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ABSTRACT

Subarachnoid Hemorrhage (SAH) is a devastating form of stroke caused by
rupture of a large cerebral artery. This catastrophic event is associated with high
mortality and long term neurological disability. SAH is also associated with other
complications, which are severe and common. The complications are biphasic in nature,
with some appearing very early after ictus such as acute hydrocephalus and cerebral
edema, while others manifest days later; for example, delayed cerebral ischemia (DCI).
The mechanisms underlying these complications are poorly understood but growing
evidence suggests that dysfunction of the cerebral microvasculature plays a significant
role in their development. The work in this thesis will first seek to characterize one of the
earliest causes of impaired microvascular perfusion after SAH related to impaired CSF
flow. Second, this work will study changes in the epoxyeicosanoid pathway in humans
after SAH and then test its role as a protective mechanism in both early and delayed

microvascular dysfunction.

Blood entering the cerebrospinal fluid (CSF) space is a primary pathology in SAH.
The protein, cellular and ionic content of the blood are all capable of disrupting normal
brain function. Fibrinogen is the third most abundant protein found in the blood and key
component of the hemostatic system. In experimental SAH, | found that blood,
containing fibrinogen, flows into CSF spaces within minutes following SAH induction in
the mouse. This fibrinogen forms an insoluble barrier within the CSF flow spaces,
blocking CSF flow and leading to elevated intracranial pressure (ICP), which
compresses underlying cortical tissue and impairs cortical perfusion. Clearance of fibrin
with tissue plasminogen activator (tPA) 1 hour after SAH restores CSF flow in the
mouse, lowers ICP and improves cortical perfusion within 24 hours. Lowering ICP
without clearing fibrin deposits does not have the same effect on cortical perfusion.
Thus, blockade of CSF flow leads to impaired microvascular blood flow after SAH in an
ICP dependent and ICP independent manner.

Delayed cerebral ischemia (DCI) is a common and life threatening complication
of SAH that commonly occurs between 3-14 days after vessel rupture. It has been well

documented that the eicosanoid 20-hydroxyeicosatetraenoic acid (20-HETE) plays a
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detrimental role in DCI after SAH, but little is known about the role of
epoxyeicosatrienoic acids (EETSs), which are vasodilators in the microcirculation. In SAH
patients, | found that CSF levels of both 20-HETE and 14,15-EET are elevated after
SAH and those with the highest concentrations of both are more likely to experience
DCI than those with lower concentrations. SAH in mice causes immediate
vasoconstriction of pial arteries and delayed decreases in microvascular perfusion.
Genetically modified mice with higher levels of 14,15-EET, due to deletion of its
metabolizing enzyme soluble epoxide hydrolase (sEH), also exhibit pial artery
constriction, but are nonetheless protected from microvascular perfusion deficits after
SAH. Thus, both 20-HETE and 14,15-EET are increased after SAH. Although 20-HETE
may contribute to DCI, 14,15-EET plays a protective role against delayed microvascular
perfusion deficits and may represent a therapeutic target in SAH.

Early complications of SAH include acute hydrocephalus and global cerebral
edema, both of which contribute to poor outcome after SAH. EETs have potent anti-
inflammatory effects that may serve a protective role in these early complications. In
mice with SAH, | found that acute communicating hydrocephalus develops within hours
of hemorrhage induction. Cerebral edema and brain swelling also occur early after SAH
and lead to disruption of the cortical white matter. Mice with genetically elevated levels
of EETs are not protected from hydrocephalus but have reduced cerebral edema and
less disruption of the white matter. Mice with higher levels of EETs also have better
behavioral outcome than wild type mice.

Collectively, these results show that a component of the extravasated blood,
fibrinogen, is capable of causing microvascular dysfunction within minutes of SAH by
blocking CSF flow. The EETs pathway is activated after SAH and represents an

important therapeutic target for treating both early and delayed complications of SAH.
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Chapter 1

Introduction



1.1 Overview of Subarachnoid Hemorrhage

1.1.1 Definition

The subarachnoid space is a large causeway for cerebrospinal fluid that exists
between the inner two layers of cells surrounding the brain, layers known as the pia
mater and the arachnoid mater (figure 1). This space is shared by the large vessels of
the cerebral arterial circulation, which bring oxygenated blood from the carotid and
vertebral arteries to the brain. When the vessel wall of a large artery weakens, a defect
known as cerebral aneurysm can form. Some of these aneurysms grow over time and
rupture, causing blood to extravasate violently into the subarachnoid space. At the
moment a subarachnoid hemorrhage (SAH) occurs, the arterial circulation, which
operates at a pressure of 100 mmHg or more, becomes in direct communication with
the subarachnoid space, whose pressure normally resides at a mere 10 mmHg. This
pressure differential causes blood to pour into the subarachnoid space, leading to a
rapid rise of intracranial pressure (ICP). In most cases, the actual hemorrhage itself
lasts only a few minutes, but the damage done and the multitude of complications that
follow this rapid and violent disease has earned it a characterization as a catastrophic

cerebral event.

1.1.2 Epidemiology

Currently, 1-2% of the US population is living with a cerebral aneurysm [1]. A
small percentage of those, an estimated 33,000 patients, will suffer from SAH in the US
annually. The 30-day mortality rate is between 35-50% [2,3], with a high rate of disability
among survivors [4,5]. Current monitoring and treatment strategies require prolonged
stays in the intensive care unit, at high institutional and patient cost. The financial
burden of SAH on the US healthcare system is nearly 3 billion dollars annually [6] and
has an indirect societal cost greater than that of ischemic stroke [7], despite being less

frequent.



1.1.3 Clinical Course of the Patient

Nearly 15% of SAH patients die before arriving at the hospital. Of those who
survive to admission, 15% will have a second SAH, which confers an 80% risk of death
or permanent disability [8]. Acute neurological complications include hydrocephalus, a
build-up of fluid within the ventricular system of the brain which occurs in 20% of
patients [9]. Additionally, cerebral edema, fluid accumulation within the brain
parenchyma itself, befalls 20% of patients [10]. Delayed cerebral ischemia (DCI), new
symptomatic cerebral infarcts that arise late in recovery, is seen in 30% of initial bleed
survivors [11] and can manifest anywhere from 3-14 days [12] after the initial
hemorrhage. Other complications include neurogenic fever, pulmonary edema, cerebral
salt wasting and cardiac arrhythmias [13]. Overall, ~ 80% of SAH victims are either

dead or left with a long term neurological deficit as the result of this disease [14].

1.1.4 Standard of Care

Aside from surgical clipping or endovascular coiling to prevent secondary bleeds,
current standard of care for SAH is tailored to address prevailing symptoms while
minimizing iatrogenic complications [15,16]. Management of DCI includes nimodipine
and “triple-H” therapy (hemodilution, hypertension, hypervolemia) followed by
endovascular intervention to reverse large vessel vasospasm. Exacerbation of cerebral
edema and intracranial hypertension are possible complications of triple-H therapy and
can be treated with osmotic diuresis. Symptomatic hydrocephalus is treated with CSF
diversion and semi-permanent shunts are placed for those with unremitting disease.
Overall, current SAH treatments are stop-gap techniques that reflect a lack of

understanding of the underlying mechanisms behind these common complications.
1.2 A Shift in Focus: From Delayed to Early; from Large to Small

From its first characterization in 1951 [17], cerebral vasospasm of the large
conduit arteries has been the presumed cause of DCI and the focus of intense research
to improve the outcomes of SAH patients. Much of our current understanding of the

pathology caused by SAH comes from work focused on treating this common
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complication. Recently however, the field’s focus has shifted away from large vessel
disease and toward disease of the microvasculature [18]. This shift is entirely
attributable to the preclinical success but ultimate failure of the endothelin receptor
antagonist clasozentan in preventing DCI after SAH [19]. Endothelin-1 is a potent
vasoconstrictor peptide found in the circulation and endothelial cells of the cerebral
vasculature [20]. In preclinical studies, antagonism of the endothelin receptor with
clazosentan was found to have a profound effect on vasospasm [21]. The treatment
was quickly moved into clinical trials in SAH patients, where clasozentan was found to
excel at preventing large vessel vasopasm. However, preventing vasospasm had no
effect on neurological outcome [19]. Further work in animal models revealed that the
effects of endothelin-1 antagonism were limited to the large vasculature, and did not
affect many of the microvascular pathologies found in patients and in animal models of
SAH [22].

At the same time that researchers were beginning to realize that preventing
vasospasm directly would not improve the outcomes of their patients, clinical evidence
was building that many of the early complications such as cerebral edema, global
ischemia and acute hydrocephalus were themselves contributors to poor neurological
outcome despite current treatment paradigms [10,23]. Hence the field has slowly begun
to focus on understanding the mechanisms behind these complications with the hope of

improving neurological outcome and preventing the development of DCI.
1.2. Primary Pathology in Subarachnoid Hemorrhage

Before describing the pathology found within the cerebral microvasculature, an
understanding of the complicated situation that develops in SAH must be appreciated.
As soon as SAH occurs, multiple pathological processes are activated, which feed into
each other and create a vicious loop of pathological processes, making it difficult to

determine which mechanisms are primary and which secondary or even tertiary.



1.2.1 Intracranial Hypertension and Transient Global Ischemia

In the late 18" century, Alexander Monro and George Kelli set the foundation of
what would become the Monro-Kellie doctrine [24]. This states that the volume inside
the cranium is fixed, and incompressible. This was further refined to describe the three
compartments that make up the volume of the cranium; parenchyma, cerebrospinal fluid
(CSF) and blood. An alteration in the volume one of these compartments requires
compensation in another to maintain favorable pressure gradients to support
maintenance of cerebral blood flow (CBF). Normally, any alterations in blood or brain
volume within the cranium are compensated for by alterations in CSF volume to
maintain favorable intracranial pressure (ICP). This favorable ICP allows the
development of a pressure gradient that permits flow from the high pressure arterioles
into the low pressure venous circulation and out of the cranium. During SAH, blood fills
the CSF space. As extra volume is added within the cranium, pressure rises sharply.
This leads to collapse of low-pressure vessels and a loss of the pressure gradient that
drives CBF. The resulting cessation of CBF is called transient global ischemia and lasts
several minutes following SAH. Global ischemia itself is known to cause cerebral
inflammation, BBB disruption, and neuronal apoptosis [25]. While the initial extreme
intracranial hypertension lasts only a few minutes, there often persists a sustained
elevation in ICP which is not enough to arrest circulation but represents a poorly

understood mechanism of damage in SAH [26].

1.2.2 Blood Products in the Subarachnoid Space

The CSF is a normally pristine fluid containing very little protein or cells. Its
production is highly regulated by the brain and it is chemically distinct from blood. When
SAH occurs, blood pours directly into the CSF space and brings with it a number of
‘contaminants” that are directly toxic to neurons and are capable of initiating an
inflammatory response. The exact constituents of the blood that cause inflammation and
neurotoxicity are unknown. Electron microscopy studies have documented leukocytes
phagocytosing red blood cells in the subarachnoid space [27]. Constituents of the blood

are also capable of causing vasoconstriction [28]. The best characterized of these is
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hemoglobin which, when in its oxyhemoglobin form, is a strong scavenger of nitric oxide
(NO") and is capable of inducing vasoconstriction in large [29] and small vessels [30].
Additionally, serotonin released from extravasated platelets is a potent vasoconstrictor
[31]. Finally, the blood contains a full array of hemostatic cells such as platelets and
proteins such as fibrinogen and thrombin whose function is normally to prevent blood
flow through damaged endothelium. The consequences of their presence in the CSF

are not well studied.

1.2.3 Animal models of SAH to replicate primary pathology

Animal models of SAH vary depending on the species studied (Figure 2). In non-
human primates, SAH is induced via craniotomy and clot placement. This replicates the
blood component of SAH but does not replicate the intracranial hypertension and
transient global ischemia [32]. Still, clot placement induces large vessel vasospasm in
primates at 7 days. In canine models, a double injection of autologous blood into the
cisterna magna is the usual approach. The second injection is delayed by 48 hours.
This does replicate both primary pathologies in SAH, though the intracranial
hypertension can be missed with a slow injection rate. Furthermore, secondary bleeds
are a rare occurrence after clinical SAH. Typically, late stage preclinical testing of
therapeutic approaches is conducted in these large animals. Early stage preclinical
tests are conducted in rats and mice, where two models prevail. The first is a single
injection of autologous blood into the cisterna magna or basal cistern, which again
replicates both primary pathologies of SAH, depending on the rate of blood injections,
which is not always monitored. The second method is induction of SAH via puncture of
the Circle of Willis with a nylon monofilament. This latter technique does well in
replicating both blood in the subarachnoid space and intracranial hypertension, but has
the disadvantage that the amount of blood extravasated during the procedure is

uncontrolled [33], leading to high degree of experimental variability
1.3 Physiology and Pathology of the Cerebral Microvasculature

The cerebral microvasculature, defined as those vessels which penetrate and

branch inside the brain, represent greater than 400 miles of conduit which is specially
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adapted to deliver nutrients and remove waste from the neuropil in a controlled manner.
Vessels can be categorized into penetrating and parenchymal arterioles, capillaries, and
venules. Study of this vast and diverse network of specialized vessels has been limited
by our inability to visualize them in vivo. As the technology to do so has increased in the
past two decades, so has the number of experimental studies on microvasculature
physiology and pathology in SAH. This section will discuss the highly specialized
functions of the cerebral microvasculature and current experimental evidence of their

dysregulation in SAH.

1.3.2 Microvascular control of Cerebral Blood Flow

Control of blood flow (CBF) by cerebral microvasculature is accomplished
primarily through alterations in vessel diameter. Vessel diameter is a powerful
determinant of flow rate, as Poiseulle’s law dictates that a 20% increase in vessel
diameter is capable of doubling blood flow rate through that vessel. The key players in
determining vessel diameter are vascular smooth muscle cells, which exist in a single
layer on penetrating and parenchymal arterioles and are replaced by analogous
pericytes on capillaries. The contractile state of the smooth muscle, and consequently
vessel diameter, is largely determined by the myogenic response, a calcium-dependent
activation of contractile machinery driven by increases in stretch or transmural pressure
of the vessel wall [34]. This autoregulatory mechanism, known as myogenic tone,
insures that surges or drops in blood pressure are met by alterations in diameter to

maintain constant CBF.

Myogenic tone can be altered to meet the high metabolic demand of the neuropil
through a number of mechanisms. The endothelium, a single layer of specialized cells
lining the inside layer of the vessel wall, is in direct contact with both blood and the
smooth muscle, and can communicate with the latter through release of paracrine
factors or through gap junctions. Well characterized factors released from endothelium
that counteract myogenic tone include prostaglandin I, (PGl,, prostacyclin), nitric oxide
(NO’), and endothelial-derived hyperpolarization (EDH). PGI, causes elevated levels of
cyclic-AMP, which inhibits myosin light chain kinase and leads to vasorelaxation [35].



NO" diffuses into smooth muscle from endothelium and induces production of cyclic-
GMP which reduces cytosolic Ca®" to inhibit smooth muscle contraction [36]. There are
a number of factors produced by endothelium that cause EDH including
epoxyeicosatrienoic acids (EETs), hydrogen peroxide, and hydrogen sulfide [37]. These
factors ultimately lead to increased K* currents and smooth muscle hyperpolarization,
which also reduces Ca** release in smooth muscle and promotes vasodilation [37]. The
endothelium senses changes in shear-stress due to increased downstream flow and
releases these factors to dilate in response and maintain CBF [38]. Other well
characterized molecules that stimulate release of these factors from endothelium
include acetylcholine, bradykinin, and adenosine. It is thought that EDH factors are
particularly important among the three pathways in cerebral microvasculature [39] and
that this importance increases in disease states such as ischemia [40] and traumatic

brain injury [41] where NO™ bioavailability is reduced.

When neurons become active, their metabolic demand increases. Consequently,
the need for increased blood flow to specific areas of the brain changes on a minute by
minute basis. This temporally and spatially specific alteration of microvascular tone in
response to neural activity is known as neurovascular coupling. Neurovascular coupling
is not completely understood but is believed to involve vascular smooth muscle’s close
association with astrocytes [42]. The astrocytes form a continuous layer around the
vessel known as the glia limitans perivascularis which can communicate directly with
smooth muscle and pericytes via Ca** dependent release of epoxyeicosatrienoic acids
(EETs) or K" into the space surrounding smooth muscle to induce hyperpolarization,
stimulate vasorelaxation and increased blood flow in response to local neuronal activity
[42]. Neurovascular coupling can also be influenced globally through activation of

distant ascending brain nuclei such as the locus coeruleus [43].
1.3.3 Altered microvascular tone after SAH

The majority of observational studies in human SAH and experimental models of
SAH have documented enhanced vasoconstriction of the cerebral microvasculature.
Constriction of arterioles and decreased capillary density were found in patients

undergoing surgery for aneurysmal clipping [44]. In large animal models including the
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cat and dog, vasoconstriction begins within minutes [45] of SAH induction and persists
for as long as 14 days. [46,47]. Small animal models of SAH also document very early
vasoconstriction of the microvasculature [48-52]. However, vasoconstriction generally
resolves within 72 hours of hemorrhage induction, which suggests some differences
between the models. Associated with these vasoconstrictions were decreases in K*

channel currents [53] and elevated intracellular Ca®* [54] within vascular smooth muscle.

Controlled experimental studies, typically in isolated parenchymal arterioles of
the cortex after SAH induction, examined alterations in pathways of endothelial
dependent vasodilation. Researchers here found impaired vasodilation induced by
some endothelial ligands like ATP, ADP and adenosine [30,55] but not acetylcholine [56]
or bradykinin [57]. Several studies tested the response of vascular smooth muscle to
endothelial derived vasodilators like K* or NO™ by administering these effectors
exogenously to bypass the endothelial pathways. The vascular smooth muscle
response to both of these effector molecules was found to be impaired as well
[56,58,59]. Together, these data indicate that vasoconstriction is occurring both early
and late following SAH and is due to both impairments in the ability of the endothelium
to release vasoactive factors and the ability of vascular smooth muscle to respond to

them.

