Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1311

Oligodendrocyte pathology
following Traumatic Brain Injury
Experimental and clinical studies
JOHANNA FLYGT

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2017

ISSN 1651-6206
ISBN 978-91-554-9846-7
urn:nbn:se:uu:diva-316401

Dissertation presented at Uppsala University to be publicly examined in Hedstrandsalen,
Akademiska Sjukhuset, Uppsala, Friday, 5 May 2017 at 09:00 for the degree of Doctor of
Philosophy (Faculty of Medicine). The examination will be conducted in English. Faculty
examiner: Professor Fredrik Piehl (Karolinska Institutet).
Abstract
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Traumatic brain injury (TBI) caused by traffic and fall accidents, sports-related injuries and
violence commonly results in life-changing disabilities. Cognitive impairments following TBI
may be due to disruption of axons, stretched by the acceleration/deceleration forces of the
initial impact, and their surrounding myelin in neuronal networks. The primary injury, which
also results in death to neuronal and glial cells, is followed by a cascade of secondary injury
mechanisms including a complex inflammatory response that will exacerbate the white matter
injury.
Axons are supported and protected by the ensheathing myelin, ensuring fast conduction
velocity. Myelin is produced by oligodendrocytes (OLs), a cell type vulnerable to many of the
molecular processes, including several inflammatory mediators, elicited by TBI. Since one OL
extends processes to several axons, the protection of OLs is an important therapeutic target postTBI. During development, OLs mature from oligodendrocyte progenitor cells (OPCs), also
present in the adult brain.
The aim of this thesis was to investigate white matter pathology, with a specific focus on
the OL population, in experimental and clinical TBI. Since the inflammatory response may
contribute to OL cell death and OPC proliferation, neutralization of interleukin-1β (IL-1β) was
investigated.
The lateral and central fluid percussion injury models were used in mice and rats where
memory, learning and complex behaviors were investigated by two functional tests. Brain tissue,
surgically resected due to life-threatening brain swelling or hemorrhage, from TBI patients
was also investigated. Axonal injury, myelin damage, microglia alterations and OPCs and
OL cell death were investigated by immunohistochemical techniques. In focal and diffuse
experimental TBI, OL cell death was observed in important white matter tracts. OL cell death
was accompanied by myelin damage, axonal injury and presence of microglia as well as an
increased number of OPCs in both the experimental and human setting. OPCs were found
to proliferate in diffuse TBI in mice where both complex behavioral changes and impaired
memory were observed. Neutralization of IL-1β normalized and improved these behavioral
alterations and also lead to a preserved number of mature OLs although without influencing
OPC proliferation.
The results provided in this thesis indicate that white matter pathology is a key component of
the pathophysiology of TBI. The OPC proliferation may influence regeneration post-injury and
might be an important future therapeutic targets for TBI. The present studies also suggest that
treatment strategies targeting neuroinflammation may positively influence behavioral outcome
and OL cell death in TBI.
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Introduction

The brain does not only signal intentional motion and register and interpret
sensation, it is also the source of our thoughts and the organ forming our
personality. Injury to the brain causes physical, psychological, emotional,
social and financial burdens for the individual and can also result in vast
impact on the life of family and friends. A traumatic impact to the brain results in a primary injury which is the initiation of a multifactorial onset of
secondary injury mechanisms exacerbating brain damage for days and
months. Understanding the pathology of the injured brain is essential in the
development of therapeutic interventions that may aid in regeneration of
impaired brain networks and restore function.

1.1 An introduction to Traumatic Brain Injury
Injury to the brain, acquired through external forces such as traffic accidents,
fall accidents, sport associated injuries or violence is named traumatic brain
injury (TBI). TBI is a global health problem, affecting almost 3.8 million
people in Europe each year [1]. Its incidence increases with urbanization and
industrialization of low- and middle income countries where traffic accidents
prevail, involving young men to a large extent. Almost 30 % of all injuryrelated deaths include a TBI. Fall accidents are the leading cause of disability and death in patients > 65 years old and motor vehicle accidents in those
< 45 years of age [2, 3]. TBI accounts for vast socio-economic costs and lifelong disabilities in a relatively young patient group. Improving patient care
and developing therapeutic interventions remain as important future challenges [4].
Classifying TBI is close to impossible due to the huge heterogeneity of
mechanisms and outcome. For this thesis, classification by pathoanatomy is
suitable where focal lesions, diffuse injuries or a mix of the two defines the
injuries mimicked by our animal models. Focal injury includes elements of
e.g. contusions, lacerations and skull fractures caused by contact injury and
diffuse injuries include traumatic axonal injury (TAI), the experimental
counterpart of diffuse axonal injury (DAI) caused by rotational and acceleration-deceleration forces [5] schematically presented in Figure 1.
The injury spectrum ranges from mild TBI to severe TBI, where patients
may persist in a vegetative state or dying at the time of impact. The recovery
11

process can be highly variable due to the complex injury mechanisms and be
influenced by injury type, injury severity as well as patient factors, such as
genetic disposition and age [6]. TBI can leave the patient with persistent
motor and sensory problems but is also a risk factor for developing psychiatric illness such as depression, cognitive impairments (memory loss, personality changes and disorientation) [7-10] and neurodegenerative disorders
such as Alzheimer’s or Parkinson´s disease [11, 12]. The society has a responsibility to work for improved traffic safety and establishing safe road
transportation to prevent traffic accidents in Sweden. Project Vision Zero has
been seen as an innovative road safety policy since 1995 which has the aim
that no one should be killed or seriously injured in traffic [13]. However, a
person´s own responsibility in driving safely or wear a helmet while biking
is of great importance when it comes to preventing TBI [13, 14].

