of glibenclamide or time on blood glucose concentration (Figure 4-

2C, P = 0.506, time main effect; P = 0.531, group main effect; P = 0.823). 

 

4.3.3.4 Ion Concentrations 

 The integrity of the BBB was measured using tissue Gd content (ICP-MS). While ICH 

increased Gd levels significantly (Figure 4-3C, P < 0.001, Cohen’s d = 0.50, medium effect), 

glibenclamide did not significantly affect Gd concentration (Figure 4-3C, P = 0.288). 

Glibenclamide did impact the distribution of Gd concentrations in the ipsilateral striatum (P = 
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0.031, Shapiro-Wilk normality test), as data in the glibenclamide group was positively skewed 

(skewness = 1.47), indicating fewer values with higher levels of Gd. Thus, we also analyzed the 

Gd data using a non-parametric test which also indicated glibenclamide did not affect BBB 

permeability (P = 0.777). After ICH, Na concentration was significantly increased (Figure 4-3A P 

< 0.001, Cohen’s d = 1.94, large effect), but not significantly altered by glibenclamide (Figure 4-

3A, P = 0.798). K was lowered after ICH (Figure 4-3B, P < 0.001, Cohen’s d = 2.11, large 

effect), but glibenclamide did not attenuate this decrease (Figure 4-3B, P = 0.979). ICH 

increased Fe concentration in the ipsilateral hemisphere (Figure 4-3D, P = 0.025, region main 

effect). Glibenclamide did not significantly change Fe concentration (Figure 4-3D, P = 0.317, 

group main effect; P = 0.735, interaction effect), which indicates that the hematoma size and 

resolution did not differ between groups. 

 Ion concentrations (Na, K, and Gd) and edema levels were closely related. Increased Na 

was associated with increased edema (Figure 4-4A, R2 = 0.47, P < 0.001), and decreased K 

was associated with increased edema (Figure 4-4B, R2 = 0.60, P < 0.001). Similarly, a larger 

increase in Na predicted a greater amount of BBB permeability (Figure 4-4C, R2 = 0.37, P = 

0.001), as did a larger decrease in K (Figure 4-4D, R2 = 0.23, P = 0.009). A greater extent of 

BBB permeability, as assessed with Gd, predicted increases in edema (Figure 4-4E, R2 = 0.22, 

P = 0.012). 

  

4.3.4 Experiment 3 

4.3.4.1 Lesion Volume 

 Collagenase infusion caused significant damage to the striatum and ventriculomegaly 

(Figure 4-5B). Glibenclamide increased tissue lost by 23% at 28 days post-ICH, but this was not 

statistically significant. (Figure 4-5A, P=0.089, Cohen’s d=0.56).   

 

4.3.4.2 Behaviour 
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 As expected, ICH caused reaching impairments in the staircase test. (Figure 4-5C, P < 

0.001, time main effect, partial h2=0.994, large effect). Glibenclamide did not attenuate the 

impairments in reaching ability (Figure 4-5C, P = 0.927, group main effect; P = 0.798, interaction 

effect). Similarly, ICH caused significant impairments in walking ability in both forelimbs and the 

impaired hindlimb (Figure 4-6, all P<0.020, all partial h2 between 0.850 and 0.881, large effect). 

After ICH, the unimpaired hindlimb was not significantly affected (P=0.638, partial h2=0.472). 

There was no effect of glibenclamide on walking ability with any limb (Figure 4-6, all P>0.110). 

Unimpaired limb data is not shown but is available in S1 dataset. 

 

4.3.4.3 Blood Glucose 

Glucose levels dropped post-ICH (Figure 4-5D, P = 0.035, time main effect, partial 

h2=0.829, large effect), and glibenclamide had no effect (Figure 4-5D, P = 0.419, group main 

effect; P = 0.086, interaction effect). 

 

4.4 Discussion 

 Glibenclamide, a Sur1-Trpm4 inhibitor and hypoglycemic agent, has shown promising 

results in ischemic and hemorrhagic stroke, including reducing edema, mortality, and functional 

deficits.12,14,16,17 In contrast to those findings, glibenclamide did not reduce BBB permeability, 

element concentration alterations, edema, behavioral impairment or brain injury after 

collagenase-induced ICH in our experiments. The failure to affect BBB injury, ion alterations and 

edema suggests that glibenclamide will not mitigate brain swelling or intracranial pressure rises 

after ICH in patients. Furthermore, the lack of benefit against functional impairments and brain 

injury after ICH does not support the clinical use of glibenclamide as a neuroprotectant after 

ICH. Fortunately, physiological measures, including core temperature, activity, and blood 

glucose were not affected by glibenclamide. As well, hematoma volume was not affected.  



 171 

 Many preclinical glibenclamide studies, which support clinical investigation, have 

focused on reductions in edema.10,13,36,37 Similarly, a previous study in ICH found that the same 

dose of glibenclamide used here significantly reduced brain water content,16 while we report no 

change in water content. This discrepancy is hard to reconcile because Zhou et al. used the 

autologous whole blood model, where most of the increase in brain water content arises from 

serum extrusion and not true edema.21,35 Conversely, the collagenase model causes 

considerably more extensive BBB damage and edema,21 which one would think would be more 

amenable to glibenclamide. Perhaps the extent of injury after even moderate collagenase ICH is 

still too devastating, and despite blocking an important transporter, ions and water can still move 

freely through the damaged BBB. The autologous whole blood model has considerably less 

BBB damage,21 and thus simply blocking the Sur1-Trpm4 transporter may be an effective 

strategy in this environment. The magnitude of injury and edema observed in our study was 

modest, and caused no mortality. In a model of traumatic brain injury, which is also 

characterized by extensive BBB damage,38 it was also shown that a similar dose of 

glibenclamide did not attenuate increases in edema.39 Therefore, the failure of glibenclamide 

was likely not because the ICH was exceptionally severe, but more so that the nature of 

damage in collagenase ICH is too disruptive or complex.  

 While our findings suggest that glibenclamide is safe to use, further testing should be 

conducted. Glibenclamide is currently being clinically investigated for use after large 

hemispheric infarction, an injury associated with hemorrhagic transformation.40 Given the 

likelihood of hemorrhagic transformation in this population, the safety of glibenclamide after 

hemorrhage must be considered. Our data suggests no increase in bleeding, edema, or BBB 

damage. However, we saw a non-significant increase in lesion volume (Cohen’s d=0.56, 

moderate effect size) in the glibenclamide group. This suggests that glibenclamide may worsen 

injury after hemorrhage, but we note that we are underpowered to detect an effect of this size. 

Unfortunately, other ICH studies did not examine lesion size, so we do not know if this effect 
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occurred in those experiments.16,17 No other study of glibenclamide in ICH has quantified lesion 

volume or total tissue loss (including cell death, cavity formation, and ventriculomegaly), which 

is an accepted and unambiguous measure of neuroprotection.25 

 With our novel approach, we were able to measure edema, BBB permeability, and ion 

concentrations in the same tissue. ICP-MS enables precise determination of element 

concentrations, including Gd, Na, K, Fe, and others, excluding chloride. This measure of BBB 

permeability has translational relevance, as Magnevist is used in clinical imaging.34 Further, 

assessing Gd extravasation in dried tissue assesses the amount of BBB permeability while 

excluding edema confounds, which would affect element concentrations on a per gram of wet 

weight basis.41 Other common BBB permeability assays, such as Evans Blue, are unable to 

control for edema, and have been heavily criticized.42–44 We are the first to directly assess the 

relationship between Na, K, edema, and BBB permeability in an experimental ICH model. The 

extent of Na increases and K decreases are closely related to increased edema, as reported by 

others.45,46 Additionally, the amount BBB permeability correlates with both Na and K 

dyshomeostasis as well as edema. This data provides further support that edema, BBB 

permeability, and ionic dyshomeostasis have closely related mechanisms of damage after 

ICH,4,11,47 but the sometimes weak correlations suggest that other key mechanisms are 

involved. Interestingly, data using x-ray fluorescence imaging, a method used to precisely and 

spatially image elements in tissue, shows that BBB permeability and ionic dyshomeostasis are 

not spatially correlated.4  

 The current study has limitations. We only assessed one dose of glibenclamide, and 

perhaps other doses may have conferred benefit. However, the dose we used is most 

commonly used after brain injury,12,16,33,48 as it selectively inhibits Sur1-Trpm4 and does not 

impact blood glucose levels. Additionally, the mini-osmotic pumps maintain a steady plasma 

concentration of glibenclamide, reducing risk of fluctuations in blood glucose. Further, we did 

not assess brain levels of glibenclamide to ensure the drug was biologically available in brain 



 173 

tissue. However, effects in the brain (e.g., lowering brain water content) with the same dose in 

other studies certainly suggests that this dose is bioavailable in the brain after injury.12,16,17,33 We 

did not directly assess expression of Sur1 or Trpm4 in the collagenase model of ICH. However, 

Sur1-Trpm4 expression is reproducibly increased after ICH in rats, clinical ICH, and other 

preclinical models of injury such as ischemia and subarachnoid hemorrhage.9,10,13,16,36,37 

Glibenclamide may only work in large insults, and data in ischemia suggests glibenclamide can 

lower mortality by reducing life-threatening edema.14 Our study had no mortality, and thus we 

may be unable to detect such benefits in ICH. However, we did see large (~4%), non-life-

threatening increases in edema that glibenclamide did not reduce. We acknowledge that 

glibenclamide may reduce mortality in cases where edema is increased to a greater extent. 

Similarly, glibenclamide may improve outcome when using different models, such as 

comorbidities (e.g., diabetes, hypertension), aged animals, or female animals, which we did not 

test. While our studies were designed to have adequate power to detect biologically meaningful 

effects, it is possible as in all negative studies, that smaller effects went undetected. 

 We have taken steps to reduce bias and improve translation quality in this study. A priori 

experimental design with power calculations,49 statistical plan, and exclusion criteria reduce the 

potential for unconscious bias to interfere with the course of the study. Post hoc changes to 

experimental design or statistical analysis increase the rate of type I errors in a given study.50–52 

In this study, there were no post hoc changes made. Translational quality is another strength of 

this study. We used blinding, randomization, multiple endpoints, short- and long-term 

assessment, multiple measures of functional outcome, and a direct, unambiguous measure of 

neuroprotection.24  

 In conclusion, this study demonstrates that glibenclamide is not beneficial after ICH. 

Glibenclamide failed to attenuate injury and improve outcome in every endpoint measured, 

including both the acute and chronic phases after ICH. Despite benefits seen in other pre-
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clinical ICH studies, we did not find any reduction in edema, BBB permeability, bleeding, or 

lesion volume after treatment with glibenclamide.  
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Figure 4-1. Experiment 1.  

Glibenclamide did not significantly impact (A) core temperature (P = 0.187, group main effect) or 

(B) activity (P = 0.876, group main effect) after ICH (n=6 in glibenclamide group, n=5 in control 
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group). Core temperature (°C) and activity (AU, arbitrary units – detections of animal movement 

over a receiver53) data were taken using implanted telemetry devices. Core temperature and 

activity averages for each hour were corrected for the same hour of baseline data to account for 

time of day effects (e.g., circadian rhythms). Rectal temperature was regulated during surgical 

procedures; the core temperature drop within the first few hours was due to rapid but mild 

cooling after post-surgical anaesthesia. (C) Bleeding (P = 0.991) and (D) blood glucose (P = 

0.763, group main effect) were both unaffected by glibenclamide. Sample sizes were n=6 in 

glibenclamide group, n=5 in control group. 
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Figure 4-2. Experiment 2 

Glibenclamide did not reduce (A) brain water content (P = 0.629, group main effect) or (B) 

neurological deficits (P = 0.743). (C) Blood glucose was not impacted by glibenclamide (P = 

0.531, group main effect). Sample size was n=16/group. 
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Figure 4-3. Experiment 2-Ion Concentrations 

(A) Na (P = 0.798) and (B) K (P = 0.979) concentrations were not affected by glibenclamide, 

despite being increased in the hemisphere ipsilateral to the ICH. Treatment with glibenclamide 

did not impact (C) BBB permeability, as assessed with Gd (P = 0.288), or amount of Fe in the 

striatum (P = 0.317, group main effect). Sample size was n=16/group. 
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Figure 4-4. Experiment 2-Correlations 

(A) Increased Na (R2 = 0.47, P < 0.001), and (B) decreased K (R2 = 0.60, P < 0.001) was 

associated with increased ipsilateral striatum edema. (C) More Na (R2 = 0.37, P = 0.001) and 

(D) less K (R2 = 0.23, P = 0.009) was related to greater amount of Gd extravasation. (E) More 

Gd extravasation was positively associated with edema (R2 = 0.22, P = 0.012). 
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Figure 4-5. Experiment 3 

Glibenclamide did not affect (A) tissue lost at a 28-day survival (P=0.089). (B) Representative 

lesion volume image (vehicle group) demonstrating area of dead tissue (dashed line) and 

ventriculomegaly (larger ventricle). (C) reaching ability (P = 0.927, group main effect) and (D) 

blood glucose (P = 0.419, group main effect) we not impacted by glibenclamide. Sample size 

was n=18/group. 
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Figure 4-6. Experiment 3-Ladder. 