Recently, two studies have looked at alterations in neurovascular coupling after
SAH using acute brain slices with intact astrocytic/smooth muscle pathways. The
authors stimulated astrocytic endfeet to release K™ which normally causes smooth
muscle hyperpolarization and vasodilation. After SAH, evoked release of K* caused
vasoconstriction instead of vasodilation [60,61]. The defect in astrocytically-induced
vasodilation was attributed to alterations in extracellular K*, and indicates that the
influence of the endothelium on microvasculature as well as neuronal control of CBF

were both impaired after SAH.

While defects in vasodilator pathways have been identified in multiple cell types
within the microvasculature after SAH, the end result is the same. After SAH, cerebral
microvasculature is unable to maintain adequate CBF through a failure of both

autoregulatory and dynamic metabolically driven mechanisms (Figure 3).
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1.3.2 Inflammation, Barriers, and Thrombosis

Aside from control of CBF, the microvasculature serves many functions related to
protection of neurons and glia from damage. Constituents of the blood plasma that can
normally filter out of the circulation and into the parenchyma of peripheral organs are
toxic to neurons. To manage this problem, endothelial cells in conjunction with
astrocytes form a highly selective semipermeable membrane that restricts movement of
these potentially toxic solutes into the brain parenchyma [62]. This is known as the
blood-brain barrier (BBB) and is accomplished through formation of tight junctions in
brain endothelial cells [63] along with conditioning of the basal lamina by astrocytic end
feet [64]. The microvasculature also mediates the interactions between the brain and
the immune system. Under normal circumstance the brain is considered an “immune
privileged” organ, meaning the innate and adaptive immunity of the periphery does not
move as freely into the brain space compared to other organs. However, in response to
infection or cell damage, the endothelium will express cell surface proteins that permit
the attachment and extravasation of immune cells into the parenchyma [65]. Finally, the
cerebral microvasculature participates in hemostasis to prevent pathological bleeding
into the parenchyma. Activated or damaged endothelial cells express cell surface
receptors which can promote a pro-thrombotic state [66]. In this section | will discuss
current experimental research that document pathological alterations of these essential

microcirculatory functions after SAH.

1.3.2.1 Vascular Inflammation

Most studies of inflammation after SAH have looked in large vessels, the
circulation, or the cerebrospinal fluid, each of which demonstrates increased expression
of cell adhesion molecules beginning as early as 24 hours after SAH [67,68]. However,
work describing vascular inflammation in microvessels is limited. Existing studies of
microvascular inflammation suggests that activation of endothelium and leukocyte
recruitment in microvessels occurs rapidly and is sustained following injury [69].

Leukocyte and platelet adhesion begins as early as 10 minutes [70] following SAH
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induction and persists for at least 48 hours [71]. Associated with this is increased
microvascular expression of p-selectin [72]. Additionally, upregulation of several stress
and inflammatory pathways also occurs in microvessels including p-JNK, p53, NF-kB,
TNF-a and interleukin-6 [73].

1.3.2.1 Disruption of the Blood-Brain Barrier

Traditionally, disruption of the BBB is documented by extravasation of labelled
proteins that are normally excluded from the brain parenchyma. Since movement of
these molecules into the parenchymal space must occur at the level of the
microvasculature, BBB disruption is one of the most well characterized dysfunctions of
the cerebral microvasculature. BBB disruption has been documented as early as 10
minutes following SAH [70], reaching peak disruption by 24 hours [74] and beginning to
resolve by 72 hours after SAH [75,76]. Some studies have found this disruption to
persist for as long as 7 days. [77,78] Associated with BBB disruption is increased
expression of matrix metalloproteinase-9 [74], decreased expression of the tight junction
protein zona occludens [76], and alterations in the molecular components of the basal
lamina [79].

1.3.2.2 Microthrombosis

Activation or damage of endothelial cells leads to upregulation of p-selectin which
can bind to platelets and promote a pro-thrombotic state within the microvasculature
[80]. Microthrombi are dense deposits of platelets and fibrin found within parenchymal
vessels. These obstructions could block blood flow to local areas and exacerbate brain
injury. Several experimental studies of SAH have documented formation of
microthrombi within arterioles. The small microthrombi were found as early as 10
minutes after SAH induction [81] but generally peaked 24 or 48 hours after injury [50,82].
One study found they persisted as long as 7 days after SAH induction [83]. Associated
with the formation of microthrombi was the uncoupling of endothelial nitric oxide
synthase [84] which is thought to enhance free radical production and exacerbate

endothelial injury.
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1.5 Targeting Multiple Pathways after SAH

Regardless of whether the multiple mechanisms of microvascular dysfunction
described after SAH are attributable to global ischemia or blood products in the CSF, a
therapeutic approach will likely target more than one of these mechanisms. The work in
this thesis will describe two such approaches.

1.5.1 Altered CSF flow and microvascular dysfunction after SAH

A normally functioning CSF system plays two dynamic roles in maintenance of
brain homeostasis. The first is to constantly move CSF into and out of the cranium to
compensate for alterations in ICP so that adequate CBF can be maintained. The
second is to maintain ionic and metabolic homeostasis in the extracellular space of the
parenchyma [85]. To accomplish these tasks, CSF is produced constantly at a rate in
humans 400 to 500 mL daily [86], leading to complete CSF turnover 3 to 4 times per
day. CSF is created in the choroid plexi within the ventricular system before flowing out
through the cisterns and along penetrating arterioles in paravascular CSF flow
pathways. CSF leaves the cranium through either arachnoid villi, cranial nerve sheathes

or through trans-capillary flow in the parenchyma. [87]

When an SAH occurs, blood products enter the CSF system but instead of being
cleared out rapidly are trapped in place for up to 14 days, indicating disruption of this
clearance pathway [88,89]. This impaired CSF flow system can manifest severely as
acute hydrocephalus, which occurs in 20% [9] of individuals but is otherwise untreated if
pathological ICP does not develop [26]. Animal studies have documented increased
CSF flow resistance after SAH indicating that this normally high- turnover pathway is
impaired [90,91]. The consequences of impaired CSF flow are not fully known. Studies
in healthy mice with elevated ICP show that microvascular dysfunction, including BBB
disruption and impaired CBF develops even at levels not thought to cause cerebral
infarct [92]. Further, studies in humans and animals have documented altered levels of

waste products [93] and dysregulation of ionic homeostasis [94] in the brain after SAH.
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The cause of the latter are unknown, but disruption of normal CSF function is a possible

mechanism.

Chapter 2 of this thesis will test the hypothesis that CSF flow impairment forms
rapidly after SAH due to blood coagulation products in the extravasated blood. Chapter
2 will further explore this disruption of CSF flow and it's consequence on the cerebral
microvasculature, testing the hypothesis that disruption of CSF flow can impair cortical

perfusion.

1.5.2 P450 Epoxyeicosanoids to treat microvascular dysfunction after SAH

While some pathology after SAH could be preventable, the transient global
ischemia and presence of blood products in the CSF are not, as they occur outside of
the clinical setting before the patient reaches clinical care. Therefore, strategies aimed
at mitigating vasoconstrictive and inflammatory responses to these pathologies will be
needed to prevent further development of secondary disease and improve the outcome
of SAH patients.

EETs are vasoactive lipids synthesized from arachidonic acid (AA) by
cytochrome P450 enzymes in both endothelium (CYP2J2, CYP 2C8) and astrocytes
(CYP2C11) of the brain (Figure 4) [95]. They represent a distinct arm of AA metabolism
separate from the well characterized cyclooxygenase and lipoxygenase families.
Synthesis begins with the liberation of AA from the cell membrane by phospholipase A,.
The cytochromes then produce four regio-isomers of EETs in varying ratios; 14,15-
EETs, 11,12-EETs, 8,9-EETs, and 5,6-EETs. EETs are thought to induce EDH’s in
cerebral microvessels, which leads to smooth muscle relaxation and vasodilation
[96,97]. 11,12-EETs and 8,9-EETs function as anti-inflammatory agents, inhibiting
translocation of NF-kB, a master regulator of inflammation, into the nucleus [98]. Less
is known about the actions of 5,6-EETs. EETs have also shown to be directly

cytoprotective in neurons [99], astrocytes [100] and endothelium [101,102] subjected to
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ischemic conditions in vitro, though which isoform is responsible is unknown. Finally

14,15-EETs inhibit platelet activation and are considered to be anti-thrombotic [103].

The bioavailability of EETs is largely determined by the enzyme soluble epoxide
hydrolase (SEH) which hydrolyzes the epoxide into a vicinal diol creating
dihydroxyeicosatrienoic acid (DHETS) [104]. These DHETSs are inactive in vivo.
Techniques for modifying the activity of SEH in vivo include the use of sEH inhibitors or
use of a genetically modified mouse which has deletion of the gene encoding sEH [105].
These sEH knockout mice (sEHKO) have elevated levels of basal EETs within the brain
and are protected from models of cerebral ischemia [106,107]. SEHKO mice have also
shown reduced expression of vascular inflammatory markers and leukocyte infiltration in
a model of renal injury [108]. These effects are consistent with EET’s vasodilator and
anti-inflammatory actions and provide an ideal model for testing the effects of EETs on
microvascular dysfunction in SAH.

Chapter 3 of this thesis includes an observational study of CSF EETSs levels in
SAH patients who experience DCI and tests the hypothesis that EETs are protective
against delayed dysfunction in microvascular cerebral perfusion. Chapter 4 of this thesis
will test the hypothesis that elevated levels of EETs are protective against cerebral

edema and vascular inflammation after SAH.
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ICP CBF

Figure 1. Primary and Secondary Pathology in SAH: Rupture of the large conduit
arteries causes immediate release of blood factors into the subarachnoid space. This
drives intracranial pressure up which reduces cerebral blood flow (CBF). Sequelae of
this double hit include acute hydrocephalus and global cerebral edema. Delayed
cerebral ischemia presents 3-14 days after SAH.
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ICP ?

Figure 2. Animal models of SAH: A.) SAH is induced in non-human primates by
craniotomy and clot placement near the Carotid/Middle Cerebral Artery bifurcation.
Open cranium surgery prevents elevation of ICP. B.) Canine double injection model into
the cisterna magna. Elevated ICP is dependent on surgeon technique and is not always
noted. C.) Mouse or Rat cisterna magna injection model. Elevated ICP is possible
depending on injection rate. D.) Mouse endovascular puncture model. The ICP and
blood effects are present but blood volume is highly variable.
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SAH Normal

Endothelium

Impaired Endothelial Dependant Vasodilation
Decrease NO- Synthesis

Smooth Muscle

Elevated cytosolic Ca2*
Impaired Response to NO
Impaired Response to K*

Astrocyte

Impaired Astrocyte induced vasodilation
Elevated extracellular K*

Figure 3. Alterations in microvascular control of CBF after SAH. In normal
arterioles (right), myogenic tone is appropriate to the transmural stress placed on the
smooth muscle (pink) and mediated by intracellular calcium (Ca?*) levels. Release of
endothelial (purple) dependent vasodilators (NO-) modulate this tone. Normally low
levels of potassium (K*) allow astrocytic (green) induction of K* release to stimulate
hyperpolarization in smooth muscle (pink) in response to neural activity. SAH (left) leads
to enhanced vasoconstriction by increasing intracellular Ca®* within smooth muscle and
impairing endothelial dependent vasodilation. Elevated levels of K* in the perivascular
space prevent astrocyte induction of hyperpolarization.
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Figure 4. Epoxyeicosatrienoic acid (EETs): Arachidonic acid (AA) is liberated from
the cell membrane by phospholipase A, (PLA;). Cytochrome P450 (CYP)
epoxygenases convert AA into EETs. EETs effects include: vasodilation, prevention of
nuclear translocation of pro-inflammatory Nuclear Factor kappa Beta (NF-kB),
decreased platelet-endothelial adhesion, and cytoprotection of neurons and glia. EETs
are inactivated by soluble epoxide hydrolase (sEH) via conversion into
dihydroxyeicosatrienoic acid (DHET)
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Chapter 2

Intracisternal administration of tissue plasminogen activator
improves cerebrospinal fluid flow and cortical perfusion after

subarachnoid hemorrhage in mice.
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2.1 Summary

Early brain injury (EBI) during the first 72 hours after subarachnoid hemorrhage
(SAH) is an important determinant of clinical outcome. A hallmark of EBI, global
cerebral ischemia, occurs within seconds of SAH and is thought to be related to
increased intracranial pressure (ICP). We tested the hypothesis that ICP elevation and
cortical hypoperfusion are the result of physical blockade of cerebrospinal fluid (CSF)

flow pathways by cisternal microthrombi.

In mice subjected to SAH, we measured cortical blood volume (CBV) using
optical imaging, ICP using pressure transducers and patency of CSF flow pathways
using intracisternally injected tracer dye. We then assessed the effects of intracisternal

injection of recombinant tissue plasminogen activator (tPA).

ICP rose immediately after SAH and remained elevated for 24 hours. This was
accompanied by a decrease in CBV and impaired dye movement. Intracisternal
administration of tPA immediately after SAH lowered ICP, increased CBV and patrtially
restored CSF flow at 24 hours after SAH. Lowering ICP without tPA, by draining CSF,
improved CBV at 1, but not 24 hours. These findings suggest that blockade of CSF flow
by microthrombi contributes to the early decline in cortical perfusion in an ICP-
dependent and independent manner, and that intracisternal tPA may reduce EBI and

improve outcome after SAH.
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2.2 Introduction

Cerebrospinal fluid (CSF) resides within the subarachnoid space and plays
critical roles in both the regulation of intracranial pressure (ICP) and maintenance of the
brain’s extracellular environment [109]. Blood leakage into that space, as occurs during
subarachnoid hemorrhage (SAH), causes a multitude of complications that contribute to
a 50% mortality and even higher morbidity among survivors [8]. These complications
are biphasic in nature, with some occurring immediately after ictus and others
presenting several days later. The complications occurring within the first 72 hours after
SAH are collectively referred to as early brain injury (EBI) [110]. Because early
complications are powerful predictors of delayed complications [111]and overall
outcome [112], EBI is becoming a major focus of research aimed at improving

outcomes of SAH patients.

EBI describes a number of pathological processes, which are likely interrelated
and thus are difficult to study in isolation. Broad categories of EBI include blood brain
barrier disruption [113], altered metabolic homeostasis [114], cortical spreading
depression [115], and neuronal cell death[116,117]. Global cerebral hypoperfusion,
which occurs within the first minutes of SAH, is thought to be one of the primary
contributors to EBI and is a strong predictor of outcome [112]. Closely associated with
hypoperfusion is the rapid elevation of intracranial pressure (ICP) that occurs at the time
of hemorrhage [118] and, depending on severity, can remain elevated from hours to
days, or even indefinitely [119] following SAH. While elevation of ICP is known to
impinge on cerebral perfusion, evidence suggests that hypoperfusion after SAH is
multifactorial with both ICP dependent and independent components [120]. A common

pathology linking these components has not been established.

CSF moves out of the subarachnoid space and into brain parenchyma alongside
penetrating arterioles within the paravascular space [121]. These continuous extensions
of the Virchow-Robin space permit movement of CSF through the neuropil and are
thought to be integral to extracellular homeostasis. When blood flows out of the
vasculature and into these spaces during SAH, the coagulation cascade is initiated,

leading to clot formation[122]. This prevents additional bleeding from occurring, but
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likely also blocks these CSF flow pathways. Blockade of CSF flow could contribute to
the increase in ICP and prevention of normal CSF function. The exact nature of
impaired CSF flow within these spaces after SAH and its role in early cortical

hypoperfusion is unknown.

The current study was designed to test the hypothesis that early cerebral
hypoperfusion is due in part to impaired CSF flow by microthrombi in the subarachnoid
and paravascular space and that intra-cisternal administration of tPA restores CSF flow
and cortical perfusion in the early phase of SAH. We also sought to determine the
relative contribution of ICP to cerebral hypoperfusion.

As a surrogate for tissue perfusion, we used optical microangiography (OMAG),
an optical coherence tomography (OCT)-based technique, to quantify blood volume
(CBV) in perfused cortical vessels non-invasively through an intact skull [123]. OMAG
also allows us to obtain serial measurements of CBV in the same animal over time. The
three-dimensional volumetric data produced by OMAG contains blood volume
information from actively perfused vessels both on the cortical surface and several
hundred microns below the surface and thus is referred to as cortical perfusion. We
have previously validated OMAG measurements of perfusion in mouse brain using
[**C]-iodoantipyrine autoradiography [106], and have used this approach previously in
studies of cerebral ischemia [106] and traumatic brain injury [124].

2.3 Materials and Methods

2.3.1 Animals

Experimental animal procedures performed in this study conform to the
guidelines of the US National Institutes of Health, and the animal protocol was approved
by the Institutional Animal Care and Use Committee of Oregon Health & Science
University, Portland, OR, USA. Mice were housed in a room with a light:dark every 12
hours, and given free access to standard rodent chow and water. Studies were
performed on 8 - 12 weeks old wild-type (WT) C57BL/6J male mice obtained from
Jackson Laboratories.
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2.3.2 Induction of SAH

SAH was induced in mice using the endovascular perforation technique adapted
from Sozen et al [125]. Briefly, mice were anesthetized with isoflurane (1.5 to 2% in O,-
enriched air by face mask), and maintained at 37+£0.5°C rectal temperature using warm
water pads. Two small laser-Doppler probes (Moor Instruments) were affixed bilaterally
over the parietal bones to monitor cerebrocortical perfusion and confirm vascular rupture.
To induce hemorrhage, a nylon suture (5-0) was introduced into the internal carotid
artery via the external carotid artery and advanced ~10mm beyond the carotid
bifurcation and into the Circle of Willis. The suture was then advanced slightly further to
induce a hemorrhage, and then removed. The common carotid artery was maintained
patent at all times to maximize flow to the ruptured artery immediately following arterial
perforation. Mortality throughout the study was < 10% and most often occurred
immediately following SAH induction. Only mice who survived the initial surgery were
included in this study. In sham operated animals, the suture was advanced into the

internal carotid artery and then removed without arterial perforation.