Table 1.
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Glasgow Coma Scale

Feature

Scale Responses

Score

Eye Opening

Spontaneous
To Speech
To Pain
None

4
3
2
1

Verbal Response

Oriented
Confused Conversation
Inappropriate
Incomprehensive
None

5
4
3
2
1

Motor Response

Obey Commands
Localize pain
Withdraws from pain
Flexion to pain
Extension to pain
None

6
5
4
3
2
1

1.2 Treatment of TBI patients in the Neurocritical
Care unit
Patients admitted to the emergency room following TBI are assessed using
the Glasgow Coma Scale (GCS) score, or commonly in Sweden the similar
Reaction Level Scale-85, as well as by neuroimaging. The assessment will
define severity of the injury and prepare for further neurocritical care (NCC).
GCS categorizes the injury into mild, moderate or severe depending on the
patient’s response to eye opening, verbal function and motor function to
different stimuli. A score will be given according to Table 1, where a score
of 13-15 is considered mild, 9-12 moderate and < 9 severe TBI [15]. Clinicians also register any loss of consciousness, post-traumatic amnesia, confusion or disorientation and seizures. Neuroimaging by computed tomography
(CT) or magnetic resonance imaging (MRI) scans can reveal contusions,
hematomas and hemorrhage and advanced MRI techniques such as susceptibility weighted imaging and diffusion tensor imaging (DTI) can reveal alterations in the white matter and the microvasculature [15]. In the NCC unit,
specialized care aim to detect and reduce secondary insults where the management of the intracranial pressure (ICP) and cerebral perfusion pressure
(CPP) is fundamental. To limit and avoid stress reactions and reduce energy
demand, the patient is continuously sedated and mechanically ventilated via
an endotracheal tube. Factors monitored include arterial blood pressure, central venous pressure (CVP), oxygen saturation, temperature, blood glucose,
arterial blood gases, ICP and CCP. Treatment goals for the NCC are presented in Table 2 [16]. To advance patient care in the NCC and to develop
pharmacological treatment options it is important to understand the cellular
reactions and mechanisms taking place following TBI.
Table 2.

Treatment goals of NCC
Variable
ICP
CPP
CVP
SBP
B-Glucose
Temperature

Goal
≤ 20 mm Hg
≥ 60 mm Hg
0-5 mm Hg
≥ 100 mm Hg
5-10 mmol/L
≤ 38° C

Intracranial pressure (ICP), cerebral perfusion pressure (CPP),
central venous pressure (CVP), systolic blood pressure (SBP).
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Figure 1. Overview of the secondary mechanisms initiated at the time of impact
following TBI. ICP= intracranial pressure, TBI= traumatic brain injury.
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1.3 Secondary injury mechanisms
The primary injury will start a cascade of secondary injury mechanisms in
the brain. In contrast to the primary injury, the secondary injury may be possible to modify using pharmacological interventions and is therefore a target
for research, forming the basis for the different studies included in this thesis. Depending on the type of injury, different mechanisms are activated in
the brain. If the blood-brain barrier (BBB) and blood vessels are injured,
edema will develop and cause a raised ICP, possibly leading to severe, progressive and persistent brain damage. If the cerebral blood flow is impaired,
leading to insufficient oxygen supply, cerebral metabolic demands cannot be
met causing ischemic brain injury and a raise in ICP. These secondary events
can be monitored and also treated to a certain extent, whereas other secondary events occurring at the molecular and cellular level are more difficult to
detect clinically but may nevertheless still be important therapeutic targets
for TBI. These factors include disturbed ionic homeostasis, neurotoxicity,
mitochondrial dysfunction, cell death, diffuse axonal injury and axotomy,
loss of conduction pathways and the initiation of a broad and complex inflammatory response [17, 18]. An overview of the secondary events is presented in Figure 1. This thesis focuses on the secondary white matter pathology following TBI including myelin damage, traumatic axonal injury and
changes in the oligodendrocyte cell population.

1.3.1 White matter injury following TBI
The white matter consists of myelinated and unmyelinated axons composing
almost half of the total brain volume. Different parts of the cortical gray
matter are connected by white matter, creating functional neuronal networks
executing e.g. cognition and emotion [19, 20]. Damage to the white matter
impairs information processing speed in the injured individual and is a crucial contributor to the cognitive impairments experienced following TBI.
Cognitive functions such as memory, attention and executive functions are
dependent on intact neuronal networks altered by TBI [19, 21, 22]. After
studying specific white matter tracts, memory loss can be traced to the hippocampal formation. Its shape and constitution of long fibers makes it vulnerable to mechanical shearing. Executive impairments following TBI can
be traced back to injured tracts connecting the frontal lobes to posterior brain
regions [21]. Disconnection of these important networks and impaired coordination of connectivity hubs within these networks are associated with lost
or reduced cognitive function [23, 24]. Location and magnitude of axonal
injury will influence the result of the network dysfunction and is variable
among TBI patients [21, 25]. MRI frequently reveal ongoing atrophy of the
white matter in TBI patients, [26-28] where volume decline and enlargement
of the ventricles can be seen. Reduced white matter integrity and axonal
15

injury, discovered by DTI, correlates with the cognitive deficits seen postTBI [29].