After ICH, walking ability was impaired (all P<0.020). Glibenclamide did not impact walking 

ability in (A) the contralateral forelimb or (B) the contralateral hindlimb (all P>0.11). Sample size 

was n=18/group.  
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Chapter 5: The effects of chronic hypertension on tissue compliance after severe 

collagenase-induced intracerebral hemorrhage 
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5.1 Introduction 

Primary intracerebral hemorrhage (ICH) has two main causes: amyloid angiopathy and 

hypertension.1,2 Hypertension is defined as blood pressure over 140/90 mmHg.3 Approximately 

60% of ICHs are considered hypertensive ICH.4,5 With continued improved medical 

management of hypertension, many countries have seen decreased rates of hypertensive ICH, 

including Japan and the United Kingdom.6 Chronic hypertension leads to smooth muscle cell 

death and replacement with collagen, making vasculature more brittle and increasing the 

likelihood of bleeding.4 Additionally, when intracranial bleeding does occur, the hematoma is 

expected to be larger than in normotensive patients due to increased blood pressure. However, 

the rate of hematoma growth is more closely related to the size of the initial blood vessel, the 

size of the opening in that vessel, and the ability to stop the bleed (coagulation), meaning blood 

pressure plays a relatively smaller role in hematoma growth.4 Although acute control and 

reduction of blood pressure has been of great interest as a method of reducing hematoma 

expansion, chronic hypertension itself is not a reliable predictor of hematoma expansion.7 This 

could be due to a variety of factors, including the tamponade effect countering bleeding.8  

Spontaneously hypertensive rats (SHR) are commonly used as an animal model of 

chronic hypertension.9,10 This strain was made by selectively breeding Wistar Kyoto rats with 

high blood pressure. These rats have a systolic blood pressure of ~170 mmHg as compared to 

~130 mmHg in normotensive rats.11 This equates to a mean arterial pressure (MAP) of ~150 

mmHg compared to ~100 mmHg in normotensive rats.12 Research using SHRs to model ICH 

has shown SHRs have more severe neurological deficits and increased neuronal death after 

both the whole blood and collagenase models of ICH.13 However, hematoma volume and brain 

edema remained consistent between SHRs and WKRs.13 Despite higher blood pressure, SHRs 

do not demonstrate hypercoagulation or increased blood viscosity compared to WKRs.14 There 

are many animal models of hypertension beyond phenotype-driven genetic strains, including 

surgical (e.g., constricting renal arteries) and pharmacological (e.g., administration of 
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glucocorticoids) models.15,16 Like essential hypertension in humans (~90% of hypertension 

cases17), hypertension in the SHRs is caused by a variety of genes contributing to the 

hypertensive phenotype. Surgical, pharmacological, and dietary approaches do not mimic the 

underlying genetic contributors in many clinical cases of hypertension, and thus are more 

reflective of secondary hypertension. Indeed, 60% of contributing factors to developing 

hypertension are genetic, while 40% are environmental.18 While the SHR model has limitations, 

such as genetic variation and limited environmental contribution, it is still a useful model of 

chronic essential hypertension. 

 After large ICHs, the hematoma occupies limited space in the skull, causing intracranial 

pressure (ICP) to rise. The Monro-Kellie doctrine states that in order to maintain a constant 

combined volume of brain, blood, and cerebrospinal fluid (CSF) within the skull and maintain 

normal ICP, blood and CSF will be diverted (e.g., drained into sinuses to exit the cranium via 

jugular veins).19,20 Once blood and CSF can no longer be diverted, ICP will increase. We have 

documented an additional form of ICP compliance in Sprague Dawley rats (SDR) that we call 

tissue compliance. After mass effect producing injuries, including ICH and middle cerebral artery 

occlusion, neurons and astrocytes in uninjured brain regions reduce their volume and pack 

closer together.21,22 This effect is transient, and cells return to their normal volume after ~7 days, 

without signs of cell death. By reducing neuronal volume, and therefore, brain volume, 

additional space is made in the skull to accommodate the hematoma and resultant edema.  

However, tissue compliance has only been documented in young and healthy SDRs, 

and it is possible this effect may be impaired in animals with chronic hypertension. There are 

numerous parenchymal changes that happen with chronic hypertension in otherwise naïve rats 

that can affect stroke outcome, including increased inflammation, impaired neurogenesis, and 

astrocyte dysfunction.23 Notably, SHRs experience decreased cortical volume, reduced 

neuronal density, and decreased dendritic density across brain regions.24–26 Compared to 

WKRs, SHRs hippocampal volume was reduced by 21% by 6 months of age.27 Neurogenesis 
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continues to decline by 12 months of age, and the extent of atrophy in aged SHRs is unclear.28 

Therefore, due to atrophy (enlarged cerebral ventricles26), SHRs may be able to divert more 

CSF, increasing ICP compliance and reducing the need for tissue compliance. Conversely, due 

to an unfavourable parenchymal environment (impaired vasculature, dysfunctional glial cells 

that could impair glymphatic drainage), SHRs may be less capable of rapidly reducing neuron 

volumes. Differing growth trajectories in SHRs may also affect skull size, reducing the cranial 

compartment, however, this has not been investigated to our knowledge. 

In this experiment, we investigated the effect of chronic hypertension on ICH outcomes 

and tissue compliance using the SHR strain. Our primary objective was to determine differences 

in brain morphology as well as the extent of tissue compliance across each strain. Our 

secondary objective was to compare ICH outcomes across rodent strains, including neurological 

deficits and hematoma volume. We hypothesize that SHRs will have larger hematoma volumes 

and will exhibit more limited tissue compliance than control strains. We used two control strains, 

the SDR strain, as we have previously observed tissue compliance in this strain,21,22 and the 

Wistar Kyoto rat (WKR) strain, which the SHR strain was bred from.29 We used the collagenase 

model of ICH,30,31 as it reflects ongoing bleeding, and hypertensive ICH could play a role in 

increasing ongoing bleeding. We compared an ICH to a sham group across each of the three 

strains. After ICH was induced, we assessed neurological deficits, feeding and drinking 

behaviour, weight, and hydration. A subset of animals had telemetry probes implanted to assess 

strain differences in temperature and activity after ICH. Animals were perfused and tissue was 

formalin fixed to measure histological measures of outcome, including hematoma volume, brain 

volume, cortical thickness, and stereological measures of tissue compliance.  

 

5.2 Methods 

5.2.1 Subjects 
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All procedures were done in accordance with the Canadian Council on Animal Care 

Guidelines and approved by the University of Alberta Biosciences Animal Care and Use 

Committee (Protocol 960). We used a total of 72 male rats (20 Sprague Dawley, 20 Wistar 

Kyoto, 20 SHRs, plus an additional 12 SHRs for pilot work) obtained from Charles River Canada 

(Saint Constant, QC), with weights ranging from 250-450g (~3-5 months old). Animals were 

housed in a temperature- and humidity-controlled environment with the lights on from 7:00 am-

7:00 pm, and all procedures were done during the “lights on” period. Strains were housed in 

separate rooms. During experiments, animals were single-housed with ad libitum access to food 

(Purina Rodent Chow) and water.  

 

5.2.2 Telemetry Probe Implantation Surgery 

Four days prior to ICH induction, a subset of animals (n = 4/group) underwent surgery to 

implant a core temperature telemetry probe. Animals were anesthetized with isoflurane (4% 

induction, 2-2.25% maintenance in 60% N2O and remainder O2). The abdominal area was 

shaved, with betadine used for sterility. A sterile calibrated probe was inserted in the peritoneal 

cavity (Model TA10TA-F40, Data Sciences International, St. Paul, MN, accurate to ± 0.2 °C) as 

previously described.32 Animals were treated with meloxicam (0.2 mg/kg SC, Boehringer 

Ingelheim, Burlington, ON) and bupivacaine hydrochloride (0.5 mg/kg SC, SteriMax, Oakville, 

ON) as a surgical analgesic. Animals recovered quickly and were not displaying signs of 

ongoing pain,33 and thus, no top up analgesic doses were administered. Baseline temperature 

and activity measurements were taken for 24 hrs prior to ICH induction. Data was recorded 

every 30 s prior to and after ICH. Post-ICH temperature and activity measurements were 

normalized using hourly-averaged baseline readings taken the day before ICH induction in order 

to correct for fluctuations due to circadian rhythms. Activity was quantified by measuring 

variations in signal strength, which occurred with movement of the probe across the receiver, 

using arbitrary units.34  
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5.2.3 Collagenase Intracerebral Hemorrhage  

Animals were anesthetized with isoflurane, as done above, and temperature was 

maintained at 37°C using a rectal temperature probe and heating pad. The ICH was induced as 

previously described.30,35 Briefly, a hole was drilled into the skull at 3.5 mm to the left and 0.5 

mm anterior to bregma (Paxinos and Watson, 7th edition).36 Bacterial collagenase (Type IV-S, 

Sigma, 2.1 μL of 0.6 U/μL) was injected over 5 mins at 6.5 mm depth from the skull. This 

amount was chosen as pilot work demonstrated it caused severe hemorrhages (mean = 100.53 

μL) at 24 hrs post-ICH with low (<15%) mortality in SHRs (n = 6/group). The burr hole was then 

sealed with a metal screw. Animals were injected with 5 mL saline (0.9%, SC) to maintain 

hydration and 0.5 mg/kg bupivacaine hydrochloride (SC) as a local anesthetic. For sham 

procedures, animals were kept under anesthetic for approximately the same duration (25 mins). 

An incision was made, but no hole was drilled to maintain normal ICP, and no collagenase was 

injected.  

 

5.2.4 Neurological Deficits 

Rats were assessed for severity of neurological deficits using the neurological deficit 

scale (NDS) at 24 hrs post-ICH, just prior to euthanasia. The NDS scale is scored from 0-14, 

with 0 meaning no deficits and 14 meaning maximal deficits, and is the total score of 5 

subscales.37 Subscales include spontaneous circling, beam walking, bilateral forelimb grasping, 

contralateral hind limb retraction, and contralateral forelimb flexion.   

 

5.2.5 Feeding and Hydration Assessment 

Animals were weighed daily, and had food and water weighed daily to track 

eating/drinking behaviour throughout the experiment. After animals were euthanized (see 5.2.6), 

small sections of abdominal muscle were taken and assessed for water content as a measure of 
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hydration.22 Muscle samples were dried in the oven at 100°C for 24 hrs. Water content was 

measured as: ((wet weight-dry weight)/wet weight)´100. 

 

5.2.6 Histology 

At 24 hrs post-ICH, animals were anesthetized with sodium pentobarbital (100 mg/kg IP, 

Bimeda, Cambridge, ON) and transcardially perfused with 0.9% saline followed by 10% neutral 

buffered formalin. Brains were vibratome sectioned at 80 µM with sections taken every 240 µM. 

Sections were taken as far anterior and poster as possible (~4.5 mm anterior and -5.5 mm 

posterior to Bregma)36. The cerebellum and brain stem were also sectioned.  Sections were 

stained with cresyl violet, as done previously.37  

Stained sections were analyzed to assess brain volume, ventricle volume, cortical 

thickness, and hematoma volume. Using Image J (v. 1.52A, NIH), the contralateral hemisphere 

was measured in all sections from 3.9 mm anterior to Bregma up to 5 mm posterior to Bregma. 

Average section area was multiplied by the number of sections and the section interval to get a 

partial contralateral hemisphere volume. The ipsilateral hemisphere was not measured to avoid 

edema confounds. Similarly, the contralateral lateral ventricle volume was assessed in all 

animals. Cortical thickness was assessed by measuring the average distance between the 

dorsal aspect of the cingulum to cortical layer II in 5 sections from +1.89 to -2.0 from Bregma, 

as done previously.22 Hematoma volume was measured by calculating the area of the 

hematoma on all sections where blood was present. The average hematoma area was then 

multiplied by the section interval and number of sections. Due to the early survival time, true 

lesion volume could not be assessed, as edema skews the volume of the ipsilateral hemisphere 

as a whole.32  

 

5.2.8 Stereological Analysis 
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Neuron soma volume and neuronal density were assessed in the CA1 region of the 

contralateral hippocampus, the contralateral S1 region, and in lobe VI of the cerebellum. Cell 

volume was assessed using the nucleator probe method in conjunction with the physical 

dissector, and cellular density was assessed using the physical and optical dissector probes, as 

we have previously done.22,38 Briefly, volume was calculated by measuring the area of 15 

randomly selected neurons per animal at 5 different levels within the z-axis. The average radius 

for each cell was assessed and used to calculate volume. 

 

5.2.9 Statistical Analysis 

Power analyses and effect sizes (Cohen’s f) were calculated using GPower (v 3.1.9.6). 

Using a sample size of 9 per group would give ~80% power to detect an 35% percent change in 

cell volume, based on a standard deviation of 443 μm3 and a mean cell volume of 1791 μm3 in 

SHRs (pilot data). We increased this to 10/group in anticipation of mortality and exclusions. 

Data were analyzed using GraphPad Prism (v 9.0, GraphPad Software Inc., La Jolla, CA) and 

are presented as mean ± 95% confidence interval (CI), with the exception of NDS scores 

(presented as median and interquartile range). Neurological deficit scores were assessed using 

a Kruskal Wallis test for comparisons between strains and a Mann-Whitney U-test for 

comparisons between ICH and sham groups within a strain. Data collected at a single timepoint 

(e.g., brain volume, muscle water content) was assessed using a 2-way between subjects 

ANOVA with Sidak’s multiple comparisons test to assess effects of strain and injury (ICH vs 

sham). Data collected at multiple timepoints (e.g., food consumption, body weight) was 

assessed using a mixed effects analysis with Tukey’s multiple comparisons test. Time was 

considered a within-subjects factor, while strain and injury were between subjects’ factors. 

Mortality rate between groups was assessed using Pearson’s chi-squared test. A P-value of 

<0.05 was considered statistically significant. 
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5.3 Results 

5.3.1 Exclusions/Mortality 

Three SHRs in the ICH group died prematurely and were excluded from NDS testing 

and muscle water content measurements. Brains were immersion fixed in formalin for 

histological analysis. As no other animals died prematurely, there was a statistically significant 

effect of strain on mortality (chi-squared p = 0.036). One SDR in the sham group and one WKR 

in the ICH group were excluded from all histological analysis due to technical error in tissue 

processing. An additional 2 SDRs in the ICH group, 1 WKR in each of the sham and ICH 

groups, and 1 SHRs in the sham group were excluded from stereological analysis in the S1 

region due to histological artefact. For CA1 analysis, 1 SDR in the ICH group, 1 SHR in the 

sham group, and 2 SHRs in the ICH group were excluded from stereological analysis due to 

histological artefact. 

 

5.3.2 Neurological Deficit Score 

All ICH groups regardless of strain demonstrated increased deficits when compared to 

the sham group of the same strain (Figure 5-1, all p < 0.001). However, there were no 

significant differences when comparing the 3 strains in each of the surgical groups (Figure 5-1, 

p = 0.417 among sham groups and p = 0.095 between ICH groups). In both sham and ICH 

groups, the WKRs tended to perform worse than the other strains, but this was not statistically 

significant. 