2.3.3 Optical Microangiography (OMAG)

To monitor changes in CBV in vivo, we used OCT-based OMAG [123]. Briefly, at
baseline and after SAH or sham surgery, mice were anesthetized with isoflurane (1.5 to
2% in O2-enriched air by face mask). The skin over the skull was reflected, the cortex
illuminated through the skull with a 1,310 nm light source, and the resulting
backscattered and reference light detected to produce spectral interferograms.
Volumetric imaging data were collected by scanning the probe beam through a 1,000 x
500 x 512-voxel cube, representing 2.5 x 2.5 x 2 mm3 (x-y-z) of tissue. After scanning,
the skin over the skull was closed and the animal allowed to recover. CBV images
within the scanned tissue volume were rendered in 3-D (AMIRA, Visual Imaging GmbH),
then thresholded and analyzed for mean pixel intensity changes over time using Image-
J software. The 72h time-course study presented in figure 1 is a combination of six

scans covering the entire surface of the mouse cortex. Subsequent time sensitive
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studies focused on a single scan over the MCA territory ipsilateral to the hemorrhage

site.

2.3.4 Experimental manipulation of ICP

Following SAH, mice were mounted on a stereotaxic frame and the skull
was exposed. For simultaneous measurement and manipulation of ICP, burr holes were
placed bilaterally 0.5 mm rostral to bregma and 1 mm lateral to midline over the lateral
ventricles. The dura mater was removed, and custom-made 21-gauge steel guide tubes
with dummy cannulas were placed 1.5 mm below the skull and sealed using dental
cement and cyanoacrylate glue. One tube served as the experimental cannula for
drainage, and the opposite tube served as a port for measurement of ICP using a
closed system pressure transducer connected to a pressure monitor (Hewlett Packard).
The dummy was removed (0 min time) from the experimental tube in the “open” group
and CSF was allowed to drain freely. In the “closed” group, the dummy cannula
remained in place. After ICP measurements, the PE catheter was removed from the
measurement tube, and the dummy was replaced to prevent further drainage of CSF.
The skin was replaced around the cannulas and the animal was allowed to recover. 24
hours following SAH, the animals were again anesthetized, and ICP was measured
again. Cannula flow in the open group was assessed at 24h and only animals with
freely flowing cannulas at 24h were included in the study. For studies looking at
manipulation of ICP and its effect on cortical perfusion, a single tube was placed in the
left lateral ventricle as the experimental cannula and the right hemisphere was left

untouched for OMAG image acquisition.

2.3.5 CSF flow and hemorrhage assessment

At 30 minutes (figure 4) or 24 hours (figure 5) after SAH or sham surgery,
animals were anesthetized using isoflurane (1.5-2%) and placed on a stereotaxic
apparatus. Mice received 10 pl of dye (0.4 % Evan’s Blue (Fisher) and 0.1% bovine
serum albumin (Fisher) in saline) injected into the cisterna magna at a rate of 2ul/min
over 5 minutes. The dye was allowed to circulate for 30 minutes after injection. The

animals were then deeply anesthetized and perfused in cold heparinized saline before
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the brains were removed and taken for imaging. Images of the ventral surface were
obtained using a Nikon digital camera and capture software (ACT-1 Nikon). The images
were normalized to background and the red channel or blue channel isolated and
thresholded for analysis of blood or dye present in the basal cisterns respectively. Dye
movement was used as a surrogate for CSF flow, which was assessed by a blinded
investigator in two ways. The first was a categorical 6 point distribution score that
described the distribution of tracer over the ventral surface of the brain. To generate the
score, the ventral surface image was divided into 6 regions and given a score of O for no
dye present or 1 for dye present in each region. This was then summed (figure 3B). The
second method was a quantification of total pixel area that reached beyond the
brainstem (the site of injection and dye pooling) and into the basal cisterns. Blood in the
basal cisterns was also quantified by a blinded investigator as total pixel area beyond
the brainstem. For immunolabelling of fibrin strand deposition, mice were deeply
anesthetized with isoflurane (5%) and transcardialy perfused with cold heparinized
saline, followed by 4% paraformaldehyde, and post-fixed overnight. The whole brain
was removed and blocked in 4% normal goat serum for 3h at room temperature, then
incubated in primary antibody overnight at 4°C (chicken anti-mouse fibrinogen, 1:200;
immunology consultants laboratory). Secondary detection was with Alexa Fluor ® 594
conjugated goat anti-chicken secondary antibody (1:800, Invitrogen) incubated for 3h at
room temperature. After washing, whole brains were imaged using a fluorescent
dissecting microscope (leica microsystems) equipped with camera and imaging
software (LAS EZ, Leica).

2.3.6 Intracisternal Injections of tPA and ICP measurement

Following SAH or sham surgery, animals were mounted on a stereotaxic
frame under isoflurane anesthesia (1.5-2%). An incision was made above the occipital
bone and the posterior neck musculature was partially reflected to reveal the atlanto-
occipital membrane. A custom made 30-gauge cannula connected to PE-10 tubing (B-D)
was then inserted into the cisterna magna and affixed to the skull using dental cement
(Lang Dental) and cyanoacrylate glue. ICP was assessed through the cannula using a

pressure transducer connected to a pressure monitor (Hewlett Packard). After the
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monitor was connected, ICP was recorded after 15 minutes of equilibration. Following
ICP measurements, 10 pl of CSF was drained out of the cisterna magna to
accommodate subsequent infusion of 10 pl solution containing either 15 pug recombinant
tissue plasminogen activator (tPA) in sterile water (Cathflo, Alteplase, Genentech),
aCSF (containing NaCl 73.05 mg/ml, KCI 1.86 mg/ml, MgCI2-6H20 2.03 mg/ml, CaCl2-
2H20 2.94 mg/ml, NaH2P0O4-H20 1.73 mg/ml, NaHCO3 21 mg/ml, glucose 4.5 mg/ml)
or vehicle (L-arginine 52.5mg/ml, H3PO4 15mg/ml, polysorbate 80 0.17 mg/ml in sterile
water). Intracisternal injection was performed using an infusion pump (Harvard
Apparatus) at a rate of 2pl/min in 5 minutes. Sham-operated animals also received tPA
injections. After injection, the tubing was heat-sealed to prevent backflow, the muscle
and skin sutured and the animal allowed to recover 24h. After 24h, this same cannula
was used for the final ICP measurement and dye injection.

2.3.7 Statistics

Comparison of CBV and ICP changes between treatment groups and over
time was made using a two-way within-between ANOVA. Comparison of CBV and ICP
changes over time were made using a one-way repeated measures ANOVA.
Comparison of cisternal blood between groups was made using one-way ANOVA. All
post-hoc comparisons were made using Bonferroni’s correction. Comparison of dye
region data between groups was made using a Kruskal-Wallis test with Dunn’s post-hoc
comparison. All data analysis was performed using Prism 5.0 (Graphpad). Data are
expressed as mean = SEM unless otherwise noted. Statistical significance was set at p
< 0.05.

2.4 Results

2.4.1 Blood distribution in the endovascular perforation model

By perfusing the mice with saline immediately after the hemorrhage, we
were able to observe where extravasated blood from the endovascular puncture model

distributes immediately following induction of the hemorrhage. Within 30 minutes of the
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endovascular puncture, blood has moved into the basal cistern and along paravascular
spaces on the outside of the Middle Cerebral artery (MCA) (figure 5a). We confirmed
induction of the hemorrhage using CBF measured by laser-Doppler probes placed
against the skull over the MCA territory during the surgery. We found that at the time of
the hemorrhage, an abrupt drop in CBF occurs bilaterally and slowly returns to ~65-75%
of baseline by ten minutes. The contralateral side experiences a less severe drop than
the ipsilateral side to the hemorrhage (P<0.05 at 1-8 minutes, n = 31) but CBF values
ultimately converge by the end of the ten minute period (figure 5b).

2.4.2 Cortical perfusion is impaired following subarachnoid hemorrhage

To study changes in cortical perfusion over days after SAH, we
scanned a large area of the cortical surface using OMAG (larger box in figure 6a) at
baseline before animals were subjected to SAH or sham surgery. Following a 6-hour
recovery period, animals were rescanned at 6, 12, 24 and 72 hours following SAH.
Cortical perfusion was decreased compared to sham animals at 6h (figure 6b, 73.0 £
3.3% vs 99.3 £ 2.1%, n = 5 for sham and 10 for SAH), 12h (79.1 + 3.1% vs 103.4 =
2.2%), 24h (80.0 £ 2.5% vs 102.2 + 1.4%) and 72h (87.8 + 3.3% vs 102.1 + 3.0%) after
SAH. Cortical perfusion was reduced bilaterally across middle cerebral and anterior
cerebral flow territories indicating the effect was global (figure 6c). Further studies using

OMAG were limited to the scan area indicated by the smaller box in figure 6a.

2.4.3 Cortical perfusion deficits are due in part to elevated ICP

There is evidence to suggest that early hypoperfusion following SAH is
independent of ICP [126]. To test whether ICP contributes to the hypoperfusion seen in
our model, we developed single- and double-cannula methods for measuring CBV and
ICP respectively before and after ventricular drainage. At the 1h time point following
SAH induction, we measured ICP in one lateral ventricle and drained CSF out of the
other. ICP immediately decreased when the cannula was opened and CSF allowed to
drain (from 34.8 £ 1.36 to 25.4 + 1.8 mmHg, n =5, figure 7b). In another group of
animals, CSF was drained from one cannula while OMAG scans were performed over

the MCA territory on the opposing side without a cannula. Figure 7¢ shows that CBV
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was also increased from 45.7 + 4.9% to 66.0 + 7.1% of baseline (n =5) when the
cannula was opened and CSF was allowed to drain. This finding suggests that the

decrease in CBV present 1h after SAH is at least in part due to increased ICP.

2.4.4 CSF flow is impaired immediately following SAH

Impaired CSF flow is a likely cause of increased ICP, so we sought to
determine whether CSF flow is impaired immediately following SAH. 30 minutes after
SAH induction, we assessed CSF flow by tracking tracer dye injected into the cisterna
magna. In sham operated mice, the tracer dye moves into the basal cistern and out
along paravascular routes alongside the MCA (figure 8 a, b). In the SAH mice, tracer
dye pools around the brainstem and does not enter into the basal cistern or
paravascular spaces which are occupied by blood (figure 8 a, b). The third most
abundant protein in the plasma is fibrinogen, which is rapidly converted into insoluble
fibrin strands upon extravasation. To determine if paravascular fibrin deposition takes
place after SAH, we fixed whole brains 30 minutes after SAH and labeled the surface
using a fibrinogen antibody. Labeling shows fibrin strand deposition in the paravascular
spaces of the MCA (figure 8c). This finding suggests that CSF flow is blocked
immediately following SAH, and that fibrin deposition is occurring in the paravascular

space.

2.4.5 tPA partially restores CSF flow pathways blocked by subarachnoid thrombi

To determine if CSF movement was impeded by microthrombi obstructing
CSF flow pathways, we examined the effect of intracisternally injected tPA on tracer dye
movement 24h after SAH or sham surgery. 1h after SAH, mice received an injection of
10 pl of either aCSF or 1.5 mg/ml tPA into the cisterna magna. Sham-operated mice
also received tPA to rule out effects of tPA unrelated to SAH. The mice were recovered
until 24h later, when all mice received injections of tracer dye into the cisterna magna
(figure 9a). Movement of dye was assessed semi-quantitatively by subdividing the
ventral surface into six regions and assigning a value of 1 or O for the presence or
absence of dye in any given region (figure 9b). In sham-operated mice, the dye moved

freely from the cisterna magna into the basal cisterns and out along major paravascular
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routes (figure 9¢, n=3 with all three animals scoring 6, suggesting free dye movement
and presence of the dye in all regions). In aCSF-injected SAH mice, the tracer dye
pooled around the brainstem and did not enter into the basal cisterns or along
paravascular routes, resulting in dye absence from most areas and a median score of 1,
suggesting restricted dye movement (figure 9¢, n = 10). Finally, SAH mice injected with
tPA showed partial restoration of dye movement into the basal cisterns and out along
paravascular routes, resulting in a median score of 3 (figure 9¢, n = 10). This
observation suggests that CSF flow impairment after SAH is in part due to clot formation,

which can be partially reversed with tPA.

2.4.6 tPA reduces ICP and improves cortical perfusion after SAH

Because impaired CSF flow may increase ICP, which decreases cortical
perfusion, we determined if intracisternal tPA, which improves CSF flow dynamics, can
also decrease ICP and increase cortical perfusion after SAH. We used OMAG to
measure perfused CBV over the MCA territory at baseline and at 1 hour after SAH
(before tPA injection). Mice were then injected with tPA, and survived for 24h, when
CBV was measured again before sacrifice (figure 10a). ICP was measured using a
cannula inserted prior to injection at 1h after SAH, and the measurement repeated at
24h after SAH. Prior to treatment (1 h after SAH), both tPA and aCSF groups had
similarly elevated ICP (figure 10b, 28.7 + 3.2 and 28.5 + 4.8 mmHg in aCSF (n=5) and
tPA (n=6) groups, respectively). Both groups also had equally decreased CBYV (figure
10c, 35.0 + 5% in aCSF (n=5) and 32.2 £+ 5% in tPA group (n=6)) at 1h after SAH prior
to treatment. 24h after SAH, tPA-treated animals had significantly higher CBV than
aCSF-treated mice (figure 10c, 80.0 = 4.7% (n=6) vs. 51.7 = 9%, n = 5, respectively).
Mice treated with tPA also had lower ICP than aCSF-treated mice (figure 10b, 17.5 £
3.0 (n=6) vs. 34.8 £ 3.7 mmHg n = 5, respectively). Because L-arginine is required for
stability of tPA in solution, and may serve as a precursor for nitric oxide synthesis and
subsequent vasodilation, we included an additional vehicle group containing the
equivalent dosage of l-arginine. We found no differences in CBV between this vehicle
group or the aCSF group 24h after SAH (figure 10c (n = 4)). We additionally measured

ICP in 3 vehicle treated animals and found no difference from aCSF treated animals
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24h after SAH. There was no effect of tPA injections alone on ICP or CBV in sham-

operated mice (figure 10b, c).

2.4.7 Management of ICP alone does not improve cortical perfusion at 24h

Since there are other functions of CSF besides ICP regulation [109], and
there is evidence of ICP independent contributors to impaired cortical hypoperfusion, we
asked the question of whether the ICP reduction by tPA was sufficient in itself to explain
the improvement in cortical perfusion at 24h. To answer this question, we extended the
time of CSF drainage through the ventricular cannula to the 24h time point. We first
measured ICP before CSF drainage, then immediately after, and again at 24h after
opening the cannula. As a control, we included a group with an inserted cannula that
was kept closed. Prior to cannula manipulation, both “open cannula” and “closed
cannula” groups had similarly elevated ICP (figure 11b, 37.3 £ 3.0 vs. 37.0 = 2.3 mmHg
in open vs. closed groups, respectively, n = 4 per group). Both groups also had similar
reductions in perfused CBV after SAH (figure 11c, 34.2 £ 4.2% in open- (n=8) vs. 28.3 +
3.3% in closed-cannula (n=6) groups). Consistent with figure 3 above, immediately after
cannula manipulation, ICP was decreased (from 37.3 + 2.4 t0 26.2 = 1.9 mmHg, n = 4,
figure 11b) and CBV over the MCA territory was increased (from 31.5 + 4% (n=8) to
49.6 + 5.5% (n=8) of baseline, figure 11c) in the open- compared to the closed-cannula
group. Interestingly, at 24h after SAH, while ICP remained lower in the open compared
to the closed group (13.5 £ 4.3 vs. 26 + 1 mmHg, n =4 figurellb), there was no
significant difference in CBV between the open- and closed-cannula groups (96.1 +
7.1% (n=8) vs. 79 +2.1% (n = 6, figure 11c). This observation suggests that the
improvement in cortical perfusion by tPA treatment is only partly due to reduced ICP,
and that improved CSF flow contributes to cortical perfusion improvement by an

additional mechanism unrelated to ICP.

2.6 Discussion

2.6.1 Review of findings
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In the current study, we demonstrated that SAH in the mouse induces rapid and
sustained decrease in cortical perfusion, associated with increased ICP and impaired
CSF dynamics. Furthermore, intra-cisternal injection of tPA reduced ICP and restored
CSF flow and cortical perfusion. However, when we drained CSF through a ventricular
cannula to decrease ICP without tPA treatment, we were able to improve perfusion at
1h, but not 24h after SAH. These findings suggest that the early decrease in cortical
perfusion after SAH is in part due to impaired CSF flow by blood clots, and that
intracisternal administration of tPA improves CSF flow and cortical perfusion which

cannot fully be explained by decreased ICP.

2.6.2 Relationship between ICP and CBV

In our model, elevated ICP is an important contributor to early
hypoperfusion within the first hours of SAH, but our results suggest that this role
diminishes over 24h. Despite that finding, restoration of CSF flow with tPA can improve
cortical perfusion 24h after SAH in a manner that must be separate or additive to its
effect on ICP. The mechanism by which restoration of CSF flow can improve cortical
perfusion remains to be determined, especially given that the consequences of impaired

CSF function, aside from elevated ICP, are unknown.

2.6.3 Impaired CSF flow and early brain injury

The brain parenchyma lacks a traditional lymphatic system for the clearance of
interstitial solutes. It has been long suggested that the CSF system serves that role by
clearing interstitial fluid by bulk flow along preferential pathways, especially
paravascular spaces and axon tracts[127]. More recently, a specific paravascular
pathway has been described in detail[121]. Once CSF is produced in the choroid plexus,
it moves from within the ventricles through the cisterns and out over the surface of the
brain along peri-arterial pathways [128]. CSF then penetrates brain parenchymal tissue
via a continuous extension of the Virchow-Robin space along the penetrating arterioles
known as the paravascular space [121]. Once it passes through the parenchyma and
equilibrates with the extracellular space, CSF then drains from the cranium through

three known pathways [109]: 1) the cervical lymphatic pathway, 2) the arachnoid
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granulations, and finally 3) across postcapillary venules in the paravascular space. If
we make the assumption that these flow pathways must be patent for the proper
maintenance of extracellular homeostasis by CSF, we can infer from our findings in this
study that this function is also impaired following SAH. Clinical and animal studies that
have shown a build-up of metabolic waste products, decreased available glucose, and
altered ionic concentrations [114,120,129] — all hallmarks of EBI — support this idea.
We also cannot ignore that a functional and patent CSF system is likely critical to the
clearance of toxic blood products from the initial hemorrhage itself. Any or all of these
perturbations of normal physiology could contribute to the early ICP-independent
vascular dysfunction that is documented in both animal[118] and clinical studies
[126,129]. Further, as we gain a better understanding of the importance of CSF function,
coupled with our finding that blockade of CSF flow occurs within minutes of an SAH, we
are obliged to examine how disruption of normal CSF function could contribute to the

wide range of pathologies collectively referred to as EBI[110].