1.3.2 Diffuse Axonal injury
A common subtype of TBI is DAI, where widespread primary and secondary
axonal injury is evident. DAI is mainly caused by rotational, acceleration/deceleration forces observed in motor vehicle accidents. The entity of
DAI was first described in patients by Adams and colleagues in 1982 [30]
although; the phenomena of degenerative white matter in patients with
closed head injuries was already described by Strich in 1956 [31]. Originally, DAI was a histopathological diagnosis but is now commonly detected by
MRI techniques [32], where a combination of DAI and focal injury elements
are common among TBI patients [30, 33, 34]. DAI is often located in the
parasagittal white matter at the gray-white matter interface (grade 1), corpus
callosum (grade 2) and in the brain stem (grade 3) [34-36] where grade 3
DAI is associated with poor outcome and mortality. The persisting cognitive,
physical and behavioral impairments caused by DAI may be life-changing
and result in a reduced quality of life.
Axonal injuries can also occur without being classified as DAI, thus DAI
is a clinical feature of TBI. Axonal injuries may occur among intact axons at
focal lesion sites and be dispersed in many other parts of the brain, evolving
within hours to months post-injury with a peak in the first two days postinjury [36-38].
1.3.2.1 Mechanisms of axonal injury
Axonal injury includes both tearing of axons at the moment of impact and
progressive axonal disconnection following injury [39, 40]. Under normal
conditions, the human brain adapts to movement, shears and stretches but if
these events are too rapid, the brain parenchyma will be deformed and axonal fibers will be injured. Thus, the degree of DAI is dependent on both the
magnitude and rate of the strain [39, 41, 42]. The variable density of the gray
and white matter makes these interfaces more vulnerable to shears [43, 44]
and since the gray matter is less dense than the white matter, white matter
lag behind when subjected to rapid movement [45]. The closer to the cell
body the axonal injury occurs; the more likely it is that the whole cell will
die. In addition, the internodal part of the axon appears vulnerable, possibly
due to lack of supportive oligodendrocytes in this area as well as the density
of ion channels [41].
In vitro experiments have suggested that stretching of myelinated axons
cause mechano-poration of the cell membrane and subsequent increase in
intracellular calcium levels. The increase causes intrastructural damage to
the cytoskeleton [46] as well as disruption of the cell membrane permeability
which produces depolarization of the neuron [47]. Depolarization cause re16

lease of neurotransmitters such as glutamate to a greater extent than in normal functioning neurons and high glutamate concentrations will result in an
uncontrolled in- and efflux of ions as well as action potential failure. The
ionic imbalance further destabilizes the cytoskeleton by proteolysis through
calpains and other enzymes which will alter the mitochondrial function of
the neuron. Mitochondrial failure causes oxidative stress and disturbed neuronal energy metabolism, [41, 48] toxic to the neuron.
The calcium-mediated proteolysis will prevent axonal transport and cause
accumulation of proteins, resulting in axonal swellings [18, 33, 39]. This
process, disorganization of the neuronal cytoskeleton and protein accumulation, can evolve from days to months leading to disconnection of the axon,
named secondary axotomy and will appear throughout the white matter following TBI.

Figure 2. Schematic illustration of the neuron-oligodendrocyte-myelin unit.
The circle insert demonstrates an uninjured axonal node with the different ion
pumps; Na+Ca2+ exchanger, ATP dependent Ca2+ pump and NaCh pump. The axon
is surrounded by myelin and inside the axon microtubule and neurofilaments can be
found. The circle insert also illustrates traumatic axonal injury with axolemma poration and an uncontrolled influx of Ca2+ ions. The injured axon with axonal swellings,
axonal varicosities, axonal bulb profiles and Wallerian degradation can also be seen.
The constitution of myelin and its different components MOG, MBP, MAG and PLP
are found in the square insert. MOG= myelin-oligodendrocyte glycoprotein, MBP=
myelin basic protein, MAG = myelin associated glycoprotein, PLP= proteolipid
protein.
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1.3.2.2 Detection of axonal injury
Clinical imaging of DAI is important in prediction of patient outcome,
treatment options, planning for patient care and preparing family members
for the long term rehabilitation that may give rise to logistic and financial
burdens. Micro-bleeds can be detected by MRI in DAI patients and the density of these bleedings is associated with injury severity [49]. More advanced
techniques, such as DTI, can detect the fluid movement in non-hemorrhagic
lesions and demonstrate anatomical changes in the white matter associated
with DAI and outcome in moderate to severe TBI cases [41, 50]. DTI detects
changes in the molecular diffusion of water in the white matter through the
unique anisotropic composition of axons, meaning that the diffusion is not
equivalent in all directions [25, 51].
Evaluation of post mortem human TBI brain tissue can visualize axonal
injury using different staining techniques, where accumulation of the amyloid precursor protein beta (β-APP) is the most established marker. Swelling
of the axon can be detected following TBI, named reactive axonal swellings,
where progression of these structures leads to disconnection of the axon.
Reactive axonal swellings will occur in the first post-injury hours together
with axonal varicosities which are believed to reflect partially interrupted
axonal transport. Axonal varicosities appear as bead-like structures along the
axon [36, 52]. After secondary axotomy, axonal bulb profiles become apparent at the proximal axonal segment occurring due to continued delivery of
organelles. Wallerian degradation occurs after axonal disconnection which is
a carefully controlled fragmentation of the axonal segment distal to the injury [40, 53]. The circle insert in Figure 2. schematically illustrates the injured
axon. In addition, axonal injury can occur without these typical features,
making detection of axonal injury in TBI complicated [40].
1.3.2.3 Diffuse axonal injury in the experimental setting
Several in vivo and in vitro models aim to mimic the clinical features of DAI
(TAI) [42, 54-58] and even though gyrencephalic animal models are most
clinically relevant, lissencephalic animal models are frequently used. Results
from these models can be reproduced and compared between laboratories
and are more economical and ethical to use. Some important biochemical
and biophysical events need to be included in the DAI models for TAI to
occur, such as stretching and deforming of brain tissue. In the rodent, different acceleration impact models as well as the central fluid percussion model
(cFPI) produce axonal pathology similar to human TBI [36].
Even though accumulated β-APP is commonly used to visualize TAI it is
not specific to TBI and not a predictor for TBI outcome. Thus, accumulation
can also occur due to metabolic or ischemic causes [41]. Other markers for
TAI are compaction of neurofilaments (NFs) which are the key intermediate
filaments of the neuronal cytoskeleton [59]. Following TBI, NFs go through
18

proteolytic cleavage and collapse. This cause disrupted axonal transport [60]
and exposes new proteins, such as RMO14, detectable by staining [61].
These proteins are also detected in cerebrospinal fluid (CSF) and blood [62],
making NF proteins possible biomarkers for axonal injury and ongoing axonal damage [63, 64].

