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ABSTRACT

Traumatic brain injury (TBI) is a blow to the head that disrupts normal brain function.
Concussion is a common clinical syndrome that can follow mild TBI. Concussion is
associated with a variety of disabling neurological symptoms that may last for months
and even years. Despite growing interest in understanding the pathophysiology of
concussion, the electrophysiological events that occur during mild TBI and underlie
concussion are unknown.

To investigate the electrophysiological changes underlying concussion, we recorded
epidurally from rats immediately following mild TBI. We confirmed that spreading
depolarizations (SDs), and not seizures, are a common event after a mild TBI, and mostly
occur within the first two minutes after an impact in one or both brain hemispheres.
Animals with SDs required a longer time to resume mobility. Furthermore, TBI-induced
SDs have a larger amplitude compared to triggered SDs in anesthetized and
unanesthetized animals.

Next, we used intravital microscopy to study the effect of triggered SDs on blood-brain
barrier (BBB) integrity and neurovascular coupling. TBI-exposed animals (but not
control) showed a significant increase in BBB permeability within two hours after
stimulation. The cerebral blood flow response to SDs in TBI-exposed rats was similar to
that recorded in controls except the late hyperemia phase, which was significantly shorter
in TBL

To study sudden death in this TBI model, we recorded the electrical activity from the
cortical hemispheres and brain stem. Within two minutes of impact, we observed SDs
and non-spreading depression of electrical activity in both brain hemispheres and the
brain stem. Respiration gradually slowed and eventually ceased when a depression of
electrical activity was longer than 2 minutes. Cardiac arrest followed respiratory arrest
and occurred around 18 minutes after TBI.

In summary, depression of brain activity is a common immediate electrophysiological
change following mild TBI and may underlie signs and symptoms of concussion and be
associated with immediate catastrophic death. My study proposes SD as a potential
diagnostic and therapeutic target in TBI.
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Chapter 1: Introduction

1.1 Traumatic Brain Injury

Traumatic brain injury (TBI) is an insult to the brain from an external mechanical force,
and it can result in temporary or permanent impairment of cognitive, physical, and
psychosocial functions (1). In the United States, TBI accounts for over 30% of all injury
deaths (2). Canada is estimated to have a similar number of injuries, resulting in this
problem reaching epidemic proportions. Approximately 160,000 people experience TBI
annually, and 1.5 million Canadians live with the effects of TBI (3). In 2021, it is estimated
that 640,100 people will suffer a TBI in Canada and in ten years this number is expected
to exceed 730,300 (4).

Mild traumatic brain injury (mTBI) is very common. The global incidence of mTBI has
been estimated to be 42 million people annually (5,6) TBI can be caused by various
mechanical forces including direct physical insults, falls, motor vehicle collisions, and
sport injuries. TBI is associated with neurophysiological and neurochemical changes
lasting for days, months, and even years post-trauma. These changes vary in severities and
include dysregulation of neurotransmitters, the release of inflammatory molecules, and
brain cellular death (7). TBI is a significant threat to cognitive health and has short and
long-term effects. TBI has adverse clinical outcomes; including the increase in risk of
developing post traumatic epilepsy (PTE) (8), Alzheimer’s disease (9,10), permanent
disability, and even death (2). Despite a growing body of research, there is still an
incomplete understanding of the etiology of TBI, with limited treatment interventions for

those living with permanent disabilities.
1.2 TBI and Neuronal Injuries

There are several structural, physiological, and biochemical modifications that occur in the
brain after a head injury and this may increase the susceptibility for further brain tissue
damage.

A neuron is composed of a cell body, dendrites, and an axon. If the cell body is damaged,
the probable result will be neuronal death due to the loss of proper function of the cell
(11,12). Neuronal loss can also occur if there is injury to the axon close to the cell body,

and ultimately both parts will deteriorate and degenerate, a process called retrograde
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degeneration (12). In contrast, if the injury to the axon is away from the cell body, then the
distal axonal segment will deteriorate and degenerate (Wallerian or anterograde
degeneration) (12,13), and the remaining proximal axon stub will regrow and regenerate a
new axon.

Wallerian degeneration (WD) is a process of degeneration of the axonal segment distal to
the point of injury that is isolated from the soma, following a cut or crush to the nerve fibers
in both the central nervous system (CNS) and the peripheral nervous system (PNS). In
1850 Augustus Waller observed that following a transection of a nerve, the distal portion
of the nerve undergoes progressive degeneration (14,15). WD usually begins within 30
minutes of injury (13) and varies across species. The process of WD includes a cellular and
molecular pattern of events, such as the breakdown of the axonal membrane, disassembling
of the axonal cytoskeleton and degradation of its components, and invasion of phagocytic
cells to the site of injury (16,17). WD is usually followed by regeneration of the injured
axon in the PNS, but the failure of injured axons to regrow in the CNS is the dominant
phenomenon (16). The rate of WD is faster in the PNS than the CNS due to the speed or
failure of the CNS to remove myelin debris (18,19).

The molecular mechanism that regulates axon destruction is still unclear. An increase in
intra-axonal calcium has been seen following axonal injury (20). The increase of Ca?
influx leads to activation of the intracellular Ca?-dependent protease calpain, that leads
to cleaving of the axonal neurofilament and microtubule components (tubulin) (21) and
cytoskeleton destruction (22). Following the breakdown of the axonal membrane and the
cytoskeleton (23), axonal loss triggers degeneration of the myelin sheath and macrophage
influx (24).

Calcium channel inhibitors or chemical inhibition of calpain proteases prevent the
increase in intra-axonal Ca?* and attenuates axonal degeneration (22,25). It has been
suggested that Na'/K* ATPase failure and Na* influx through persistent Na* channels
promote Ca? influx into the injured axon. While the depolarized membrane will open
voltage-gated Ca?* channels, the increase of intracellular [Na*] will reverse the normal

direction of Na'/Ca?* exchanger activity, leading to an increased influx of Ca?*(26-28).

At the dendritic level, a study showed that dendrites in a Drosophila model were

regenerated after being removed from a neuron (29). When a neuronal cell body is injured,



a process known as chromatolysis occurs. The chromatolysis is the dissolution of Nissl
bodies in the neuronal soma, that is triggered following axotomy and neuronal injuries (30).
Many significant morphological changes take place in nerve cells during chromatolysis
including an increase in the size of the nucleus, the migration of the nucleus to the cell
body periphery, a loss of the Golgi apparatus, and an increase in lysosomal structures, that
can be followed by cell apoptosis (30-32). However, the significance of the chromatolysis
and the changes linked to it are still unknown.

In the CNS, an oligodendrocyte myelinates several axons. However, oligodendrocytes
have little or no ability to remove debris after axonal injury. When an oligodendrocyte
loses its axonal contact after injury, programmed cell death of the oligodendrocyte can be
initiated and the amount of debris increased. Furthermore, the blood-brain barrier prevents
macrophages from entering the brain from the circulatory system (33). The debris releases
many inhibitory molecules that prevent axonal growth such as myelin associated
glycoprotein (MAG) and oligodendrocyte myelin glycoprotein (Omgp). The proximal
stumps of the injured axons can only form a short sprout, they become swollen and are
known as retraction bulbs that do not grow (18,34-36). Thus, there is a poor clearance of
myelin, axonal fragments, oligodendrocytes, and other debris in the CNS, and this will
decrease the chance of the regeneration process.

In the PNS, injured axons provoke neurons to activate Schwann cells via different signaling
pathways (37). Schwann cells then divide and initiate phagocytosis of myelin and axonal
debris. At the same time, Schwann cells secrete molecules to attract macrophages (38).
Macrophages migrate and have access to the injured site to help Schwann cells clean and
remove all debris (15,33,38). The distal part of the axon that separated from the soma will
degenerate. Therefore, WD in the PNS leads to a rapid clearance of debris and enables
rapid axon regeneration (23). The proximal part of the axon is still attached to the cell body
and will be sustained with the myelin sheath and regrow in a Schwann cell-lined
endoneurial tube (band of Bunger). Furthermore, Schwann cells produce growth factors
that enhance axon growth within the tube. When the axons reach their targets, they are able
to resume their functional connections (12,13,18,34,35,39-41). In the PNS, rapid WD
results in an extracellular environment that promotes axon regeneration. Slow WD in the

CNS results in a prolonged presence of myelin-associated inhibitors that likely contribute



to the failure of axons to regenerate (23). In addition, following injury, glutamate receptors
are over activated, leading to the damage and death of neurons, a process known as
excitotoxicity (42). Thus, over activation of these receptors increases intracellular Ca*?
(43), leading to the release of many enzymes, such as phospholipase (PLA) and protease.
These enzymes damage different cell structures such as the cell membrane, DNA, and the

cytoskeleton (44,45), and enhance the initiation of apoptosis.
1.3 Spreading Depolarizations
1.3.1 History

In 1944, the physiologist Ledo while studying epilepsy in the rabbit, noticed a sudden
temporary cessation of electrocorticographic (ECoG) activity accompanied by a large
negative slow potential change recorded with extracellular electrodes, that later became
known as spreading depolarizations (SDs) (46). The potential change was slowly
propagating through the cerebral cortex. The depression of electrical activity across the
cortex was described as a cortical spreading depression (46,47). The cortical spreading
depolarization (CSD) and the depression of brain activity have been recognized as
pathologic disruptions in cortical electrical activity that follow a variety of neurological
diseases and brain injuries. CSD has been studied in animal models and recently in humans,
and it has been recognized and described as a massive neuronal depolarization resulting in
the loss of neuronal activity accompanied by significant changes in cerebral blood flow
and brain tissue perfusion (48—50). Although there is a considerable amount of literature
published about SDs since 1944, the biophysical mechanism of SDs is still not completely

understood.
1.3.2 Definition and Characteristics of SDs

Spreading depolarizations is a generic term for the spectrum of waves initiated and
propagated in the CNS, characterized by abrupt and near-complete sustained neuronal
depolarization (48,51), observed as a large slow potential change in the extracellular space
(52,53) and it propagates at 1-9.5 mm/min across the brain (54,55). During SDs, neurons
cannot fire action potentials, as the sustained depolarization is above the threshold, and the

membrane channels that generate action potentials are inactivated (56). The propagation of



SD waves in the gray matter of the CNS causes swelling of neurons, distortion of dendritic
spines (48), and silencing of the brain’s electrical activity (spreading depression) (46).

SDs were previously implicated as the relevant pathological waves propagated across a
migraine brain (57). In 2002, Anthony Strong and colleagues recorded SDs for the first
time from human brain following a TBI (58) and intracerebral hemorrhage (59).
Furthermore, SDs occur abundantly in individuals with aneurismal subarachnoid
hemorrhage (ASH), delayed ischemic stroke, subarachnoid hemorrhage (SAH) (52), or

malignant hemispheric stroke (60).
1.3.3 Mechanisms of Initiation

SDs can be triggered experimentally in an animal model using mechanical or electrical
methods as well as using various noxious conditions, such as potassium, glutamate, sodium
pump inhibitors, hypoxia, and ischemia (48,61-64). However, it is unclear if there is any
difference between SDs initiated spontaneously following a TBI and other neurological
disorders and those triggered experimentally in labs. Grafstein in 1956 established a
proposed mechanism for SDs. She suggested that during SDs, there is a efflux of K* from
depolarized neurons to the extracellular space beyond the critical value (> 15 mM), and
this has been the most accepted hypothesis (64). But assuming that K* is the major player
in this process is at odds with decreasing extracellular K* during the time course of SDs
(65). There are extreme changes in ion concentrations and neurotransmitters, most
importantly glutamate, during SDs (66,67). There is an implicit assumption that during
SDs there is a near complete neuronal depolarization accompanied by a loss of electrical
activity (68). The assumption was disputed by a recent rodent study that recorded intra-
somatic and intra-dendritic signals simultaneously from a hippocampal pyramidal neuron.
The study revealed that not all parts of the neuron are inactivated during SDs, and that
neurons can maintain their integrity and electrical function. At the dendritic level, just a
specific part of its membrane depolarized during SD. Furthermore, the electrical response
may still be intact in some parts of pyramidal cells engaged in SDs even if electrical activity
is not detected in the soma (51). The activation of NMDARs located in dendrites of
pyramidal cells is a key factor for initiation of SDs (69).