2.6.4 Previous work studying thrombolytic therapy after SAH

Both thrombolytic and anti-thrombolytic drugs are still actively being studied for
treatment of SAH. While these would seem to be contradictory, there is rationale and
evidence for both. Specifically, intrathecal thrombolytic therapy has been shown to
reduce delayed vasospasm in dogs[130], non-human primates[131-133] and
rabbits[134,135]. However, these studies did not examine the effect of tPA on early
injury after SAH, and did not link the beneficial effect of tPA to CSF dynamics. Other
studies showed improved CSF flow after SAH in cats by tPA, but did not link these
changes to early changes in cortical perfusion [91,136]. In clinical studies, intrathecal
thrombolysis has been shown to improve outcome and reduce the need for shunt
placement [137-142]. In contrast to tPA, anti-thrombolytic therapy has been shown to
increase the incidence of cerebral ischemia and worsen outcome after SAH[143]. More
recent work suggests that anti-thrombolytic in the ultra-early stage of SAH may be
beneficial in preventing re-bleeding[144], yet detrimental in the later stages when clot

clearance and restoration of CSF flow become more important [145]. Together, these
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studies are consistent with our findings in support of a beneficial role for disrupting

subarachnoid thrombi and improving CSF flow in the early stages following SAH.

2.6.5 Risk of aneurysmal re-rupture after thrombolytic therapy

The intended scope of this study is limited to improving our understanding of
mechanisms behind early cortical hypoperfusion and impaired CSF flow in the early
stages of SAH. Nevertheless, we will consider the implications of an early intervention
involving a thrombolytic agent. The most dangerous perceived complication of
intrathecal thrombolytic therapy after SAH is secondary bleeding, which, even without
thrombolytic therapy, is a major cause of death after SAH [8]. However, our
understanding of the physical forces that affect the action of thrombolytic agents do not
support the idea that intrathecal tPA would cause substantial clot lysis at the aneurysm
site, in contrast to intravenous administration which is strongly contraindicated in SAH.
This is due to the effect of pressure driven permeation, where the pressure gradient
across the clot is the major determinant of the rate at which clot lysis occurs [146].
Intravenously, tPA is most effective in the arterial circulation where the pressure
gradient across a given clot is high, and much less effective for venous thrombi where
low pressure gradients exist [147]. At the site of an aneurysm clot, the pressure gradient
is in the completely opposite direction to support pressure driven permeation of tPA
from the subarachnoid space and would substantially impair the rate of clot lysis. This
idea is supported by clinical evidence, which to date have found no increase in the
incidence of aneurysm re-rupture following thrombolytic therapy [137,139,141].
Experiments designed to address the question of whether substantial clot lysis can

occur at the aneurysm site from intrathecal tPA administration are warranted.

2.6.6 Conclusion

Blood clots within the subarachnoid space impair CSF flow, which
contributes to increased ICP and impaired cortical perfusion during the early phase (24
hours) after SAH. Intracisternal tPA administration immediately after SAH partially
restores CSF flow, reduces ICP and improves cortical perfusion. Improvement of CSF

flow dynamics may serve as an important therapeutic target for SAH.
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Figure 5. Validation of endovascular puncture model. a.) Mouse brains were
perfused with heparinized saline to clear any intravascular blood and imaged 30
minutes after endovascular puncture. SAH mice show a wide distribution of
extravasated blood throughout ventral (lower left) and dorsal (lower middle) brain
surfaces. The magnified image of a perfused MCA (lower right) shows movement of
extravasated blood along the paravascular pathway. b.) CBF measured by laser
Doppler in both the ipsilateral (ipsi) and contralateral (contra) MCA territories of sham
(blue) and SAH (red) mice. SAH mice (n = 31) experience a rapid drop in CBF following
puncture. Contralateral CBF recovers more rapidly than ipsilateral CBF but both reach

65-75% of baseline by 10 minutes (* = p < 0.05 contralateral different from ipsilateral)
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Figure. 6 Cortical perfusion is impaired globally early after SAH. a.)
Changes in perfused CBV were tracked in mice for several days following SAH or sham
surgery using OMAG. The scan area of the dorsal cortex was 5 mm X 7.5 mm (large
box). The smaller box indicates the scan area for all subsequent studies. b.) Cortical
perfusion was reduced in SAH animals as early as 6 hours after SAH and persisting for
at least 72 hours. c.) Representative OMAG images of SAH mouse showing changes in
perfused CBV over time. Decreased intensity corresponds to a reduction in perfused

CBV. Values are mean £ sem. SAH (n = 10), sham (n =5), * P<0.01. scale bar =1 mm
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Figure. 7 Elevated ICP contributes to the early decrease in cortical
perfusion after SAH a.) Representative OMAG scans of the cortex within the MCA
territory 1h after SAH. A ventricular cannula was placed on the contralateral side and
opened to drain CSF, leading to an immediate improvement of cortical perfusion. b.)
ICP measurements 1h post SAH. Cannula was opened to allow CSF drainage at time =
0. n=5,*=P <0.05. C.) Quantification of perfused CBV 1h post SAH. Cannula was
opened attime =0.n=5, *P <0.05 . scale bar =500 um
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Figure. 8 CSF flow is blocked immediately following SAH a.) Images were
taken of the ventral surface of the perfused mouse brain 1h after SAH or sham surgery
and 30 minutes after intracisternal tracer dye injection. In sham mice, tracer dye
distributes throughout the basal cistern and paravascular routes. In SAH mice, tracer
dye pools around the brainstem and does not enter paravascular routes. b.) High
magnification images of MCA branches showing tracer dye movement into paravascular
spaces. In sham animals, tracer dye moves along MCA branches and out to penetrating
vessels. In SAH animals this space is occupied by blood and no tracer dye is present.
c.) Fibrinogen staining showing fibrin strand formation in paravascular spaces following

SAH but not sham surgery. Scale bar = 100um
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Figure. 9 Intracisternal tPA can restore CSF flow within 24h a.) Images were

taken of the ventral surface of the perfused mouse brain 24h after SAH or sham surgery

and 30 minutes after intracisternal dye injection. Dye moves freely in sham animals but

not aCSF treated SAH animals. Intracisternally injected tPA 1h after SAH partially

restores CSF flow to the basal cistern and paravascular routes by 24h. b.)To assess

effect of tPA dye movement within the basal cisterns, the blue channel was isolated and

thresholded for categorical quantification of dye distribution over the ventral surface of

the brain and c.) quantification of pixel area coverage of dye beyond the brainstem.

Data are expressed as medians. d.) To assess the effect of tPA on hemorrhage size,

the red channel was isolated and thresholded for quantification of pixel area of blood
beyond the brainstem. Sham (n = 3), SAH aCSF (n = 10)SAH tPA (n = 10) * = P<0.05
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Figure.10 tPA reduces ICP and improves cortical perfusion 24 hours after
SAH. a.) Representative OMAG images of the cortex within the MCA territory at
baseline, 1h post SAH/sham (pre-treatment), and 24h post-SAH/Sham (post-treatment).
b.) ICP measured at the cisterna magna 1h post SAH/sham (pre-treatment) and 24h
post SAH/sham (post-treatment). Intracisternal tPA reduced ICP 24h after SAH
compared to aCSF treated mice. c.) Quantification of perfused CBV 1h post SAH/Sham
(pre-treatment) and 24h post SAH (post-treatment). Intracisternal tPA increased
perfused CBV compared to aCSF or vehicle treated mice. Sham (n =3), SAH aCSF (n
=5), SAH vehicle (n=4) SAH tPA (n = 6) * = P <0.05. Scale bar =500 um
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Figure. 11 CSF drainage without tPA does not improve cortical perfusion at
24h a.) Representative OMAG images showing changes in perfused CBV. A ventricular
cannula was placed on the contralateral side and opened 1h after SAH then allowed to
drain for 24h. Scans were taken at baseline, 1h post-SAH before cannula manipulation
(time = 0), immediately after cannula manipulation (time = 1m), and 24h later (time =
24h). b.) Quantification of ICP 1h post-SAH before cannula manipulation (time = 0),
immediately after cannula manipulation (time = 1m), and 24h later (time = 24h). Open
cannula reduced ICP at both the 1h and 24h timepoints after SAH. Closed (n =4) Open
(n=4), * =P<0.05. c.) Quantification of perfused CBV changes expressed as percent of
baseline. Open cannula increased perfused CBV over closed group at 1h but not 24h
after SAH. Closed (n = 6), Open (n = 8), * = P< 0.05, ns = no significance. scale bar =
500 um
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Chapter 3

Protective Role of P450 Epoxyeicosanoids in

Subarachnoid Hemorrhage



3.1 Summary

Background: Patients recovering from aneurysmal subarachnoid hemorrhage
(SAH) are at risk for developing delayed cerebral ischemia (DCI). Experimental and
human studies implicate the vasoconstrictor P450 eicosanoid 20-
hydroxyeicosatetraenoic acid (20-HETE) in the pathogenesis of DCI. To date, no

studies have evaluated the role of vasodilator epoxyeicosatrienoic acids (EETS) in DCI.

Methods Using mass spectrometry, we measured P450 eicosanoids in
cerebrospinal fluid (CSF) from 34 SAH patients from 1 to 14 days after admission. CSF
eicosanoid levels were compared in patients who experienced DCI versus those who
did not. We then studied the effect of EETs in a model of SAH using mice lacking the
enzyme soluble epoxide hydrolase, which catabolizes EETSs into their inactive diol. To
assess changes in vessel morphology and cortical perfusion in the mouse brain we

used optical microangiography, a non-invasive coherence based imaging technique.

Results Along with increases in 20-HETE, we found that CSF levels of 14,15-
EET were elevated in SAH patients compared to control CSF, and levels were
significantly higher in patients who experienced DCI compared to those who did not.
Mice lacking sEH had elevated 14,15-EET and were protected from the delayed

decrease in microvascular cortical perfusion after SAH, compared to wild type mice.

Conclusions Our findings suggest that P450 eicosanoids play an important role in
the pathogenesis of DCI. While 20-HETE may contribute to the development of DCI,
14,15-EET may afford protection against DCI. Strategies to enhance 14,15-EET,
including sEH inhibition, should be considered as part of a comprehensive approach to

preventing DCI.

42



3.2 Introduction

An estimated 33,000 patients suffer from aneurysmal subarachnoid hemorrhage
(SAH) in the US annually, which has a mortality rate of 20-40% and a very high rate of
disability among survivors [4,5], primarily attributed to delayed cerebral ischemia (DCI).
DCI occurs in 30% of survivors [11], usually between 3 and 14 days after the initial
hemorrhage [12]. Current monitoring and treatment strategies require prolonged
intensive care unit stays, at high institutional and patient cost. There are few known risk
factors, no reliable predictive test, and few preventative treatments for the development
of DCI.

The best characterized pathological feature associated with DCI is severe
constriction of cerebral arteries, or vasospasm, which leads to hypoperfusion and
ischemia in dependent brain regions [12]. These constrictions occur at several places
along the vascular tree, from large conduit arteries, which are easily detectable by
angiography, down to the smallest penetrating arterioles detectable only by perfusion
computed tomography [148]. Different vasoactive molecular mediators exert varying
levels of influence on vessel tone along the branches of the vascular tree [39]. While
large vessel vasospasm has been largely attributed to alterations in endothelin-1 and
nitric oxide signaling [149], less is understood about microvascular vasospasm despite
its significant contribution to DCI [150].

Cytochrome P450 eicosanoids are produced by microvascular endothelium and
astrocytes [95]. These lipid effector molecules were first implicated in DCI with the
discovery of elevated CSF levels of 20-hydroxyeicosatetraenoic acid (20-HETE) in
human SAH patients [151] and in animal models of SAH [152]. It is not known if other
P450 eicosanoids with vasodilator properties play a potentially opposing role in SAH.
Namely, 14,15-epoxyeicosatrienoic acids (14,15-EET) has been shown to preferentially
dilate cerebral microvessels [96] and act as a neuroprotectant in models of cerebral
ischemia [153]. Levels of 14,15-EET in brain are regulated by their synthesis via
cytochrome P450 epoxygenases in endothelium and astrocytes [154], and their

metabolism primarily by the enzyme soluble epoxide hydrolase (sgH) [95].
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To investigate if 14,15-EET is altered after SAH in humans, we sampled the CSF
in a cohort of SAH patients at high risk for DCI, whose neurologic status on admission
necessitated the placement of an external ventricular drain. Along with the already
documented increase in 20-HETE we also found that 14,15-EET is elevated in SAH
patients compared to non-hemorrhage controls. Patients with the highest levels of both
eicosanoids were more likely to go on to experience DCI. To determine if increased
14,15-EET plays a protective role against the development of vasospasm after SAH, we
subjected mice with genetic deletion of SEH, which has higher 14,15-EET, to
experimental SAH and found that these mice were protected from the decrease in

microvascular perfusion after SAH compared to WT mice.

3.3 Methods

3.3.1 Approval statement.

The clinical study was approved by the Institutional Review Board, and informed
consent was obtained. All experimental animal procedures performed in this study
conform to the guidelines of the US National Institutes of Health. The laboratory animal
protocols were approved by the Animal Care and Use Committee of Oregon Health &
Science University (Portland, OR, USA).

3.3.2 Patient population.

Adult patients with aneurysmal subarachnoid hemorrhage confirmed with digital
subtraction cerebral angiography between December 1, 2008 and August 1, 2013 were
recruited from the Neurosciences Intensive Care Unit at Oregon Health & Science
University (OHSU) — a stroke referral center in Portland, OR. All patients had

ventriculostomies placed for hydrocephalus.

3.3.3 Clinical Data and Outcomes.
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Baseline demographic and physiologic data were collected from electronic medical
records. Hunt Hess grade, modified fisher score and aneurysm location were collected
from the admission history and physical and based on first CT scan or angiogram.
Development of delayed cerebral ischemia (DCI) was also determined using patient
records including clinical notes, laboratory data, and imaging studies. The primary
outcomes of interest were the development of DCI and mortality. We defined DCI as an
acute decline in neurologic status documented by a decrease in Glasgow coma scale of
at least 2 points, depressed level of consciousness or new focal neurologic sign lasting
at least 1 hour, and not explained by other disease processes such as hydrocephalus,
electrolyte abnormalities or infection, that was concomitant with evidence of vasospasm
by cerebral angiography or transcranial Doppler. The secondary outcome measured
was patient disposition. We dichotomized disposition into those who went home (either
to live independently or with assistance) and those who were discharged to

rehabilitation centers, skilled nursing facilities, or who died.

3.3.4 CSF

3.3.4.1 Collection and Processing

Cerebrospinal fluid (CSF) was obtained at intervals while the ventriculostomy
was in place. CSF was obtained on day 1, and every other day after that up to day 14.
The number of samples collected from each patient ranged from 1-7 depending on the
availability of CSF with a median of 3 samples collected per patient. Samples were
sorted into two-day bins with n = 22, 23, 23, 13, 19, 13, 8 for days 1-2, 3-4, 5-6, 7-8, 9-
10, 11-12, and 13-14 respectively. Sample numbers were higher at earlier time-points
because this is when ventricular drains were most likely to still be in place. A volume of
3 mL of CSF was collected directly from the ventricle using standard sterile procedure,
placed immediately on ice and spun in a chilled centrifuge at 10,000 RPM for 10
minutes. The supernatant was collected and 15 ul of 1% butylated hydroxytoluene was
added as an anti-oxidant agent to prevent EETs oxidation. Samples were stored at -80°
C until analyzed by LC-MS/MS.

3.3.4.2 Control CSF
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CSF samples from healthy age and sex matched controls (n = 10) were obtained from
the Oregon Alzheimer Center and were collected as part of an unrelated aging study
[155]. Participants in this study had no clinically significant pathologies. Specifically,
patients were excluded from the study if they had a history of stroke, TIA, myocardial
infarction, diabetes, or a body mass index =230. Additionally, the participants had no
evidence or history of cognitive dysfunction and a mini mental status score of 2 26. CSF
was collected via lumbar puncture, flash frozen and stored at -80° C until analyzed by
LC-MS/MS.

3.3.4.2 Preparation of Samples and Calibrators.

CSF sample preparation was a slight modification of Poloyac et al. [151]. CSF samples
were thawed on ice, 10 pl of 10 mg/ml butylated hydroxytoluene (BHT) was added to
each sample along with internal standard mix consisting of 1 ng of each of the following,
ds-15 HETE, ds-20 HETE, dg 14,15 EET, and d;;-14,15 DHET. The samples were
vortex mixed briefly and then spun at 2000xg for 5 minutes to pellet any solid debris.
The samples were gravity loaded onto Oasis HLB 30 mg solid phase extraction (SPE)
cartridges which had been pre-equilibrated with 1 ml of methanol, followed by 1 ml of
water. Following loading the SPE were washed with 3 mls of 5% methanol. SPE were
then dried for 15 minutes at maximum house vacuum of 5-15 Hg before being eluted
with 3 mL of methanol. A brief application of vacuum finished the elution, and then the
samples were dried under vacuum at for 1 hour 20 minutes at 35°C. The tube walls
were washed with 1 ml of hexane, immediately re-dried and then brought up in 50 pl of
start solvent which consisted of 45:55 (vol:vol) acetonitrile:water with 0.2 mg/ml
triphenylphosphine (TPP), 0.01% BHT and 0.01% formic acid and placed in sample
vials with inserts and analyzed by LC-MS/MS. The injection volume was 20 ul. An un-
extracted standard curve was used for the majority of the studies after an initial
experiment comparing spiked CSF to un-extracted samples showed similar values.
Area ratios were plotted and unknown determined using the slopes. U-extracted
standard curves were always prepared and compared to a spiked CSF sample because
of the difficulty of obtaining blank CSF in sufficient volumes to prepare full standard

curves.
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3.3.4.3 LC-MS/MS Analysis of Eicosanoid Metabolites.