 

5.3.3 Feeding, Drinking, and Body Weight 

There was a significant interaction effect between injury type and time on food and water 

consumption (Figure 5-2, interaction effect p = 0.001), indicating that overall, ICH rats 

decreased consumption after the surgery regardless of strain. The SDRs drank (Figure 5-2A, 

strain main effect p < 0.001) and ate (Figure 5-2B, strain main effect p < 0.001) more on 



 197 

average than the other strains, regardless of whether they had an ICH or not. In addition, all 

animals in the ICH groups had a decrease in feeding (ICH main effect p < 0.001) and drinking 

(ICH main effect p = 0.011) behaviour post-ICH. The differences noted in feeding behaviour for 

SDRs is also demonstrated in rodent weight (average SDR pre-surgery weight = 371 g, average 

WKR/SHR pre-surgery weight = 284 g) but not the amount of weight loss after ICH induction as 

a percent of baseline weight. All strains assigned to sham groups maintained a consistent 

weight, while all strains in the ICH experienced weight loss after the injury (Figure 5-2C, ICH 

main effect p < 0.001, strain effect p = 0.807 interaction effect p = 0.521).  

 

5.3.4 Muscle Water 

There was a significant interaction between group and strain (Figure 5-2D, p = 0.021), 

however, there were no significant subgroup comparisons when using Sidak’s multiple 

comparisons test (all p > 0.361). The significant interaction was likely driven by slightly 

increased water content in the SDR sham group, which could be reflective of the trend towards 

increased water consumption in this group. The lack of a significant group effect or main effect 

suggests that the ICH groups were not significantly dehydrated, and that any strain differences 

in hydration were minor.   

 

5.3.5 Temperature and Activity 

There was no effect of strain on temperature (Figure 5-3A, strain main effect p = 0.164, 

interaction effect p = 0.072) or activity (Figure 5-3B, strain main effect p = 0.217, interaction 

effect p = 0.273). There was a significant effect of ICH on temperature (Figure 5-3A, ICH main 

effect p = 0.011), where ICH animals had increased temperature from 0-12 hrs post-ICH, 

potentially indicating mild post-ICH fever.39 There was a significant effect of time on temperature 

(time main effect p < 0.001), and activity (time main effect p < 0.001) likely due to anesthetic 
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causing a temporary (<1 hr) drop in temperature and activity in all groups after surgical 

procedures. 

 

5.3.6 Hematoma Volume 

The SHR ICH group and the WKR ICH group had a larger hematoma volume on 

average when compared to the SDR ICH group. However, there was no statistically significant 

effect of strain on hematoma volume (Figure 5-1, p = 0.122). Additionally, the SHR group had a 

significantly higher rate of ventricular extension, defined as extension of the hematoma from the 

parenchyma into the ventricles (100% in SHRs, vs 30% in SDRs and 60% in WKRs, chi-

squared p = 0.005 among groups).  

 

5.3.7 Histological Brain Quantification 

There were significant main effects of ICH (Figure 5-4A, p < 0.001) and strain (p = 

0.008) on right hemisphere volume (interaction effect, p = 0.551). In the ICH groups, 

contralateral hemisphere volume was decreased compared to the sham groups. Within the 

sham groups, WKRs had significantly larger hemisphere volumes than SHRs (p = 0.027). Within 

the ICH groups, SDRs had significantly smaller hemisphere volumes than WKRs (p = 0.044). 

Contralateral lateral ventricle volume significantly differed across strains and injury type (Figure 

5-4B, interaction effect p < 0.001). Specifically, the SHR sham group had a significantly 

increased ventricle volume compared to both other strains (p < 0.001). The cortex of ICH 

animals across groups was thinner than the sham groups (Figure 5-4C, ICH main effect p = 

0.006, interaction effect p = 0.300). Additionally, cortical thickness varied by strain, with SDRs 

having the largest cortex and SHRs having the smallest cortex, on average (Figure 5-4C, strain 

main effect p = 0.001).  

As an exploratory (unplanned) analysis, we performed a linear regression to compare 

hematoma volume and brain volume, to see if ICH volume was related to the amount of tissue 
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compliance overall and if this differed among strains. We found that hematoma volume was not 

significantly correlated with brain volume in any strain (all p > 0.316), and that the slopes of the 

regression were not significantly different across the three strains (p = 0.339). 

 

5.3.8 Stereology 

 The animals in the ICH group had significantly decreased cell volume in the CA1 region 

compared to sham animals in all strains (Figure 5-5A, ICH main effect p < 0.001, interaction 

effect p = 0.181), and the lack of interaction indicates this effect was consistent among strains. 

There was a significant effect of strain on CA1 volume (strain main effect p = 0.003), with SDRs 

having larger cell volumes than both WKRs (p = 0.037) and SHRs (p < 0.001) in both the sham 

and ICH groups. There was a significant effect of ICH (Figure 5-5B, ICH main effect p = 0.025, 

interaction effect p = 0.924) and strain (strain main effect p = 0.016) on cell density in CA1.  

 In the contralateral S1 region, there was a significant effect of ICH on cell volume (Figure 

5-5C, ICH main effect p < 0.001). There was a significant interaction effect, indicating a 

differential effect of ICH by strain (p = 0.042). Still, all strains had a significantly decreased cell 

volume in the ICH group compared to the respective sham group (all p < 0.001). There was a 

significant effect of ICH on cell density in S1, where ICH animals had increased cell density 

(Figure 5-5D, ICH main effect p = 0.044, strain main effect p = 0.781, interaction effect p = 

0.475).  

 In the cerebellum region, there was no effect of ICH (ICH main effect p = 0.522, 

interaction effect p = 0.891) or strain (strain main effect p = 0.354) on cell volume. Similarly, 

there was no effect of ICH (ICH main effect p = 0.458, interaction effect p = 0.986) or strain 

(strain main effect p = 0.246) on cell density (data not shown).  

 

5.4 Discussion 
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 Compared to SDRs and WKRs, SHRs have an increased mortality rate after severe, 

collagenase-induced intracerebral hemorrhage. Contrary to our hypothesis, SHRs did not have 

significantly larger hematoma volumes, and demonstrated approximately the same decrease in 

brain volume and cell volume after ICH. Despite not having significantly larger bleed volumes, 

SHRs did have an increased rate of ventricular extension (100% of animals) compared to the 

other strains (30% in SDRs and 60% in WKRs). We found significantly decreased contralateral 

hemisphere volume, decreased cell volume, and increased cell density in the ICH group 

compared to the sham group, indicating intact tissue compliance mechanisms in all strains. We 

observed strain specific differences in brain morphology, including contralateral brain volume, 

cortical thickness, and ventricle volumes between the sham groups. Despite these differences in 

brain morphology, surviving SHRs did not display significantly increased functional deficits 

compared to SDRs and WKRs, which may be in part due to the lack of sensitivity in the NDS 

scale.37 

Despite slight and statistically insignificant differences in hematoma volumes, SHRs also 

underwent tissue compliance, however, they experienced the smallest effect of ICH on overall 

brain volume (SHR Cohen’s d = 2.73 – 7.8% reduction, SDR Cohen’s d = 3.29 – 9.8% 

reduction, WKR Cohen’s d = 2.91 – 8.2% reduction). Chronic hypertension does not appear to 

impede the ability of uninjured neurons to shrink in volume, pack closer together, and make 

space to accommodate a large bleed. Across strains, we found the cerebellum did not undergo 

tissue compliance, making this region a potential internal negative control for future studies. 

Interestingly, we found that the sham SHRs had increased lateral ventricle volumes compared 

to all other groups. This could be indicative of tissue atrophy commonly seen in SHRs by this 

age.26 Indeed, we observed decreased brain volume (~2.5%) in sham SHR animals compared 

to sham WKR animals, similar to decreases that have been previously observed.26 However, 

after ICH, the ventricle volume decreases in SHRs, possible reflecting increased CSF outflow as 

an ICP compliance mechanism. This would suggest that compared to SDRs and WKRs, SHRs 
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have a greater CSF volume, and likely a greater capacity to comply with ICP challenges by 

redirecting CSF.40 However, other studies have shown glymphatic clearance is supressed in 

SHRs compared to WKR rats, which could be due to vascular wall remodelling.41 Therefore, 

although there is more CSF to drain in SHRs, the drainage may be less efficient. 

We observed a greater mortality rate in SHRs compared to the WKR and SDR groups. 

This leads to possible attrition confounds when examining behavioural data, as well as other 

endpoints. For example, although we did not see a significant difference in NDS scores between 

strains, it is possible that the animals that died had more severe deficits. If that is the case, then 

not testing these animals may have obscured the true effect of strain on NDS score. Therefore, 

it is difficult to make conclusions about the functional outcomes in SHRs vs. other strains at the 

insult severity we used here.  

The stereology findings indicate that sham SHRs have decreased cell volume compared 

to sham SDRs, replicating previous findings of hippocampal and cortical atrophy in SHRs by 4 

months of age.23 Interestingly, the WKR animals have cell volumes in between that of the SDRs 

and SHRs, which follows the trends observed in overall cortical thickness and indicates 

neuronal differences between our two control strains. Previous research shows SHRs have 

increased neurogenesis in the dentate gyrus compared to SDRs,28 but there are limited studies 

directly comparing brain morphology (e.g., neuron volumes, size of brain regions) of SHRs, 

SDRs, and WKRs. Our results suggest that experimental findings in WKRs should not be 

directly compared with SDRs, as these strains have baseline differences in brain morphology.  

 There were some notable differences between the strains that could impact ICH 

experiments. When performing behavioural tests, SHRs exhibited high energy and increased 

movement compared to SDRs and WKRs. The SHRs tend to be hyperactive and harder to train 

on certain tasks, such as skilled reaching, in our experience.42 However, the SHRs were easier 

to train on tasks that required movement, such as the beam walking component of NDS. 

Conversely, the WKRs had decreased movement and increased apprehension when training on 
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the NDS tasks. Some WKRs refused to walk across the beam, or had limited movement in the 

circling task. These motor differences have been noted previously, and the SHR model has 

been used as a model of attention-deficit hyperactivity disorder.43,44 These baseline differences 

make it difficult to discern how much of the observed “deficits” are due to the ICH and how many 

are due to inherent strain differences, especially given that many post-ICH functional tests 

examine motor deficits. Despite the anecdotal differences during behavioural testing, baseline 

measurements of activity did not differ by group, indicating that these behavioural differences 

may only appear in certain settings (e.g., stress caused by behavioural testing). Therefore, a 

sham group is recommended when comparing functional outcomes between strains. 

Additionally, the weight trajectories differed between strains. The SDRs ate/drank more, and 

gained weight more quickly than the SHR and WKRs. Therefore, it is important to consider 

rodent age in experiments, rather than relying on weight as a proxy measure for age.  

There are limitations with this study that should be noted. Due to the slight but 

statistically insignificant differences in hematoma volume by strain, we must compare the extent 

of tissue compliance with caution. For example, animals with greater injury have larger mass 

effect (e.g., hematoma and edema volume) and could be undergoing relatively greater tissue 

compliance to accommodate this added mass. Additionally, in order to determine the upper limit 

of tissue compliance capabilities in each strain, we would need to use greater hematoma 

volumes, resulting in greater mortality, which is ethically difficult to complete. In this study, 

hematoma volume may not be accurate in all animals due to our inability to accurately quantify 

ventricular bleeding in vibratome sections. Thus, animals with ventricular bleeding likely had a 

larger hematoma volume in total, but blood was likely lost during the sectioning process. 

Further, this study only looked at the effect of chronic hypertension in young animals. Future 

studies should examine the effects of acute hypertension (e.g., pharmacologically induced) and 

chronic hypertension in aged animals on tissue compliance. Finally, studies examining how 
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tissue compliance is affected when hypertension is treated would be warranted, however, it is 

unlikely that acute treatment would reverse the tissue atrophy noted in the SHR strain.23   

In conclusion, given an equal volume of collagenase, SHRs experience greater mortality 

but not significantly increased hematoma volume or functional deficits compared to WKRs and 

SDRs. After a large ICH that would lead to increased intracranial pressure, all strains were able 

to reduce total brain volume, likely in order to accommodate the bleed. Despite evidence of 

atrophy in sham SHR animals, they were still able to reduce ventricle volume and contralateral 

hemisphere volume. This indicates that chronic hypertension does not prevent tissue 

compliance responses to a large ICP challenge.  
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Figure 5-1. A. Neurological deficits were increased in the ICH groups compared to the sham 

groups (p < 0.001), however, there were no significant strain differences in NDS score (p = 

0.417 between strains in the sham groups and p = 0.095 between strains in the ICH groups). B. 

Hematoma volume did not significantly differ between strains (p = 0.122). However, rate of 

ventricular extension of the bleed did differ between groups (p = 0.005), denoted by red 

symbols. C. Representative image of an SHR animal with a hematoma volume of 100.4 mm3. 