When brain tissue is exposed to stimuli that initiates SD, neurons will be depolarized, and



the concentration of K* in the extracellular space will increase (69,70). The minimum
extracellular [K*] at which SDs could be induced is 15 mM (71). It had been hypothesized
that high extracellular [K*] will activate and increase net inward current, resulting in a cycle
that increases neuronal depolarization and extracellular [K*]. While K* is released from the
cells to the extracellular space (64), ions such as Na*, Ca*?, and Cl~ will enter cells followed
by water influx, that will cause cell swelling (Figure 1.1). The extracellular [K*] rapidly
increases within 2-3 second to 55 mM, whereas extracellular [Na*] rapidly decreases to 60

mM, [Cl] decreases to 75 mM, and [Ca*?] also decreases to 0.08 mM (72).

Figure 1.1. Mechanism of spreading depolarization in the neuron.

During SD, there is an abrupt-near complete sustained massive neuronal depolarization,
observed as a slow potential change (SPC) in the extracellular space (ECS). Neurons cannot
fire action potentials (AP), as the sustained depolarization is above the inactivation threshold, at

which the membrane channels that generate AP are inactivated.

Activation of voltage-gated Ca*? channels in presynaptic terminals will enhance the release
of glutamate from cortical pyramidal cells synapses (73,74). Glutamate is well known as
the main excitatory neurotransmitter activating N-methyl-D-aspartate receptors
(NMDARs), leading to an increased net inward current that exacerbates neuronal
depolarization (66,75,76). It is worth noting that activation of NMDARs will sustain and
prolong the duration of the increase in dendritic Ca*? following SDs. It is well known that
an increase in intracellular [Ca™] will initiate acute neuronal injury and even neuronal

death (77). Intracellular [Ca*?] first increases in distal dendrites then propagates toward the
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soma, but the intracellular [Ca™] returns to baseline first in the soma then after 2 minutes
in the dendrites (78).

Astrocytes have a role in this process. The glial Na*-K* pump and inwardly rectifying
K* channels (KIR) have a role in buffering the increase in extracellular [K*] (79).
Furthermore, glutamate transporters on astrocytic end feet efficiently remove glutamate
from the synapses (80).

As mentioned previously, SDs can be triggered and blocked experimentally. SDs can be
initiated by activation of NMDARs (62). SDs triggered in the cerebral cortex using KCl or
electrical stimulation have similar pharmacology, in which NMDAR antagonists can block
SDs triggered using either methods (70,75,81). This may indicate that NMDARs are crucial
for initiation of SDs (82), and at the same time they affect the propagation of SDs (81,83).

1.3.4 Mechanisms of Propagation

Depolarization waves spread throughout brain cells causing neuronal swelling, an acidic
environment, and a global loss of hyperpolarization (46,84). The propagation of SDs across
the cerebral cortex and the brain is still controversial. While many hypotheses have been
suggested to explain this process, the diffusion of chemical substances is the most widely
accepted to explain the slow propagation of SDs across the brain, specifically the diffusion
of K* within the interstitial space (64,72). Thus, the increase in the concentration of K* and
glutamate (66,73—76) in the extracellular space during SDs will cause excitability in
neighboring neurons and enhance the propagation of SDs to the surrounding tissue across
the brain (48,84). Kramer and his colleagues described the disruptive effect of SDs on
normal cerebral vascular responses, in which hypoperfusion will dominate the surrounding
areas, leaving the neurons in an energy deprived state. This state can cause the cessation of
the transmembrane ionic exchanges. This injurious state that is created by SD waves,
continues across the brain until healthy tissue with enough energy restores homeostasis and

stops SD waves (67).
1.3.5 SDs in Brain Injury

Spontaneous CSDs have been described in sedated patients after severe injuries to the
brain, including TBI (53,85,86) subarachnoid hemorrhage (52,87), and malignant stroke
(54,88). Under these conditions, it has been shown that CSDs may be associated with an
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impaired vascular response (54,89) and worse clinical outcome (90,91). SDs were recorded
in 53% of TBI patients who received craniotomies for hematoma evacuation and
decompression 1-week post-trauma (85). It has been suggested that prolonged duration of
SDs is one of the major factors behind the formation of cortical lesions, that might be
attributed to hypoperfusion and impaired neurovascular coupling during SDs (53). The
monitoring and blockade of SDs is one of the major steps to assess a patient’s progress and
to avoid a secondary brain injury (85).

In addition to SDs, there are different clinical signs and symptoms reported immediately
following TBI, that are known as a concussion. There still is an incomplete understanding
of the etiology of these signs and symptoms (92). Although there is still considerable
controversy surrounding the definition of concussion, there is a general consensus that the
term concussion represents different types of head trauma associated with
pathophysiological changes (93,94). Concussion is seen with variable clinical, cognitive
signs and symptoms. It may occur with or without loss of consciousness, seizures,
confusion, dizziness, and sometimes normal structural imaging (95). Many hypotheses
were suggested to explain these signs and symptoms, but unfortunately none explained all

the observed findings, especially the loss of consciousness after TBI.
1.3.6 SDs and Seizures

The relationship and interaction between SDs and seizures is still controversial. The
hyperexcitable state and firing of groups of neurons during seizures and the neuronal
deactivation state during SDs make the relationship more complex, especially since they
are following each other interchangeably. While neurons fire action potentials
synchronously during epileptic activity (96), spreading waves of electrical brain silence
(spreading depression) are observed during SD (85,90,97).

Seizures and CSDs were reported following an acute injury to a human brain, and they
both have a role in the exacerbation of tissue damage (58,98—100) by inducing inverse
neurovascular coupling and decreasing the regional cerebral blood flow. Propagating of
spreading depolarization into the penumbra of ischemia induces a decrease in cerebral

blood flow and will increase the size of ischemia and expand it (85,100-102). Recent



ECoG recordings from patients with ASH and acute TBI demonstrated that SDs occur more
frequently compared to seizures (58,90), and are associated with worse outcomes (90,91).
In contrast to chronic epilepsy that favors an episode of ictal epileptic events over that of
SDs, patients with acute brain injury and ASH were found to have the occurrence of SDs
instead of ictal epileptic events (58,90). SDs and seizures can follow each other
interchangeably in which SDs can precede or follow seizures (103). However, triggered
SDs were found to enhance neuronal excitability and facilitate the seizure activity in
epileptic human brain tissues (104—106). In anesthetized rats, triggered seizure activity
can lead to single and repetitive SDs (106).

Mechanistically, NMDARSs have an important role in both epileptiform activity and SDs.
Antiepileptic antagonists of the NMDARs, such as ketamine, were found to halt SD
activity. However, antiepileptics without NMDA properties, such as diazepam, did not

affect SD activity (107).
1.4 The Blood-Brain Barrier (BBB)

The BBB is a unique anatomical and physiological selective protective barrier, formed in
the CNS to separate it from the systemic circulation (108). The existence of this barrier in

the brain was first described by Paul Ehrlich in 1885.
1.4.1 Anatomy and Physiology

The BBB is formed by endothelial cells (ECs) that act as a principle barrier unit; which are
connected to each other via tight junctions (109). Cell to cell interactions together with
other cellular elements such as astrocytes, pericytes, and neurons (Figure 1.2), help the
BBB to protect the brain and maintain normal neuronal functions (110,111). The ECs and
the surrounding cellular elements form a barrier and neurovascular unit that have many
functions such as: (1) regulation and maintenance of the ionic and molecular components
of the extracellular environment in the brain, (2) maintain the transport of oxygen and other
nutrients between the brain and the blood stream and (3) protect the brain from different
pathogens and toxins (109,112).

ECs are simple squamous epithelial cells derived from mesoderm, that line the interior
surface of blood vessels and regulate the flow of substances into and out of the brain (113).

The endothelial cells of BBB are 39% thinner than the endothelial cells of skeletal muscles
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(114). ECs in the CNS are held together by extensive tight junctions that allow them to
tightly regulate the movement of ions and molecules to and from the brain (115).
Furthermore, the mitochondrial content of ECs in the CNS is greater than cells in all non-
neural tissues, suggesting that this increase is due to the energy requirements needed to

maintain the ion gradient between the blood plasma and brain extracellular fluid (116).

Brain Tissue

Pericyte

Tight Junction

Figure 1.2. Endothelial cells (ECs) and BBB cellular components.

Schematic representation of the BBB. The BBB is formed primarily by brain endothelial cells,
which are connected via tight junctions. The BBB maintains the appropriate ionic composition of
the interstitial fluid of the brain and regulates selective diffusion of substances between the brain

and the peripheral circulation.

1.4.2 BBB in Disease

BBB dysfunction is common in various neurological disorders, including status
epilepticus, stroke, and TBI (117,118). Opening of the BBB can also induce
epileptogenesis and sustains or even aggravates the epileptic condition (119,120). The low
threshold for seizure and epilepsy has been suggested to be related to an increase in BBB
permeability that can last for weeks and even years (111,121). However, the cascade of
processes that occur during epileptiform activity and those that may affect BBB integrity
are still a matter of investigation.

Albumin is a water soluble protein found in blood plasma, and normally cannot pass into
the brain through the BBB (122). The leakage of albumin from the blood stream to brain
tissue has been determined to be an indicator of BBB dysfunction (122—-125). Albumin

staining has been reported in the brains of patients with drug resistance epilepsy, cerebral
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focal lesions (126,127), and vascular abnormalities (126). Moreover, Seiffert and
colleagues showed that BBB disruption by direct cortical application of albumin can lead
to epileptiform activity in rats (123).

Transforming growth factor-p (TGF-B) proteins are multifunctional cytokines that
modulate a variety of functions including the regulation of cell growth, cell differentiation,
and apoptosis (128). TGF-B is up-regulated in many acute or chronic central nervous
system disorders including brain trauma (129) and vascular injury (121).

Albumin leakage from the blood to the brain occurs following impaired integrity of the
BBB. Albumin then binds to the TGF-B receptors of astrocytes, resulting in a
transformation and transcriptional change of astrocytes (129,130).

Activation of TGF-f signaling causes a down-regulation of inward-rectifying potassium
(Kir 4.1) channels (131,132) and glutamate transporters (133). These changes in astrocytic
function cause an increase in neuronal excitability as a result of an accumulation of

extracellular K* and glutamate.
1.4.3 Measuring BBB Integrity

In 1885, Paul Ehrlich was the first to observe the lack of staining in the brain and spinal
cord after an intravenous injection of intravital dyes while the peripheral organs were
stained. Later in 1913, Edwin Goldmann (one of Ehrlich's students) found that the brain of
an animal was stained, but not the rest of the body, after a dye injection into
the cerebrospinal fluid (CSF), suggesting that there was a barrier between the brain and the
rest of the body. In recent years, there has been increased interest in the BBB and its role
in neurological disorders but to test the permeability of this delicate barrier requires
appropriate tracing materials and methods. Different methods have been used to study BBB
integrity, and the most common practical affordable method in experimental models is the
intravenous injection of tracers with a molecular weight (MW) greater than 180 Da. The
molecular weight of the tracer is an important factor to prevent passage across the BBB
(134). There are tracers and software that can be used to evaluate the degree of the
extravascular leakage (135). Among those tracers, Evans blue (MW 961 Da) is still the
most commonly used tracer to verify BBB integrity (134,136,137). Sodium fluorescein

(Na-Flu, MW 376 Da) is one of the smallest markers used for assessment of BBB integrity
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(134,136-141). Both Na-Flu and EB have fluorescent properties, and they can be detected
by a fluorescent microscope (excitation at 440 nm and emission at 525 nm) (136).
Compared to Na-Flu, EB has a higher affinity for serum albumin and a high-molecular
complex is formed (EBA 68500 Da) (138,142,143). The molecular complex that is formed
between EB and serum albumin cannot pass through the BBB, making it a robust model to
use as a marker for BBB integrity. Although EB is more commonly used, Na-Flu is less
toxic (144). It is worth noting that EB is slowly excreted from the circulating blood by the
liver (145). It is gradually eliminated from the plasma, and a rapid drop is achieved after
24 hours. After 3 days, it reaches a level insufficient for detection of BBB dysfunction
(146). Na-Flu is metabolized by the kidneys and is excreted from the blood through the
urine, and systemic clearance is complete 48-72 hours after the administration (138,147).
Recently, BBB permeability was assessed in humans by quantitatively analyzing
magnetic resonance imaging (MRI), with the advantage of localizing BBB leakage in
the brain (148). There is a growing interest in the significance of BBB permeability as

a biomarker and target for treatment in neurological disorders.
1.4.4 SDs and the BBB

The relationship between SDs and disruptions in the BBB is not well known. It has recently
been suggested that there is a relationship between SDs and the BBB, and it is mediated by
a family of proteolytic enzymes called matrix metalloproteinases (MMPs) (149).