DHETs, HETEs and EETs levels were analyzed using a 5500 Q-TRAP
hybrid/triple quadrupole linear ion trap mass spectrometer (Applied Biosystems) with
electrospray ionization (ESI) in negative mode as described previously [156]. The mass
spectrometer was interfaced to a Shimadzu (Columbia, MD) SIL-20AC XR auto-sampler
followed by 2 LC-20AD XR LC pumps and analysis on an Applied Biosystems/SCIEX
Q5500 instrument (Foster City, CA). The instrument was operated with the following
settings: source voltage -4000 kV, GS1 40, GS2 40, CUR 35, TEM 450 and CAD gas
HIGH. The scheduled MRM transitions monitored with a 1.5 minutes window are
presented in Table 1. Compounds were infused individually and instrument parameters
optimized for each MRM transition. The gradient mobile phase was delivered at a flow
rate of 0.5 ml per min, and consisted of two solvents, A: 0.05% acetic acid in water and
B: acetonitrile. Initial concentration of solvent B was 45%, this was held for 0.1 minutes
before being increased to 60% over 5 minutes, then increased to 61.5% over 5 minutes,
followed by an increase to 95% over 1.1 minutes, held at 95% for 2 minutes, decreased
to start conditions of 45% B over 0.4 minutes and then equilibrated for 5 minutes. The
Betabasic-18 100x2, 3u column was kept at 40 °C using a Shimadzu CTO-20AC
column oven. Data were acquired and analyzed using Analyst 1.5.1 software. The
standard curves were from 0-1000 pg/sample and the limit of quantification was 10 pg
per sample except for 19-HETE and 20-HETE where the limit of quantification was 25
pg per sample where the relative standard deviation was less than 20%. Values that
were above detection thresholds but below quantification thresholds were assigned a

value of 4pg/ml.

3.3.5 Animals.

All mice were housed on a 12:12-h light:dark cycle and given free access to standard
rodent chow and water. Homozygous sEHKO mice were generated in-house by
breeding homozygous sEHKO mice. Homozygous mice are viable, fertile, normal in size
and do not display any gross physical or behavioral abnormalities. Genotype was
confirmed by PCR, as previously described [107]. Homozygous sEHKO mice have been
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backcrossed to C57BL/6J for at least 7 generations. Therefore, SEHKO mice were
compared to wild-type (WT) C57BL/6J mice obtained from Jackson Laboratories. All
experiments were conducted with male mice 8 -12 weeks of age. Animals underwent
either survival or non-survival, as described below. Both surgeries were performed
identically, differing only in that non-survival animals had a femoral artery catheter
inserted for arterial blood pressure monitoring, and that animals were culled for
hemorrhage size measurements after thirty minutes. Animals in the survival study had

no femoral artery catheter and were survived for imaging studies.

3.3.6 Mouse SAH model.

For both acute and longitudinal studies, SAH was induced in mice using the
endovascular perforation technique [157] [125]. Briefly, mice were anesthetized with
isoflurane (1.5 to 2% in Oz-enriched air by face mask), and maintained at 37+0.5°C via
rectal temperature monitoring and warm water pads. A small laser-Doppler probe (Moor
Instruments) was affixed to the skull to monitor cortical perfusion and confirm vascular
rupture. To induce hemorrhages, a sharpened nylon suture (5-0) was introduced into
the internal carotid artery via the external carotid artery and advanced ~10mm into the
Circle of Willis. The suture was then advance slightly further to induce a hemorrhage
and removed immediately. The common carotid artery was maintained patent at all
times to maximize flow to the ruptured artery immediately following arterial perforation.
In sham-operated animals, the suture was advanced into the internal carotid artery and

then removed without arterial perforation.

3.3.7 Acute SAH studies.

WT and sEHKO mice were subjected to SAH while simultaneously being
monitored for mean arterial blood pressure (MAP) (n = 4 all groups) and cortical
perfusion (n = 4 all groups) for 30 minutes after SAH in a non-survival surgery. Arterial
blood pressure was monitored via femoral artery catheter. Laser Doppler
measurements were collected from a probe affixed to the skull above the middle
cerebral artery (MCA). Thirty minutes after SAH induction, the animals were perfused

transcardially with heparinized cold saline and the brains analyzed for hemorrhage
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grade (n = 8 all groups) using a system adapted from Sugawara et al [158]. Briefly, an
image of the ventral surface of the perfused brain was obtained using a Nikon Coolpix
camera. Images were subdivided into 6 sections (Fig. 2C) and each section given a
score of 0-3 by a blinded investigator according to the amount of blood present. A score
of 0 was assigned to sections with no visible blood, while a score of 3 was assigned to

sections with thick blood clots that blocked visualization of underlying vasculature.

3.3.8 Longitudinal studies using optical microangiography (OMAG).

To monitor changes in vessel diameters and CBV in vivo, we used the OCT-
based imaging technigue OMAG [106,123,159]. Briefly, at baseline and on days 1 and 3
after SAH (sEHKO n =4, WT n = 6) or sham (n = 6) surgery, mice were anesthetized
with isoflurane (1.5 to 2% in O2-enriched air by face mask). The skin over the skull was
reflected, the cortex illuminated through the skull at 1,310 nm, and the resulting
backscattered and reference light detected to produce spectral interferograms.
Volumetric imaging data were collected by scanning the probe beam through a 1,000 x
500 x 512-voxel cube, representing 2.5 x 2.5 x 2 mm3 (x-y-z) of tissue (Fig.1). After
scanning, the skin over the skull is closed and the animal is allowed to recover. Global
CBV images were rendered in the 3-D software AMIRA (Visual Imaging GmbH) and
analyzed for mean pixel intensity changes over time using Image-J [160]. Pixel intensity
histograms were generated in Image-J. For vessel diameter measurements, the same
data was rendered in IMARIS (Bitplane) software. Using the filament tracing function
and the mean diameter calculator, average vessel diameters were calculated at each
branching segment of the MCA within the scan area (n = 198, 98, and 154 vessel
segments for WT, sEHKO and sham respectively). Vessels were chosen for analysis
based on baseline scans by an individual blinded to 24h and 72h outcomes.

3.3.9 Whole brain mouse eicosanoid measurements

All samples (n = 10 all groups) were kept on dry ice until homogenization. Each
sample was placed into 1.5 mls of PBS with with 15 pl of an anti-oxidant mix consisting
of 0.2mg/ml BHT, 2 mg/ml TPP, and 2 mg/ml indomethacin. They were then

homogenized on ice using a polytron, setting 2-3 for 20-30 seconds till homogenous.
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Samples were prepared in batches of 15 samples, kept on dry ice prior to
homogenization and wet ice at all times thereafter. The samples were immediately re-
frozen on dry ice methanol after the aliquot was removed for analysis. 1 ml of 15% KOH
was added to each tube, and an aliquot corresponding to 10 mg of brain tissue was
added, the tube was briefly vortexed, capped tightly and then hydrolyzed at 40°C for 1
hour. Samples were cooled briefly (<=5 minutes) and then spiked with internal standard
mix consisting of 1 ng of each of the following, ds-15 HETE, ds-20 HETE, dg 14,15 EET,
and d;;-14,15 DHET. Samples were acidified with 200 pl of glacial acetic acid, and the
pH checked using pH paper for a desired range of 3-4. Samples were extracted with 3
ml of ethyl acetate, followed by 3 ml of hexane:ethyl acetate 1:1, followed by 2 ml of
hexane. The extracts were combined and dried under vacuum for 35 minutes at 35 °C.
150 pl of 0.1N HCI was added to residue in each tube, followed by the addition of 1 ml
of hexane. Samples were vortexed for 2x 20 sec, spun at 2000xg for 5 minutes and
then hexane was transferred to a fresh tube. Samples were then dried under vacuum
for approximately 7 minutes till dry and immediately brought up in 100 pl of start solvent
which consisted of 45:55 (vol:vol) acetonitrile:water with 0.2 mg/ml TPP, 0.01% BHT
and 0.01% formic acid and filtered through 0.22 micron placed in sample vials with
inserts and analyzed immediately by LC-MS/MS. The injection volume was 20 pl. An

un-extracted standard curve was used for these studies.

3.3.10 Western blot.

SEH protein expression was measured as previously described [161]. In brief,
mice were perfused with ice-cold heparinized saline to remove blood, and brains were
collected. Brains were homogenized in lysis buffer, centrifuged, and supernatant
collected. Protein samples (40 ug) were separated by gel electrophoresis and then
transferred to Polyvinylidene Difluoride (PVDF) membranes. Blots were blocked in 5%
dry milk, and incubated at 4°C overnight with a primary rabbit polyclonal antibody
against murine seH (1:500; Cayman Chemical, Ann Arbor, MI). The signal was
visualized using a horseradish peroxidase-linked (HRP) rabbit secondary antibody
(1:1,000; GE Healthcare, Piscataway, NJ) followed by detection using Supersignal

chemiluminescent reagents (Thermo Fisher Scientific, Waltham, MA) with a FluorChem

50



FC2 (Protein Simple, Santa Clara, CA). Blots were stripped using Restore Western Blot
Stripping Buffer (Thermo Fisher Scientific) and re-probed for beta actin (1:2,000; Sigma-
Aldrich) and followed by HRP mouse secondary antibody (1:1,000; GE Healthcare) and
re-imaged.

3.3.11 Statistical analysis

Human CSF eicosanoid data followed a non-normal distribution and are
displayed either as whisker box plots with the line representing the median, the box
representing the interquartile range and error bars of traditional Tukey whiskers (Figure
1) or as median with error bars of interquartile range (figure 2,3). Error reported with
median values in the text and tables is the absolute deviation around the median.
Multiple comparisons were made using the Kruskall-Wallis test with Dunn’s Multiple
Comparison test for post-hoc analysis. Single comparisons were made using the Mann-
Whitney U test. To determine the threshold CSF eicosanoid value for relative risk
analysis a receiver-operator curve was generated and the value with the highest
likelihood ration was chosen. Relative risk was calculated using Fisher’s exact test. For
animal studies, data are expressed as means = SD. Protein and eicosanoid
concentrations were compared using Student’s t-test. For acute studies of MAP and
CBF, as well as longitudinal studies of CBV, comparisons of SEHKO and WT mice were
conducted using a two-way mixed effects ANOVA followed by Bonferroni post-hoc tests
for pairwise comparisons. Hemorrhage grades were compared using a Mann-Whitney
test. OMAG vessel diameters were compared within groups using a repeated measures
ANOVA followed by a Tukey’s multiple comparison test for pair-wise comparisons. For
diameter change comparisons between groups, we used a Kruskal-Wallis test with
Dunn’s multiple comparison test for pairwise comparison. A value of p < 0.05 was
considered statistically significant. All statistical tests were made using Prism 5.0
(Graphpad).
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3.4 Results

3.4.1 Time course of CSF 14,15-EET and 20-HETE following SAH

We enrolled 34 SAH patients, who required external ventricular drainage
on admission into the study along with 10 healthy control patients who received lumber
puncture. All but one SAH patient had a modified Fisher score of 3 or above (median of
4), indicating severe bleeding and high risk of developing DCI [162]. As shown in Figure
12 (and supplementary Fig 1), all eicosanoids measured were elevated in CSF from
SAH patients compared to control CSF, where eicosanoids were undetectable. Median
CSF values of 20-HETE were highest on days 1-2 (88.4 = 74.4 pg/ml), which by days
13-14 decreased by more than 80% (17.3 £ 3.9 pg/ml) (Fig 12a). This finding confirms
other studies that measured 20-HETE in SAH patients CSF [163]. A similar pattern was
also observed for 12-HETE (supplementary Fig 1). Conversely, median CSF values of
14,15-EETs were low on days 1-2 (6.3 = 4.3 pg/ml), which rose over the course of the
study by more than 6 fold on days 13-14 (38.7 + 22.9 pg/ml). A similar pattern was also
found for CSF levels of other EETs regio-isomers 8,9-EETs and 11,12-EETs
(supplementary Fig 1). No discernable patterns were detected for 11-HETE or 15-HETE
(supplementary Fig 1).

3.4.2 CSF 14,15-EET and 20-HETE correlate with DCI

We next sought to determine if CSF concentrations of 14,15-EET and 20-HETE
correlate with the development of DCI. To do this, we used the peak, nadir, and mean
CSF concentrations for 14,15-EET and 20-HETE over the course of the study for each
patient (Table 1). Levels were correlated with DCI or mortality as primary outcomes, and
with the disposition of the patient at time of discharge (i.e., discharged to home,
inpatient care, expired, etc.) as the secondary outcome. We found no difference in
14,15-EET or 20-HETE levels in patients who died compared to survivors. Peak and
mean 14,15-EET and 20-HETE levels were elevated in patients who experienced DCI
versus those who did not. Nadir, mean and peak 20-HETE CSF concentrations were
elevated in patients with a worse disposition compared to those discharged to home.
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Before making further comparisons between the non-DCI and DCI groups, we
excluded three patients from additional analysis. These patients were considered
“neurologically devastated” on admission and care was withdrawn, making assessment
of DCI in these patients impossible. Admission characteristics of the remaining patients
were similar between groups. Specifically, there was no difference in Hunt and Hess

clinical score or modified Fisher score between non-DCI and DCI groups (Table 3).

We then compared the time course of 20-HETE and 14,15-EET levels between
DCI (n=13) and non-DCI (n =18) patients (Fig. 13). We found the greatest differences
occurring in the first four days for both 20-HETE (Fig. 13a) and 14,15-EET (Fig. 13b) as
well as the final 4 days for 14,15-EET. A comparison of all values collected in the first
four days between DCI and non-DCI patients revealed a significant increase in both 20-
HETE (170.3 £ 114.0 pg/ml vs. 19.9 £ 9.0 pg/ml, p < 0.01, Fig 13c) and 14,15-EET
(14.8 £10.8 pg/ml vs. 4.9 + 1.6 pg/ml, p < 0.05, Fig 13d) in the DCI vs. non-DCI group.
There were no differences between groups in the final four days of the study in either
20-HETE or 14,15-EET CSF levels.

3.4.3 CSF 14,15-EET and 20-HETE as predictive biomarkers of DCI

Because the major difference in CSF levels between groups occurred
early after admission, we tested the value of early 14,15-EET and 20-HETE CSF
concentrations (in the first 96 hours) as predictive biomarkers of DCI occurring later in
the clinical course of the disease. We included only patients who had at least one CSF
sample collected within the first 96 hours following SAH. For those patients with multiple
CSF samples collected during this period, the highest value was used in the analysis.
We compared 20-HETE and 14,15-EET concentrations (Fig. 14a) between DCI (n =12)
and non-DCI (n = 15) groups, and found that the DCI group had elevated levels of both
20-HETE (218.2 + 101.1 pg/ml vs. 23.4 + 8.9 pg/ml, p<0.01) and 14,15-EET (22.3 +15.3
pg/mlvs. 6.4 £ 2.4 pg/ml, p<0.05). To determine the ideal threshold values for a
predictive test for DCI that was both sensitive and specific, we calculated the receiver
operator characteristics (ROC), which plot the range of sensitivity and specificity over
several different threshold values (Fig. 14b). As a comparison with a clinically used test,
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we also included the peak Lindegaard Ratio (LR) values for each patient within the
same time frame (96 hours). The LR is calculated as the ratio of blood flow velocity in
the middle cerebral artery (MCA) to the velocity in the internal carotid artery using
Transcranial Doppler Ultrasound. LR is routinely used to assess large vessel

vasospasm in SAH patients.

The area under the curve (AUC) in Fig 14b is a rough estimate of the “clinical
usefulness” of a given test. 20-HETE had the highest AUC (0.93) followed by 14,15-
EET (0.79). The AUC of the LR (0.58) fell closest to the zero discrimination line
indicating limited clinical usefulness. Using the sensitivity and specificity calculated from
the ROC, we selected the threshold values with the highest likelihood ratios
(sensitivity/1-specificity) for 20-HETE (148.6 pg/ml, likelihood ratio = 11.3) and 14,15-
EET (23.9 pg/ml, likelihood ratio = 7.5) to assess relative risk of DCI(Fig. 14c). We
included additional metrics for comparison including Hunt & Hess clinical grading score
greater than or equal to 3, which has been reported to be associated with DCI. We also
included early peak LR greater than 3 (days 1-4) and late peak LR greater than 3 (days
7-10), the latter considered part of the diagnostic criteria for DCI during most “at-risk”
time points following SAH. Neither H&H = 3 nor LR > 3 at any time point was
significantly associated with increased relative risk of DCI. However, CSF 20-HETE
levels above 148.9 pg/ml were associated with a greater than five-fold increase in the
risk of DCI (5.1, 95% CI 1.8-14.5, p<0.01). CSF 14,15-EET levels above 23.9 pg/mi
were also associated with a significant increase in the risk of DCI (2.9, 95% CI 1.4-5.6,
p<0.05).

3.4.4 14,15-EET is elevated in SEHKO mice

While a significant body of work exists documenting the negative effects of
20-HETE in SAH and other diseases, it is counterintuitive that elevated levels of 14,15-
EETs would confer greater risk of DCI. Previous work has shown 14,15-EET to be
protective in both cerebral and cardiac ischemia, in part due to its vasodilator and anti-
inflammatory properties. To study the effects of elevated 14,15-EET on DCI, we studied
mice with sEH gene deletion (sEH knockout, SEHKO).The enzyme sEH hydrolyzes
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14,15-EET molecule into its vicinal diol 14,15-DHET. Western blot analysis of SEH in
whole brain showed no expression in the brains of SEHKO compared to WT mice (Fig
15a). Consequently, these mice had elevated basal levels of 14,15-EETs (Fig. 15b) and
lower levels of 14,15-DHET (Fig. 15c) in brain tissue. As a negative control, we
measured the levels of 20-HETE, which is not known to interact with sEH, and found no
difference in basal brain 20-HETE between sEHKO and WT mice (Fig. 15d).

We then subjected the mice to the endovascular perforation model of SAH
which involves perforation of the Circle of Willis with a stiff filament inserted into the
internal carotid artery at the neck. To insure that WT and sEHKO mice received a
similar insult, we measured changes in laser Doppler flux (Fig. 16a) over the MCA
ipsilateral to the hemorrhage site as well as mean arterial blood pressure (Fig. 16b). We
found no differences in the initial response to SAH between groups. We additionally
measured the hemorrhage grade based on the amount of blood in the brainstem and
basal cisterns and found no differences between in WT and sEHKO in severity and

extent of hemorrhage (Fig 16c).