*** denotes p < 0.001. 
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Figure 5-2. A. Water consumption decreased after ICH in all strains (ICH by time interaction 

effect p = 0.001). B. All ICH animals had a decrease in feeding behaviour post ICH (ICH by time 

interaction effect p < 0.001). Additionally, the SDRs ate more than the other strains in both the 

sham and the ICH group (p < 0.001). C. Animals in the ICH group experienced significantly 

more weight loss than the sham animals, and this effect was consistent across strains (ICH 

main effect p < 0.001, interaction effect p = 0.521). D. There was a significant interaction 

between group and strain on muscle water content (interaction effect p = 0.021), however, there 

were no significant strain differences within the ICH and sham groups. *** denotes p < 0.001. 
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Figure 5-3. There was a significant main effect of time on temperature and activity (time main 

effect p < 0.001, 3-way interaction term p = 0.122). There was a significant main effect of ICH 

on temperature, indicative of a mild fever in these groups (ICH main effect p = 0.011). There 

was no effect of strain on temperature or activity levels (strain main effect p = 0.327 and p = 

0.217, respectively). Temperature and activity measurements were averaged hourly and 

subtracted from hourly baseline measurements to correct for circadian effects. AU = arbitrary 

units, measured variations in signal strength as the probe moves over the receiver.34 Both 
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temperature and activity are corrected for baseline hourly to account for circadian rhythm 

effects.  
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Figure 5-4. A. Contralateral hemisphere volume was reduced in animals in the ICH group 

regardless of strain (ICH main effect p < 0.001, interaction main effect p = 0.551). There was 

also a significant effect of strain on contralateral hemisphere volume (strain main effect p = 

0.008). B. The volume of the contralateral (right) lateral ventricle was significantly increased in 

the sham SHR group (interaction effect p < 0.001). C. Cortical thickness varied significantly by 

strain (strain main effect p = 0.001, interaction effect p = 0.300), and was also decreased in the 

ICH group compared to the sham group (ICH main effect p = 0.006). D. Representative image 

of a brain from the sham WKR group. Dotted lines represent the contralateral hemisphere 

measurement, arrow and solid line denote the ventricle measurement, and the capped line 

represents the cortical thickness. **** denotes p < 0.0001. 
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Figure 5-5.  There was a significant effect of ICH on contralateral CA1 cell volume across all 

strains (A, ICH main effect p < 0.001, interaction effect p = 0.181), and there was an effect of 

strain on CA1 volume (strain main effect p < 0.001), where sham SDRs had the largest cell 

volume. Animals in the ICH groups had significantly higher cell densities than animals in the 

sham groups (B, ICH main effect p = 0.025, interaction effect p = 0.924). Cell volume in 

contralateral S1 was significantly decreased in ICH animals compared to sham animals, and 

this effect was smallest in the SHRs (C, ICH main effect p < 0.001, interaction effect p = 0.042). 

There was a significant effect of ICH on cell density in S1 (D, ICH main effect p = 0.044, 

interaction effect p = 0.475). ** denotes p < 0.01, *** denotes p < 0.001. 
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Chapter 6: Tissue Compliance and Intracranial Pressure Responses to Large 

Intracerebral Hemorrhage in Young and Aged Hypertensive Rats. 
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6.1 Introduction 
 

Intracerebral hemorrhage (ICH) is a subtype of stroke characterized by bleeding within the 

parenchyma. Primary ICH is a hemorrhage caused by hypertension or amyloid angiopathy, both 

of which are increasingly common with advanced age.1,2 Indeed, age is the most important risk 

factor for ICH,3 as about 35% of ICH patients are older than 80 years old.4 The incidence rate of 

ICH increases by approximately 30 times in those aged 75-94 compared to individuals aged 35-

54 years.4 Despite this, ~95% of preclinical ICH studies use young, healthy rodents to represent 

this patient population.5 

In cases of large hemorrhage, the mass effect of the hematoma takes up space in the skull 

and drives up intracranial pressure (ICP).6 Increased ICP can lead to decreased consciousness, 

herniation, and in some cases, death.6,7  Intracranial pressure monitoring is not standard after 

ICH, so there is limited data on how ICP differs in different patient populations.8,9 However, 

mean ICP tends to decrease with age.10 For instance, in people, ICP decreases 0.7 mmHg per 

decade on average.10 In rats, mean ICP is typically ~5 mmHg, which can vary widely among 

studies depending on methodology.6 Aged spontaneously hypertensive rats (SHRs) exhibited a 

40% decrease in mean ICP compared to young SHRs.11 This ICP decrease could be due to 

age-related changes in ICP regulation mechanisms (e.g., vascular changes affecting filtration 

rate), or it could be related to brain atrophy (decrease in number of neurons,12 neuron volume,13 

dendritic arborization,14 etc.) that is seen with normal aging. It is unclear if ICP is decreased in 

older patients after ICH, as there is little research on how age impacts ICP responses after 

stroke.6,15 For example, if older patients with brain atrophy had relatively larger amounts of CSF, 

they may be able to accommodate an ICP challenge more easily. Indeed, evidence has 

suggested that there is more CSF and larger ventricle volumes in patients with more extensive 

atrophy.16,17 Conversely, if their ICP regulation mechanisms were affected by age-related 

vascular changes, then they may have a more difficult time responding to ICP challenges. 

Additionally, many ICH patients are also hypertensive. This may contribute to impairments in 
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ICP regulation. After head trauma, increased age was associated with lower ICP, and this was 

related to deteriorations in cerebral blood flow (CBF) autoregulation and pressure reactivity.18,19 

Therefore, although it appears aged animals may have reduced ICP regulation with age, lower 

baseline ICP and brain atrophy may both result in lower ICP after a mass effect-inducing injury 

such as ICH. Additionally, it is important to think beyond just mean ICP and consider the entire 

ICP waveform.6 For example, younger animals may be able to compensate for larger ICP spikes 

than aged animals.  

When ICP is drastically increased, compliance mechanisms act to reduce ICP and prevent 

ischemic damage and brain herniation.6 According to the centuries-old Monro-Kellie Doctrine, 

blood and CSF volumes will decrease (e.g., reduced production and increased CSF drainage) in 

order to accommodate a mass. Recently, we have shown that neurons and astrocytes also 

participate in ICP compliance.20,21 Neurons will reduce their volume (e.g., by up to 50%) and 

increase packing density, resulting in a reduced brain volume overall. This effect has been 

documented in young, healthy animals20,21 as well as chronically hypertensive rats (Chapter 5). 

However, it is unclear how this tissue compliance may change with age. If ICP is lower in aged 

animals, they may have less need for tissue compliance as they can accommodate ICP by 

simply reducing CSF and blood. Conversely, aged animals may be unable to rapidly decrease 

cell volumes if the mechanism to do so loses efficacy or efficiency over time. 

Despite the vast majority of stroke patients having one or more comorbid conditions, 

such as diabetes and hypertension, most preclinical stroke studies use young, healthy 

animals.22,23 For example, approximately 77% of patients experiencing their first stroke had 

hypertension (either treated or untreated).23 A recent systematic review found that only 3.1% of 

ICH neuroprotection studies used animals older than 12 months, and only 5% used animals with 

comorbid conditions.5 Of the studies that use hypertensive animals, the SHR model is the most 

common (see Chapter 5 for further information on models of hypertension). To our knowledge, 

no study has assessed collagenase-induced intracerebral hemorrhage in aged spontaneously 
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hypertensive rats. One study measured ICP in aged SHRs, but these animals did not undergo 

any model of brain injury.11 Another study assessed brain injury using the collagenase and 

whole blood models in SHRs, but these animals were only 12 weeks of age.24 

In this study, we compared ICH injury and ICP responses in aged (20–24-month-old) 

and young-adult SHRs using the collagenase model. Our primary objective was to compare 

tissue compliance and ICP responses in young vs. aged SHRs, and our secondary objective 

was to compare the course of injury (functional deficits, edema). We used the collagenase 

model of ICH as it is associated with substantial edema and a larger ICP response when 

compared to the autologous whole blood model and leads to a larger ICP response,6,25 which 

makes this model ideal for assessing tissue compliance. In our first experiment, we measured 

hematoma volume, neurological deficits, and tissue compliance after collagenase-induced ICH 

or a sham surgery in aged and young SHRs. In our second experiment, we compared 

neurological deficits, ICP responses, and edema between aged and young SHRs.  

 
6.2 Methods 

6.2.1 Subjects 

In total, 88 animals were used in these experiments, including 44 young SHRs (265-341 

g) and 44 aged SHRs (342-415 g). The rats in the young SHR group were aged 3-4 months, 

while rats in the aged SHR group were aged 20-24 months. Animals were housed in a 

temperature- and humidity-controlled room with a 12-hour light cycle. Experiments were done 

during the light cycle. All experiments and procedures were approved by the Biosciences 

Animal Care and Use Committee at the University of Alberta and were in accordance with the 

Canadian Council on Animal Care guidelines. 

 

6.2.2 Surgical Procedures 
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Rats were anesthetized using isoflurane (4% induction, 2-2.5% maintenance, in 60% 

N2O and remainder O2) with temperature maintained at 37°C using a heating pad and rectal 

thermocouple probe. Intracerebral hemorrhage was induced as described previously.26,27 Briefly, 

2.1 µL of bacterial collagenase (Type IV-S, Sigma, 0.6 U/μL in saline) was infused 0.5 mm 

anterior, 3.5 mm lateral, and 6.5 mm down from Bregma.28 Collagenase was infused into the left 

striatum over 5 mins, and the needle was withdrawn after an additional 5 mins to prevent 

backflow. For the sham procedure, animals had the burr hole drilled and were kept under 

isoflurane for an equivalent amount of time, but had no collagenase injected. The burr hole was 

sealed with a screw and the incision was closed using staples.  

For experiment 2, ICP probes were implanted immediately after ICH induction.20,29 

Animals had four metal anchoring screws inserted into the skull surrounding the injection site. 

The catheter of a PA-C10 probe (Data Sciences Int., St. Paul, MN) was inserted into the 

injection site and glued in place using vet bond (n-butyl cyanoacrylate, 3M, Saint Paul, 

Minnesota). The probe was placed on the skull encased in plastic tubing, which was kept in 

place using dental cement (Jet Denture Repair Fast Curing Acrylic Resin, Lang Dental Mfg. Co., 

Wheeling, IL).  

In both experiments, bupivacaine hydrochloride (0.5 mg/kg SC, SteriMax, Oakville, ON) 

was used as a post-operative analgesic at the end of surgery and animals were injected with 5 

mL of 0.9% saline (SC) once at the end of surgery to ensure hydration.  

 

6.2.3 Neurological Deficit Assessment 

Neurological deficits were scored at 23 hrs post-ICH in experiment 1 and 71 hrs post-

ICH in experiment 2. Animals were scored on five subtests: spontaneous circling, forelimb 

flexion, beam-walking, bilateral forelimb grasp, and contralateral hindlimb retraction, for a total 

score ranging from 0-14 where 0 indicates no deficits.30 
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6.2.4 Euthanasia and Histology 

For experiment 1, at 24 hrs after ICH, rats were anesthetized with sodium pentobarbital 

(100 mg/kg IP, Bimeda, Cambridge, ON) and transcardially perfused with 0.9% saline and 10% 

neutral-buffered formalin.21 Brains were coronally sectioned at 80 µm using a vibratome (Leica 

VT1000S, Leica Biosystems, Concord, ON). Sections were stained using cresyl violet. 

Hematoma volume was calculated as: average area of damage ´ interval between sections ´ 

number of sections.31 Total contralateral hemisphere volume was assessed from 3.9 mm 

anterior to 5 mm posterior to Bregma.28 Contralateral lateral ventricle volume was calculated as: 

average area of ventricle ´ interval between sections ´ number of sections containing lateral 

ventricle.  

Neuron soma volume and neuronal density were quantified in the CA1 region of the 

hippocampus and the S1 region in the contralateral hemisphere as both are regions known to 

be involved in tissue compliance21 and would be distal to the hematoma. The nucleator probe 

method in conjunction with the physical dissector were used to quantify cell volume, and the 

physical and optical dissector probes were used to assess cell density, as done previously.21,32 

 

6.2.5 Brain Water Content Determination 

For experiment 2, animals were anesthetized with isoflurane, as described above, at 72 

hrs post-ICH. A blood sample was taken from the femoral artery and analyzed for blood gases 

and electrolytes (ABL80, Radiometer Canada). Animals were immediately decapitated and 

brains were extracted and dissected using a brain matrix. A 6 mm section of brain was taken 

from 2 mm anterior to 4 mm posterior to the injection site. This section was divided into 

ipsilateral and contralateral hemisphere. Brains were dried for 24 hrs at 100°C, and brain water 

content was determined using the wet weight-dry weight method.26 
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6.2.6 Statistical Analysis 

Power analyses were calculated using GPower (v 3.1.9.6). A sample size of 9 per group 

gave us 80% power to detect an 35% percent change in cell volume, based on a standard 

deviation of 443 μm3 and a mean cell volume of 1791 μm3 in SHRs (pilot data). This was 

increased to 12/group to mitigate data loss due to mortality or exclusions. For experiment 2, we 

used a sample of 10/group in order to have 80% power to detect a 1% increase or decrease in 

edema. Data were analyzed using a two-way ANOVA, with age and injury as the independent 

variables. Data assessed at multiple times were assessed using a three-way ANOVA, with time 

as a within-subjects variable. Neurological deficit scores were analyzed using a Kruskal-Wallis 

test, as there is no nonparametric equivalent to a two-way ANOVA. Anaconda Spyder3 

(v2021.05, Anaconda Inc, Austin, TX) was used to process ICP data, and GraphPad Prism 

(v9.0, San Diego, California) was used to analyze and graph all other data. Data are presented 

as mean ± 95% confidence interval, with the exception of NDS, which is presented as median ± 

interquartile range. All p-values less than 0.05 were considered statistically significant.  

 
6.3 Results 

6.3.1 Exclusions and Mortality 

In experiment 1, one animal died prematurely, from the young ICH group. An additional 

4 aged sham animals were excluded from S1 analysis due to histological processing error. For 

the CA1 analysis, 1 young sham, 1 aged sham, and 4 aged ICH animals were excluded from 

stereological analysis due to a histological processing error. 

In experiment 2, 5 animals died prematurely, all from the young ICH group (Chi squared 

p = 0.001). On average, these animals died ~6 hrs after ICH, thus, initial ICP data was included 

for analysis of mean and peak hourly ICP, but all other endpoints were not collected.  
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6.3.2 Experiment 1 

6.3.2.1 Neurological Deficits 

There was a significant effect of group on neurological deficits (Figure 6-1A, p < 0.001). 