1.3.3 The inflammatory response following TBI
TBI will initiate a broad and complex inflammatory response with different
characteristics depending on the injury severity and type. Susceptibility to
inflammation can also be influenced by the patients´ genetic disposition and
cause alterations in outcome [65, 66]. Neuroinflammation contributes to the
secondary injury and cell death evolving post-TBI [67, 68]. Initial steps of
activation includes resident microglia cells, which are normally dispersed
throughout the brain [69]. Activated microglia change phenotype from ramified cells to cells with larger cell bodies and a less complex, shorter process
network [70]. There are two classes of microglia named M1 and M2 that
likely represents opposite ends of a spectrum of microglia subclasses induced depending on injury type. M1 microglia produce interleukins and
other pro-inflammatory factors as well as nitric oxide (NO) and reactive
oxygen species (ROS). In contrary, M2 microglia are a source of antiinflammatory factors and growth factors and they are engaged in the adaptive immune response [71]. Signals such as released adenosine triphosphate
(ATP), neuronal antigens, chemokines and cytokines activate microglia,
causing microglia to up-regulate phagocytic receptors, secrete cytokines and
chemokines and become antigen-presenting cells [72, 73].
The acute inflammatory phase also includes infiltration of blood-borne
leukocytes, natural killer cells and macrophages due to BBB leakage,
demonstrated in both experimental and human studies [68, 74-79]. However,
variations in BBB disruption will influence the degree of peripheral cell
infiltration [80]. Infiltrating macrophages have similar phenotypes as resident microglia and they migrate towards a chemoattractant in the brain. Neutrophils are fast injury responders using cell adhesion molecules for migration. Reaching the target tissue, neutrophils produce NO, causing further
BBB breakdown and leukocyte recruitment. Antigen presenting cells have
an important role in activating T-cells to launch an adaptive inflammatory
response. Different types of T-cells have various roles, where cytotoxic Tcells induce cell death and T-helper cells directly activate other immune cells
[81].
The inflammatory response elicited by TBI may also be an effort to preserve neuronal tissue and promote recovery, not only resulting in harmful
secondary cascades [82, 83]. Thus, it may have both beneficial and detrimental consequences for patient outcome [74, 84]. Inflammatory mediated
secondary brain damage is partly caused by the released neurotoxic sub19

stances and edema formation as well as cytokines and chemokines, recruiting inflammatory cells to the injury site. Cytokines and chemokines are expressed under normal conditions but released from inflammatory cells, neurons and astrocytes in high levels within minutes following TBI. Whether
cytokines are neuroprotective or neurotoxic depend e.g. on their concentration and expression pattern [83, 85, 86]. Reducing pro-inflammatory cytokines and chemokines levels following focal and diffuse TBI in the mouse
improves functional outcome and reduce microglia activity [87]. Neuroinflammation is also a feature of neurodegenerative disease and might be one
of the links between TBI and Alzheimer’s disease [68] in combination with
persistent axonal pathology and accumulation of amyloid-β peptides [79,
88]. A schematic illustration of the inflammatory response post-TBI is presented in Figure 3.
1.3.3.1 Inflammation and diffuse axonal injury
The inflammatory response seen post-DAI is different from focal TBI, since
the degree of BBB disruption is lower [67]. Following DAI, cell membrane
disruption, myelin debris and axonal degeneration stimulates microglia activation as early as 6 hours post-injury up to 28 days post-TAI in animal models [89-91]. Chronic cortical and white matter inflammation has also been
demonstrated in animal models [77, 92, 93] and human TBI [68, 94]. To
date, it is suggested that resident microglia and peripheral macrophages constitute the key players in the inflammatory response post-DAI [67]. No or
little detection of leukocytes and neutrophils were observed following TAI
in the rat [95], in contrast to in focal TBI models [96]. Importantly; animal
strain can influence cell infiltration and activation of the inflammatory response [97] and should be considered when analyzing and comparing experimental results. The role of microglia in TAI is not fully understood. They
are associated with the distal axon segment, where phagocytosis of debris
occurs. However, they also make contact with the proximal axon without
being involved in phagocytosis [93, 98]. Association between microglia
activation and depression following DAI in the mouse has also been reported
[99], indicating a broader role for microglia than a phagocytic cell type.
1.3.3.2 Interleukin-1 beta
Since each TBI patient has a unique pattern of brain damage, effective
pharmacological interventions have proven difficult to develop. The inflammatory response has a degree of both harmful and positive effects where it
would be preferable to enhance the positive mechanisms and minimize the
negative in future therapeutics. Thus, development of combined and personalized treatments might be the best therapeutic option for TBI patients [100].
Animal studies investigating the injury processes seen in human TBI cannot
mimic the entire complexity of the disease. Even though experimental studies have suggested positive pharmacological interventions when suppressing
20