3.4.5 Early decrease in arterial vessel diameters after SAH

Optical Microangiography (OMAG) is an interferometry-based imaging technique,
where scans show both perfusion and 3-D morphological information of mouse cortical
surface vasculature through an intact skull. OMAG scans can be repeated non-
invasively many times to measure changes in the same vessels over time. Using OMAG,
we first looked for signs of vasospasm by measuring the diameters of terminal branches
of the MCA in sham, WT SAH and sEHKO SAH mice (Fig 17a). Diameters of MCA
surface branches within the scanned area ranged from 35 to 120 um at baseline.
Induction of SAH caused a decrease in vessel diameters in both WT and sEHKO mice
within 24h which persisted for up to 72h (Fig 17b). There were no further changes in
vessel diameters between 24h and 72h after SAH, nor were there differences in the
degree of vessel diameter change between WT and sEHKO mice at any time point after
SAH (Fig 17c).
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3.4.6 sEHKO mice are protected from delayed decreases in microvascular perfusion
after SAH

Since OMAG scans are based upon the Doppler shift caused by flow of RBCs,
changes in velocity or flux can be determined in parallel with vessel diameter. This
information was used to look at relative changes in cortical perfusion in the same
animals over time (Fig 18a). Although surface vessel diameters decreased 24h after
SAH, microvascular cortical tissue perfusion was preserved in these same animals at
this time point. However, 72h after SAH, WT mice experienced a significant drop in
mean pixel intensity (-16.93 + 5.6% from baseline, p < 0.05), indicating a decrease in
microvascular perfusion compared to baseline, whereas sEHKO mice had no change in
perfusion between 24 and 72 hours after SAH. Since signal intensity reflects RBC
velocity, which is slower in capillary beds, we were able to broadly differentiate between
high-velocity, high-throughput vessels (such as large surface arteries or veins) and
microvascular flow beds based on pixel intensity histograms of our scans. As shown in
Figure 18c, we found that low-intensity signals corresponding to microvascular flow (Fig
18c shaded box) made up the bulk of our scan information and were shifted lower in WT
SAH but not SEHKO mice at 72h. This observation suggests that SEHKO mice are

protected from delayed reduction in microvascular perfusion after SAH.

3.5 Discussion

In the current study we provide both clinical and laboratory evidence for
the role of P450 eicosanoids in the pathogenesis of DCI after aneurysmal SAH. We
found that both 14,15-EET and 20-HETE were elevated in CSF of aneurysmal SAH
patients at high risk for DCI up to 14 days following admission. The degree to which
these eicosanoids were elevated predicted DCI with higher sensitivity and specificity
than traditional predictors, such as admission modified Fisher score, Hunt & Hess score,
and early or delayed trans-cranial Doppler. We found that sEHKO mice, which have
elevated 14,15-EET, were protected from delayed reductions in perfusion seen in WT

mice, and protection was specific to the microcirculation. To our knowledge this is the
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first study to identify elevated levels of P450 eicosanoids other than 20-HETE in the

CSF of SAH patients, and to provide evidence in support of a protective role for EETSs.

There are several important findings in the clinical arm of this study. First, the
greatest differences in CSF eicosanoid levels between DCI and non-DCI patients
occurred within the first 96h after admission. This is promising in that an early CSF
eicosanoid test, which would be the most useful time point for clinical decision making,
may be valuable for stratifying risk of DCI. This finding should guide future studies
testing eicosanoid biomarkers to focus on early time points following SAH. Additionally,
other eicosanoids are elevated after SAH besides 20-HETE and 14,15-EET, including
11-HETE, 12-HETE, 15-HETE, 8,9-EET and 11,12-EET. One explanation is that these
eicosanoids are only present in the CSF due to the extravasated blood itself, as plasma
contains measurable levels of all of these eicosanoids [164]. However, this is unlikely
given that levels of EETs increase from day 1 to day 14, while 20-HETE decreases,
suggesting that active production and secretion into the CSF is occurring. It is more
likely that these eicosanoids are part of the ever-growing list of neuro-inflammatory
mediators that are produced by cells residing inside the brain in response to injury [165].
In support of this idea, we have previously shown that brief, transient ischemia is
sufficient to induce sustained up-regulation of the EETs synthetic enzyme P450 2C11 in
rat brain tissue [166]. Similar work has shown brain tissue increases in 20-HETE
synthetic enzymes, CYP4A/4F, for as long as 10 days following ischemia [167]. While
20-HETE has pro-inflammatory and vasoconstricting effects, which likely contribute to
and exacerbate DCI, 14,15-EET is a vasodilator and anti-inflammatory, and likely
increases as an endogenous protective response against DCI. This is supported by our
findings that individuals harboring a mutation in the gene encoding sEH, which could
lead to elevated basal levels of 14,15-EETs, have improved outcomes after SAH
compared to those harboring the common polymorphism [168]. Overall, this view
suggests there exists a balance between protective and injurious eicosanoids in

regulating the response to injury.

Injury mechanisms that lead to elevated levels of these eicosanoids in the early

time-points after SAH are collectively referred to as “early brain injury” [169]. Early
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pathogenetic mechanisms after SAH include global cerebral ischemia, blood brain
barrier disruption, inflammation and hydrocephalus, among others. The occurrence of
some of these early pathologies is associated with the development of DCI. Specifically,
early ischemia in the first sixty hours of SAH, size of the initial hemorrhage, and
neurologic status at admission all have been shown to predict DCI [170] [111]. We
demonstrate in our study that elevated levels of these eicosanoids can also predict DCI,
providing further support for the idea that early brain injury is an important determinant
of DCI. It is worth noting that 94% of the patients enrolled in this study were classified
as “high-risk” for DCI based upon assessment of modified Fisher score on admission.
This means that an early CSF eicosanoid test has the potential to stratify DCI risk
beyond conventional tests and allow the identification of those most likely to develop
DCI. Itis important to note that patients were prospectively enrolled in this study, but
analysis of CSF eicosanoids and selection of test thresholds were retrospective.
Confirming the predictive value and potential clinical utility of early eicosanoid testing to
guantify EBI and predict DCI requires confirmation of our results in a blinded
prospective study on a different patient population.

Another interesting finding from this study is that 14,15-EET levels, while
elevated above controls at the onset of SAH, rise even further in the late stages of
recovery. While this rise in EETs over time coincides with the timeframe for likely DCI,
we are hesitant to make any conclusions about cause and effect on clinical observation
alone. Our data from the experimental model of SAH support our hypothesis that the
rise in EETs may play a protective role against DCI. Further, because our previous work
has shown that EETs synthesis is driven by ischemia [166], we speculate that this
elevation could be in response to a secondary brain insult such as DCI. However, EETs
levels rise late in both the non-DCI and DCI groups, suggesting that if this is indicative
of a secondary insult, that insult is clinically silent in a large subset of these patients.
Clinically silent ischemia is not uncommon in SAH, and multiple studies find that 10-
23% of new infarcts attributable to DCI are clinically silent [171] [172]. Since 94% of the
patients in our cohort have large SAH as determined by CT we do not know what the
time course of CSF 14,15-EETs would be for an individual with a less severe SAH. A

study cohort that includes “low-risk” SAH patients and sensitive markers of ischemia is
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needed to test whether 14,15-EET is a sensitive marker for asymptomatic and

symptomatic DCI.

Our work in the mouse model of SAH provides an important insight into the
mechanism of DCI. We found that pial branches of the MCA constrict early in the mouse,
but do not lead to loss of microvascular perfusion. This is reminiscent of recent work
guestioning the relationship between proximal large-vessel vasospasm and DCI [173].
When delayed microvascular perfusion reductions do develop in WT mice, they are not
accompanied by additional reductions in pial artery vessel diameter. This suggests that
proximal vessel vasospasm and microvascular dysfunction do not share the same
mechanisms. One characteristic of the microvasculature that sets it apart from larger
vessels is a greater sensitivity to endothelial derived hyperpolarizing factors (EDHF),
which 14,15-EET behaves similarly to in the cerebral circulation [96]. As arterial
branches diminish in size along the vascular tree, their sensitivity to EDHF increases
[39]. This is one possible explanation for our finding that SEHKO mice, which have
elevated 14,15-EET, have the same reduction in pial MCA artery diameter as WT mice
yet are protected from the delayed microvascular dysfunction 72h after SAH. Other
mechanisms of microvascular dysfunction that could be affected by elevated 14,15-
EETs include the formation of microthrombosis which is an increasingly understood
contributor to microvascular dysfunction. Thrombi are generated within the inflamed
microvasculature and become trapped within constricted arterioles [71] leading to
blockade of poorly collateralized capillary beds and ischemia. EETs have a potent anti-
inflammatory effect through inhibition of NF-kB [174] and direct effects on thrombosis
[175] both of which could reduce the formation of microthrombi. Other mechanisms of
dysfunction such as pericyte dysfunction and swelling of astrocytic end-feet [176] could
be affected by EETs which are capable of directly protecting endothelial (16), neuronal
[99] and glial cells from death [100].

In conclusion, our data indicate that early CSF monitoring of P450 eicosanoids
after SAH may be a useful tool in predicting the incidence of DCI. P450 eicosanoids
have differential effects on DCI. Whereas 20-HETE has been shown to be detrimental,

14,15-EET may be protective. In experimental SAH, the microvascular component of
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DCl is sensitive to enhanced 14,15-EET due to genetic deletion of sEH. The findings
suggest that strategies aimed at enhancing EETs synthesis and inhibiting their

metabolism may protect against the development of DCI in SAH patients.
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Figure 12. Eicosanoid levels following SAH. Concentration of A) 20-HETE and B)

14,15-EET in picograms per milliliter of CSF in an age/sex matched control group (Ctrl n

=10) and in SAH patients (n = 34) up to fourteen days following SAH. p < 0.05

compared to days 1-2.
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Figure 13. 20-HETE and 14,15-EET are elevated early in SAH patients who go on
to experience DCI. (A,B) Time course of CSF 20-HETE (A) and 14,15-EET (B) levels in
patients with DCI and without DCI. (C,D) Comparison of samples gathered in the first 4
days after admission and the last four days between DCI and non DCI patients. Both
CSF 20-HETE (C) and 14,15-EET (D) levels are elevated early but not late after SAH in

patients who go on to develop DCI.
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HETE and 14,15-EET levels within the first 96h after admission in DCI (n = 12) and non-
DCI (n =15) patients. * = p < 0.05 (B) Receiver operator characteristic (ROC) for
predicting DCI using CSF 20-HETE, 14,15-EET, or transcranial Doppler Lindegaard
ratio (LR) measured within the first 96 h. Both 20-HETE and 14,15-EET have an AUC
well above zero discrimination. (C) Relative risk of DCI is elevated in patients with CSF
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Figure 15. 14,15-EETs are elevated in sEHKO mice. (A) Representative western blot
of sEH protein showing no expression in SEHKO mice. (B) Concentration of 14,15-EETs
measured by LC-MS/MS is elevated in whole brain of SEHKO mice relative to WT mice.
(C) Whole brain 14,15-DHET, the product of SEH hydrolysis, is lower in SEHKO mice
compared to WT. (D) Whole brain 20-HETE is unchanged in sEHKO mice. n = 10 per
group. * = p < 0.05. ns =no significance.
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Figure 17. Arterial diameter changes following SAH: A.) Representative images of
vessel diameter analysis using OMAG scans and IMARIS software in a WT mouse at
baseline, 24h and 72h following SAH. Average diameters were measured in each
segment separated by a branch point along the middle cerebral artery up to the point of
penetration into the cortex. Scale bar = 50 um. B.) Frequency distribution of vessel
diameters within groups, over time for sham, wild-type SAH mice (WT), and sEHKO
SAH mice (sEHKO). SAH causes modest vessel diameter narrowing in both sEHKO
and WT mice at 24h and up to 72h after SAH. Data are expressed in percent frequency
of absolute vessel diameters within 10um bins. * = different from baseline p < 0.05. C.)
Frequency distribution of changes in vessel diameter between groups for the 24h and
72h time points. Vessel diameters decrease in a similar manner in both WT and sEHKO
mice at 24h and 72h. Data are expressed in percent frequency of percent change from
baseline in 5% bins. * = different from sham p < 0.05. n = 198, 98, and 154 vessel

segments for WT, sEHKO and sham respectively.
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Figure 18. Microvascular perfusion changes following SAH: A.) OMAG scans are
sensitive to blood velocity and RBC flux; high throughput vessels (arrowhead) will have
a higher intensity than low throughput microvasculature (asterisk). Representative
images of OMAG scans at baseline, 24h and 72h following SAH in WT (upper) and
SEHKO (lower) cortical surface vasculature showing a decrease in perfusion from
baseline scans in WT but not SEHKO mice 72h after SAH B.) Quantification of mean
pixel intensity in sham (n = 6) , WT (n = 6), and SEHKO (n = 4) mice following SAH. * =
different from WT, p < 0.05. C.) Average pixel intensity histograms fitted with a double
gaussian model. Low intensity (< 150 shaded in grey) microvasculature makes up the
bulk of the histogram. Arrow in WT histogram indicates a shift in low intensity pixels 72h
after SAH in WT mice representing a decrease in microvascular perfusion that does not

occur in sEHKO mice.
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Table 1
Admission Characteristics

Ctrl SAH
N 10 34
Demographics
Average Age, years 63.0 56.8
Male, n (%) 3(30.0) 10(29.4)
Aneurysm Location, n (%)
ACOM - 10 (29.4)
ICA/MCA - 13(38.2)
PCOM - 8(23.5)
Vertebrobasilar - 3(8.8)
Admission Status, n (%)
Hunt Hess Score = 3 - 23 (67.6)
WFNS = 4 - 19 (55.9)
Fisher Score =3 - 32 (94.1)



Table 2

CSF Eicosanoid Levels and Outcome

Nadir Levels Mean Levels Peak Levels

20-HETE 14,15-EET 20-HETE 14,15-EET 20-HETE 14,15-EET
Mortality

Alive (27) 13.2+9.2 40+4.0 430+26.2 1M17+7.2 56.3+419 20.8+14.3

Dead (7) 18.2+4.7 40+00 435+218 58+1.8 67.2+42.4 8.8+4.8

Disposition

Home (16) 9.4+81* 40124 19.4 8.7 121272 40.9+24.3** 236+16.2

SNF,Rehab,Dead (18) 69.7 + 38.6 40+00 69.7 £ 38.6 93+53 133.1+88.5 154 + 11 4
Delayed Cerebral Ischemia

No DCI (21) 13.2+55 40+0.75 28.5+14.4** 7.2+3.2* 42.6 +21.5*** 10.8+6.8*

DCI(13) 18.2+4.7 40+4.0 95.5 +40.8 20.9+12.1 221.0+121.4 465+31.7
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Table 3
No DCl vs. DCI Admission Characteristics

No DCI DCI
N 18 13
Demographics
Average Age, years o7.4 55.2
Male, n (%) 5(27) 2 (15.4)
Aneurysm Location, n (%)
ACOM 7 (38.9) 3(23.1)
ICA/MCA 4(22.2) 7 (53.8)
PCOM 5(27.8) 2 (15.0)
Vertebrobasilar 2(11.1) 1(8.0)
Admission Status, n (%)
Hunt Hess Score =23 9 (50.0) 11 (85.0)
WFNS z 4 7 (38.9) 9 (69.2)

Fisher Score =3 17 (94.4) 12 (92.0)
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Supplemental Figure 1. Eicosanoid levels following SAH. Concentration of A) 15-
HETE, B) 12-HETE, C) 11-HETE, D) 11,12-EET and E.) 8,9-EET in picograms per
milliliter of CSF in an age/sex matched control group (Ctrl n =10) and in SAH patients (n

= 34) up to fourteen days following SAH. nd= not detected
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Chapter 4

Role of Soluble Epoxide Hydrolase in Communicating
Hydrocephalus, Cerebral Edema and Vascular Inflammation

after Subarachnoid Hemorrhage.
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4.1 Summary

Background and Purpose - Acute communicating hydrocephalus and global
cerebral edema are common and serious complications of subarachnoid hemorrhage
(SAH), whose etiologies are poorly understood. Using a mouse model of SAH, we
determined if soluble epoxide hydrolase (SEH) gene deletion protects against SAH-
induced hydrocephalus and edema by increased levels of vasoprotective eicosanoids

and suppressing vascular inflammation.

Methods - SAH was induced via endovascular puncture in WT and soluble
epoxide hydrolase knockout (SEHKO) mice. Hydrocephalus and tissue edema were
assessed by T,-weighted MR imaging. Endothelial activation was assessed in vivo
using T,-star weighted MR images after intravenous administration of iron oxide
particles linked to anti-vascular cell adhesion molecule-1 (VCAM-1) antibody 24h after
SAH. Behavioral outcome was assessed at 96h after SAH with the open field and

accelerated rotarod tests.

Results — SAH induced an acute and sustained communicating hydrocephalus
within 6h of endovascular puncture in both WT and sEHKO mice. This was followed by
tissue edema, which peaked at 24h after SAH and was limited to white-matter fiber
tracts. SEHKO mice had reduced edema, less VCAM-1 uptake and improved outcome

compared to WT mice.

Conclusions - Genetic deletion of sSEH reduces vascular inflammation and edema,

and improves outcome after SAH. SEH inhibition may serve as a novel therapy for SAH.
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4.2 Introduction

Acute communicating hydrocephalus and global cerebral edema are
common life-threatening complications of subarachnoid hemorrhage (SAH), which occur
in 20% of patients [9,10,177] and are independent risk factors for poor outcome [10,23].
They can occur together in the same patient, but are often present separately. Thus,
while both represent a dysfunction in water handling within the cranium, their etiologies
are likely different and possibly unrelated. Current treatments for hydrocephalus and
cerebral edema are largely supportive and do not target the underlying pathologies.
This is especially the case for hydrocephalus, which leaves some patients requiring
permanent ventricular shunts due to unremitting disease [178,179]. Clearly, a better
understanding of the mechanisms underlying these complications is heeded to identify

viable therapeutic targets.

Mouse models of SAH have been employed to study mechanisms of cerebral
edema [180,181], but have not taken into account the potential contribution of
hydrocephalus to brain water content [182]. To date, there are no studies describing
hydrocephalus in mouse models of SAH. In the current study, we employ high-field
magnetic resonance imaging (MRI) to study the timing, severity, and localization of
acute communicating hydrocephalus as well as cerebral edema occurring

simultaneously in the mouse endovascular puncture model of SAH.