However, these differences were between the sham and ICH groups, and there was no 

significant difference between the aged ICH and young ICH group (p > 0.999) or the aged sham 

and young sham group (p > 0.999). The young sham animals all scored 0 on NDS (no deficits) 

whereas 7/10 aged sham animals scored 1 or more, indicating that there were minor deficits 

present, but we were not powered to detect these differences. Deficits present in the aged sham 

group were largely on beam walking (minor slips), potentially indicating decreased 

coordination.33  

 

6.3.2.2 Histology  

The hematoma volume in the young ICH group was significantly larger than in the aged 

ICH group (Figure 6-1B, p = 0.002), despite using the same amount of collagenase. Despite 

these differences, both ICH groups displayed a similar decrease in contralateral brain 

hemisphere volume (Figure 6-1C, interaction effect p = 0.523, ICH main effect p = 0.003, age 

main effect p = 0.145). There was an effect of age on ventricle volume, with aged animals 

having increased lateral ventricle volume (Figure 6-1D, interaction effect p = 0.390, ICH main 

effect p = 0.116, age main effect p = 0.002).  

 

6.3.2.3 Stereology 

 In contralateral CA1, we found a significant effect of ICH on cell volume (Figure 6-2A, 

ICH main effect p < 0.001, interaction effect p = 0.652), where CA1 volume decreased after ICH 

compared to sham. There was no effect of age on CA1 volume (age main effect p = 0.173). 

After ICH, animals had significantly increased neuronal density in CA1 (ICH main effect p < 
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0.001, interaction effect p = 0.642). Aged animals had slightly lower neuronal density than 

young animals, but this was not statistically significant (age main effect p = 0.064). 

 In contralateral S1, we similarly found the ICH groups had decreased cell volume 

compared to sham groups (Figure 6-2C, ICH main effect p = 0.001, interaction effect p = 0.176). 

There was a significant effect of age on cell volume, with aged SHRs having decreased cell 

volume compared to young SHRs, regardless of injury type (age main effect p = 0.013). There 

was no effect of ICH on neuronal density in S1 (Figure 6-2D, ICH main effect p = 0.291, 

interaction effect p = 0.232). The aged animals had significantly greater cell density in S1 than 

the young animals (age main effect p = 0.032). 

 

6.3.3 Experiment 2 

6.3.3.1 Neurological Deficits 

There was a significant difference between post-ICH NDS scores (Figure 6-3A, p < 

0.001). However, there were no significant differences between young and aged ICH or young 

and aged sham (all p > 0.999). Pooled NDS scores from experiments 1 and 2 (to afford more 

statistical power) still found no significant differences in deficits between aged and young 

animals (p = 0.539). 

 

6.3.3.2 Intracranial Pressure  

The surviving young ICH rats displayed greater hourly mean ICP than the aged ICH rats 

(Figure 6-3B, ICH by age by time interaction p < 0.001). Both ICH groups had significantly 

increased ICP compared to the sham groups (ICH effect p < 0.001). There were no significant 

differences in hourly mean ICP between the two sham groups (all p > 0.05). Peak ICP was 

significantly increased in the ICH groups compared to the sham groups (ICH main effect p < 

0.001, interaction effect p = 0.260), however, there were no significant effects of age on peak 

ICP (age main effect p = 0.455). 
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6.3.3.3 Blood Gases 

Sodium was significantly increased in ICH animals regardless of age (Figure 6-4A, age 

main effect p = 0.786, interaction effect p = 0.204, ICH main effect p = 0.012). Sodium levels 

increased as functional deficits increased, but this was not statistically significant (p = 0.070, R2 

= 0.230). There were no group differences in blood oxygen or blood carbon dioxide (Figure 6-

4B-C, all p > 0.141).  

 

6.3.3.4 Edema 

There was a significant interaction of region and group on edema (Figure 6-5, p < 

0.001), as well as a significant region main effect (p < 0.001), age main effect (p = 0.005), and 

ICH main effect (p < 0.001). The aged animals had reduced brain water content when 

compared to the young animals in their respective groups regardless of region, indicating age-

related decreases in brain water content. When correcting for contralateral brain water content 

(e.g., ipsilateral – contralateral) to control for pre-existing water content differences, we see a 

significant effect of ICH (ICH main effect p < 0.001, interaction effect p = 0.906) with a 

statistically non-significant trend towards higher brain water content in young animals (age main 

effect p = 0.052). 

 

 
6.4 Discussion 

 In this study, we found evidence of tissue compliance in both aged and young SHRs 

after collagenase-induced ICH. After ICH, animals had increased neuronal density in CA1, 

decreased neuron volumes in CA1 and S1, and overall brain volume was decreased. Despite 

significantly reduced hematoma volumes in aged animals, we did not see any differences in 

functional outcomes at 24- or 72-hours post-ICH. Both mean ICP and edema were lower in 
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aged animals than young animals after ICH. Additionally, aged SHRs had a significantly lower 

mortality rate than young SHRs. Aged animals had, comparatively, as severe outcomes (edema 

and functional deficits) despite the fact that their hematoma volume was considerably smaller. 

The smaller mass effect in aged rats still raised ICP, although to a lesser extent, and resulted in 

a comparable tissue compliance response. Despite the confound caused by differing hematoma 

volumes, our results show that aged animals still demonstrate considerable tissue compliance, 

and likely their outcomes would have been far worse had hematoma volumes been the same as 

the younger SHRs.  

 Despite having reduced hematoma volumes and edema (e.g., less mass effect), likely 

contributing to reduced ICP, the aged SHR group still exhibited decreases in contralateral brain 

volume compared to the sham group, indicating a tissue compliance response. For example, 

the young SHRs had an average hematoma volume of 129.15 µL and an average contralateral 

hemisphere volume decrease of 16.91 mm3 compared to sham, which is a decrease of 0.131 

µL/µL of hematoma. The aged SHRs had an average hematoma volume of 67.22 µL and an 

average contralateral hemisphere volume decrease of 25.48 mm3 compared to sham, giving 

them a decrease of 0.379 µL/µL of hematoma, nearly triple that of the young SHRs. Therefore, 

although age-related atrophy may theoretically reduce the need for tissue compliance, age-

related changes do not prevent animals from being able to reduce tissue volume in order to 

accommodate mass effect. Additionally, our stereological data provides further evidence of 

tissue compliance. We see that the neurons in CA1 reduce volume and pack closer together, 

and this effect is consistent in both aged and young animals. In S1, we see a reduction in 

neuron volume after ICH, but did not see an effect on neuron density. This may be due to 

increased variability in this region, as seen previously,21 or it is possible that cells have reduced 

volume but haven’t packed closer together in this region yet. For example, if SHRs are slower at 
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clearing cellular contents from the extracellular space, this may lead to delays in packing density 

changes in some cases, and a reduced effect size at 24 hrs as a result. 

 There are physiological changes across the lifespan that can impact stroke outcomes 

and are important to study. Intracranial pressure typically decreases with age in people,10 yet 

here we found that in sham animals, ICP was consistent between the young and aged 

hypertensive animals. Although blood pressure increases with age in humans,34 the evidence in 

SHRs is not clear. In people, blood pressure increases are partially attributable to lifestyle 

factors, including high sodium diets and reduced physical activity over the lifespan.34 In this 

study, although animals were fed ad libitum and were sedentary, they were fed a standard 

laboratory animal diet and were consistently sedentary through their lifespan. Blood pressure in 

SHRs remains constant from 15-60 weeks of age,35,36 and beyond 60 weeks is unknown. Brain 

water content decreases with age in both rats and people, which can reflect changes in 

myelination and aquaporin channels (particularly during development).37–39 After correcting for 

baseline differences in water content, studies have found aged animals to have worse edema 

post-ICH than younger animals.40 Unlike our study, that study used the autologous whole blood 

model, and had a consistent hematoma volume between the groups. However, clinically, results 

are less clear, with age not consistently predicting edema.41,42 Brain volume is also known to 

decrease with age, as individuals experience neuronal atrophy.17 In SHRs specifically, atrophy 

is noted from a much younger age (~6 months old).43,44 Here, we did not see an age effect on 

contralateral hemisphere volume. This may be due to earlier cortical atrophy in SHRs, and 

future studies should compare aged and young SHRs to aged and young Sprague Dawley rats 

to quantify cortical atrophy. Therefore, there are many ways by which age-related physiological 

changes can affect the outcome after ICH, and it is important to use aged animal models when 

possible. 

 To our knowledge, this is both the first study measuring ICP in aged SHRs after ICH as 

well as the first study comparing young and aged SHRs after collagenase-induced ICH. A 
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previous study assessed the collagenase model of ICH in SHRs, but these animals were 12 

weeks old.24 In addition, it is unclear if the ICH size would have been large enough to cause 

substantial increases in ICP. As studies measuring ICP after ICH are limited,6 it is important to 

use a clinically relevant animal model to help guide future clinical studies. As demonstrated 

here, aged animals have significantly different ICP responses than young animals to a large 

hemorrhage, likely due to the differing amounts of mass effect. The young animals had an ICP 

increase of 19.5 mmHg relative to sham animals after a hematoma volume of ~129.2mm3 (0.15 

mmHg/mm3), whereas aged animals had an increase of 15.1 mmHg relative to sham animals 

after a hematoma volume of ~67.2 mm3 (0.22 mmHg/mm3). Although this doesn’t take total 

mass effect into account, it does indicate that the aged animals had a higher ICP response 

relative to bleed volume.  

Since age is the most important risk factor for ICH, it is important to know how outcomes 

may differ with age. Yet, the majority of research still relies on young, healthy animals,5 even 

when investigating basic physiological responses.45 The lifespan of SHRs has been 

documented as between 1.5-1.8 years on average, which is shorter than the 2.5-3 year lifespan 

of Wistar Kyoto rats.46 Therefore, the rats used in this study can be considered elderly, at 1.5-2 

years of age. However, the difficulty and expense of working with aged animals should not be 

minimized. Most vendors do not carry aged animals, and therefore, researchers need to plan 

these experiments years in advance. The additional cost of specific strains as well as the 

logistics and cost of housing animals for years needs to be taken into consideration. An 

advantage of working with aged SHRs vs. aged Sprague Dawley rats are that the SHRs 

maintain a consistent body weight (~350 g) across the lifespan, and therefore, are readily 

handled and can easily fit into behavioural apparatuses at most ages. This is contrasted with 

Sprague Dawley rats, which reach an average weight of 700 g within 6 months.47  

 Our blood sodium data indicates that some animals were hypernatremic (blood sodium 

levels above 145 mEq/L, normal range = 135-145 mEq/L) after ICH. Hypernatremia occurs in 
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approximately 12% of ICH patients and is associated with mortality and worse outcomes.48,49 

The sodium levels in this study could be related to the severity of ICH, and there was a trend for 

rodents with higher sodium to have a higher NDS score. Alternatively, the high blood sodium 

levels could induce changes in cellular volume (e.g., osmotic volume decreases)50,51. However, 

the fact that we see normal water content in the contralateral hemisphere suggests that the 

uninjured tissue, despite having reduced volumes, is osmotically “normal.” Additionally, we see 

cell volume reductions up to 7 days post-ICH, at which time feeding and drinking have returned 

to pre-ICH levels.20,21 The more likely explanation may be that cells are osmotically reducing 

their volume when undergoing tissue compliance, and this leads to the extrusion of sodium, 

along with other osmolytes (e.g., K+, taurine), detected as higher sodium levels in the blood. 

This may be normalized quickly in young, healthy animals (where pilot work indicates normal 

sodium levels at 24 hrs post-ICH), but could pose a problem for hypertensive rats, known to 

have kidney abnormalities.52 Of note, some of our sham SHRs were also in the hypernatremic 

range. As our data is correlational, future studies should investigate the effect of hypernatremia 

on tissue compliance, either by inducing hypernatremia (e.g., reduced drinking water) or by 

treating hypernatremia (e.g., with 5% dextrose or hydration).53 

A major limitation in this study is the difference in hematoma volume, leading to 

differences in injury and edema progression. Here, we wanted to see how outcomes would 

differ between ages when given the same insult. However, the same amount of collagenase 

resulted in a different bleed volume. Although this needs to be taken into account when 

interpreting the results, these experiments still provide insight into the age differences when 

subjected to the same amount of collagenase, and presumably, the same amount of initial basal 

lamina damage. Similarly, another limitation in this study is the mortality difference. This affects 

how we can interpret the NDS scores. For example, the animals that died presumably had more 

severe neurological deficits, so in this case, the median score of the young ICH animals is not 

reflective of where the median would be if all animals were able to be tested. If this were the 
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case, we may have seen a difference between the young ICH and aged ICH groups, where the 

aged ICH groups may have had significantly fewer neurological deficits. If the aged SHRs had a 

hematoma volume that matched that of the young SHR group, we expect mortality would have 

been far higher, and thus, future studies should consider using a relatively smaller hematoma 

volume (e.g., 75 vs. 100 mm3). Finally, this study focused on age differences within 

hypertensive animals. Without a normotensive or treated hypertensive control group, we are 

unable to directly assess the effects of hypertension vs. the effects of age in these experiments, 

and how hypertension and age may interact. For example, if hypertension was treated (e.g., 

with a diuretic or angiotensin converting enzyme inhibitor),54 this may have impacted hematoma 

volume and resulting edema and ICP values. However, previous experiments (Chapter 5) have 

examined young hypertensive vs. normotensive animals, which can give insights into the effects 

of hypertension on ICP and tissue compliance. 