MMPs are members of an enzyme family (proteolytic enzymes) that digest components of
the extracellular matrix (ECM) such as the interstitial and basement membrane collagens
and cell surface receptors (150). MMPs have multiple roles in the normal immune response
to infection (151), and a key role in several processes at the cellular level such as cell
proliferation, cell to cell interactions, differentiation, and cellular death (152).

An effect was observed after the release and activation of MMPs following intracerebral
hemorrhage, stroke, brain tumor, and TBI (150,153—-156) with an obvious effect on the
integrity of the BBB. MMPs have been injected into the brains of rats, and increasing
capillary permeability was observed (153). The change in the BBB permeability was

attributed to the destruction of collagen in the basal lamina, and the damage is proportional
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to the amount of enzyme activation and the MMPs inhibitors that reduce extracellular
matrix proteolysis and protect the BBB (153).

It has been suggested that CSDs cause prolonged MMP-9 activity that leads to BBB
dysfunction and vascular leakage that can be suppressed by an MMPs inhibitor (149). In
the previous study, following 3-6 hours of triggered SDs, the level of MMP-9 was
increased, reaching the maximum at 24 hours and lasting at least 48 hours. Cerebral
vascular leakage of plasma protein was detected after 3 hours of SDs and lasted at least 24
hours. Protein leakage from cerebral vessels was not detected in MMP-9-null mice,
indicating that MMPs were a predisposing factor for the initiation of the BBB disruption
process. The study observed that MMP-9 activation was associated with the loss of the
basement membrane and tight junction proteins, indicating disruption of the BBB (149). In
another study, triggering CSDs in rats using 3 mg of solid KCl caused an increase in the
number of pinocytic vesicles in endothelial cells and swelling of the end feet of astrocytes
which indicates that there could be an alternative mechanism in which SDs contribute to
BBB dysfunction (157). The increase in extravasation of plasma protein as a result of the

KClI application itself was not excluded as a possible mechanism (158).
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1.5 Neurovascular Coupling
1.5.1 History

Early theories suggested that the systemic circulation controlled the cerebral blood
flow, and the brain played no role in controlling its own blood supply. In 1890, Roy
and Sherrington discovered that the brain produced metabolites which diffused to the
surrounding vessels and this increased the blood flow to the activated brain (159). In
the early 20" century, Craigie’s work supported the idea that increased blood flow to
the brain increased the vascular density across different regions in the brain (160).
The development of diffusible tracers provided a tool for quantitative measurement of
the blood flow and provided evidence for the increase of CBF in response to an
activated brain region (161). Recently MRIs have been used as a non-invasive
technique for monitoring CBF in humans (162), particularly using the blood
oxygenation-level dependent (BOLD), reflecting changes in cerebral blood flow and

cerebral metabolic rate of oxygen consumption.
1.5.2 Definition and Characteristics

The brain uses approximately 20% of the body’s energy which is the largest amount of any
organ (163). Glucose is the form of energy used by the healthy brain to maintain and fuel
cerebral activities. Lactate can also fuel brain activities but lactate passes through the BBB
at a much slower rate as compared to glucose which crosses rapidly (164). During an
increase in brain activities, blood flow to the brain will rise and can be accompanied by
cerebral vasodilation to facilitate the response to the cells energy requirements.

The phenomenon of an increase in regional cerebral blood flow (rCBF) in response to
physiological neuronal activation and a decrease rCBF in response to neuronal deactivation
is called neurovascular coupling (NVC) (135,165-167). The coupling process is provided
by cell structures that link and maintain dynamic interactions with each other, including
neurons, astrocytes, pericytes, and vascular smooth muscle cells (VSMC) (168,169). All

these components form a neurovascular unit (NVU), Figure 1.3.
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Figure 1.3. Schematic representation of the NVU.

The schematic drawings above show the components of the NVU: neurons, astrocytes,
endothelial cells of BBB, vascular smooth muscle cells (VSMC), pericytes and extracellular
matrix components. The NVU regulates the delivery of blood flow to the brain and is
responsible for maintaining the homeostasis of the cerebral microenvironment, ensuring
optimal functioning of neurons and other brain cells. (Modified from Flaumenhaft and Lo,
2006).

One of the most important functions of the NVU is to regulate the transport and diffusion
of substances and molecules across the endothelial cells of the BBB depending on the
energy requirements and metabolic status of the brain (170).

The link between brain activity and the increase in blood flow to the brain has been
observed for decades (159), but there is controversy as to which component is dominant in
the NVC process. There are many questions that require answers: Which component has
the role of immediate vascular response (within a second) or late response within a few
seconds following neuronal activation?

An explanation for the autoregulatory rapid response mechanism of NVC is
neurotransmitters which have been proven to play an important role in controlling neuronal
signaling (171). Neurons and astrocytes both respond to an increase in the neurotransmitter
glutamate in the extracellular space, suggesting there are different mechanisms by which
neuronal and astrocytic signaling controls cerebral blood flow in response to changes in

brain activities (171-176).
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1.5.3 Underlying Mechanisms

The anatomical association between neurons, astrocytes, and cerebral vessels led
researchers to explore their role in the NVC process. In general, neurons and astrocytes
respond to the increase in extracellular glutamate released from presynaptic terminals
(171,176). When presynaptic terminals are stimulated, glutamate is released into the
extracellular space, and this activates postsynaptic glutamate receptors in both neurons and
astrocytes (171). In postsynaptic neurons, glutamate activates ionotropic glutamate
receptors (1GluR), which increases the cytosolic calcium concentration (176). Intracellular
Ca?" will activate neuronal nitric oxide synthase (nNOS), that causes NO to act directly on
the parenchymal arterioles as a dilator (172,177-179). It has been suggested that NO
activates cyclic guanosine monophosphate (cGMP) in the smooth muscle of cerebral
vessels leading to vasodilation (180), and inhibits 20-hydroxyeicosatetraenoic acid (20-
HETE) in smooth muscle of the same vessels to inhibit vasoconstriction (181,182). In the
same way, cyclooxygenase 2 (COX2) is activated by an increase of cytosolic Ca®" (183),
which leads to the production of prostaglandin E2 (PGE2). It is unknown whether PGE2
acts directly on smooth muscle cells or indirectly on astrocytes to vasodilate cerebral
vessels.

In astrocytes, glutamate activates metabotropic glutamate receptors (mGIluR) (171), and
similar to neurons, activation of mGIluR leads to an increase of the intracellular calcium
concentration (176). However, the increase in cytosolic Ca*" also leads to activation of
phospholipase A2 (PLA2), which generates arachidonic acid (AA). The AA produces
PGE2 through COX1, and epoxyeicosatrienoic acid (EETs) through cytochrome P450
2C11 epoxygenase (CYP2C11), in which EETs mediate smooth muscle relaxation through
an unknown mechanism (182,184). Close contact has been reported between perivascular
astrocytic endfeet and cerebral vessels (185). Following an increase in cytosolic Ca** in
astrocytes, potassium is released from calcium-activated potassium (BKca) channels in the
endfeet of the plasma membrane (186,187) into the extracellular nanospace between the
endfeet and the vascular smooth muscle. The increase in potassium concentration activates
an inward rectifier potassium (Kir) channel on the smooth muscle, that leads to rapid
hyperpolarization of smooth muscle (vasodilation), closure of voltage-dependent Ca**

channels, and an increase of cerebral blood flow (188—190).
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These explanations are the favored hypotheses for the NVC process, but there is
disagreement. The involvement of astrocytes in NVC has been generally accepted, but
recently it has been found that an increrase in intracelluar Ca®* inside the astrocytes occurs
after arteriolar dilation begins (191). Furthermore, normal hyperemic response was found
in a mouse model lacking the ability to generate an increase in astrocytic intracellular Ca*
(lacking astrocytic inositol triphosphate type-2) (191). Furthermore, astrocytes have no
direct contact with pial arteries at the surface of the brain (192), and that excludes astrocytes
from a role in the dilation of pial arteries.

It was accepted that the changes in the tone of the vascular smooth muscle was the only
unique mediator for NVC process. This theory is accepted for pial vessels, but an
explanation was required for the capillaries that are devoid of smooth muscle (193).
However, after the discovery of pericytes (at ~50 um intervals along capillaries), these
were then identified as the mediator of regulation of cerebral blood flow at the capillary
level (171). Pericytes are contractile cells, and one of the cellular elements surrounding
endothelial cells in capillaries and venules in the brain (194), and they actively
communicate with other cells of the neurovascular unit. Pericytes have a significant role in
maintenance of BBB integrity and regulating capillary blood flow through either direct
contact or through signaling pathways (195). It has been discovered that pericytes evoke
capillary vasodilation in response to the neurotransmitter glutamate, mediated by NO and
PGE?2, and the arteriolar dilation was preceded by capillary response (196). The same
study, showed that pericyte-induced capillary constriction was followed by pericyte death
in response to ischemia, suggesting that prevention of irreversible capillary constriction

may protect the BBB from disruption and maintain the NVC and blood flow.
1.5.4 SDs and NVC

SDs and to a lesser extent ictal epileptic activities have been recorded in acutely injured
human brains and ASH (52,197), suggesting that SDs have a role in neuronal death,
increasing the metabolic demands, and in inverse NVC. Both SDs and ictal epileptic events
were accompanied by an increase in cerebral blood flow to compensate for the increase in

energy demands, an occasional reverse in NVC and a decrease in cerebral blood flow.
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The changes in cerebral blood flow whether hyperemia or oligemia in response to SDs has
been studied previously (135,178,179,198-202). The response of cerebral vessels to SDs
varied between healthy and pathological tissue. In healthy tissue, the physiological
hemodynamic response was hyperemia, but in tissue at risk for progressive damage,
oligemia was the hemodynamic response (48,89,203-205). NVC varied between TBI
patients depending on the severity of the injuries. The variations in NVC response were
physiological hyperemic, pathological inverse, and could change from physiological to
pathological coupling (89). However, a decrease in the cerebral blood flow and an inverse
in NVC were recorded with SDs following subarachnoid hemorrhage, TBI, or after brain
injury (53,206-208), suggesting that inverse NVC exacerbates existing ischemic
conditions and increases the duration of SDs.

SDs are accompanied by the release of glutamate, arachidonic acids, and production of
NO, that ultimately led to vasodilation (209,210). Furthermore, during SD glucose and
energy consumption are increased three fold, tissue ATP abundance decreases, and the
extracellular concentration of sodium, chloride, and calcium are decreased (210-212).
Although there is an increase in rCBF during the early phase of SD to supply the tissue
with the energy necessary to restore ionic equilibrium (86), tissue hypoxia can still be
detected in brain regions that are distant from capillary supply (213). A rodent study
monitored the blood flow in cortical cerebral vessels, and hyperemia during SDs was
evident in small vessels and to a lesser extent in arterioles and venules (201).