One form of cerebral edema, vasogenic edema, is caused by extravasation of
ions and proteins through a disrupted blood-brain barrier and is often preceded by
activation of the vascular inflammatory cascade [183]. Epoxyeicosatrienoic acids (EETS)
are anti-inflammatory eicosanoids formed by cytochrome P450 enzymes in brain glia
and endothelium [95] and oppose inflammation through inhibition of the NF-kB master
pathway [184]. We have previously demonstrated that mice with elevated levels of
EETs due to genetic deletion of their metabolizing enzyme soluble epoxide hydrolase
(sEH knockout, SEHKO mice) are protected from both experimental cerebral ischemia
[107] and delayed microvascular dysfunction after experimental SAH. We hypothesized
that the beneficial effects of EETs extend to alter early brain injury by modulating

inflammation and edema formation. Our findings demonstrate that SEHKO mice have
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reduced edema, decreased cerebrovascular inflammation and improved outcome after

SAH, although the extent of hydrocephalus was similar to WT mice.

4.3 Methods:

4.3.1 Animals

Experimental animal procedures performed in this study conform to the
guidelines of the US National Institutes of Health, and the animal protocol was approved
by the Institutional Animal Care and Use Committee of Oregon Health & Science
University, Portland, OR, USA. All mice were housed on a 12:12-h light:dark cycle and
given free access to standard rodent chow and water. Homozygous sEHKO mice were
generated in-house by breeding homozygous sEHKO mice. Homozygous mice are
viable, fertile, normal in size and do not display any gross physical abnormalities.
Genotype was confirmed by PCR, as previously described [107]. Homozygous sEHKO
mice have been backcrossed to C57BL/6J for at least 7 generations. Therefore, SEHKO
mice were compared to wild-type (WT) C57BL/6J mice obtained from Jackson

Laboratories. All experiments were conducted with male mice 8 - 12 weeks of age.

4.3.1 Endovascular Puncture

SAH was induced in mice using the endovascular perforation technique
adapted from Sozen et al [181]. Briefly, mice were anesthetized with isoflurane (1.5 to
2% in O2-enriched air by face mask), and maintained at 37+0.5°C rectal temperature
using warm water pads. Two small laser-Doppler probes (Moor Instruments) were
affixed bilaterally over the dorsolateral parietal cortex to monitor cerebrocortical
perfusion and confirm vascular rupture. To induce hemorrhage, a nylon suture (5-0) was
introduced into the internal carotid artery via the external carotid artery and advanced
~10mm beyond the carotid bifurcation and into the Circle of Willis. The suture was then
advanced slightly further to induce a hemorrhage, and then removed. The common
carotid artery was maintained patent at all times to maximize flow to the ruptured artery

immediately following arterial perforation. After endovascular puncture, the filament was
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removed, the wound closed and the animal was allowed to recover. Mortality throughout
the study was less than 10% and most often occurred immediately following SAH
induction. Only mice which survived the initial surgery were included in this study. In
sham-operated animals, the suture was advanced into the internal carotid artery and

then removed without arterial perforation.

4.3.3 Physiological Monitoring

In a subset of non-survival surgeries, animals were monitored for intra-cranial
pressure (ICP), systemic arterial blood pressure (BP) and cerebral blood flow (CBF) for
thirty minutes following induction of the hemorrhage. For ICP measurements, a small
burr hole (<0.5mm) was made into the left parietal bone and a micro-tip catheter
transducer (Millar) 0.33 mm in diameter was placed into the parenchyma. The
transducer was connected to a PCU-200 ICP monitor (Millar). For blood pressure
recording, the femoral artery was catheterized and connected to a BP-1 monitor (World
precision Instruments). For cerebral blood flow monitoring, a single laser-Doppler probe
(Moor Instruments) was placed over the right parietal bone. All three monitoring devices
were connected to a Digi-data 1440 digital-to-analog converter (Molecular Devices) and
recorded using pCLAMP (Molecular Devices). After all devices were connected, SAH
was induced as described above and the mouse was monitored for thirty minutes. All
probes were then removed and the mice were deeply anesthetized with isoflurane, then
cardiac perfused with cold heparinized saline and the brain examined to confirm

hemorrhage.

4.3.4 Vascular Cell Adhesion Molecule-1 (VCAM-1)-bound micro particles of iron oxide

(MPIO)

We conjugated monoclonal rat anti-mouse CD106 (VCAM-1; 1510-01 Southern
Biotech) with a monoclonal mouse IgG1 (0102-01 Southern Biotech) covalently bound
to Dynabeads MyOne Tosylactivated MPIOs (Invitrogen) per manufacturer’s instructions.
Briefly, MPIOs were washed with sodium borate buffer (0.1 M, pH 9.5) and combined

with antibodies (40ug antibody/Img MPIO) and 3 M ammonium sulfate to give a final
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concentration of 6mg/ml MPIO. The solution was incubated on a rotating platform at
37°C overnight. We then collected MPIO by using a magnet and discarded the
supernatant. We added PBS plus 0.5% BSA and 0.05% Tween 20 (pH 7.4) as a
blocking agent and incubated MPIO at 37 °C overnight again. We washed MPIO with
PBS plus 0.1% BSA and 0.05% Tween-20 before storing at a final concentration of 5mg
MPIO per ml in PBS plus 0.1% BSA and 0.05% Tween 20 at 4 °C.

4.3.5 MRI

MR imaging employed a Bruker-Biospin 11.75T small animal MR system with a
Paravision 4.0 software platform, 9 cm inner diameter gradient set (750 mT/m), and a
mouse head (20 mm ID) quadrature RF transceiver coil (M2M Imaging Corp.) The mice
were positioned with their heads immobilized in a specially designed head holder with
adjustable ear pieces. Body temperature was monitored and maintained at 37°C using a
warm air temperature control system (SA instruments). Isoflurane (0.5-2%) in 100%

oxygen was administered and adjusted while monitoring respiration.

To quantify brain size, ventricle size and white matter edema, a coronal 25-slice
To-weighted image set (Paravision spin echo RARE, 256x256 matrix, 98 uym in-plane
resolution, 0.5 mm slice width, TR 4000 msec, TEefeciive 32 Msec, RARE factor 8, 4
averages, acquisition time 8.5 min) was obtained at baseline, 6h, 12h, 24h and 72h
after SAH or sham surgery to assess brain anatomy. Images were processed using JIM
(Xinapse). Images from +3.00 mm bregma to -6.00 mm bregma were manually edited to
remove voxels representing non-brain tissue and used for further analysis. Brain volume
was calculated using these images and quantified as percent change from baseline
scans to normalize for variations in brain volume between animals. To measure
ventricular volume and edema, images were thresholded to the intensity of grey matter
to isolate hyperintensities representing ventricles and edematous tissue. Areas of
edema were defined as areas of hyperintensity that were located within brain
parenchyma. The total volume of voxels identified as ventricles and edematous tissue
were quantified. To normalize for variation in baseline ventricular volume, percent
changes from baseline scans were calculated. To normalize for variation in brain size,

edema volume was calculated as percent of total brain volume.
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To quantify nanoparticle uptake 25 h after SAH or sham surgery, we employed a
3D T,* weighted sequence (Paravision 3D FLASH, TE 9ms, FOV 3.5 x 1.75 x1.75 cm,
256x128x128 matrix, 137 um isotropic resolution, TR 25 msec, FA 15°, acquisition time
6.8 min). Mice were first imaged without injection of MP1Os. Mice were then injected
with VCAM-1 MPIO or IgG MPIO at 4.5 mg Fe/kg body weight and rescanned at the 80
minute time point. We chose to image the mice at the 80 minute time point after MPIO
injection based upon previous work [185,186]. Following the scans, mice were deeply
anesthetized and transcardially perfused with cold heparinized saline followed by 4%
paraformaldehyde before being prepared for histological analysis. All image processing
was done using tools from FSL [187-189] and JIM (Xinapse). Images were manually
edited to remove voxels representing areas of non-brain tissue. The resulting brain
extracted images were scaled and normalized based on the intensity of the upper 70th
percentile of nonzero voxels. Baseline images were brought into a common space using
linear rigid-body registration and averaged to create a study template [188,189].
Baseline and post-iron images were then registered to this template and smoothed with
a 3D Gaussian kernel (sigma = 50 microns). Maps of the decrease in normalized signal
were calculated by dividing the post-iron images by the baseline images. The

percentage of voxels with intensity decreases greater than 60% were quantified.

4.3.6 Histology

72h after SAH, mice were deeply anesthetized with isoflurane (5%) and
perfused transcardially first with cold heparinized saline followed by 4%
paraformaldehyde as a fixative. Brains were then incubated in 4% paraformaldehyde for
48h at 4°C before being embedded in paraffin. Brains were then cut into 8um sections
and stained with hematoxilin and eosin. Images were collected on a BX40 microscope
(Olympus) using a Micropublisher 5.0 camera ( Qimaging). Images of the corpus
callosum were obtained and converted to greyscale then thresholded. Vacuolization at
the corpus callosum was quantified by taking the mean pixel intensity of the thresholded

images.
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4.3.7 Behavioral Assessment

Mice were allowed to recover for 96 h after SAH or sham surgery before
being assessed for behavior. To test general locomotor activity, mice were first placed
in an open field apparatus (Columbus instruments) and allowed to roam freely for ten
minutes. Total distance travelled was recorded. On the same day, to test sensorimotor
function, mice were placed on the accelerated rotarod (Columbus Instruments) with
speeds increasing by one rpm every three seconds in three consecutive “time to fall”
trials. Mice were tested again on the rotarod in the same manner for two additional days
to reach a total of nine “time to fall” trials. Time to fall was then averaged over the nine

trials for each mouse.

4 .3.8 Statistics

Group data are expressed as mean = sem unless otherwise stated. LDF,
ICP, MAP, ventricular volume, brain size, and edema percentage were compared
between groups using a repeated measures two-way ANOVA with Holm-Sidak post-hoc
tests. Vacuolization data was log transformed and compared using one-way ANOVA
with Holm-Sidak post-hoc tests. VCAM-1 uptake was compared using one-way ANOVA
with Holm-Sidak post-hoc tests. Finally, behavioral comparisons were made using two-
way ANOVA with Holm-Sidak post-hoc tests.

4.4 Results:

4.4.1 SAH induces immediate and sustained rise in ICP

Endovascular puncture caused blood to fill the basal cisterns and subarachnoid
space of the mouse within minutes. T2-weighted MRI scans within 30 minutes showed
blood flowing retrogradely as far as the 4th ventricle (Figure 19a; note the change in T2
signal in CSF spaces from white to black). We monitored ICP, MAP and CBF in a cohort
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of WT and sEHKO mice for thirty minutes following vessel puncture. At the moment of
hemorrhage, ICP spiked as CBF decreased (figure 19b). Arterial pressure also
increased. The ICP waveform changed after hemorrhage to increased pressure
fluctuations during systole indicating reduced CSF compliance (Figure 19b inset). In
both sEHKO and WT mice, ICP rose considerably at the time of hemorrhage (WT 60.2
+ 9.9 mmHg vs sEHKO 69.2 £ 6.0 mmHg) and returned to an elevated set point by
thirty minutes (WT 33.0 £ 3.2 mmHg vs SEHKO 30.4 + 1.1 mmHg). Laser Doppler flow
also decreased substantially at the time of SAH (WT 55.2 + 19.2 % vs sEHKO 37.3 £
6.8 % of baseline) and returned to a point below baseline by 30 minutes (WT 80.9 £
28.2 % of baseline vs sSEHKO 77.9 = 20.7 % of baseline). Baseline MAP appeared
lower in SEHKO mice but was not statistically significant (WT 74.3 £ 1.0 mmHg vs
SEHKO 60.8 + 2.3 mmHg ) and rose to similar levels after hemorrhage (WT 83.6 £ 8.6
mmHg vs sEHKO (85.4 + 6.8 mmHg) before returning back towards baseline by thirty
minutes (WT 74.2 £ 1.8 mmHg vs sEHKO 70.2 £ 2.1 mmHg). There were no significant
differences between WT and sEHKO mice at any time point.

4.4.2 Acute communicating hydrocephalus forms rapidly and persists after SAH

Before and at several time points after (6h, 12h, 24h, and 72h) inducing
SAH, we obtained T2 weighted coronal sections to look for signs of hydrocephalus.
Within 6 h of SAH, ventricular volume had increased substantially (Figure 20a). Signs of
brain swelling in the form of central sulcus effacement were also evident at 6h (figure
20a arrowheads). To ascertain whether the hydrocephalus was obstructive or
communicating in nature, we looked for signs of uneven enlargement of the ventricular
system or large blood clots within the cerebral aqueduct that could block CSF flow. In all
scans, the enlargement of the ventricular system was uniform from the anterior horns of
the lateral ventricles to the cisterna magna. We found ventricular blood in some of the
animals scanned, but a continuous patent flow pathway could be traced in all animals
imaged. Additionally, we found enlargement of the CSF spaces outside of the
ventricular system including the intrathecal space around the spinal cord and the
subarachnoid space separating the cortex from midbrain structures (figure 20a arrows).

WT and sEHKO mice had a similar increase in ventricular volume at each time points
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beginning as early as 6 h (WT 181.3 £ 4.9 % of baseline vs SEHKO 185.4 + 17.5 % of
baseline) and persisting the length of the study at 72 h (WT 206.2 £ 13.2 % of baseline
vs SEHKO 208.2 + 23.9 % of baseline) (figure 20b). Brain swelling also occurred in
both groups beginning at 6 h (WT 0.67 £ 0.5 % vs SEHKO 1.7 + 0.8 % change from
baseline) persisting to 72 h (WT 3.0 £ 0.5 vs sEHKO 2.2 £+ 0.6 % change from baseline)

(figure 20c). There were no differences between WT and sEHKO mice at any time point.

4.4.3 sEHKO mice have reduced periventricular white matter edema after SAH

Edema, visualized by hyperintensities on T2 weighted images, began to
form specifically in the periventricular white matter of SAH mice within 6 h then peaked
at 24 h before beginning to recede at 72 h (figure 21a). The white matter structures
affected included the corpus callosum and the dorsal hippocampal commissures (figure
21a arrows). Histological sections of the corpus callosum showed substantial
vacuolization of the white matter in WT mice. sEHKO mice had significantly less edema
at 24 h (WT 3.1 £ 0.5 % brain volume vs sEHKO 1.7 £ 0.4 % brain volume p < 0.05)
and 72h (WT 2.7 = 0.5 % brain volume vs sEHKO 0.7 = 0.2 % brain volume p < 0.05)
compared to WT mice (figure 21b). Vacuolization found in histological sections of the
corpus callosum was also significantly reduced in SsEHKO mice compared to WT mice
(WT 1.6 £ 0.4 a.u. vs SEHKO 1.2 + 0.09 a.u. p < 0.05) (figure 21c).

4.4.4 sEHKO mice may have reduced expression VCAM-1 following SAH.

As a measure of vascular inflammation in vivo, we studied the expression
of VCAM-1 on brain endothelium using VCAM-1 tagged micrometer-sized iron oxide
(VCAM-1 MPIO). 24 h after SAH or sham surgery, we injected the labelled particles into
the vasculature and imaged the animals via T2-star weighted MRI. VCAM-1 MPIO
uptake, showed as hypointensities on the scans, and was greatest in the vasculature
along the midline and surrounding the midbrain of the mice (figure 22a). We found very
little uptake in the IgG-tagged MPIO mice as well as the sham-operated mice. SEHKO
mice had reduced overall VCAM-1 uptake in the whole brain compared to WT mice (WT
0.3 £0.05 % bv vs sEHKO 0.19 + 0.07 % bv) although this was not statistically
significant (figure 22c).
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4.4.5 seEHKO mice have improved outcome after SAH

To assess behavioral outcome after SAH, the open field test and the
accelerated rotarod were performed 96 h after SAH or sham was induced. Sham
operated sEHKO mice performed differently on the open field test than sham operated
WT mice (WT 6944.4 + 433.9 cm vs SEHKO 5675.9 + 418.2 cm) (figure 23a), which
complicated the comparison. Comparing within genotype, we found that SAH caused a
reduction in total movement on the open field in WT(sham 6944.4 + 433.9 cm vs SAH
5106.9 + 525.1 cm p <0.05) but not SEHKO mice (sham 5675.9 + 418.2 cm vs SAH
4663.2 £ 589.4 cm). On the accelerated rotarod, WT and sEHKO sham mice remained
on the rotating rod for similar amounts of time (WT 42.5 + 3.0 s vs SEHKO 43.1 + 3.5 5),
(figure 23b) allowing a direct comparison between genotypes after SAH. At 96 h after
SAH, sEHKO mice remained on the accelerating rotarod longer compared to WT mice
(WT 36.5+2.7svs sEHKO 47.3 £ 2.5 s p <0.05).

4.5 Discussion

The present study shows that acute communicating hydrocephalus and cerebral
edema occur simultaneously in the mouse endovascular puncture model of SAH. The
onset of hydrocephalus was rapid and sustained, occurring within 6 h of SAH and
remaining present for at least 72 h. Cerebral edema formed primarily in the white matter
fiber tracts and followed a time course that was distinct from that of the hydrocephalus.
Specifically, edema formation was gradual, peaked at 24 h and began to recede by 72 h
after SAH, while hydrocephalus persisted. Mice with genetic deletion of SEH, which
have elevated basal levels of EETs, had a similar severity of hydrocephalus and brain
swelling compared to WT mice, but significantly less edema formation within the white
matter. We tested one potential mechanism of this edema formation, vascular
inflammation indicated by expression of VCAM-1, which was reduced in SEHKO mice
compared to WT. However, this result was not statistically significant. Finally, SEHKO

mice have improved behavioral outcome after SAH.
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We have identified additional features of the endovascular puncture model that
mimics human disease seen clinically. Specifically, a substantial number of SAH
patients present with acute hydrocephalus at admission [190] and our model replicates
this rapid time scale, a feature not found in other rodent models of hydrocephalus
[182,191,192]. While we see the hydrocephalus lasting at least 72h in our model, we do
not know the time frame at which hydrocephalus resolves, so whether our model
represents the 10-20% of those chronically hydrocephalic patients that require
implantation of semi-permanent shunts to manage unremitting disease [178,179]
remains to be determined. Edema formation in our model shares similarities with the
human condition as well. While human brains have a substantially larger percentage of
white matter than mice [193], edema forms preferentially within white matter, sparing
the grey matter [10,194], in both species. Both vasogenic and interstitial edema, the two
most likely forms of the edema we see, develop preferentially in the white matter [195]
and distinguishing between the two using our imaging modality is not possible. In future
studies, we plan to use diffusion weighted imaging, which can distinguish between
these two types of edema [195].