In conclusion, we provide clear evidence of tissue compliance in aged, hypertensive 

animals. However, even with a more modest ICP response and a smaller bleed volume, aged 

animals still had an equally poor neurological outcome. Future studies should investigate ICH 

outcomes in young vs. aged SHRs where the injury volume is consistent between groups. This 

study highlights the importance of using aged animals as well as animals with comorbidities in 

ICH research rather than relying on young, healthy animals, as the effects of age and 

comorbidities on various endpoints are not always intuitive.  
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Figure 6-1 Neurological Deficits and Histology. There were no significant differences in 

neurological deficits by age (A, p > 0.999). The young animals had a substantially larger 

hematoma volume compared to the aged animals when given the same amount of collagenase 

into the striatum (B, p = 0.002). Despite large differences in hematoma size, the volume of the 

contralateral hemisphere was reduced in both ICH groups (C, ICH main effect, p = 0.003, 

interaction effect p = 0.523, age main effect p = 0.145). Aged animals in the sham group had 

significantly larger ventricle volumes (D, interaction effect p = 0.390, ICH main effect p = 0.116, 

age main effect p = 0.002), perhaps indicating greater atrophy (n=12/group, except for the 

young ICH group where n=11). ** denotes p < 0.01, *** denotes p < 0.001. 
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Figure 6-2 Stereology. Cell volume was significantly reduced in CA1 after a striatal ICH (A, ICH 

main effect p < 0.001, age main effect p = 0.173, interaction effect p = 0.652). Neuron density in 

CA1 was significantly increased after ICH (B, ICH main effect p < 0.001, age main effect p = 

0.064, interaction effect p = 0.642). In contralateral S1, neuron volumes were significantly 

decreased after ICH (C, ICH main effect p = 0.001, interaction effect p = 0.176) and aged 

animals had smaller neuron volumes on average (age main effect p = 0.013). There was no 

effect of ICH on S1 cell density (D, ICH main effect p = 0.291, age main effect p = 0.153, 

interaction effect p = 0.232), but there was an age effect in which aged animals had higher cell 

density (age main effect p = 0.032). * denotes p < 0.05, *** denotes p < 0.001. 
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Figure 6-3 Neurological Deficits and Intracranial Pressure. A. Although the ICH surgery led to 

significant neurological deficits (p < 0.001), there was no effect of age on neurological deficits (p 

> 0.999). B. Young ICH animals had higher ICP (epidural space) compared to the aged ICH 

animals (p < 0.001), and by day 3 the mean ICP was similar across ages (n=10/group except for 

young ICH, where n=5). The sham animals of both ages did not have significantly different ICP 

(all p > 0.05). C. Peak ICP was significantly higher in ICH groups compared to sham groups 

(ICH main effect p < 0.001, interaction effect p = 0.260), however, there were no effects of age 

on peak ICP (age main effect p = 0.455). *** denotes p < 0.001. 
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Figure 6-4 Arterial Blood Gases and Sodium. Sodium was modestly but statistically significantly 

increased after ICH in both young and old animals (A, age main effect p = 0.786, interaction 

effect p = 0.204, ICH main effect p = 0.012). There was no effect of age or ICH on blood gases 

(B-C, all p > 0.141). n=10/group for aged animals, n=5 for young ICH, n=9 for young sham. * 

denotes p < 0.05. 
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Figure 6-5 Brain Water Content. There was a significant interaction between region and injury 

on brain water levels (p < 0.001). Aged animals had lower brain water content across regions 

and injury types. (n=10/group, except for the young ICH group where n=5). ICH animals had 

higher brain water content in the ipsilateral (left) hemisphere, which is indicative of serum 

extrusion and brain edema. The effect is comparable in young and old rats despite the 

difference in hematoma volume. There was no difference in the contralateral (right) hemisphere, 

as expected. *** denotes p < 0.001. 
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Chapter 7:  

Quantitative analysis of ICH patient CT images to assess tissue compliance 
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7.1 Introduction 

 Intracerebral hemorrhage (ICH) is a devastating type of stroke, with a mortality rate of 

approximately 40%.1 One contribution to this mortality rate is the drastically elevated intracranial 

pressure (ICP).2 After a large ICH, the added mass of the hematoma along with the resulting 

edema within the skull causes ICP to rise. When ICP is increased to a dangerous level, this can 

lead to decreases in cerebral blood flow, ischemic damage, and brain herniation.3 According to 

the Monro-Kellie doctrine, blood and cerebrospinal fluid (CSF) volumes will be reduced (e.g., 

decreased production and increased clearance) in order to make space to accommodate for the 

added mass.4,5 Recent data suggests that in rats, there is an additional compliance mechanism 

to counter ICP elevations after large mass effect (hematoma + edema), known as tissue 

compliance.4,6  Neurons in regions distal to the injury will reduce their volume and pack together 

more densely, effectively reducing the volume of the brain parenchyma itself. This effect is 

transient, and resolves within a week without death to neurons.  

 We have observed and replicated this tissue compliance effect in many post-stroke 

settings in rodents using experimental models. For instance, tissue compliance has been noted 

after both the collagenase and autologous whole blood models of ICH, as well as the 

intraluminal suture occlusion model of middle cerebral artery occlusion.4,6 Although this was first 

documented in young, healthy animals, we have recently confirmed that both aged and 

hypertensive animals, which are much closer to the clinical ICH population,7 also undergo tissue 

compliance after a large, collagenase-induced ICH. Although it is encouraging that aged 

animals with comorbidities are still capable of tissue compliance, it is possible that this 

compliance mechanism may be specific to rodents, or not present in humans. For example, 

humans have relatively greater amounts of white matter than rodents,8 and white matter may be 

less capable of rapid volume reduction than grey matter is.9  

 While tissue compliance can be measured in rodents using histological techniques (e.g., 

stereological assessment of neuron volume), these methods require specific tissue processing 
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to minimize artefact. For example, animals are perfused with 0.9% saline followed by 10% 

neutral buffered formalin to preserve tissue and minimize the interval between death and tissue 

fixation. In people, this level of precision and rapid tissue preservation is much more difficult, 

with even rapid autopsies occurring ~12-24 hrs after death10–12 (compared to fixation procedure 

as the cause of death in rodent models). However, since bodies are typically maintained in cold 

storage prior to autopsy, the effect of post-mortem interval on stereological quantification of cells 

is unclear. We have tested the effect of delayed fixation in rodents and were still able to observe 

tissue compliance (Kalisvaart et al., unpublished data), but this was only tested at a 6-hr delay, 

which is still faster than the average autopsy in people. Additionally, using these techniques in a 

clinical setting would require post-mortem tissue. Thus, assessing cell volume using stereology 

is subject to mortality confounds. For example, it is possible that the ICH patients that die are 

those that have the least effective tissue compliance, thus biasing the sample. However, in 

animals, we have also demonstrated tissue compliance using whole hemisphere quantification. 

When regions undergo tissue compliance, the reductions in cell volume and increases in cell 

density can be seen on a macro level as decreases in overall contralateral hemisphere volume. 

Therefore, we may be able to assess tissue compliance in a clinical setting using computed 

tomography (CT) or magnetic resonance imaging (MRI) to quantify brain volume, thus avoiding 

mortality confounds. Using CT images to quantify brain volume has been done routinely, 

including studies of dementia,13 brain development,14 and atrophy after stroke.15 

In this study, our goals were to determine the feasibility of using CT to quantify tissue 

compliance, identify potential variables of concern for future studies (e.g., sex effects), and 

obtain an estimate of variability in brain volume to better determine statistical power needed for 

future studies. We quantified the contralateral hemisphere volume using computed tomography 

(CT) images of ICH patients from the Intracerebral Hemorrhage Acutely Decreasing Arterial 

Pressure Trial (ICH ADAPT I) trial16,17 that were stratified into two groups, large ICH and small 

ICH. These groups were further divided by sex, resulting in four groups: male large ICH, female 
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large ICH, male small ICH, and female small ICH. We hypothesized that the patients with 

smaller hematomas would not experience high ICP elevations, and thus would not need to 

undergo tissue compliance and would have higher hemisphere volumes on average. 

 

7.2 Methods 

7.2.1 CT Image Datasets 

Retrospective data and CT images were collected from 50 patients enrolled in the ICH 

ADAPT I trial from the University of Alberta hospital arm of the study. The ICH ADAPT I trial was 

approved by the Research Ethics Board at the University of Alberta. All patients underwent non-

contrast CT imaging at 24 (range = 21-27 hrs) after ICH in order to assess hematoma 

expansion.17 Images consisted of 5 mm slices through the entire brain (18-20 slices).   

We selected the 30 patients with the largest hematoma volume (average = 47.6 ± 12.14 

cm3) and 20 patients with the smallest hematoma volume (average = 5.21 ± 0.81 cm3). Two 

patients from the small ICH group were excluded based on incomplete imaging at 24 hrs, 

leaving 18 patients in the small ICH group.  

Our exclusion criteria initially excluded patients with lobar ICH, due to potential atrophy 

associated with amyloid angiopathy; age greater than 70 years, due to age related atrophy; and 

any additional mass within the brain, such as a tumor, that may contribute to elevated ICP. 

However, this left us with a very small sample size (< 30) and disproportionately excluded many 

of the large ICHs that would cause increased ICP. Therefore, we ran our analysis with patients 

of all ages and ICH locations in an exploratory manner. 

 

7.2.2 CT Image Analysis 

Images were gantry tilt corrected in MRIcroGL (v2.1.59-0, University of South Carolina, 

USA) to ensure accuracy and consistency, as gantry angle can vary between CT scanners.18 
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Images were then manually segmented in ITK-SNAP (itksnap.org, v3.6.0, University of 

Pennsylvania, USA)19 for volume quantification (Figure 7-1). ITK-SNAP is a software regularly 

used for accurately segmenting brain regions from three-dimensional images, either manually or 

automatically.20–22 Hematoma volume, contralateral parenchyma volume, and cerebrospinal fluid 

volumes were quantified using voxel counts of segmented regions of interest using all image 

slices. 

 

7.2.3 Statistical Analysis 

As this is a pilot study, we used a convenience sample size of 48 based on the images 

that were available to us. Variables between groups were compared using a two-way ANOVA to 

assess the main effects and interaction of ICH size and sex. Significant main effects were 

further analyzed with Sidak’s multiple comparison’s test. Relationships between variables (e.g., 

hematoma volume and contralateral hemisphere volume) were assessed using least squares 

multiple linear regression, with contralateral hemisphere plus CSF volume as the predicted 

variable. As hematoma volume had already been assessed in this study, the inter-rater reliability 

of this measurement was assessed using Pearson’s correlation coefficient. All data were 

analyzed using GraphPad Prism (v9.0, San Diego, California). The threshold for statistical 

significance was set at a=0.05. 

 

7.3 Results 

7.3.1 Patient Characteristics  

Baseline information between the two groups is included in Table 7-1. There were no 

significant group differences in prevalence of hypertension (p = 0.289), rate of IVH (p = 0.141) 

or original group assignment (intensive vs. standard blood pressure lowering, p = 0.849). The 

male large ICH group had a significantly higher mortality rate than any other group (p = 0.006). 

There was a significant difference in age, with the male small ICH group being younger on 
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average than the two female groups (p = 0.026), but not significantly different than the male 

large ICH group (p = 0.513). We had 40% power to detect the observed effect size (Cohen’s d = 

0.66) in our male sample and 12% observed power to detect this effect in our female sample. 

 

7.3.2 Contralateral Parenchyma and CSF Volume  

 There was a significant main effect of ICH size on the sum of contralateral parenchyma 

and CSF volume (Figure 7-2A, ICH main effect p = 0.046, interaction effect p = 0.757). 

However, this main effect was not significant when looking at contralateral parenchymal volume 

alone (Figure 7-2B, ICH main effect p = 0.092, interaction effect p = 0.728). For both 

contralateral parenchymal volume and combined contralateral parenchymal and CSF volume, 

the large ICH group displayed a 5% reduction in volume. However, in the case of contralateral 

parenchymal volume alone, there was increased variability that reduced statistical power. There 

was a significant main effect of sex on both contralateral parenchymal volume (Figure 7-2B, sex 

main effect p < 0.001) as well as contralateral parenchymal and CSF volume (Figure 7-2A, sex 

main effect p < 0.001). There was no effect of ICH size (Figure 7-2C, ICH main effect p = 0.657, 

interaction effect p = 0.948) or sex (sex main effect p = 0.342) on contralateral CSF volume. 

 

7.3.3 Simple Correlations 

The hematoma volume measurements between the two raters were significantly 

correlated (R2 = 0.976, p < 0.001), indicating high inter-rater reliability in segmentations.  

The variables mass effect (hematoma volume and edema volume) and contralateral 

parenchyma and CSF volume were not significantly correlated (Figure 7-3, R2 = 0.056, p = 

0.104). These variables had a negative relationship, where those with increased mass effect 

tended to have decreased contralateral parenchyma and CSF volume. Within the male large 

ICH group alone, there was a significant relationship between these two variables (R2 = 0.23 p = 

0.030), but this was not true in any of the other groups (R2 < 0.064 p > 0.583).  
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7.3.4 Multiple Linear Regression 

 We performed a linear regression to predict contralateral parenchyma and CSF volume 

using a model that took the following variables into account: sex, age, race, hypertension, blood 

pressure management group (intensive or standard, the independent variable in the ICH-

ADAPT trial), intraventricular hemorrhage, and mass effect (hematoma + edema volume). This 

model significantly predicted combined contralateral parenchyma and CSF volume (R2 = 0.742, 

p < 0.001). In this model, sex (p < 0.001), south Asian race (p = 0.006), and mass effect 

(hematoma + edema volume, p = 0.028) were significant predictors of contralateral parenchyma 

and CSF volume.  

 

7.4 Discussion 

In this pilot study, we demonstrated that existing CT images can be used to accurately 

and reliably quantify contralateral hemisphere volume as a potential indicator of tissue 

compliance. Here, we found a significant effect of ICH size on contralateral parenchyma and 

CSF volume when patients were stratified into “large” and “small” ICH groups. We used this 

approach based on the assumption that mass effect load would be a factor and that small ICHs 

would have little mass effect and be similar to controls. For instance, we have showed that 

moderate-sized ICHs did not result in tissue compliance, whereas very large ICHs did in rats.4 

Due to the large natural variability in brain volume, this study was statistically underpowered, 

and thus, results should be interpreted with caution and future studies examining tissue 

compliance in humans should use larger sample sizes. We estimate that a sample size of 30 

males and 30 females per group is needed to detect a 5% reduction in contralateral 

parenchyma volume, as seen here. We recommend that future studies measure both sex and 

body size to statistically account for some of the variability in brain volume between people. 
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Additionally, we recommend enrolling patients with both small and severe ICH, to ensure the 

sample includes patients with large mass effect and significantly elevated ICP. 