The combined effect of TBI and SDs on rCBF in rats has been investigated (202). This
study showed that compared to baseline, the TBI group had less rCBF before and even
after SDs, suggesting a compromised NVC process. In the same study, the recovery of
blood flow was longer with the TBI group, but the magnitude of hyperemia was decreased
following recurrent and repeated SDs.

A description of the rCBF process recorded in response to SDs has been reported
previously (214). The response of rCBF is divided into three phases. The first phase
represents the hyperemic phase, which is dominant during the occurrence of SD
(202,205,214). The duration of this phase is about 1-2 minutes, reaching a peak within a
minute from the beginning of SD. The second phase is the late hyperemic phase, which

starts after 3-5 minutes of SD and induces up to a 10 % increase in CBF (215). Following
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different neurological conditions such as TBI or subarachnoid hemorrhage, oligemia can
last for hours and it represents the third phase (53,89,202,205,214,216,217). However,
variations in phases and durations of CBF within and across species have been reported,
perhaps due to other factors such as the experimental conditions and the method used to
measure the CBF. However, in general there is a consensus on the relationship between

NVC and SDs in healthy and in neuropathological conditions.
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1.6 Aims of the Study

Despite the enormous impact of concussion, the mechanism underlying the neurological
symptoms and outcome are still only partly understood.
My overall goal was to improve our understanding of the electrophysiological activity

underlying concussion and its potential implications. Specifically, I aimed to:

First: monitor the neurophysiological changes that occur immediately after traumatic

brain injury (Chapter 2).

Second: study the changes in blood-brain barrier integrity and neurovascular coupling

(Chapter 3).

Third: study the neurophysiological alteration underlying immediate catastrophic death

following mild TBI (Chapter 4).
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Chapter 2: Spreading Depolarization as the Electrophysiological Signature of

Concussion
2.1 Introduction

Mild traumatic brain injury (TBI) is a major global health concern that has been estimated
to affect over 40 million people annually (5,218). Concussion is a common neurological
presentation that occurs frequently following mild TBI. While its definition is evolving,
concussion is most often defined according to variable clinical symptoms (94). It may or
may not include loss of consciousness, along with confusion and dizziness. In most cases
of concussion, structural imaging reveals no pathology (219), and it is thought that transient
functional disturbances underlie the symptoms of concussion (219,220). Accumulating
evidence has suggested that repeated concussions may be linked to an increased risk of
developing delayed neuropsychiatric complications, including depression (221), epilepsy
(222), and neurodegenerative diseases, such as chronic traumatic encephalopathy (CTE)
(223), Parkinson’s disease (224), and Alzheimer’s disease (10). Despite these devastating
consequences, the pathophysiological mechanisms that underlie concussion are largely
unknown. Electroencephalography (EEG) has been used to study the effect of TBI on the
electrical activity of the brain (220,225), and immediate depression of EEG has been
reported after TBI impact. Due to the methods used, spreading depolarization (SD) was not
identified as the mechanism of silencing of the electrical activity of the brain. In the present
study, we recorded electrophysiological changes from the cortical surface within seconds
following repetitive mild TBI. Using a weight-drop model with rats that are pre-implanted
with epidural electrodes, we show that cortical spreading depolarization is the earliest
common pathophysiological event following mild TBI. We suggest that SDs are the

electrophysiological hallmark of concussion.
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2.2 Materials and Methods

All experiments were performed following institutionally approved protocols in
accordance with the Canadian Council on Animal Care and were approved by the

Dalhousie University Committee on Laboratory Animals.
2.2.1.1 Surgical Procedures

Surgical procedures for the rats were performed under deep anesthesia (3% isoflurane for
induction and 1.5% for maintenance). Blood oxygen saturation (SpO2) was monitored
continuously using a paw clip connected to ananimal oximeter pod (ML325,
ADInstruments, Sydney, Australia) and a PowerLab data acquisition device (PL3508,
ADInstruments, Sydney, Australia). The rats were mounted in a stereotaxic frame and core
body temperature was maintained at 37.3°C using a surgery heating pad (Physiotemp).
Prior to surgery, the area of the incision was cleaned aseptically by wiping the skin with
three alternating swipes of 90% alcohol and betadine. A midsagittal incision (2.5 cm) was
made to expose the skull. Drilling was performed under saline cooling to avoid heat injury.
For recording from freely behaving animals before and immediately after TBI, two holes
(2x2 mm in diameter) were drilled for screw placement (stainless steel bone screws, Fine
Science Tools, 0.86 mm x 4 mm) in the right parietal bone (2 mm posterior to bregma, 2
mm anterior to lambda, and 3 mm lateral to sagittal suture). A ground electrode was
inserted into the neck subcutaneous tissue. Electrodes were constructed from Teflon
insulated silver wire (280 um diameter, A-M Systems, Inc.) and miniature connectors
(Ginder Scientific, ABS plug, GSO9PLG-220). The silver wires of the electrodes were then
wrapped around the screws and were fixed to the skull using dental cement. In a subset of
animals, two additional screws were inserted in the left parietal bone to record from both
hemispheres. A cylindrical platform (1 cm in diameter and 1.5 cm in height), to receive a
dropped weight, was formed above both sides of the frontal bone using dental cement
(Figure 2.1A and B). For cortical surface imaging under deep anesthesia, a craniotomy
(4x6 mm in diameter, 2 mm posterior to bregma, 2 mm anterior to lambda, and 2 mm lateral
to sagittal suture) was performed as described previously (135). The cranial window was
covered by a transparent plastic cover slip (Figure 2.1C), and a dental cement platform was

constructed above the frontal bone for animals expected to receive TBI. In another group
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of animals, and in addition to the right parietal cranial window, a right frontal bone window
was prepared (2x2 mm in diameter, 2 mm lateral and 2 mm anterior to bregma) (Figure
2.1D) to trigger SDs in control and TBI-exposed animals. Following the surgical
procedure, ketoprofen for analgesia (5 mg/kg, SC) was injected with lactate Ringer solution

(5 mL). Animals were kept warm and under observation until recovery.

A B

Figure 2.1. Animals groups.

The animal has a pre-implanted electrode for ECoG recording, and a dental cement platform
oriented below the metal bolt to receive the dropped weight (A and B). Schematic drawings
show the location of holes for ECoG, right parietal window for cortical monitoring, and
frontally constructed platform for TBI (C) and with a frontal hole for electrical stimulation (D).
The pre-implanted electrodes for ECoG and electrically triggering SDs in unanesthetized

animals through the frontal hole (E).
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2.2.1.2 Mild Traumatic Brain Injury

A weight drop TBI model was adapted by (Ellen Parker, 2019) from Mychasiuk (226),
Marmarou et al. (227) and Kane et al. (228) with modifications for a mild TBI (Figure 2.2).
Briefly, young (8-10 weeks) adult male Sprague Dawley rats were sedated using an
induction chamber (3% isoflurane, 2 L/min O2), until the toe-pinch reflex was absent. Rats
were then placed in the prone position on a sheet of aluminum foil taped to the top of a
plastic box (30x30x20 cm in depth). A metal bolt (1 cm diameter x 10 cm length) was
placed on the surgically constructed dental cement platform on the skull of the rat. TBI was
induced using a weight (600 g) travelling vertically (1.2 m) along a metal guide rail.
Following the impact, animals fell through the foil onto a foam pad placed at the bottom
of the box. Sham controls had the same surgical procedure and anesthesia induction but

did not receive a TBL

Figure 2.2. Schematic drawing for mild TBI model.
(1) Animal is sedated using isoflurane and laid in a prone position on aluminum foil. As the

animal is impacted, it breaks the foil and flips to the bottom of the box (2 and 3).
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2.2.1.3 Electrocorticographic (ECoG) Recordings

TBI and recordings were acquired 24 to 72 hours after the surgical procedure. The animals
were tethered to an Octal bio amplifier (ML138, ADInstruments, Sydney, Australia) for
recording differential epidural ECoG signals. Near-direct current (DC) recordings were
acquired (sampling rate of 1 kHz) with a high-pass filter of 0.02 Hz, a low-pass filter of
100 Hz, and a 60 Hz notch filter. A one-hour baseline recording was acquired in a recording
box (60x30x30 cm). The animals were reconnected to the recording system within < 30
seconds of impact and recording continued for one hour. In a subset of animals (n=8), there
was continuous recording for 24 hours. Another group of rats randomly divided into control
(n=12) and TBI (n=10) groups had recording under isoflurane anesthesia (1.5-2%), and
SDs were electrically triggered and monitored. ECoG data were analyzed using LabChart
software (version 8) and MATLAB.

2.2.1.3.1 Recording in Freely Behaving Animals (Recovering from Anesthesia)

For the purpose of recording from freely behaving animals (TBI-awake group), and to
study the neurophysiological changes that occur within seconds after repetitive mild TBI,
Sprague-Dawley rats were impacted three times. On day 1, animals (n=23) were impacted
for the first time, 20 out of 23 animals received a second impact on day 2, and 19 out of 20
received a third impact on day 3 (Figure 2.3). Following either the first or third impact,
Evans blue was injected intravenously through the tail vein, and after 30 minutes the
animals were deeply anesthetized using pentobarbital (Euthansol, intraperitoneally, 50
mg/kg), then perfused through the left ventricle of the heart with normal saline
(0.9% saline) followed by 4% formaldehyde solution. Extracted brains were post-fixed in
a 4% PFA solution at 4°C.

In addition, there was an unanesthetized electrically-triggered SD group (n=20), in which
electrodes were implanted for ECoG recording from the right brain hemisphere and to
electrically triggering SDs through the right frontal hole (Figure 2.1E). This group did not
receive an impact (TBI). After 24 hours of recovery from surgery, these animals underwent
an hour of baseline ECoG recording, followed by another hour of electrically triggering

SDs and ECoG recording.
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Figure 2.3. Schematic drawing shows the major steps for recording from the TBl-awake

group.
Electrodes were implanted for epidural ECoG recording. After 24-72 hours of recovery, and for

1-3 consecutive days, the animals underwent two hours of ECoG recording. The first hour is

baseline, followed by a TBI impact, and then one more hour of ECoG recording.

2.2.1.3.2 Recording in Deeply Anesthetized Animals

All procedures (craniotomy, ECoG recordings, and triggering SDs) were carried out under
deep anesthesia using isoflurane (1.5-2%, 1 L/min O2). Sprague-Dawley rats were divided
randomly into control (n=12) and TBI groups (n=10). The TBI group, but not the control,
was subjected to a single mild TBI once per day for 5 consecutive days before the
craniotomy and recording procedures. SDs were triggered using electrical stimulation in
both groups (Figure 2.1D). The same equipment and configurations of the recording
mentioned previously were used for three hours of continuous ECoG recording from the
deeply anesthetized animals. After an hour of a baseline recording, SDs were triggered
during the second hour while monitoring the ECoG, followed by another hour of recording.
Similarly, ECoG signals were also collected from another deeply anesthetized group before
and immediately following TBI (Figure 2.1C), simultaneously with cortical surface

imaging through the parietal window that is covered by a transparent plastic cover slip.
2.2.1.4 Electrically Triggered SDs

SDs were triggered epidurally as reported (75,87), using two stainless steel stimulation
electrodes (0.5 mm in diameter). Stimulation parameters were: 20 volt (V) and 20 Hz for
2 seconds. Pulse duration was increased every 10 minutes from 5 to 20 ms, with 5 ms steps.
SDs were triggered in deeply anesthetized (control and TBI) (Figure 2.1D) and
unanesthetized group (Figure 2.1E).
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2.2.1.5 Cortical Imaging

To allow cortical surface imaging immediately following TBI, the open parietal window
was covered by a transparent plastic cover (Figure 2.1C). In a subset of animals (n=6),
intravital microscopy (Axio Zoom, V16, Zeiss GmbH; Konigsallee, Germany) was
performed immediately (< 30 sec) following impact. These rats were maintained under
deep anesthesia (isoflurane 1.5%). Images were taken from the surface of the cortex at a
rate of one image/sec using a scientific CMOS camera (PCO Edge 5.5 model, PCO-Tech
Canada). The changes in intrinsic optical signal (I0S) were analyzed as reported (229,230)
using MATLAB.