The anti-inflammatory effects of EETs are well documented in mice
[174,184,196,197] and inform us about the etiology of hydrocephalus and edema after
SAH. First, the rate of formation, severity, and persistence of hydrocephalus are not
altered in sEHKO mice which have elevated levels of basal EETs. This supports our
hypothesis that hydrocephalus is likely mechanical in nature and not inflammatory. We
have previously shown that CSF flow is blocked within minutes of SAH by fibrin
deposition within the CSF pathways [198]. We hypothesize that fibrin deposition within
these CSF flow pathways is necessary and sufficient to induce acute communicating
hydrocephalus after SAH. Additionally, while hydrocephalus is unchanged in the sEHKO
mice, edema is significantly reduced in association with the reduction in vascular
inflammation as measured by reduced VCAM-1 expression in the cerebrovasculature.
However, it is important to note that VCAM-1 expression were not statistically different
between groups. VCAM-1 is a cell adhesion molecule expressed by damaged or
activated endothelium and important to the trans-migration of infiltrating inflammatory
cells [65]. Elevated levels of VCAM-1 have been detected in the plasma and CSF of

83



SAH patients [67,68]. Its activation is generally accepted to be a part of the brain
inflammatory response [65] [199] and has been associated with breakdown of the
blood-brain barrier in other models of disease [185,200,201]. In this context, we
interpret our finding to mean that vasogenic edema, brought on by the inflammatory
response to SAH, is responsible in part for cerebral edema after SAH and that

modulation of sEH to increase levels of EETs is protective.

Though we have shown that SEHKO mice have less vascular inflammation and
cerebral edema associated with improved outcome after SAH, genetic deletion or
inhibition of sEH to increase levels of EETs has shown to be protective in several
models of disease by several different mechanisms [175]. The effect of EETs within the
brain is broad and includes anti-inflammatory, anti-thrombotic [103], cytoprotective [202]
and vasodilator effects [203]. Additionally, we have previously shown that delayed
microvascular perfusion deficits, which are affected by sEH gene deletion, occur in this
model of SAH. Thus, it is unlikely that the beneficial effects of sEH deletion are due to a
single mechanism of action by EETs in this model. Despite this limitation, our findings
here complement our previous work and support the hypothesis that SEH inhibition may
be a viable therapeutic strategy in SAH through more than one mechanism.

In conclusion, the endovascular puncture model in the mouse is a reasonable
model to study the etiology of acute communicating hydrocephalus and cerebral edema
after SAH. Genetic deletion of SEH reduces vascular inflammation and edema formation
in this model as well as improving outcome. This finding adds to the body of literature

supporting further investigation of sEH inhibition as a therapeutic target in SAH.
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Figure 19. SAH causes similar changes to physiology in both WT and sEHKO
mice. A.) Representative gross images (left) and T2 weighted MRI (right) of naive (top)
and SAH (bottom) mice 30 minutes after induction. Blood within CSF space causes the
T2 weighted signal to change from white to black (arrows). Blood fills the subarachnoid
space and retrogradely flows into the 4™ ventricle. B.) Representative tracing of ICP,
LDF and ABP in a WT SAH mouse. ICP rises to match ABP within the first minute of
SAH before returning to a pressure above baseline. The ICP waveform (inset) fluctuates
with systole to a greater degree after SAH indicating reduced CSF compliance. LDF
decrease steeply at the time of hemorrhage before slowly returning toward baseline. C.)
Average changes in ICP, LDF, and MAP in WT(n =5) and sEHKO(n = 5) mice after SAH.

There were no significant differences between groups.
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Figure 20. SAH induces acute communicating hydrocephalus in both WT and
SsEHKO mice. A.) representative T2 weight MRI images at baseline (top) and 6h after
SAH (bottom). Expansion of the CSF space occurs at all levels including lateral
ventricles (lv), third ventricle (3v), cerebral agueduct (aq), fourth ventricle (4v), cisterna
magna (cm) and the subarachnoid space (arrows). Effacement of the central sulcus is
also apparent at 6h after SAH (arrowheads). B.) Ventricular volume changes WT (n =
10), sEHKO (n = 7) SAH animals and sham( n = 5). There is no significant difference
between WT and sEHKO SAH mice. C.) Brain size changes WT (n = 10, SEHKO (n =
10) SAH animals and sham (n =5). There is no significant difference between WT and

SEHKO SAH mice.
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Figure 21. seHKO mice have less edema than WT mice. A.) representative T2
weighted MRI images in sham (top) WT SAH (middle) and sEHKO SAH (bottom) at 24h
after SAH. Edema forms in the specifically within the white matter of the corpus
callosum and dorsal hippocampal commissures (arrows). Histological sections (right) of
the corpus callosum 72h after SAH show vacuolization within the white matter of SAH
mice. B.) Perventricular white matter edema formation as a percent of brain volume in
WT (n =10), sEHKO (n = 7) and sham (n = 5) mice. SEHKO mice have less edema at
24h and 72h after SAH (* = p<0.05). C.) Vacuolization determined by changes in mean
pixel intensity of the corpus callosum in WT SAH (n = 6), SEHKO SAH (n = 6) and sham
(n =4) mice 72h after SAH. sSEHKO mice have less vacuolization than WT mice (* =
p<0.05).
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Figure 22. sEHKO mice may have less VCAM-1 expression than WT mice after
SAH. A)) representative T2-star weighted images in SAH mice (IgG control, WT, and
SEHKO) and sham operated mice. Deposition of the VCAM-1 MPIO causes
hypointensity on MRI and was greatest along the vasculature in the midline of the
animals as well as vasculature surrounding the midbrain. B.) Histology shows MPIO
deposition within the vasculature. C.) Quantification of MPIO deposition as percent of
brain volume (bv) in IgG control (n = 3) WT SAH (n =3) sEHKO SAH (n =4) and Sham
(n =4). sEHKO mice have reduced MPIO deposition compared to WT mice (not

significant).
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Figure 23. sEHKO mice have improved outcome after SAH. A.) 96h after SAH (WT
n =12, sEHKO n = 10) or sham (WT n = 10, sEHKO n =10), mice were placed in the
open field for 10 min. sEHKO mice perform differently on the open field, so comparison
within genotype was necessary. SAH reduces movement on open field for WT mice (* =
p<0.05) but not sEHKO mice (ns = no significance) B.) 96h after SAH (WT = 12,
SEHKO = 8) or sham (WT n =10, sEHKO n = 10), animals were timed on the
accelerated rotarod for three trials per day for three days. The average time to fall over
the nine trials was increased in the sSEHKO SAH mice compared to the WT SAH mice( *
= p< 0.05)
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5.1 Key Findings

e CSF flow into the brain parenchyma is completely blocked immediately after SAH
due to fibrin deposition within CSF flow pathways. This blockade leads to

intracranial hypertension and cortical hypoperfusion.

e Early tPA treatment can restore CSF flow in brain parenchyma after SAH which

has effects on cortical perfusion that are independent of ICP.

e Both vasoconstrictive and vasodilatory P450 eicosanoids are elevated in the CSF
after SAH. Concentrations of these eicosanoids in the CSF at early time points

after SAH are capable of predicting the incidence of DCI in high risk patients.

e EETSs are protective against both early and delayed microvascular dysfunction. In
the early time point, SEHKO mice had reduced vascular inflammation and edema
formation. Delayed decreases in cortical perfusion were also protected in SEHKO

mice. This led to improved behavioral outcome in SEHKO mice after SAH.

e SAH induces a rapid acute communicating hydrocephalus and cerebral edema in

mice.
5.2 Discussion

5.2.1 Blockade of CSF flow by fibrin after SAH

There are four known potential pathways of CSF flow out of the cranium. There
are the arachnoid villi, the cervical lymphatics, the paravascular pathway and the spinal
pathway. This study is unable to ascertain the status of all but the paravascular pathway,
which can be clearly visualized as Evan’s Blue dye movement into the brain (Figure 8).
Nevertheless, this pathway is completely blocked within minutes of SAH and remains so
for at least 24 hours (Figure 9). Theoretically, loss of this pathway represents complete
loss of CSF function in conditioning the extracellular space of the brain parenchyma, the

consequences of which are wholly unknown. There is substantial evidence that the
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extracellular environment is altered after SAH in humans and animal models. This
includes disruption of glucose homeostasis [115], elevated glutamate levels, elevated
lactate/pyruvate ratios [204] and altered ionic homeostasis [205]. It is presumed that
these are markers of cerebral ischemia, but an alternative hypothesis is that these are a
consequence of impaired parenchymal CSF flow. This is testable using cerebral
microdialysis [93] to assess how these levels change during SAH and after restoration
of CSF flow.

While paravascular CSF flow may be critical for extracellular homeostasis, there
is uncertainty as to the pathway’s relative contribution to ICP determination. The
cervical lymphatic pathway is thought to account for a significant portion of CSF outflow
[87]. This pathway is also capable of accommodating whole red blood cells (personal
observation) and may serve an important purpose in clearance of blood from the CSF.
Does fibrin have a similar effect on flow through this pathway? Visualizing CSF flow

through these cervical lymphatics is possible using either MRI or fluorescent tracers.

Chronic hydrocephalus has been associated with scarring within the
subarachnoid space [206]. Does long term deposition of fibrin within CSF flow pathways
promote subarachnoid scarring and chronically impaired CSF flow pathways? Does
CSF diversion, which would hypothetically reduce positive pressure on these blocked
pathways, exacerbate this process? This is testable by allowing the SAH mouse to
survive for longer periods of time to determine if scarring occurs. CSF diversion could
be accomplished using an external ventricular drain to test for exacerbation of pathway

scarring.

5.2.2 Restoration of CSF Flow with tPA

tPA has been used as an off-label clot lysis therapy in SAH since 1991 [207],
especially in patients who have large obstructive clots within the ventricular system. It's
also thought that tPA can speed up removal of clots from the subarachnoid space to
mitigate cerebral vasospasm [208]. However, employment of tPA on an SAH patient in
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the early or ultra-early time points to prevent acute brain injury has not yet been
considered. There is an important reason for this. In the early stages of SAH, most
patients are preoperative meaning their aneurysm, a delicate piece of tissue that is
prone to rupture, is still unsecured and may re-rupture at any time. The risk of aneurysm
re-rupture within the first 6 hours of admission is 8% to 20% [209], and confers an 80%
[8] risk of mortality or permanent neurological deficit. Because of this, any increase in
the risk of re-rupture is unacceptable. It is assumed that introducing tPA into the same
space as the aneurysm will increase the risk of re-rupture appreciably. However,
pressure gradients in the brain (figure 24) are such that tPA would be unlikely to induce
aneurysm rupture. Pre-operative tPA warrants further testing as a viable early therapy
for SAH.

First and foremost, more work must be done to confirm the efficacy of tPA to
reduce early brain injury in SAH. This includes assessment of other microvascular
dysfunctions such as BBB disruption, inflammation and microthrombosis.
Simultaneously, safety can be tested on a rudimentary level in rodent models. To test
safety, the threshold for induced rupture by tPA in the mouse must be identified and
compared to the threshold for effective prevention of early brain injury. Additionally,
investigation of the re-rupture potential of combination therapy with intravenous anti-
fibrinolytic drugs should be assessed. Plasma levels of tPA after cisterna injection
should be measured, though the likelihood that cisternal tPA can appreciably raise
plasma tPA levels is low due to the doses used. Finally, pressure-driven permeation is
the key factor in the efficacy of tPA [146]. Can inducing a pressure gradient inside the
subarachnoid space to drive tPA into the paravascular space improve the efficacy of
therapy? The greatest limitation to study the safety of tPA therapy is the nature of the
aneurysm, which may be more prone to bleed than an induced rupture in a rodent
model. Ultimately, large animal testing will be necessary for establishment of a realistic

therapeutic window.
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5.2.3 P450 Eicosanoids can predict DCI

The value of an early test within the first 3 days of admission to reliably predict
which patients are at high or low risk for DCI cannot be understated. The reason that
SAH is so costly to treat is because the average SAH patient spends 12.6 days under
observation in the intensive care unit [210]. The extended timeframe for the ICU stay is
primarily due to the risk of DCI and the lack of predictive tests. The findings in Chapter 3
show that CSF P450 eicosanoid levels are able to stratify risk in individuals who were
already at high risk for DCI. However, there are important limitations to the efficacy of
this test that must be addressed. All analyses performed on the current testing
thresholds were retrospectively established. Future studies examining the value of a
P450 eicosanoid test should be a blinded prospective study of all comers with a priori
testing criteria. Further, the current study relied on external ventricular drains for access
to CSF, which limits qualified subjects to those being treated for intracranial
hypertension. To test all SAH patients, a one-time lumbar puncture sample needs to be
obtained. Is such a sample collection a viable and safe test with adequate temporal
resolution? Considering that diagnostic criteria for SAH includes a lumbar puncture test,

it is feasible that such a P450 eicosanoid test could be performed.

5.2.4 EETs are protective in early and delayed microvascular dysfunction after SAH

The findings in Chapters 3 and 4 show protection in SEHKO mice for both early
and delayed microvascular dysfunction after SAH and identify EETs as an endogenous
protective pathway in SAH. The greatest limitation to this finding is that all experiments
were conducted in a genetically modified mouse which has elevated levels of basal
EETs before induction of SAH. Because of the spontaneous nature of SAH, post ictal
treatments are the only useful approach. Consequently, all of these findings must be
repeated with use of a sEH inhibitor administered after SAH induction. Several potent
sEH inhibitors [211] have been created that are effective in reducing infarct volume in
models of cerebral ischemia [153]. Further, sEH inhibitors are currently in clinical trials

for use in diabetes and hypertension.
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It is not possible to attribute the beneficial effects of elevated EETs to protection
via a single mechanism as multiple dysfunctional pathways are being affected.
Additionally, EETs could have effects on microvascular dysfunctions after SAH not
tested here including microthrombosis. Testing the effect of SEH inhibition on this
microvascular pathology is warranted. Finally, there is building evidence that early brain
injuries such as edema, early ischemia and hydrocephalus may contribute to the
incidence of DCI. If sEH inhibitors are effective at mitigating early brain injury, then they
may serve as a useful tool in exploring the relationship between early injury and DCI.
To test this, sEH inhibitors would only be applied in the first 24 hours after SAH to

determine if early treatment has an effect on delayed microvascular dysfunction.

5.2.5 A Mouse Model of Acute Communicating Hydrocephalus and Edema

Other models of hydrocephalus [182] lack the rapid development of
communicating hydrocephalus found in this model, making this model ideal to gain an
understanding of the mechanism behind SAH-induced hydrocephalus. The findings in
Chapter 2 showing fibrin blockade of CSF flow pathways pose the question of whether
early tPA treatment can prevent the formation of acute communicating hydrocephalus.
The same questions regarding the development of chronic hydrocephalus can also be

tested in this model.

The cerebral edema found in the mouse mimics the white matter-limited edema
found in human patients [212]. Distinguishing between the sources of the edema is
difficult however, given that both vasogenic and interstitial edema tend to congregate in
the white matter [195]. However, the T2-weighted MRI modality represents a step above
wet/dry brain water content measurements, which have no spacial resolution. Further,
additional scanning modalities can be added on the same animal including dynamic
contrast-enhanced MRI to study BBB permeability, diffusion-weighted MRI to
characterize white matter water behavior [195] and T2-mapping to characterize absolute

water level changes.
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5.2.6 Multi-modal approach to treating subarachnoid hemorrhage.

As stated in the introduction, there are two known primary pathologies after SAH;
transient global ischemia and blood in the subarachnoid space. It is likely that one
therapy to reduce the effects of blood in the subarachnoid space will have little or no
effect on the sequelae of transient global ischemia. Given that elevated levels of EETs
in SEHKO mice do not alter hydrocephalus after SAH, but do reduce edema and
inflammation, a logical question is whether intracisternal tPA’s restoration of CSF flow
could have a combinatorial effect on early brain injury. Further characterization of both
potentially protective mechanisms individually and in combination with each other is

warranted.

5.3 Technical Considerations

5.3.1 Anesthesia

There are known variations in outcome from the endovascular puncture model of
SAH when induced under different anesthetic conditions. Specifically, isoflurane
anesthesia has been demonstrated to be protective against mechanisms of
microvascular dysfunction in SAH [213-215]. As isoflurane was used to induce SAH in
all experiments of this thesis, this is an important consideration for two reasons. The
first is that pathology reported in this thesis could be muted compared to what other labs
using different anesthesia have reported. The second is that benefits seen in SEHKO
mice or tPA-treated animals could be much larger than reported if isoflurane is masking
some of the microvascular dysfunction. Future studies will address this consideration in

anesthetic choice for studying SAH.

5.3.2 Behavioral Testing

Though we were able to identify differences in behavioral outcome between WT
and sEHKO mice, there are several considerations for improving future studies on

outcome in mice after SAH. The first is that SEHKO mice had different baseline behavior
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on the open field test, which tests general locomotor activity but can be affected by
anxiety. Second, the use of isoflurane might also be muting the differences between
groups on behavioral testing. Finally, because we see white matter pathology after SAH,
it may be beneficial to focus on tests of memory instead of the sensorimotor tests
employed in Chapter 4. Future studies will explore memory-based tests for assessing

efficacy of sEH inhibitors to protect in SAH.
5.4 Summary

SAH is a complex disease with many simultaneous pathological processes
evolving together in the brain. The work in this thesis has identified one of the earliest
pathologies that develops following SAH; blockade of CSF flow by fibrin. Reversal of
this early pathology has the potential to prevent development of secondary sequelae.
Additionally, this work has identified EETs as an endogenous protective pathway that
modulates both early and delayed microvascular dysfunction and is amenable to
augmentation through small molecule inhibition of its metabolizing enzyme seEH. Work
in both of these therapeutic pathways is preliminary and requires further

experimentation to confirm these findings.
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Figure 24 Pressure Driven Permeation Spares the Aneurysm. Tissue plasminogen
activator (tPA) injected into the subarachnoid space will be driven into the parenchyma
by prevailing pressure gradients. The large pressure gradient from the aneurysm into
the subarachnoid space will not support lysis of the aneurysm clot.
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