In this study, we quantified both contralateral parenchyma volume and contralateral CSF 

volume. Using the sum of these two measurements may be more useful than either alone when 

assessing tissue compliance. When comparing the contralateral parenchymal volumes to the 

combined contralateral parenchymal and CSF volumes, we see a similar effect size (~5% 

reduction), but additional variability in the parenchyma measurement reduces our statistical 

power. Both cortical atrophy and natural individual variability can lead to pre-existing differences 

in brain volume.23,24 Typically, those with more extensive atrophy may have additional CSF in 

order to maintain normal ICP prior to ICH.25,26 Indeed, MRI measurements of CSF volume have 

been used as a marker of cerebral atrophy.25 Conversely, after ICH, patients with large ICH and 

increased ICP (the most likely group to experience tissue compliance) are likely diverting CSF 

from the cranium as per the Monro-Kellie doctrine.4,5,27 In cases of mass effect, CT scans can 

show sulcal effacement, where adjacent gyri are pushed together, displacing CSF from the 

sulci.28–30 Thus, combining both CSF volume and parenchyma volume may be a method to 

distinguish patients that have smaller hemisphere volumes due to atrophy from those who have 

smaller hemisphere volumes due to tissue compliance. If we only saw significant differences in 

CSF volumes between groups, this may indicate that only classic ICP compliance mechanisms 

are at play. We are primarily interested in the contralateral parenchyma volume measurement 

alone, to look at the effect of just one compliance mechanism. Therefore, it is important that 

future studies are adequately powered for the variability in brain volume.  

These results demonstrate preliminary evidence that tissue compliance may be 

occurring in people after ICH, and may not be limited to rodents. This evidence provides 

justification for future studies to characterize tissue compliance in people. Although we were 

underpowered for correlational analyses, we did see that mass effect significantly predicted 

contralateral parenchyma and CSF volume after accounting for variability due to sex and other 
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variables. However, the true relationship between these variables may be non-linear. For 

example, there may be a threshold of mass effect wherein initial compliance mechanisms (e.g., 

CSF diversion) are exhausted and tissue compliance begins. Studies with greater statistical 

power and a large range of ICH volumes should assess the relationship between mass effect 

and tissue compliance using nonlinear (e.g., asymptotic) or cluster analysis. We did not see an 

interaction between sex and ICH size, suggesting that the effect of tissue compliance is 

consistent in males and females. 

Here, we found that sex most strongly predicted brain volume. It has been well 

documented that females have smaller brain volumes than males,31,32 which is related in part to 

differences in body size.33,34 Additionally, we found that those of South Asian descent were 

more likely to have a smaller brain volume. This is likely due to our limited sample size, since in 

this case, all South Asian patients were female. Interestingly, there was no significant effect of 

age on our measures of brain volume. This may be due to the relatively older age of our sample 

(average age = 69.13, range = 45-91) and ICH patients in general, and we may have seen a 

stronger relationship between age and brain volume if we had a wider range of ages in our 

sample. Another variable that likely relates to pre-ICH brain volume is body size.33,34 In this 

study, we did not have any information collected on patient body size (e.g., weight, height, body 

mass index). Future studies should measure body size in order to possibly account for more 

variability in brain volume. 

There are several limitations in this pilot study. For example, there was a large range in 

contralateral hemisphere volumes, which left us underpowered to detect smaller effects. 

Additionally, the ICH volumes of the patients in this study were relatively small (mean = 31.7 

cm3, or ~2.6% of average brain volume)35,36. In rodents that demonstrate parenchyma 

compliance, we typically induce a severe ICH (hematoma volume of ~ 60-100 µL, or ~4-7% of 

average brain volume).4,6 We use a larger hematoma volume, as this will lead to substantial 

swelling and severe increases in ICP that need to be compensated for. A previous clinical study 
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found patients with elevated ICP (mean ICP = ~27 mmHg) had a hematoma volume of 66.81 

mL on average.37 Of note, in the autologous whole blood model, a blood injection of 130µL 

(lesion volume of ~40 mm3
, or ~2.5% of brain volume) did not cause compensatory changes in 

neuron volumes.6 This model also has less edema than the collagenase model,38 and thus there 

was less mass effect in this setting. Therefore, it is possible that the ICH volumes here were not 

large enough to cause persistent ICP elevations in all patients in the large ICH group. In 

addition to the potentially lower ICP, there were a variety of ages and ICH types in this study. 

Cortical atrophy is common in older patients, as well as those with amyloid angiopathy.23,39 This 

atrophy can both contribute to variability in both groups as well as reduce the need for tissue 

compliance, if more space is available to accommodate the bleed (e.g., greater baseline CSF 

volumes, which can then be reduced). Additionally, this study did not have a true control group, 

as all patients in this study had an ICH. This study would be strengthened by having an age-

matched healthy control group to compare to. Finally, this study is susceptible to bias due to a 

lack of blinding and randomization. Although quantification was done while blinded to group 

(small vs. large and male vs. female) identity, the hematoma was visible and ICH size could be 

approximated. The lack of randomization to group prevents any causal claims from being made, 

and this is an unfortunate limitation of comparing ICH vs. controls clinically. This study is 

correlational in nature, and it is possible that a third variable can explain the difference observed 

here. For example, patients with larger brains may have decreased hematoma volumes (e.g., 

due to the tamponade effect).2,40  

This pilot study provides valuable information for future studies using brain imaging to 

assess tissue compliance in patients. Routine CT imaging can be used to quantify brain 

volumes. Studies should ensure demographic variables are collected that may be able to 

account for the large variability in brain volumes (e.g., sex, body size). Future studies should 

explore the use of MRI in order to quantify volumes of specific structures/regions known to 

exhibit tissue compliance (e.g., the hippocampus).4,6 Additionally, future studies could employ a 
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within subjects’ design by quantifying brain volume before and after hematoma expansion or 

hematoma removal. This would afford greater statistical power and account for between 

subjects’ variability in brain volume. In this study, all CT scans were done at 24 hrs, which 

corresponds to a time of high compliance in rats. However, injury and edema formation 

progress more slowly in people than rodents (e.g., edema peaks around day 3 in rodents41 and 

day 7-10 in people)42, and therefore, 24 hrs may not represent the peak of tissue compliance in 

people. Repeated imaging would give insight into the timing of tissue compliance in relation to 

hematoma growth.  

In conclusion, it is feasible to quantify brain volume using CT images. Initial pilot 

evidence indicates that brain volume may be decreased after large ICH, but this should be 

replicated using a larger sample size with additional measures (e.g., body size) to account for 

variability in brain volume.  
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Figure 7-1. Representative images of segmentations from the small ICH group (A) and the large 

ICH group (B). Blue tracing represents the hematoma measurement, red tracing represents the 

contralateral brain parenchyma measurement, and green tracing represents the contralateral 

CSF measurement. Small letters represent axes (right, left, anterior, posterior). 
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Figure 7-2. Both the combination of contralateral parenchyma and CSF volume as well as 

contralateral parenchyma volume were significantly lower in females, regardless of ICH size 

(both p < 0.001). There was a significant main effect of ICH size on contralateral parenchyma + 

CSF volume (p = 0.046), which was not seen when analyzing contralateral parenchyma volume 

alone (p = 0.092). There was no effect of sex or ICH size on contralateral CSF volumes (sex 

main effect p = 0.342, ICH main effect p = 0.657). *** denotes p < 0.001. 

  

Male Female

500

600

700

800

900
P

ar
en

ch
ym

a 
+ 

C
S

F 
Vo

lu
m

e 
(c

m
3 ,

 M
ea

n 
± 

95
%

 C
I) Small ICH

Large ICH

✱✱✱

Male Female
0

50

100

150

200

C
S

F 
Vo

lu
m

e 
(c

m
3 ,

 M
ea

n 
± 

95
%

 C
I)

Male Female

400

500

600

700

800

P
ar

en
ch

ym
a 

Vo
lu

m
e 

(c
m

3 ,
 M

ea
n 
± 

95
%

 C
I)

✱✱✱
A B C



 259 

 

Figure 7-3. Relationship between mass effect (hematoma and edema volume) and contralateral 

parenchyma +CSF volume across groups (R2 = 0.056 p = 0.104). Within groups, there was a 

significant correlation between these variables in the large male group (R2 = 0.23 p = 0.030), but 

the other three groups were not significantly correlated (R2 < 0.064 p > 0.583).  
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Variable Male Large ICH Female Large ICH Male Small ICH Female Small ICH 

n 21 9 11 7 

Age (mean 95% ± 

CI) 

67.38 ± 4.14 

 

76.11 ± 7.59 

 

61.73 ± 6.50 

 

77.00 ± 9.98 

 

% Hypertensive 52% 

(11/21) 

78% 

(7/9) 

73% 

(8/11) 

86% 

(6/7) 

% Intensive BP 

lowering group 

57% 

(12/21) 

44% 

(4/9) 

36% 

(4/11) 

43% 

(3/7) 

Mortality 38% 

(8/21) 

0% 

(0/9) 

0% 

(0/11) 

0% 

(0/7) 

% IVH 52% 

(11/21) 

33% 

(3/9) 

18% 

(2/11) 

14% 

(1/7) 

Hematoma 

Volume (mean 

95% ± CI) 

48.71 ± 15.35 
 
 

44.99 ± 20.02 
 

5.12 ± 0.99 
 

5.37 ± 1.66 
 

Edema Volume 

(mean 95% ± CI) 

21.73 ± 6.01 
 

20.91 ± 7.64 
 

5.99 ± 1.09 
 

5.14 ± 0.90 
 

 

Table 7-1. Patient characteristics by group. 
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8.1 Summary of Findings 

The main objective of this thesis was to characterize the effects of ICP elevation after 

ICH in translationally relevant models, with a focus on the tissue compliance response to raised 

ICP. Preclinical experiments studying ICP after ICH are limited, and often confounded (e.g., 

anesthetic confounds1–3). Here, we summarize these ICP studies, connect them to the clinical 

literature, and propose suggestions for improving ICP studies and ensuring translational 

relevance (Chapter 2). We found that tissue compliance occurs in multiple healthy rodent 

strains, in chronically hypertensive rodents, and in aged hypertensive rodents. This gives 

additional confidence in the relevance of this phenomenon to ICH patients, who are commonly 

hypertensive and elderly.  

To test potential anesthetic confounds in our own research, we investigated the effect of 

isoflurane on collagenase-induced ICH by infusing collagenase in awake animals (Chapter 3).3 

Previous research has shown that isoflurane has many physiological effects4 and can mask 

neuroprotective effects in stroke studies.5 These results suggest that although isoflurane has 

many physiological effects, such as decreasing blood pressure and temperature, these effects 

are transient and resolve quickly. Despite isoflurane leading to decreased bleed volume in 

smaller ICHs, we did not see a significant effect of isoflurane after more severe ICH. Thus, 

these findings ensure that our subsequent experiments, which used a model with a large ICH, 

were not notably impacted by anesthesia. 

Our study of glibenclamide (Chapter 4)6 aimed to reduce mass effect by reducing edema 

formation after ICH. However, we did not find an effect of glibenclamide on edema, BBB 

permeability, or functional outcomes post-ICH. Blocking the Sur1-Trpm4 receptor is theorized to 

prevent cytotoxic edema, but is likely unable to prevent the serum-derived water influx after clot 

retraction.7 This could be one explanation for the success of glibenclamide treatment after 

ischemic stroke, which causes vasogenic edema (vs. significant edema from clot retraction after 

an ICH8). Additionally, the new factor of tissue compliance raises the issue of treatment effects 
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beyond the area of injury. For example, if Sur1-Trpm4 is involved in cell volume regulation after 

large ICH,9,10 then treatment with glibenclamide, despite being meant to reduce edema in the 

ipsilateral hemisphere, could have unintended effects on the contralateral hemisphere. 

Following the publication of Chapter 4, we assessed glibenclamide treatment following a more 

severe ICH model, since our current study resulted in a small hematoma with limited edema.11 

We found that glibenclamide still did not reduce edema, limit lesion volume, or improve 

behavioural outcomes. These results conflict with other studies of glibenclamide treatment after 

ICH,12–14 and thus, a meta-analysis of these studies is warranted and currently underway 

(PROSPERO #CRD42021283614). 

Chapters 5 and 6 aimed to determine if tissue compliance was possible in both young 

and aged chronically hypertensive rats. We found that young and aged SHRs were both 

capable of significantly decreasing contralateral brain volume in response to a large bleed. The 

contralateral hemisphere volume decreased by 5.3% in aged animals and 3.5% in young 

animals, on average. We found decreased cell volume and increased cell density in two 

regions, CA1 and S1, after ICH in three strains (SDRs, SHRs, and WKRs) and in young and 

aged SHRs. This indicates that tissue compliance is not limited to healthy animals, and that 

chronic hypertension does not prevent tissue compliance. Interestingly, when looking at the 

contralateral hemisphere, we found a reduction of approximately 50 mm3 after an average 

hematoma volume of 100 µL plus associated edema. Thus, the contralateral hemisphere 

reductions alone account for 50% of the mass effect caused by the hematoma. As there is also 

tissue compliance in distal structures in the ipsilateral hemisphere, tissue compliance may 

account for a large portion of ICP compliance relative to CSF and blood reductions. Additionally, 

this experiment aimed to characterize differences in responses to collagenase-induced ICH, 

including functional deficits and hematoma volume. Interestingly, given the same amount of 

collagenase, aged rodents had significantly smaller bleed volumes, a lower mortality rate, but 

similar functional deficits as young rodents. This has implications for future studies, which 
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should be aware of these potential differences in the collagenase model with age. Future 

research should ensure a consistent hematoma volume between groups of different ages, either 

by adjusting the dose of collagenase or by using the whole blood model.  

Our retrospective image analysis was a pilot study to determine the feasibility of using 

CT images to quantify brain volume in ICH patients. Unsurprisingly, we found large variability in 

brain volume, likely due to age-related atrophy, sex differences, and possibly disease related 

atrophy (e.g., amyloid angiopathy).15,16 Despite this variability, we saw a significant decrease in 

total contralateral brain and CSF volume in patients with a large ICH vs a small ICH that was 

unlikely to raise ICP. This analysis was underpowered and missing many key variables (e.g., 

ICP measurements, a non-ICH control group), but is still a promising sign that tissue compliance 

may be occurring in people and that future studies may be able to assess tissue compliance in 

stroke studies using common imaging tools. 