2.2.2 Statistical Analysis

Results are expressed as (if not otherwise stated) mean + standard error of the mean.
Differences between more than two groups were determined by Kruskal Wallis test or
Friedman test, and between two groups were determined by Wilcoxon signed-rank test or
Mann-Whitney U test. The differences were statistically significant at P < 0.05. All

statistical analyses were performed using IBM SPSS Statistics, version 24.0.
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2.3 Results

Three criteria were established and used to validate a mild TBI model with concussive-
like injury: (1) mortality is rare; (2) a reduction in neurobehavioral performance can be
observed during the first minutes to hours after injury, and a recovery can be documented
24 hours after the impact; and (3) brain MRI 24 hours after injury and gross post-mortem
examination show no evidence of significant intracranial bleeding or gross structural
injury. We selected a drop weight and height (600 g, 1.2 m) in which all the animals

survived the injury and recovered from anesthesia.

2.3.1 SDs are Likely to Occur Following Mild TBI

Brain activity was recorded before and for >1 hour during recovery from a short period of
anesthesia. In sham controls, cortical activity during recovery from anesthesia was
characterized by increased amplitude and slowing compared to pre-anesthesia baseline,
and returned to baseline within 4-5 minutes (Figure 2.4).

In contrast, the most common change in brain activity following mild TBI was the
appearance of a large, long-duration, propagating potential, which was associated with a
depression of cortical activity, as reported for spreading depolarization (SD) in rodents

and humans (52,53,202,206).
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Figure 2.4. Recording from a non-injured sham control.

The upper two traces show raw ECoG recordings (band-pass: 0.02-100 Hz). The 3rd and 4th
traces show band-pass (0.5-45 Hz) activity. Note the high amplitude activity during recovery

from anesthesia.
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All animals (n=23) had the first TBI impact, 20 animals had a second impact, and 19
animals had a third one. Animals were grouped according to the post-injury
electrophysiological pattern, Figure 2.5. For the first time, SDs were recorded in
unanesthetized animals immediately following mild TBI. TBI-induced SDs were
recorded after the first (43.4%, in 10 of the 23), the second (55%, in 11 of the 20), and the
third TBI (57.8%, in 11 of the 19). In contrast, convulsive seizures with no evidence for
SDs were very rare and were recorded in only 2 animals after exposure to the second and
third TBI, while one rat (4.34%) showed a seizure preceded and followed SD after the
first TBI. There were no SDs or seizures clearly observed after the first (52.1%, in 12 of
the 23), second (40%, in 8 of the 20), and third TBI (36.8%, in 7 of the 19), and in the

sham control (n=10).
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Figure 2.5. The percentage of SDs and seizures following repetitive mild TBI.

From left to right, animals were impacted for the first (1st), 2", and 3™ time.

The percentage of SDs or seizures occurring between the groups was almost similar after
each impact. When all impacts were totaled (n=62 impacts), SDs were observed following
51.6% of the impacts (n=32 out of 62, Figure 2.6). Seizure activity associated with

convulsions but without SD was observed in two animals (3.2%).
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Figure 2.6. Occurrence rate of SDs and seizures following all impacts.

One animal (1.6%) displayed an electrographic seizure that preceded and followed the
SD (Figure 2.7). In 27 impacts (43.6%), and in all sham controls (n=10) neither SDs nor
seizures were observed. As no histological investigation of the brains was conducted, it is
unknown whether there are differences between animals with and without SDs. Of the 33
SDs, 32 were recorded within the first 3 minutes (mean 125 + 9 s, n=32) after the impact
(Figure 2.7 and Figure 2.8). In one animal, a late SD was recorded 43 minutes after
injury. In a subset of animals (n=8), recordings were continued for 24 hours with no
additional SDs noted. In a subgroup of rats (n=10), recording electrodes were implanted
above both hemispheres. In 7 out of 10 (70%) impacts, TBI-induced SDs were recorded
in both hemispheres (Figure 2.8).
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Figure 2.7. Epidural near DC-ECoG from right brain hemisphere.

Recordings of TBI-induced SDs and seizures from the right brain hemisphere following a mild
TBI. First upper two traces represent the raw ECoG recordings (band-pass: 0.02-100 Hz) and
show SDs recorded in both two neighboring electrodes 1 and 2. Seizures recorded before and
after SDs (blue arrows). Traces 3 and 4 show the spontaneous brain activity in near DC-ECoG
recordings (band-pass 0.5-45 Hz), in which spreading depression was observed in both
electrodes (1 and 2) simultaneously during SDs (asterisk). The squared spontaneous activity
(power near DC-ECoG) of both electrodes was used as another accurate measure to quantify
the depression in spontaneous brain activity (52,53,231). After ~2 minutes of mild TBI, SDs and

seizures are seen in electrode 1 and electrode 2.
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Figure 2.8. Epidural near DC-ECoG from both brain hemispheres.

TBI-induced SDs were recorded from both brain hemispheres following mTBI. First upper two
traces show the raw ECoG recording (band-pass: 0.02-100 Hz) of two electrodes. Electrodes A-
B record from the right hemisphere, whereas electrodes C-D record from the left hemisphere.
Suppression of the brain activity (band-pass 0.5-45 Hz) is observed in both hemispheres

(asterisk) as shown in traces 5 and 6.
The cortical surface in the right frontal window (the presumed region of maximal impact
force) was electrically stimulated in order to induce SDs (75). One to two minutes (103 +
29 s) following stimulation, SDs were recorded from the right parietal electrodes (n=20,
Figure 2.9). The latency of electrically-triggered SDs was similar to that observed for
TBI-induced SDs (n=32, 125 + 9 s).

Figure 2.9. Electrically-triggered SDs propagated from the right frontal hole and

recorded by right parietal electrodes in the unanesthetized group.
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Cortical imaging during SD recordings (n=6) confirmed propagating changes in IOS
(Figure 2.10A and B), as reported (229,232).

Figure 2.10. Intravital microscopy showing changes in intrinsic optical signals during SD.
(A) ECoG recording from both brain hemispheres after a mild TBI showing bilateral SD
occurrence. Perpendicular dotted arrows indicate the time of recording of the images shown
below. (B) Images were acquired during ECoG recording from the surface of the brain at various
time points after mild TBIl. Changes in IOS are superimposed onto brain images. SDs were
triggered in multiple cortical foci following impact and propagated medially toward the midline in

the right hemisphere. A, anterior; P, posterior; L, lateral; M, medial. I0S=intrinsic optical signal.
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2.3.2 TBI Animals Having SDs Need Longer Time to Resume Spontaneous

Locomotion

Motor arrest was the most common behavioral phenotype during SDs, but occasionally
unilateral or bilateral contractile rhythmic limb movements were noted, with slow
extension of one or two limbs. Latency to resume spontaneous locomotion was
significantly longer in animals with SDs (360 + 26 s, n=32) compared to rats where no
pathological brain activity (SDs or seizures) was recorded (196 + 25 s, n=27, P=0.001), or
to sham controls (67 £ 6 s, n=30, P< 0.0001, Figure 2.11A). Although there was no
significant difference or relationship between the time to resume locomotion and the
number of TBI impacts (Figure 2.11B), significant differences were found between control
and all TBI animals regardless the number of impacts. Contrary to expectations, there was
no relationship between the time needed to resume spontaneous mobility and the spreading

depression duration or SD amplitude.

A B
; 08:00 - _| Contral
0804 - B Tel
i wr
i 1,1, 2.1 : & e
£ os00d | xR [
E . o T ]
E |'|.=32. g I I yJ_\
E . i B —I— | n=18
] gl § 04:00 I n=10 |
E 04:00 n=2 g e |
§ 1 g | |
o |
: o | |
g E 02:00 |
S = |
e .
n=30| a0 :
0o:00 0000

é"; L E dﬁé @__qé ,ﬁé -;b"‘:* |
&

Figure 2.11. Time to resume spontaneous locomotion.
(A) Time to resume locomotion was the longest in animals having SDs. However, all TBI
subgroups have longer duration to resume their voluntary activity compared to control. (B) There

was no significant difference between animals exposed to one or more TBI impacts. *** P <

0.001, and **** P < 0.0001.

34



2.3.3 Repetitive (But Not Single) Mild TBI is Associated with Brain Contusions

A summary of the relationship between the brain contusions and number of TBI impacts
is shown in Figure 2.12. The brain contusions are common in repetitive mild TBI. Evans
blue (MW of 961 Da) is frequently used as a tracer to detect blood-brain barrier disruption
and leakage. Evans blue was injected 30 minutes before perfusing the animals to detect any
visible contusion formation or BBB disruption. No difference was observed between
control (n=30) and animals exposed to a single TBI (n=4), in which both groups did not
have contusions (Figure 2.12A, B, C, and G). We observed that 89.47 % of animals
exposed to three repetitive mild TBI (17 out of 19) have brain contusions mainly in the

inferior surface of the brain (Figure 2.12D, E, F, and G).
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Figure 2.12. TBI and control brains.

Brain contusions were observed following three impacts (D), but not after one impact or in
controls (A). Closer views for the inferior surfaces of the brains show no blood after one impact
and in control (B), and brain contusions after exposure to three impacts (E). C and F are coronal
sections for B and E respectively. (G) The percentage of contusions occurrence among control
group and animals exposed to one and three impacts.
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2.3.4 SDs Characteristics I: Amplitude

The amplitudes of the slow potential changes of SD waves were measured from peak to
peak. Recordings were acquired using a near-DC amplifier with a high-pass filter of .02
Hz, that will distort the DC-shift of SD. However, the stereotyped slow potential change
that serves as a hallmark signature of SD can be recorded. Thus amplitude and duration
measurements should be interpreted with caution (231). The amplitude of electrically-
induced SDs was larger in awake animals compared to anesthetized controls (awake: 1.04
+ 0.12 mV, n=20 vs. anesthetized: 0.26 = 0.03 mV, n=12, P<0.0001), likely due to the
suppression effect of anesthesia. Notably, injury-induced SDs were larger in amplitude
compared to electrically-stimulated SDs recorded in awake animals (1.47 £0.14 mV, n=33,
vs. 1.04 = 0.12 mV, n=20; P=0.01). Electrically-induced SDs in rats after injury were
smaller than trauma-induced SDs, but larger compared to electrically-induced SDs in
anesthetized controls (P=0.02). However, depending on the number of impacts given to the
animal, analysis showed that SDs had almost similar amplitudes between groups of animals
that had one, two or three impacts; 1.47 £ 0.24 mV, 1.53 £ 0.26 mV, and 1.42 + 0.23 mV
respectively (Figure 2.13B).
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Figure 2.13. SD amplitude in awake and anesthetized rats.

(A) The lowest SD amplitudes were recorded in anesthetized groups, and the highest were in
TBI-induced SDs. (B) No significant difference between SDs amplitude depending on the
number of impacts. * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.

2.3.5 SDs Characteristics II: Duration

The duration of SDs was measured from the start of the deviation from baseline of DC shift
of slow potential change of SDs to the return of DC shift to the baseline. No differences
were found in SD duration between awake and anesthetized animals, or between

electrically- and TBI-induced SDs (Figure 2.14).
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Figure 2.14. The duration of triggered SDs under anesthesia compared to slightly
sedated or awake animals.
No differences in SD duration between anesthetized and awake animals who were exposed to

TBI or electrically stimulated.
2.4 Discussion

We report here the common occurrence of SDs after mild TBI. SDs were recorded in >
50% of injured animals within 3 minutes after a direct impact in this closed-head rat model
of mild TBI. Most rats with SDs required a longer time to resume spontaneous locomotion
compared to injured animals with no SDs or sham controls. Our results are in agreement
with those of Bouley and colleagues, who recently showed laser doppler flowmetry and
intrinsic optical signaling changes consistent with SDs in a mouse model of closed brain
injury (233), and with a previous study of a TBI model using anesthetized animals impacted
directly on the dura (225).