the inflammatory response, only very few anti-inflammatory compounds
have been evaluated in human TBI, including corticosteroids (methylprednisolone), interleukin receptor antagonist (anakinra) or statins (rosuvastatin)
[101-104].
One pro-inflammatory cytokine released following TBI and discussed in
the present thesis is interleukin-1 beta (IL-1β). IL-1β levels are low under
normal conditions but increased in central nervous system (CNS) injury and
several cell types such as microglia, astrocytes and endothelial cells are involved in its production [105]. Neuronal loss and BBB dysfunction was observed after administration of IL-1β [106, 107], although positive effects
such as production of trophic factors was also seen [108]. IL-1β levels are
increased within minutes following TBI, and peak by 6 hours [67, 109]. It is
suggested to be an important contributor to the secondary cascades post-TBI
and has been associated with raised ICP and poor patient outcome [110112]. IL-1β stimulates T-cells and macrophages, leading to the secretion of
other cytokines and also causes fever, delayed action potential of the heart
and release of prostaglandins [113, 114]. Neutralizing IL-1β in experimental
focal TBI attenuated microglial activation and reduced the number of infiltrating inflammatory cells as well as brain tissue loss, cerebral edema and
cognitive impairment [115, 116]. A similar approach in a phase II study,
using an antagonist to the interleukin type 1 receptor (IL1r), showed that the
cytokine and chemokine profile of TBI patients was modulated, suggesting
that the interleukin-1 cytokine family may be a future treatment target in TBI
[103].
Increase of IL-1β can also lead to proliferation of macrophages and astrocytes in the experimental setting, in contrast to its cytotoxic effects on
mature oligodendrocytes in vitro [117]. Other in vitro experiments show that
IL-1β signaling pathways activate cells in the CNS to produce growth factors
such as insulin-like growth factor, stimulating differentiation and proliferation of oligodendrocyte progenitor cells (OPCs). Although; OPC proliferation is also inhibited by IL-1β [118], exemplifying the dual role of cytokines
in CNS disease.
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Figure 3. A schematic overview of the cellular reactions in the inflammatory response post-TBI.
BBB = Blood-brain-barrier, NO = nitric oxide, ROS= reactive oxygen species, NOS
= nitric oxygen synthase.
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1.4 Myelin and Oligodendrocyte pathology
1.4.1 Oligodendrocytes and myelin
One of the reasons vertebrate animals acquire superior brain function compared to invertebrates is the myelination of axons. Myelin, produced by oligodendrocytes, ensures fast nerve conduction with reduced energy consumption and is composed by several membrane structures wrapped around the
axon. Myelination of axons occurs in the human brain from the second trimester until around 20 years of age, with a peak in the first years of life
[119, 120]. Myelin plasticity also continues into adulthood through the addition of new myelin, replacement of old myelin and myelin remodeling making it a dynamic part of the white matter. In addition, factors such as exercise, sunlight, gender, age, social interaction and cognitive training can influence myelin content [121].
Structurally, myelin composes of several layers of proteins, separated by
lipid hydrocarbon chains. The major proteins of myelin are myelin basic
protein (MBP) important for myelin thickening, proteolipid protein (PLP)
important for axonal maintenance, myelin-associated glycoprotein (MAG)
involved in the initiation of myelination and myelin-oligodendrocyte glycoprotein (MOG) important for myelin integrity (Illustrated in the square insert
of Figure 2). Myelin is composed of lipids to 70% and proteins to 30% and
myelin constitute 50% of the white matter volume [122]. Myelination is a
complex process including carefully regulated interplay between neurons
and oligodendrocytes. Immature oligodendrocytes adhere to the naked axon,
mature and start the process of myelination, a process which can take less
than five hours in the experimental settings [123]. Oligodendrocytes are able
to myelinate axons with a diameter larger than 0.2 µm and the diameter of
the axon can regulate the amount of ensheathed myelin, where thicker axons
receive thicker myelin [120, 124]. However, it is not the axonal size which
decides if an axon is myelinated or not [125]. Oligodendrocytes produce 5 to
50 x103 µm2 of myelin per day, and extend several processes to cover up to
50 axons with myelin with, up to 80 processes per oligodendrocyte [126,
127]. In the rat, a g-ratio (the ratio of the inner axon diameter to the outer
diameter) of 0.77 is considered optimal for achieving good conduction velocity [128] .
Oligodendrocytes also maintain axonal integrity and participate in neural
signaling, as well as provide the axons and their mitochondria with trophic
support, especially when energy demand is high or when axons age [124,
129-131], extending the oligodendrocyte role beyond myelination.
1.4.1.1 Myelin injury and oligodendrocyte death following TBI
Following TBI, myelin damage is a part of white matter injury. Fragmentation and globoid formation of myelin is observed following human TBI
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[132], irregular myelin profiles and separations of myelin lamellae following
TAI in the guinea-pig [133], and degradation of MBP following TBI in the
rat [134]. Myelin collapse is due to loss of viable axons [135] however, TAI
is not always accompanied by myelin and oligodendrocyte injury. Low intensity TAI may spare oligodendrocytes and their myelin sheaths, connecting to a mixed group of injured and intact axons [24, 135, 136]. More severe
axonal injury may lead to neuronal cell death and cause loss of axonaloligodendrocyte interaction and at later stages oligodendrocyte death [24]. A
third scenario of white matter injury is isolated demyelination of intact axons, observed up to one week following TAI in the mouse [135]. However,
these axons represent only a small proportion of the total number of injured
axons. It is suggested that unmyelinated axons are more vulnerable to injury
than myelinated axons and that myelin, to some degree, may give protection
to axons [137].
Disruption of the myelin structures such as the internodes, paranodes and
the nodes of Ranvier will slow down the action potential [138] and produce
myelin debris. In spinal cord injury (SCI), myelin debris contributes to the
inflammatory response [139] and myelin injury is an important contributor
to the cognitive deficits seen post-TBI [21, 133].
Oligodendrocytes are more vulnerable than other cell types in the brain.
Their high metabolic rate creates reactive oxygen species (ROS) and in
combination with their large intracellular iron content, resulting in free radical formation and lipid peroxidation, they become susceptible to oxidative
damage common post-TBI. In addition, oligodendrocytes have comparatively limited intracellular antioxidant reservoirs to compensate in the pathological setting. Oligodendrocytes also express several neurotransmittor receptors
making them vulnerable to trauma-induced excitotoxicity. In addition, inflammatory mediators such as cytokines and free radicals will cause mitochondrial injury in oligodendrocytes [126, 140-143] also common post-TBI.
Early loss of oligodendrocytes has been seen in mild TAI in the mouse
and [136] following moderate to severe focal TBI in the rat and mouse [144,
145]. However the pathology of oligodendrocytes following early and late
diffuse TBI is not as well studied. In human TBI, TUNEL (dUTP nick end
labeling) positive dead or dying cells were found in the white matter, although the origin of the TUNEL positive cells was not defined [146] and
needs further investigation.
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1.4.2 Oligodendrocyte progenitor cells
Oligodendrocyte progenitor cells (OPCs) give rise to mature, myelinating,
oligodendrocytes during development. They undergo differentiation from
progenitors to oligodendroblasts, to pre-myelinating oligodendrocytes and
lastly mature myelinating oligodendrocytes after identifying their axonal
targets [147]. Different proteins and transcriptional factors are expressed
during their developmental stages and it is suggested that OPCs express the
same markers in adult life which permits detection of the cells in experimental settings [148] (Figure 4).
OPCs also persist in the adult human and animal brain, representing 4-9%
of all cells, persisting in cycles of proliferation and migration in both gray
and white matter [149, 150]. Different populations are seen among adult
OPCs where the rate of division, presence of voltage-gated Na+ channels and
location separate the subpopulations [151], suggesting different functions.
OPCs are produced in the sub-ventricular zone (SVZ), and in the adult brain
predominantly in the dorsal part facing the corpus callosum, migrating into
the overlying white matter and cortex [152]. They receive input from neurons and are able to modulate neuronal networks, through interference with
the extracellular matrix [153]. The oligodendrocyte population appears to be
stable in the healthy adult human CNS [121] and even though OPCs are
present their role in the healthy human brain is unclear. It has not been firmly established whether only newly generated oligodendrocytes myelinate
previously unmyelinated axons or integrate myelin into already existing
sheaths. In addition, it is also possible that existing oligodendrocytes thickens already existing sheaths [154].
Upon demyelination, OPCs make contact with axons before they mature
into oligodendrocytes [155], exemplifying the tight relationship between
OPCs and axons. In CNS injuries, OPCs contribute to the glial scar formation, [156, 157] where they stabilize injured axons and are involved in
regulation of neuronal synapses [153]. Recently, loss of OPCs in the mouse
cortex resulted in a depressive-like behavior [158] suggesting OPCs to have
a role beyond the generation of new oligodendrocytes [159].
The possibility of remyelination occurring in the injured human brain is a
complicated and difficult process to investigate. Transplanting OPCs into the
diseased demyelinated human brain lead to remyelination [160]. Clues to
this process can be obtained from studies of other CNS disease such as multiple sclerosis (MS), ischemia and SCI [161, 162] where the action of OPC
is more established. The number of OPCs is increased in MS lesions [163,
164], and they later participate in remyelination. However, this process is
often inadequate and incomplete resulting in a thinner myelin sheaths (increased g-ratio) [148, 165-167]. By one month following SCI, almost all
axons are remyelinated by newly generated OLs from OPCs, however the
myelin is thinner than prior to the injury [161, 168]. This makes OPCs re25