This thesis addresses multiple translational issues common in stroke research as well as 

gaps in the preclinical stroke literature. For example, the experiments in chapter 4 (involving 

pre-clinical tests of efficacy) were completely pre-planned in order to avoid bias in both 

experimental design and statistical analysis of results. We employed power calculations and 

used a large sample size (e.g., 16-18/group compared to the average sample size of 6/group17). 

We ensured the dose we used was clinically relevant, using osmotic pumps to ensure a 

consistent plasma level of glibenclamide, rather than intermittent injections. For the published 

Chapters (2-4), all data are published with the manuscripts for added transparency and to aid in 

reproducibility and future meta-analyses. Additional publications will similarly publish all data. In 

all of the preclinical studies, we used telemetry, a precise method of continuously measuring 

physiological parameters such as temperature, EEG, and ICP. This avoids the acute effects of 

anesthetic that are problematic in all surgical methods of measuring physiology. Most studies 

measuring ICP after stroke do so in anesthetized animals, which can confound the readings. 

Additionally, continuous measurements allow us to look at trends over the whole course of the 
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experiment, rather than relying on a few point measurements at pre-determined times (e.g., 1 hr 

period once post-ICH). Finally, we used both aged and hypertensive animals to better mimic the 

stroke patient population. This is rare in the stroke field, and there have not been any studies to 

date using both aged and hypertensive animals after ICH in the collagenase model. Although 

we could not address all translational issues in these chapters (e.g., replicating experiments 

across labs, investigating different ICH locations, etc.), we made many efforts to minimize bias 

(e.g., blinding and randomization when possible) and improve the odds of translation.18  

 

8.2 Limitations 

 Despite the strengths of these studies, there are also limitations to consider. The major 

limitations that will be discussed include only investigating one co-morbidity, only using male 

rodents, not having a consistent ICH volume between the young and aged SHRs, and limited 

stereological analysis of cells. Although we examined the effect of chronic hypertension, a 

common co-morbidity in ICH patients, there are many other common co-morbidities that we did 

not assess. For example, many ICH patients are diabetic, which can influence stroke outcomes. 

Diabetic patients are more likely to both have an ICH and have a poor prognosis, including 

mortality, after ICH.19,20 This may relate to impacts of diabetes on cell death (e.g., 

hyperglycemia worsening acidosis)21 or the course of injury (e.g., impairing post-stroke 

plasticity,22 augmenting blood flow dynamics23), and has the potential to affect tissue 

compliance. For example, diabetes is associated with increased plasma osmolality and sorbitol, 

a polyol osmolyte, is synthesized from glucose.24 Hyperglycemia stimulates sorbitol absorption, 

resulting in cell swelling.25,26 Therefore, it is possible that diabetic patients would have 

impairments in tissue compliance. Although it is not possible for any one study to address all co-

morbidities and their interactions, due to the cost and experimental complexity, studies should 

still strive to include relevant co-morbidities where possible, and where findings in young, 
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healthy animals justify follow up experiments. Future studies should examine how other co-

morbidities, such as diabetes, can influence ICP responses and tissue compliance.  

Another limitation of these studies is that they only used male rodents. Despite the fact 

that approximately half of stroke patients are female, many preclinical studies rely on male 

subjects to test treatments. One reason for this is the actions of estrogen on clotting and 

neuroprotection, which can influence the collagenase model.27–29 Further, in female rodents, 

estrogen levels fluctuate over the four-day cycle, adding to variability and potential confounds in 

experiments.30,31 It is possible that tissue compliance may be affected by estrogen,32,33 and 

therefore vary across the female cycle and across the lifespan. For instance, estrogen impacts 

osmotic cell volume regulation via receptor inhibition.32 This could have implications for how ICP 

is managed across the lifespan in females, and thus, should be investigated. Regardless, these 

hormone effects and potential variability are clinically relevant, and should not prevent the 

inclusion of females in preclinical research. Researchers can control for the effects of estrogen 

by inducing ICH at the same point in the cycle, by using ovariectomized females (which better 

model post-menopausal stroke patients), or by measuring estrogen levels and statistically 

controlling for them. Our lab is currently studying tissue compliance responses in female rats 

and determining the effect of estrogen levels on outcomes in settings of high ICP after ICH.  

 Another major weakness of this work is the difference in lesion volume between the 

aged and young SHRs, which make age-based comparisons difficult. As discussed in Chapter 

6, differences in outcomes can be attributed either to age or to differences in initial hematoma 

volume. Despite having a smaller hematoma volume, the aged animals experienced a greater 

decrease in brain volume (nearly 3´ on a mm3/µL basis) relative to sham controls. Instead of 

giving the same amount of collagenase, as we did here, future studies might consider adjusting 

the collagenase dose in order to achieve consistent hematoma volumes between the groups. 

However, this comes with its own limitations and considerations. For example, differing amounts 

of collagenase could differentially affect inflammation in a dose-dependent manner. Additionally, 
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the number of animals needed to confidently determine the necessary dose is large, and minor 

differences in hematoma volume could go undetected if statistical power is low. Especially when 

using expensive and time-sensitive aged animal models, undergoing such extensive pilot work 

is difficult. Alternatively, researchers could assess outcomes using the whole blood model, 

which has little ongoing bleeding and thus is less likely to result in a hematoma volume 

difference. Indeed, this hematoma volume difference should be further explored to ascertain 

why aged animals experience less bleeding after the same dose of collagenase. It is possible 

that vasculature collagen levels differ,34 leading to differential bleed volumes, or perhaps 

reduced collateral circulation in aged animals limits the ongoing bleeding.35,36  

 In this thesis, we only quantified the volume and density of neurons in two regions. This 

is a limitation, as tissue compliance has also been observed in astrocytes.37 Neurons make up 

just 40% of brain cells,38 and thus, only looking at neurons does not provide a full picture of what 

is happening within the parenchyma after ICH. Additionally, by only looking at two regions, we 

may be missing out on other regional differences. Although we assessed the contralateral 

hemisphere volume as an overall measurement of combined regional effects, it is still important 

to assess cell changes across regions. For example, in very distal regions, such as the 

cerebellum, or in smaller neuron populations, it is unknown if tissue compliance is occurring. 

Finding a region where tissue compliance does not occur could serve as a powerful internal 

control.  

  

8.3 Future directions   

 Demonstrating that tissue compliance occurs in aged and hypertensive animals has 

helped lay the groundwork for clinical studies. As most ICH patients are hypertensive and 

elderly, these findings suggest that we will find evidence of tissue compliance in this population. 

Of course, there is still the possibility that tissue compliance is species specific to rodents. Thus, 

future studies should determine if tissue compliance is evident in patients after severe ICH. We 
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will be starting a small, prospective clinical trial to answer this research question. In this trial, we 

will enroll patients with large, life-threatening hematomas. Those that pass away from the ICH 

will undergo rapid autopsy, where brain samples will be processed from key regions of tissue 

compliance. Tissue will be processed for multiple endpoints, including electron microscopy, 

RNA analysis, and stereological analysis to assess tissue compliance. Brain images (CT or 

MRI) will be analyzed to determine brain hemisphere volume, and, where possible, quantify 

sub-region (e.g., hippocampus, caudate nucleus, etc.) volumes. Beyond this, we will also plan a 

larger retrospective study to expand on the findings in Chapter 7. Using existing ICH trial 

databases (e.g., VISTA-ICH), we can analyze large datasets with CT or MR imaging. Finding a 

marker of tissue compliance that can be assessed in ICH survivors is a key step in this 

research, as post-mortem studies are subject to mortality confounds. If we do not see tissue 

compliance in patients, this may indicate this phenomenon is specific to rodents. This would 

highlight a key weakness of the models that should be considered in studies of large ICH. 

However, it also highlights a potential area of treatment, and if this mechanism could be induced 

in patients, it may be a way to combat life threatening increases in ICP. 

Discovering the mechanisms behind tissue compliance is another key research 

direction. We hypothesize that these rapid reductions in cell volume involve extrusion of ions 

(e.g., sodium and potassium) and osmolytes (e.g., taurine, methylamines, and polyols).39–41 

However, there are many channels involved in cell volume regulation, including volume-

regulated anion channels, Na+/H+ exchangers, and Na+ and Cl- dependent taurine 

transporters.42,43 Future studies will use x-ray fluorescence microscopy44 to spatially quantify 

element concentrations while cells are reducing volume (6 hrs post-ICH) and when they are at 

their minimum volume (24 hrs post-ICH). Quantifying elements, such as K+ and Cl-, through the 

course of tissue compliance will help determine if cells are reducing their volume using osmotic 

mechanisms, and may also identify a contributor to the modest hypernatremia we observed in 

rodents. However, this hypernatremia has not been seen in pilot work in young, healthy animals, 
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and further research is needed on which rodent populations are hypernatremic after ICH and 

how this may relate to tissue compliance. Molecular analyses, such as microarray analysis of 

mRNA changes during tissue compliance, can help identify genes that are upregulated or 

downregulated and implicated in cell volume regulations in this setting. If we can identify a 

pharmacological intervention that either induces or blocks cell volume reductions, this would be 

a powerful tool to help study the short- and long-term effects of tissue compliance. Additionally, 

mechanistic knowledge can help find a treatment to either augment tissue compliance to reduce 

ICP, or to reduce potential harmful side effects of tissue compliance.  

 Another important future research direction is to determine the impact of tissue 

compliance on short- and long-term cellular function. Such drastic changes in neuronal volume 

over a short period of time may result in impairments to neuronal function, even after the volume 

has returned to normal. For example, a previous study has documented sub-lethal cellular 

damage, including mitochondrial damage.37 Additionally, osmotic cell volume regulation 

mechanisms24,45 may result in ion dyshomeostasis44,46 and impaired ion concentration gradients, 

which may affect neuronal signalling. Potential movement or disconnection of synapses may 

also affect neuronal communication. Hypernatremia also results in neurological symptoms, 

including seizures and altered sensorium.41 However, in ICH patients with hypernatremia, it is 

difficult to discern the effects of high blood sodium from the effects of the ICH. 

Neurological impairments, including decreased consciousness and gaze abnormalities 

are well documented in acute severe ICH.47,48 Many neurological impairments are believed to be 

due to diaschisis as well as distortion and physical damage of brain regions caused by 

increased intracranial pressure.47 However, it is possible that drastic volume changes at the 

cellular level are also contributing to these neurological impairments, or underlying other stroke 

sequalae such as seizures49 and diaschisis.50 In surviving ICH patients, as edema decreases 

and ICP normalizes, many of these acute neurological symptoms resolve. This would also align 

with the documented timing of cell volume changes, where volume returns to normal levels by 7 
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days post-ICH. Interestingly, when neurological score is first measured at 3 hrs, before the peak 

ICP and edema would be expected, approximately half of patients will display neurological 

deterioration. This indicates an ongoing process, such as edema progression and tissue 

compliance, that may be contributing to acute neurological outcomes.51 Additionally, late 

neurological deterioration has been associated with cases of late edema progression.47,52 In 

these cases, it is likely that ICP would remain elevated, and cells may maintain a smaller 

volume until the mass effect is resolved. Therefore, the neurological deficits that are largely 

attributed to edema may also be caused in part by drastic cell volume changes. Future studies 

should assess the functional impact of tissue compliance, as it may be contributing to short- or 

long-term functional impairments. However, it is difficult to disentangle the functional 

impairments of ICH from those that may be caused by tissue compliance. For example, most 

cognitive assessments of hippocampal function are confounded by motor deficits after striatal 

ICH. We are currently planning studies to assess the feasibility of using motor evoked potentials 

as a measure of neuron function in primary motor cortex, which we can then assess before and 

after tissue compliance.  

 Although using aged and hypertensive animals is a good first step, further work is 

needed to fully model the clinical patient population. Beyond demographic variables that affect 

translation, animal models should be used to investigate the effects of medical management 

and current ICP treatments on tissue compliance. For example, hypertensive ICH patients may 

receive blood pressure lowering medications to prevent rebleeding,53 whereas our hypertensive 

rats went untreated. Patients with elevated ICP may undergo surgical procedures 

(decompressive craniectomy or ventricular CSF drainage)54–56 that might prevent tissue 

compliance or reduce the extent of cell volume reductions. Additionally, ICH patients with 

elevated ICP may receive treatment with mannitol or hypertonic saline,57,58 which could 

exacerbate cell volume decreases in the contralateral hemisphere, potentially worsening any 

associated side effects (e.g., subcellular damage, functional impairments). If tissue compliance 
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is found in patients, it would be important to know how current treatments could be impacting 

this compliance mechanism. Currently, our lab is investigating how treatment with hypertonic 

saline after ICH affects ICP and tissue compliance in rodents. 

 

8.4 Conclusions 

 These studies address a novel compliance mechanism in the setting of raised ICP. It 

challenges a centuries-old doctrine that states tissue volume is incompressible. The brain has 

many imperfect ways to compensate for the increased ICP, and one of these methods is tissue 

compliance, where neuron and astrocyte volumes are reduced and cells pack closer together, 

reducing the overall volume of the healthy brain hemisphere. Here, we review the causes and 

consequences of raised intracranial pressure, as well as the current treatment options. We 

investigated glibenclamide, one possible treatment to reduce edema, and found it was 

unsuccessful at reducing edema and mass effect after ICH. We then found that both 

hypertensive and aged animals were capable of tissue compliance, and had reduced 

contralateral hemisphere volumes after severe ICH. After the same dose of collagenase, young 

hypertensive animals had larger hematoma volumes, significantly higher ICP, and higher 

mortality rates. Further research should explore the potential side effects of tissue compliance, 

including impaired neuronal function, and explore tissue compliance in a clinical setting. 

Exploring tissue compliance may help improve our understanding of impairments in 

consciousness, limitations of existing treatment options, and help discover novel treatment 

options (e.g., pharmacologically augmenting or inhibiting ion channels involved in volume 

regulation).59 Although this research is focused on severe ICH, this research has applications in 

other disease-states with mass effect and raised ICP, including ischemic stroke, brain tumours, 

and traumatic brain injury.   
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