SDs are characterized by abrupt, near-complete sustained depolarization of neurons and
breakdown of the transmembrane ion gradient (48,51), observed as a large negative slow
potential change (52,53). Spontaneous SDs have been described in sedated patients after
severe brain injuries, including TBI (53,85,86), subarachnoid hemorrhage (52,87), and
malignant stroke (54,88). Under these conditions, it has been shown that SDs may be
associated with an impaired vascular response and worse clinical outcomes (54,89-91).

SDs are also thought to underlie migraine aura with no evidence for neuronal injury,
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perhaps due to normal vascular response and increased blood flow to the tissue (234,235).
The known propagation velocity of SDs (2-9 mm/min) (236), and the observation that
electrically-stimulated SDs at the site of injury (ca. 5 mm anterior to the recording site in
the parietal cortex) resulted in a similar delay of SDs recorded in the parietal window. This
suggests that SDs are initiated immediately following injury and slowly propagate
throughout brain. In a recent study, direct impact to the dura mater of anesthetized mice
showed a bilateral decrease in regional cerebral blood flow (rCBF), which was suggested
to be the result of SDs (225). Our findings using direct recordings and analysis of intrinsic
optical signaling confirm that SD initiation and propagation is common in a rodent model
of mild TBI. Previous animal studies showed that electrically-induced SDs usually
propagate ipsilaterally and do not cross to the contralateral hemisphere (237). The bilateral
simultaneous SDs recorded in our animal model (Figure 2.7) could likely be the result of a
bilateral induction of SDs in the parietal cortex, and the delay in recording could be the
time needed for initiation of SDs.

While SDs were the most prevalent pathophysiological events following mild TBI, we
occasionally also recorded seizures. The rare occurrence of electrophysiological seizures
after mild TBI is consistent with clinical studies (238). Furthermore, while in most animals
triggered SDs were associated with behavioral arrest (so-called “freezing behavior”) (239),
we often noticed motor convulsions during SDs, suggesting the involvement of sub-cortical
or spinal networks. Suppression of extrapyramidal tracts or basal ganglia cannot be
excluded.

Rats that experienced SDs required a longer duration to resume spontaneous locomotion,
consistent with the transient alteration in consciousness immediately following TBI, as
often reported in concussed individuals. Published data does not have an hypothesis to
explain these symptoms (92,95). We suggest that SD is the dominant and the primary factor
in manufacturing the hallmark of concussion. Consistent with our results, immobility
behavior that ranged from seconds to 10 minutes was the prominent behavioral change
during triggered SDs (239). This requires further investigation to determine the difference
between triggered and TBI-induced SDs. It has been found that the propagation of SDs
through the cerebral hemisphere causes temporary sensory and motor dysfunction (240).

In this study, the immobility during TBI-induced SDs could be explained also by the
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involvement of the basal ganglia (240). However, the firing of dopamine neurons is under
cortical regulation (241,242). The mechanisms by which SD modulates the dopaminergic
synaptic network in the striatum are unknown (243). However, SDs change the neuronal
activity (239) and modulate the dopamine release in subcortical structures, producing a
decrease in dopamine release in the caudate nucleus. This may lead to inhibition of motor
activity and termination of responses (240,244,245). Thus, the modulation of
neurotransmitter release as a result of SD may have an impact on the voluntary locomotion
of animals (240).

Although we performed near-DC recordings (with a high-pass filter of 0.02 Hz), and thus
amplitude and duration measurements should be interpreted with caution (55), the larger
amplitudes of injury-induced SDs compared to those induced by electrical stimulation are
still interesting. This increase in amplitude is unlikely due to the effect of anesthesia, as
isoflurane has been reported to suppress SDs (246). Furthermore, electrically-triggered
SDs in awake rats were also lower in amplitude compared to TBI-induced SDs (Figure
2.13A). The larger amplitude of SDs following TBI may reflect a greater population of
neurons involved in the SD process or a faster recruitment of these into the SD process.
Interestingly, the electrically-induced SD amplitude was also larger in the traumatized
brain, suggesting long-lasting changes in cortical circuitry function after SDs in this mild
TBI model.

In humans, an impaired vascular response to SDs has been documented after severe brain
injuries and has been suggested to underlie delayed cerebral ischemia after both traumatic
and aneurysmal subarachnoid hemorrhage (54,100,247,248). The relative ischemia in
response to the increased metabolic demand during SDs was shown to be associated with
a longer duration of SD’s negative DC shift (53). While the vascular response to SD was
not monitored in the present study, no differences were found between the durations of the
near-DC shifts in trauma-induced and electrically-induced SDs in the healthy or
traumatized brain. This suggests that brain ischemia is not a prominent response to SDs
after mild TBI.

Brain contusions are focal brain injuries that occur frequently at locations where the brain
surfaces come in contact with protruded bony parts of skull, specifically the base of the

skull. From a pathophysiological view, contusions result from damage to small cerebral
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vessels. Our findings share similarities with a result of a previous study in which most
contusions were seen in the inferior surface of temporal and frontal lobes (249). Indeed,
contusions occur either directly beneath the location of impact or on the other side of it.
Contusions can occur in the cortex or the white matter. In this study, the high occurrence
rate (89.4%) of contusions after three impacts is consistent with a rodent model of repetitive
mild TBI in which contusions were seen in all impacted animals (250). In another study,
50% of mild TBI patients (15 out of 30) were seen with BBB disruption around the area of
the contusion (251).

In this study, we presented electrophysiological recordings confirming that SDs are a
common, early cortical electrophysiological event in a model of mild TBI and are
associated with a longer recovery time following injury. We suggest that SDs may be
critically involved in brain dysfunction that results from a mild TBI. Additional studies are
required to investigate the mechanisms underlying the initiation and propagation of SD in
the traumatized brain, and the potential role of SDs in mediating delayed complications of

concussive injury.
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Chapter 3: Spreading Depolarization, Blood-Brain Barrier Integrity, and
Neurovascular Coupling

3.1 Introduction

Spreading depolarizations (SDs) is a phenomenon discovered by Ledo in 1944 (46). It is
well known that SDs are initiated and propagated across the brain, but the mechanisms by
which that occurs are unclear (46,47). SDs are known to occur in individuals with SAH
(52,87), ischemic stroke (88), malignant hemispheric stroke (54), migraine (57,252), and
TBI (53,85,86).

SD has a role in cytotoxic edema in the brain’s gray matter (252), increased metabolic
demands, and inverse neurovascular coupling (NVC) (52,197). The occurrence of SDs and
the prolonged duration of silencing of the brain’s spontaneous activity in TBI patients were
considered as major factors that led to the formation of cortical lesions and impaired NVC
(53,85,100).

In recent years, there has been considerable interest in BBB disruption and its relationship
to various neurological disorders, including TBI and epilepsy. Regardless of the cause,
BBB disruption is common, and it has important consequences for nervous tissue, leading
to the generation of seizures and epilepsy, especially after TBI (8,123,126,253-255).

The relationship between SDs and the BBB is thought to be mediated by a family of
proteolytic enzymes called matrix metalloproteinases (MMPs) (149), that are released and
activated following intracerebral hemorrhage, stroke, brain tumor, and TBI (150,153-156),
and will affect the integrity of the BBB.

The response of cerebral vessels to SDs differs between normal healthy and pathological
tissue. In healthy tissue, the physiological hemodynamic response (hyperemia) is
dominant, but an oligemia in tissue at risk for progressive damage is the inverse
hemodynamic response (48,89,203-205). SDs are accompanied by the release of
glutamate, arachidonic acid, and the production of NO metabolites that ultimately lead to
vasodilation (209,210).

In TBI, NVC varied between patients, depending on the severity of the injuries. NVC can
be physiological hyperemic, pathological inverse, or can alter from physiological to

pathological coupling (89,202). In the previous chapter, we showed that SDs were the first
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electrophysiological events that occurred following mild TBI. It is established that TBI is
associated with BBB dysfunction (251)(255)(256), and repetitive TBI is associated with
BBB disruption (250). Thus, the goal of this chapter is to shed light on the relationship
between SDs and BBB permeability following repetitive mild TBI using a new technique

for live continuous monitoring of pial vessels.
3.2 Materials and Methods

All experiments were performed following institutionally approved protocols in
accordance with the Canadian Council on Animal Care and were approved by the
Dalhousie University Committee on Laboratory Animals.

Sprague-Dawley rats (300-400 g) were randomly divided into two major groups, including
control group (n=28) and TBI group (n=20). Depending on the method used for triggering
SDs, each group was subdivided further into two subgroups, including KCl-triggered SDs
and electrically-triggered SDs. Epidural ECoG recordings, rCBF monitoring, and vascular
imaging were collected continuously during the experiment. To assess BBB integrity, the
BBB-tracer Na-Fluorescein was injected before (baseline) and after triggering SDs (Figure
3.1). Triggering SDs was performed through the right frontal hole. Experimental design is

summarized in Figure 3.1 and Figure 3.2.
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Figure 3.1. Monitoring of pial vessels and NVC of deeply anesthetized animals.

(A) Major steps included in the experiment design for vascular (pial) imaging. ECoG recording

and rCBF monitoring (using laser doppler blood flowmetry (LDF)) are continuously recorded

during the experiment. Na-Fluorescein (BBB-tracer) is injected before and after triggering SDs

and is accompanied by video monitoring. (B) Schematic drawing for the timeline of procedures.
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Figure 3.2. Major steps for acute brain monitoring and imaging.

(A) Schematic drawing for craniotomies including a small frontal hole for triggering SDs and other
holes for ECoG recording. A large parietal window was drilled for acute cerebral vessel
monitoring and imaging in addition to recording rCBF (A and B). ECoG recording and rCBF
monitoring for 1 hour followed by vascular imaging and tracing dye injection (Na-Fluorescein)
were performed for a baseline recording before triggering SDs (C). SDs were triggered
electrically or using KCI through the right frontal hole, which is completely isolated from the rest
of the skull by dental cement (D). Na-Fluorescein injected again after brain stimulation and pial
vessels were monitored continuously (E). Notice the leakage from pial vessels to the extracellular

space following induction of SDs.

3.2.1 Induction of Traumatic Brain Injury

The mild TBI induction is the same procedure as Chapter 2 (2.2.1.2) except with the
following experiments the animal’s skull and skin remained intact and the injury was
induced using a 300 g weight dropped from a height of a meter directly onto the skin. These
animals received a single mild TBI once per day for 5 consecutive days before undergoing

a craniotomy and recording on day 6.
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3.2.2 Craniotomy Protocol for Acute Brain Monitoring and Imaging

The surgical procedure is similar to that mentioned previously (Surgical Procedures
2.2.1.1). Three holes for bipolar ECoG recording were drilled, including two holes in the
right parietal bone (2 mm posterior to bregma and 2 mm anterior to lambda, and both are
3 mm lateral to the midsagittal) and a third hole 3 mm posterior to lambda (Figure 3.2A
and B). The ground was inserted in the subcutaneous tissue of the neck. Electrodes were
made using Teflon insulated silver wire (A-M Systems, Inc. coated diameter is 280 um).
Electrodes were then fixed epidurally in bipolar fashion using dental cement (Figure 3.2B).
To trigger SDs electrically, a right frontal hole (2x2 mm in diameter) was drilled 2 mm
lateral and 2 mm anterior to bregma, and the dura was kept intact. The dura mater of the
frontal hole was carefully opened. This opening was used to trigger SDs using KCI. For
vascular imaging and monitoring, a right parietal window (4x5 mm in diameter, 2 mm
posterior to bregma, 2 mm anterior to lambda, and 1 mm lateral to sagittal suture) was
drilled as reported (135). However, the dura mater of parietal window was thinned and
sometimes opened, and the exposed brain was perfused and continuously nourished by
artificial cerebrospinal fluid (ACSF) at rate of 1.0 ml/min (257). The composition of the
ACSF in mM was: NaCl: 124, KCl: 3, CaCl.: 2, MgS0a: 2, NaHCO:s: 26, glucose: 10, pH
7.4 at 34-36°C, osmolarity 300 £ 10 mOsmol/l and it was carbogenated with 95% O and
5% CO2 (135,258).