cruitment and maturation an active filed of research with the hope of achieving regeneration following TBI.
1.4.2.1 Oligodendrocyte progenitor cell proliferation in TBI
The role of OPC proliferation in the healthy and pathological CNS is an
emerging field. Tracing proliferated OPCs in the adult mouse brain prove
them to differentiate into new oligodendrocytes [154], continuing the process of myelination [151, 169]. Different pathological conditions including
inflammation or CNS injury will influence the OPC population to proliferate, differentiate and migrate [170] rapidly and contribute to glial scar formation [159]. Cytokines and chemokines such as IL-6, IL-8, CCL5 and
CXCL1 stimulate OPC proliferation, whereas inhibited by cytokines such as
tumor necrosis factor-α and interferon-γ [140]. Blood-derived factors, expressed following injury, can also promote their proliferation [105] as well
as several environmental signals. Trophic factors such as platelet-derived
growth factor (PDGF) and epidermal growth factor (EGF), present in the
SVZ, can enhance proliferation of OPCs [171] as well as several other cell
types [172].
The role of OPCs in TBI is not fully understood but by mapping their proliferative and remyelinating capacity in different TBI models, their importance and potential is becoming clearer. In the mouse, increased OPC
proliferation was detected in a mild diffuse TBI model [135, 136] and up to
three months in a focal TBI model [145]. In focal TBI, OPC proliferation
peaks at 4-7 days post-injury (dpi) in the cortex, corpus callosum and hippocampus [173]. The proliferative response of OPC in moderate to severe diffuse TBI is not clear and the role of the inflammatory response in OPC proliferation in TBI is unexplored.

Figure 4. Development of Oligodendrocyte progenitor cells and the different markers expressed during different maturation stages.
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1.5 Experimental models and functional outcome
evaluation
Experimental models of TBI are needed in order to understand the subsequent pathological processes as well as for the development and evaluation
of possible treatment strategies [174, 175]. The injury model of choice allows the investigator to study some of the aspects in TBI, since no injury
model will reproduce the entire spectrum of injury process seen in human
TBI. The present studies aimed to investigate oligodendrocyte pathology
following diffuse and focal TBI using the lateral and central fluid percussion
injury (lFPI and cFPI) models. Fluid percussion injury has been shown to
mimic several of the biochemical, neurological and morphological events
seen in human TBI, such as increased ICP and impaired cerebral blood flow,
increased permeability of the BBB and altered ionic homeostasis [176-178].
In addition, these TBI models produce persisting motor and cognitive impairments [179], cell death in the cortex, hippocampus and thalamus and
axonal injury in the corpus callosum, internal and external capsule [180], as
observed in human TBI.
Neurobehavioral tests are used to evaluate the outcome of the injury as
well as treatment effects in intervention studies. Commonly, functions which
are documented to be impaired in human TBI are tested and evaluated in the
experimental setting such as memory and/or motor function. Spatial memory
and learning can be evaluated using the Morris water maze (MWM) [181]
and was used in Study II. Study II also included an ethoexperimental behavioral test in the mouse following cFPI named the multivariate concentric
square field (MCSF) test. Ethoexperimental approaches study naturally occurring behavioral patterns in the animal and allows for the understanding of
complex behavioral changes caused by TBI. The test measurements try to
describe several behaviors of the animal and any changes in the patterns are
noted for which a trained observer is required [182].