3.2.3 Electrocorticographic (ECoG) Recording

Recordings were performed using the same equipment and configurations mentioned
previously in Chapter 2. Recording of ECoG signals was carried out under deep anesthesia
using isoflurane (1.5-2%) for three hours. The first hour was baseline recording followed
by an hour of simultaneous ECoG and triggering of SDs either electrically or using KCl.
The recording was continued for another hour after the triggering phase. The recordings

were analyzed using the same method explained previously in Chapter 2.
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3.2.4 Triggering of Spreading Depolarizations

Episodes of SDs were triggered for both control and TBI groups. Two different methods

were used to trigger SDs.
3.2.4.1 KCI-Triggered SDs

SDs were triggered at the stimulation site (frontal hole) by application of 3 M KCl-soaked
cotton ball to the pial surface of the frontal cortex for 30 seconds. The hole was
continuously drained by ACSF. This process was repeated for three times with 10-15

minutes intervals.

3.2.4.2 Electrically-Triggered SDs

The electrical stimulation method was mentioned previously (2.2.1.4).
3.2.5 Evaluation of BBB Integrity

Before and 30 minutes after triggering SDs, Na-Fluorescein (Na-Flu, MW 376 Da), 0.6
ml/kg (Img/ml in saline) was injected intravenously in the tail vein at a rate of 0.45 ml/min
(135,259), Figure 3.1 and Figure 3.2C and E. During the entire procedure, pial vessels were
monitored continuously through high resolution video recording (2560x2160, and 1
image/s) using an imaging-setup of a fluorescence microscope (Axio Zoom, V16, Zeiss
GmbH; Konigsallee, Germany) with three built-in filters (580 nm wavelength) and
scientific CMOS camera (PCO Edge 5.5 model, PCO-Tech Canada). Half an hour after the
last injection of Na-Flu, the anesthetized animals were perfused, and the brains were

quickly removed and kept in 4% formaldehyde solution.
3.2.6 Image Analysis

Using MATLAB codes designated by Prager and his colleagues (2010) (135), we analyzed
the videos to assess the BBB-integrity. Images were rescaled to 256x256 pixels (135) and
corrected for movement artifacts. To assess the vascular permeability, the extravascular
space and vascular compartment were segmented and selected by points and dotted lines,
using the MATLAB software, based on an arteriovenous anatomy. For each extravascular
space pixel, the software compares the change in extravascular space signal intensity over

time (reflecting tracer accumulation) before and after SDs in both TBI and control groups.
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The difference in the signal intensity represents the BBB integrity and the amount of
leakage in the extravascular space. This change is known as the ‘blood-brain barrier
permeability index’ (135). If the value of permeability index (PI) is less than or equal to 1,

there is no change or increase in BBB permeability
3.2.7 Measurement of Regional Cerebral Blood Flow (rCBF)

Cerebral blood flow was continuously recorded using an Oxyflo Probe (Oxford Optronix
Ltd, MNP110XP, U.K) connected to a blood flowmeter (ADInstruments, INL191,
wavelength 830 £ 10 nm) (135,204,225,260). The probe was fixed to a micromanipulator
and positioned close to the parietal cortex. Laser Doppler flowmetry (LDF) measures the
microvascular blood perfusion (relative blood cell flux) by utilizing the frequency changes
reflected by blood cells. This varying signal content is converted into a voltage output that
represents the percentage of backscattered light. Results are expressed as percentage of

baseline (0-100%) providing relative blood flow values.
Statistical Analysis

Results are expressed as mean + standard error of the mean, unless otherwise stated.
Differences between more than two groups were determined by Kruskal Wallis test or
Friedman test, and between two groups were determined by Wilcoxon signed-rank test or
Mann-Whitney U test. Differences were statistically significant at P<0.05. All statistical
analyses were performed using IBM SPSS Statistics (version 24.0).
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3.3 Results

3.3.1 TBI Group Has More Vulnerability for an Increase in BBB Permeability under
the Effect of SDs

SDs were triggered in control (n=18) and TBI (n=16) groups using two different methods,
electrical stimulation (control: n= 9 vs. TBI: n=8) and using KCl (control: n=9 vs. TBI:
n=8). BBB integrity change was assessed and evaluated before and after triggering SDs in
both TBI and control groups. The degree of the change in BBB permeability was
represented (arbitrary unit) as a permeability index (PI), and if the value of PI is less than
or equal to 1, there is no change or increase in BBB permeability (135). In the present
study, SDs may have no effect on the BBB of control groups within an hour after
stimulation. On the other hand, in TBI groups, a significant increase in BBB-permeability
index after SDs was observed following KCI (before SDs: 0.73 + 0.1 vs. after SDs: 1.3 +
0.24, n=8, P=0.01) and electrical stimulation (before SDs: 0.86 + 0.06 vs. after SDs: 1.7 £
0.43, n=8, P=0.03), Figure 3.3E.
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Figure 3.3. The effect of SDs on blood-brain barrier permeability in-vivo.

BBB permeability maps (arbs.unit) before (A) and after (B) triggering SDs in control animal.
Permeability maps for a TBI animal (C) showing an increase in accumulation of Na-Fluorescein
in the extravascular space after triggering SDs (D), suggesting an increase in BBB permeability.
(E) Mean (xSEM) of PI for control and TBI groups before and after SDs. Chemical (KCI) and
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electrical methods were used to trigger SDs. If the value of Pl < 1, then there is no increase in
BBB permeability. * P < 0.05, ** P < 0.01 (Mann-Whitney test and Wilcoxon signed ranks test).

3.3.2 Seizures Recorded in Control and TBI Groups

During ~3 hours of ECoG recording and triggering SDs, our results showed seizure events
(Figure 3.4A) recorded in both control and TBI groups regardless of the method used to
trigger SDs, Figure 3.4B. Seizure events (n=9) were recorded in control and TBI groups,
and recordings from 7 rats showed that seizures came after SDs, and 2 rats showed seizure

activities before and after SDs.
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Figure 3.4. Seizures following SDs triggered at the frontal cortex.
(A) ECoG recording from the right parietal cortex following KCI application on the right frontal

cortex to trigger SDs. After stimulation, there were seizures after SDs and these lasted for ~20
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minutes duration, and these were accompanied by an increase in rCBF (hyperemia) as seen in
the first upper trace. To show the spontaneous brain activity, a digital band-pass filter (0.5-45
Hz) was applied (green trace) to the raw ECoG recording (0.02-100 Hz). The recording shows
an increase in squared spontaneous activity (power near DC-ECoG, 4t trace) during the
seizures. (B) Seizure activities for control and TBI groups following KCI- and electrical-

stimulation.

3.3.3 Spreading Depolarization Characteristics
3.3.3.1 SD Durations

SD durations were measured from the beginning of deviation from the baseline to the
starting point of recovery and the return to baseline (55,206), Figure 3.5B. SD durations in
control and TBI groups were almost similar and no significant difference was seen among
KCI groups (control: n=16, 98 = 10 s versus TBI: n=10, 96 + 3 s) or using electrical
stimulation (control: n=12, 83 =+ 13 s versus TBI: n=10, 59 + 14 s, Figure 3.5A).
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Figure 3.5. Spreading depolarization durations.
(A) The duration of triggered SDs for control and TBI groups. (B) Schematic drawing shows the
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duration of the SD phase measured from the start of deviation from the baseline level until the

return to the baseline.
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3.3.3.2 SDs Amplitude

The amplitudes of the slow potential changes of SD waves were measured from peak to
peak as illustrated in the schematic drawing above (Figure 3.5B). In terms of SD amplitude,
the results did not confirm any significant difference between control (n=16) and TBI
(n=10) groups stimulated by KCl (control: 0.41 £ 0.07 mV vs. TBIL: 0.38 £ 0.07 mV).
However, significantly larger amplitudes were recorded in the electrically-triggered TBI
group as compared to control (control: n=12, 0.26 + 0.03 mV vs. TBI: n=10, 0.43 + 0.04
mV, P =0.02), Figure 3.6A.
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Figure 3.6. SDs amplitude in control and TBI groups.
Mean of SDs amplitude is higher in TBI group after electrical stimulation.
* P < 0.05, (Kruskal Wallis test and Mann-Whitney U test).

3.3.3.3 SDs Propagation

While the right frontal hole (~5 mm anterior to the recording site in the parietal cortex) is
the location of the stimulation (Figure 3.7A), the propagation velocity of SDs was
measured by dividing the total displacement (between frontal hole and first parietal
electrode) by the total time needed to start SDs at the recording site (Figure 3.7A and B).
The anesthetized groups showed no significant differences in SDs velocity neither between
KCl-triggered groups (control: n=16, 3.1 + 0.25 vs. TBI: n=10, 2.5 + .35 mm/min) nor
between electrically-stimulated groups (control: n=12, 3.0 + 0.23 vs. TBI: n=10, 3.0 £ 0.18

mm/min), Figure 3.7C). To show the effect of anesthesia on SDs propagation velocity, SDs
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were electrically triggered in unanesthetized non-traumatized animals. Interestingly, we
found that SDs were significantly (P = 0.0003) propagated faster in the unanesthetized
group (n=20, 5.07 + 0.34 mm/min) compared to deeply anesthetized animals (n=12, 3.0 £
0.23 mm/min), Figure 3.7D.
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Figure 3.7. SD propagation velocities in control and TBI groups.

(A) The schematic drawing shows the location of stimulation and ECoG recording, in which SDs
were triggered at the frontal hole and propagated toward the anterior electrode of channel 1. (B)
Bipolar raw ECoG recordings (band-pass: 0.02-100 Hz, 2" and 3 traces). SD observed as a
slow potential change (oblique arrows), that propagated across the right brain hemisphere from
anterior electrodes (channel 1) to posterior electrodes (channel 2). (C) Regardless of the method
used to trigger SDs (KCI or electrically) in deeply anesthetized rats, there was no difference

between SDs velocity in control or TBI groups. (D) SDs propagated slower under anesthesia.
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3.3.4 Regional Cerebral Blood Flow (rCBF) in Response to SDs

Neurovascular coupling is a phenomenon of an increase and decrease in rCBF in response
to different neuronal activities (48,100,135,168). SDs were found to be accompanied by an
increase in cerebral blood flow (Figure 3.8A) to compensate for the increase in energy
demands, and occasionally reversed NVC and a decrease in the blood flow in pathological
tissue (197). In this study and in response to triggered SDs, rCBF recordings were classified
into three phases (214) depending on analysis of recordings acquired using laser doppler

blood flowmetry (LDF), Figure 3.8B.
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Figure 3.8. Neurovascular coupling in response to triggered SDs.

(A) ECoG recording from the right parietal cortex of a control animal associated with recording
of rCBF from the same region of recording using LDF. SDs were triggered by 3M of KCl-soaked
cotton ball applied to the right frontal cortex for 30 seconds. Vertical arrows of the first trace
(rCBF) indicate the time of KCI application. rCBF shows that hyperemia (phase |) is the major
response of pial vessels to SDs. Oblique arrows on the second trace indicate SDs. (B) Schematic
drawings show three different phases of rCBF in response to SDs, in which I, Il, and Il represent
hyperemic, late hyperemic, and oligemic phases respectively. It is noteworthy to mention that it

is not necessary for all phases to exist in the same rCBF response.