1.5.1 Lateral and central fluid percussion injury model
The fluid percussion injury models were first characterized for the rat in
1987 and 1989 [178, 183, 184], and were later adapted to the mouse [185,
186]. In the present studies, both rats and mice were used as well as the lateral and central FPI models.
Lateral FPI is a mixed model of focal and diffuse injury where hemorrhages and tissue tears can be seen in the cortex as well as in the white matter tracts. The rodent skull is exposed via a craniotomy and injury is produced by introducing a pressure pulse into the closed cranium. The brain
tissue is deformed and the brain stem displaced [183]. The surgical procedure in central FPI model, also named midline FPI, is similar to lFPI. The
difference is found in the placement of the craniotomy (Figure 6.) and mag27

nitude of pressure pulse introduced to the brain cavity. Neurological dysfunction and lower brain stem involvement are common when using the cFPI
model as well as a bilateral involvement of the hemispheres. There is no or
minor focal lesion observed following cFPI and the injury severity is limited
since the mortality is greater and the brain stem involved to a larger extent
[175, 178]. The cFPI model causes widespread axonal damage and hippocampal cell death and is thus a clinically relevant model of DAI [175].

1.5.2 Morris water maze and the multivariate concentric square
filed test.
The MWM was developed by Morris in 1984 and the test investigates working memory, task strategy and reference memory [181]. Hippocampus is the
primary region of the brain mediating navigation and injury to the hippocampus, common post-TBI, leads to impaired spatial learning and memory
[187]. The test lets the animal search for a hidden platform in water. The
animals’ ability to find and remember where the platform is located is analyzed. Different aspects of memory and learning can be investigated in both
rats and mice[181, 187].
Compared to the MWM, the MCSF test does not force the animal to perform a specific task or behavior. The test aims to investigate naturally occurring behaviors of the mouse such as risk taking and risk assessment as well
as shelter seeking and explorative behavior and any alterations of these
caused by cFPI. More than one behavior is monitored and measured at the
same time, giving each animal a behavior profile [188, 189]. The test
measures both motion and cognitive function.
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Thesis aims and study design

The general aim of this thesis is to study white matter pathology, specifically
oligodendrocytes and their progenitor’s response to experimental and human
traumatic brain injury. The thesis also characterizes behavioral and oligodendrocyte response to neutralization of the cytokine interleukin 1-β. An
overview of the included studies is presented in Figure 5.

2.1 Specific Aims
I

To study the death of oligodendrocytes in both a focal and diffuse TBI model in the rat. Additional aims included the quantification of oligodendrocyte progenitor cell as well as myelin
reduction following the brain injury.

II

To study the functional and histological outcome of braininjured mice subjected to the central fluid percussion brain injury model after treatment with an IL-1β neutralizing or control antibody.

III

To investigate oligodendrocyte death as well as the number of
oligodendrocyte progenitor cells following severe human
traumatic brain injury.

IV

To investigate the proliferation of oligodendrocyte progenitor
cells following diffuse traumatic brain injury in the mouse.

V

To study oligodendrocyte progenitor cell proliferation, oligodendrocyte death and white matter tract inflammation following diffuse traumatic brain injury in the mouse and neutralization of the IL-1β cytokine.
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Figure 5. Overview of the studies included in the thesis.
The species and injury model used is presented as well as the main method of analysis. The schematic coronal section of the rodent brain represents immunohistochemistry to have been performed. The syringe represents the animals given an injection
post-injury. In Study II, two different functional evaluation methods were used, the
MWM and MCSF. In Study III, a morphological image of human TBI tissue
demonstrates that different staining techniques have been used. Lastly; the main
results from the different studies are presented.
MWM= Morris water maze, MCSF = multivariate concentric square filed test, TBI
= traumatic brain injury, IL-1β = Interleukin 1β, cFPI= central fluid percussion injury, OPC = oligodendrocyte progenitor cell, EdU=5-ethynyl-2′-deoxyuridine.
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Material and methods

This section describes the methods used in all studies included in this thesis.
All animal studies were approved by the Uppsala County Animal Ethic
Committee and followed the rules and regulations of the Swedish Agriculture Board in accordance with The Code of Ethics of EU Directive
2010/63/EU. Study III handles human material and was approved by the
regional ethical committee in Uppsala. Since patients themselves could not
consent the study, informed consent was obtained from a close family member for inclusion in the Uppsala Brain Bank-Trauma and all procedures were
in agreement with The Code of Ethics of the World Medical Association
(Declaration of Helsinki). The patients who survived were later contacted for
a written consent. Control tissue samples were obtained from Uppsala Biobank at the Department of Pathology and Cytology where consent was
signed from each patient prior to inclusion.

3.1 Animal care and housing
In Study I, male Sprague-Dawley rats with pre-injury weights of 310-340
grams were used and in Study II, IV and V male C57BL/6 mice weighing
20-25 grams were used (Taconic, Möllergård, Denmark). All animals were
housed in a temperature of 24°C with a humidity of 55 ± 10% and in a lightdark cycle of 12-hours. The animals had access to food and water ad libitum.
The animals were kept in the animal facility for one week prior to any experiments and weights were noted for a minimum of one week following injury.