3.3.4.1 Hyperemic Phase

The hyperemic phase (I) is the most common phase during SD (202,205,214). The duration
of this phase is ~ 1-2 minutes, and it was measured from the point of deviation from
baseline toward the peak until the point of returning to baseline or converted to the second
phase (late hyperemia), Figure 3.9A. Phase I precedes the phase of late hyperemia (II), and

it has a dome shape with a peak, and it represents the major rapid hyperemic phase in
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response to SDs and seizures. However, the difference in duration for this phase was not
significant among the different groups (control, KCI: 116 + 5 s and electrical: 119 = 15 s
vs. TBI, KCI: 134 + 14 s and electrical: 89 + 18 s), and the majority had a duration of ~ 2
minutes (Figure 3.9B).
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Figure 3.9. Hyperemic phase of rCBF (phase I) in response to SD.
(A) The recording of rCBF and ECoG from the right parietal cortex of a control animal. Hyperemia
is seen in the rCBF recording (red trace) in response to KClI-triggered SD (arrow). (B) The durations

of the hyperemic phase in both control and TBI groups after triggering SDs electrically and using

KCl.

3.3.4.2 Late Hyperemic Phase

It is the second phase in the response to SD. The phase comes immediately or later after
the hyperemic phase. Furthermore, the late hyperemic phase can start earlier, before the
ending of the hyperemic phase and superimpose it (Figure 3.10A). Interestingly, the
analysis revealed a significant shorter duration of late hyperemia in TBI (n=10, 47 + 32 s)
than control (n=12, 200 + 41 s) in response to electrically-triggered SDs, but not using KCI
(control: n=16, 110 £47 s vs. TBI: n=10, 87 &+ 28 s), Figure 3.10C).
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Figure 3.10. Late hyperemic phase (phase Il) in response to SDs.

ECoG and rCBF recordings show the hyperemic phase (1) superimposed (A) or followed (B) by late
hyperemic phase (ll) in response to an electrically-triggered SD through the frontal hole. Late
hyperemia started when the hyperemic phase was interrupted before returning to baseline. (C) The

duration of late hyperemia is longer in control animals. * P < 0.05, (Kruskal Wallis test and Mann-

Whitney U test).

3.3.4.3 Oligemia Phase

The oligemia (phase IIT) (Figure 3.11A) is associated with different neurological conditions
such as TBI, SDs, and subarachnoid hemorrhage, and can last for hours or longer
(53,89,202,205,214,216,217). Our stimulation results showed that control animals,
exposed to electrical stimulation, has a significantly longer duration of oligemia (electrical:
n=12, 181 = 31 s vs. KCl: n=16, 42 + 19 s), but in the TBI group the difference was not
significant (Figure 3.11B). Contrary to expectation, there was no significant difference

between control and TBI groups.
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Figure 3.11. Oligemia phase (Phase lll) of rCBF.
(A) In response to electrically-triggered SD (dotted arrow), oligemia (red trace) followed a short

duration of hyperemia. However, animals started to recover gradually (asterisk) from oligemia. (B)
The duration of oligemia in both control and TBI groups in response to electrically-and KClI-triggered
SDs.
However, in this study, we calculated the occurrence rate of all rtCBF components (I-11I)
in relation to the number of SDs in each group (Figure 3.12). Among the groups, the
analysis showed that the late hyperemia (phase II) in the electrically-triggered TBI group

(18.18%) has a lower occurrence rate compared to the electrically-triggered control group

(80%). Phase I is the predominant rCBF response among all groups.
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Figure 3.12. Occurrence rate of rCBF phases.

Ocecurrence Rate of rCBF Phases, %

The occurrence rate of different rCBF phases in relation to the number of triggered SDs
(indicated by “n”) either electrically or using KCI in TBI and control groups.
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3.4 Discussion

In our previous study (Chapter 2), SDs were found to be the immediate pathophysiological
event following mild TBI, and this suggested SDs as the hallmark of concussion. However,
in TBI the effects of SDs are still unclear, and worse clinical outcomes are seen in patients
who have SDs associated with TBI (53,85). Thus, we assumed that SDs could be one of
the key factors in the relationship between TBI and BBB dysfunction.

This study has demonstrated that animals exposed to TBI have more vulnerability for an
increase in BBB permeability within ~2 hours after triggering SDs. SDs occur
spontaneously after ischemic, hemorrhagic and traumatic brain injury (85,88,206). BBB
dysfunction may occur because of status epilepticus or TBI (117,118). There are very
limited studies on the effect of SDs on BBB integrity.

Matrix metalloproteinases (MMPs) are members of an enzyme family (proteolytic
enzymes) that digest components of the extracellular matrix (ECM) such as the interstitial
and basement membrane collagens and cell surface receptors (150). In the literature, the
effect of release and activation of MMPs were observed following intracerebral
hemorrhage, stroke, brain tumor, and TBI (150,153—-156) with a noticeable effect on the
integrity of the BBB. Following 3-6 hours of triggering SDs in a rodent model, the level of
MMP-9 was increased, and reaching the maximum at 24 hours. Furthermore, cerebral
vascular leakage was reported after 3 hours of triggered SDs, but not in MMP-9-null mice,
indicating that MMPs was a predisposing factor for the initiation of BBB disruption process
(149).

In another study, after 30 minutes of intracortical injection of KCI, C-sucrose leaked to the
cortex, resolved within 6 hours, with no change in tight junction proteins (occludin or
claudin-5) expression (261). The increase in extravasation of plasma protein as a result of
topical KCl itself was not excluded (158).

In our study, the increase in BBB permeability was noticed within ~2 hours of triggering
SDs in TBI animals, suggesting that there may be a fast mechanism by which SDs affect
BBB integrity following TBI. There is evidence that the permeability of the BBB increases
following activation of NMDA receptors and excessive glutamate release (262). While SDs
are accompanied by a massive increase in glutamate level, NMDAR antagonists had

reduced the BBB permeability by decreasing the number of SDs (158). Furthermore, the
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extracellular concentration of glutamate increased immediately following TBI and peaked
within 4-5 minutes (263). In another study, the concentrations of glutamate and aspartate
in the CSF of patients with head injuries were 2 to 8-fold higher than control, measured
one hour after injuries and continued to be elevated for 3 days (264) and up to 9 days (265).
In a rat model, the rise in the extracellular glutamate level was immediate and lasted up to
9 days following TBI (266). Thus, in our study, an increase in glutamate, that could last for
days after mild TBI, may have enhanced the effect of triggered SDs on BBB integrity.
SDs triggered electrically or chemically using KCI (high K*) have similar pharmacology,
in which NMDA receptor antagonists block SDs triggered by both methods (75,267). In
this study, the analysis did not confirm any significant difference between both methods of
stimulation.

In the present study, BBB permeability and vascular leakage of Na-Fluorescein were
significantly increased after triggering SDs in the TBI group, suggesting that pathological
brain tissues are more vulnerable for further injuries.

Seizure activities were recorded from both control and TBI groups. Seizures and CSDs
were reported following acutely injured human brain, and they have a role in exacerbation
of tissue damage (58,98). In this study, the ratio of seizures to the number of SDs is very
low. It had been reported that patients with an acute brain injury and aneurismal
subarachnoid hemorrhage (ASH) had increased occurrence of SDs over that of ictal
epileptic events, and were associated with worse outcomes (58,90,91). In this study, and
after brain stimulation, seizures were recorded in 17.8% of the control group (5 out of 28),
and 20% in the TBI group (4 out of 20). In the present study, most of seizures came after,
but rarely before, triggered SDs. However, the relationship and interaction between SDs
and seizures is still a controversy. An interrelationship between SDs and seizures is
reported, in which SDs were preceded or followed seizures (103,268). While they are
following each other interchangeably, this makes the explanation more difficult. It has been
reported that triggered SDs enhanced neuronal excitability and facilitated seizure activity
in epileptic human brain tissues (104—106,269), and in anesthetized rats, triggered seizure
activities can lead to single and repetitive SDs (106).

It had been suggested that prolonged duration of SDs is one of the major factors in forming

cortical lesions by inducing hypoperfusion and impaired NVC (53). Similar to the freely
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behaving animals in this study (Chapter 2), SDs duration in deeply anesthetized animals
was almost similar among all groups, and the durations were also relatively short. This
consistency and short duration of SDs among the various groups may indicate an absence
of brain ischemia (270,271) and cortical lesions (53) after the mild TBI, and sufficient
cerebral perfusion and functional NVC (53,271,272). Consistent with our results, and under
isoflurane anesthesia, KCl-triggered CSDs have short durations (273). Taken together, our
results suggest that anesthesia and different stimulation methods may have no effect on
SDs durations. This could be related to the brain tissue condition and sufficient cerebral
perfusion for this energy demand situation.

SDs propagate at 1-9.5 mm/min in the brain of patients with SAH and malignant stroke
(52,54,56). In previous studies, KCl-triggered SDs were propagated at ~2-2.5 mm/min
(274,275), and at ~3.2 mm/min using electrical stimulation (276). Thus, this confirms our
findings, in which the propagation velocity was ~3 mm/min in both KCI- and electrically-
triggered SDs under the effect of anesthesia. The speed of propagation was greater (~5
mm/min) in unanesthetized animals, and an explanation for this could be the effect of
anesthesia on SDs propagation speed. Although the mechanism of propagation of SDs
across the brain is a controversy, it is still considered one of the most important
characteristics of SDs wave (46,48). However, in our study, anesthesia reduced the speed
of SDs propagation, but has no impact on SDs duration. Isoflurane is an anesthetic that
causes modest inhibition of NMDA receptors (277,278). Thus, the effect of an increase in
concentration of K* and glutamate in the extracellular space during SDs could be partially
decreased under the effect of anesthesia, and that ultimately affected the excitability level
in neighboring neurons and the propagation of SDs to the surrounding tissue across the
brain (48,84).

Neurovascular coupling (NVC) is a phenomenon of increase or decrease in rCBF in
response to physiological neuronal activation or deactivation respectively (135,165-167).
The changes in cerebral blood flow in response to SDs, including hyperemia or oligemia,
had been observed before (135,159,178,179,198-202). In previous studies, and using
magnetic resonance imaging (MRI), BBB dysfunction was associated with impaired NVC
in response to SDs and ictal epileptic events (52,197).

In our study, hyperemia and to a lesser extent oligemia, were recorded in response to
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triggered SDs and seizures. While physiological hemodynamic response (hyperemia) was
the dominant response of cerebral vessels to SDs in healthy tissue, inverse hemodynamic
response (oligemia) was not uncommon in tissue at risk for progressive damage
(48,89,203-205).

All three rCBF phases were recorded in our study. Most importantly, the duration of the
late hyperemia phase was shorter in TBI group but longer in control. In a previous study
(202), TBI-exposed animals had less rCBF before and even after SDs, suggesting a
compromised NVC process. NVC was varied between TBI patients depending on the
severity of the injuries. The variations in rCBF were between physiological hyperemic and
pathological inverse coupling, and could switch from physiological to pathological
coupling (89). SD usually accompanied by an increase in cerebral blood flow in well
supplied tissue, but a decrease in cerebral blood flow and an inverse in NVC were recorded
with SDs following SAH, TBI, and injured human brain (201,207,208), suggesting that
inverse NVC leads to an exacerbation of existing ischemic conditions and increases the
duration of SDs.

Consistent with our study, the hyperemic phase was reported during SDs (202,205,214)
with approximately 1-2 minutes duration, reaching the peak within a minute from the
beginning of SD. After 3-5 minutes of SD, the late hyperemia phase starts as reported
previously, and it represents an increase of about 10 % in CBF (198,279). There are many
factors that have a role in decreasing CBF, but it has been suggested that oligemia in
response to SDs could be due to secretion of a pericyte constrictor (20-
hydroxyeicosatetraenoic acid) (196) and a decrease in nitric oxide (280). Oligemia was
reported following a transient increase in CBF and it lasted for around 1-2 hours (279).
Unfortunately, following different neurological conditions such as TBI or SAH, oligemia

was varied in duration and it may last for hours or longer (53,89,202,205,214,216,217).
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Chapter 4: Spreading Depolarizations and Catastrophic Death Following
Traumatic Brain Injury

4.1 Introduction

Traumatic brain injury (TBI) is the leading cause of death for inf