3.2 Injury and treatments (Study I, II, IV and V)
Study I included lFPI and cFPI in rats, Study II cFPI in mice as well as
treatment with the IL-1β neutralizing antibody (anti-interleukin 1β; IgG2
a/k). Study III used tissue from TBI and control patients and Study IV used
cFPI mice receiving EdU (5-ethynyl-2′-deoxyuridine) injections. Last, Study
V used cFPI mice receiving both EdU injections and treatment with the IL1β neutralizing antibody.
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3.2.1 Surgical procedures
The animals were induced in a chamber using isoflurane in air and then
moved to the operating table. During surgery the animals were anesthetized
through a nosecone. After exposing the skull, a 4.8 mm (rats) or 3 mm
(mice) craniotomy (Figure 6.) was performed without injuring the underlying dura. To be able to attach the fluid percussion injury device, a plastic cup
was secured over the craniotomy. The device is filled with saline and by
striking the end of the cylinder; a pressure pulse was produced and introduced into the brain cavity (Figure 7.). Immediately following the injury, a
short apnea was noted and after resumption of spontaneous breathing the
animals was re-anesthetized. The bone flap was placed over the craniotomy
and the skin sutured. The sham injured animals were surgically prepared the
same way as the brain-injured animals, however no injury was produced.

Figure 6. Schematic illustration of the craniotomy location for cFPI (red) and lFPI
(blue) of the rodent skull. The nose and head of the animal were fixed in a stereotaxic frame. cFPI= central fluid percussion injury, lFPI = lateral fluid percussion injury.
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3.2.2 EdU and IL-1β neutralizing treatment (Study II, IV and V)
The proliferative response of OPCs was studied in Study IV and V using
administration of EdU. Thymidine analogues were substituted by EdU and
incorporated into replicated or repaired DNA [190, 191]. The EdU thymidine analog was then visualized through a fluorescent reaction. EdU was
administered by intraperitoneal injections (i.p), 50mg/kg. In Study II and V
the animals were treated with an IL-1β neutralizing antibody or a control
anti-cyclosporine A mlgG2a (CsA), i.p, 30 minutes following sham or cFPI.
Animals with longer survival end-points than 7 days received a second dose.
The IL-1β neutralizing antibody penetrates the BBB and binds to IL-1β molecules, making them inactive. The CsA control antibody is directed towards
unnatural amino acids of a fungal peptide and no pharmacological activity is
expected since no cross-reaction is made with mammalian epitopes.
3.2.2.1 Validation of IL-1β neutralizing antibody concentration in brain
tissue
Mice subjected to cFPI were used for validation of the IL-1β neutralizing
antibody concentration in brain tissue at 24 and 72 hours post injury. Following sacrifice, the brains were collected and samples from cortex and hippocampus were frozen until analyzed. The manufactures of the antibodies (Novartis Inc., Basel, Switzerland) made homogenates of the tissue samples and
antibody levels were measured by western blotting with a purified antiidiotypic antibody raised against the Fab fragment on the IL-1β neutralizing
antibody. Cross reactivity between the IL-1β neutralizing antibodies with
mouse IgG molecules were investigated and analyzed with enzyme-linked
immunosorbent assay (ELISA).

33

Figure 7. Illustration of the fluid percussion injury device.
The pendulum strikes the saline filled cylinder introducing a pressure pulse to the
rodent brain. Free floating rat brain sections demonstrate a contusion (arrow) and
unilateral ventricle enlargement in the lFPI model. The cFPI model involves both
hemispheres and ventricles without major focal injury.
lFPI = lateral fluid percussion injury, cFPI = central fluid percussion injury.

3.3 Functional outcome evaluation; MWM and MCSF
In Study II, the ability to learn and remember a visuospatial task following
sham injury or cFPI was investigated. The animal was placed in a tank filled
with water, 1.4 meter in diameter. In the water a platform, 10 cm diameter,
was hidden 2 cm below the water surface. Surrounding the pool were four
roller curtains with visual cues for the animal to navigate. The ability to
learn to find the hidden platform was investigated using 16 trials, 4 per day,
at 14-17 dpi. Each trial was performed by placing the mouse in four different
entry points (north, south, east and west) and the trial was videotaped for
analysis. The trial ended when the mouse located the platform if the swim
time was less than 90 seconds. The latency to find the platform, swim speed
and path length were analyzed. At 21 dpi, a memory test was performed
where the platform was removed and the latency to pass the platform area,
the number of crossings over the platform area and the percentage time spent
in the correct quadrant was noted [192]. Two trials of the MCSF were per34

formed at 2 days and 9 dpi. The MCSF consists of a square field surrounded
by a high wall. The box is divided into different areas which are opened,
closed, light or dark and there is a hole-board, a slope and a bridge (Figure
8.). Activity in the different areas allows for different behaviors to be examined such as explorative behavior with the hole-board, risk taking when visiting the bridge, risk assessment when going up to the bridge and hiding
when visiting the dark room. Frequencies and duration spent in the different
areas as well as latency to the first visit to an area was noted. In addition;
general activity, wall rearing, free rearing, grooming, distance moved and
the velocity in the arena was video recorded. After cleaning the box the
mouse was placed in the central circle and observed for 20 minutes. A behavioral profile including locomotion, explorative behavior, risk taking, risk
assessment, safety seeking and any stereotyped behavior was determined for
each mouse.

Figure 8. Illustration of the MCSF arena.
The mouse was placed at the start point and was free to explore the arena for 20
minutes. The behaviors of the mouse were analyzed. For example, staying in the dark
corner room was considered as safety seeking. Entering the illuminated bridge was
considered taking a risk and dipping its head into the holes in the hurdle was considered an explorative behavior. MCSF = multivariate concentric square filed test
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3.4 Tissue processing
3.4.1 Sacrifice and brain tissue collection
The animals were sacrificed through an overdose of sodium pentobarbital.
The heart was exposed and the animal perfused with saline for two minutes
to wash out blood and then with 4 % formaldehyde for two minutes. The
brains were the removed and placed in formaldehyde and then in sucrose.
The brains were the snap frozen and kept at -70°C until sectioned. Human
tissue in Study III was placed in 4 % formaldehyde for 24-48 hours following craniotomy and then paraffin embedded.

3.4.2 Brain sectioning
Two different types of sectioning techniques, cryosectioning and free floating sectioning were used in Study I, II, IV and V. The different methods
have different advantages. Free floating sections are not mounted on to a
glass slide until after experiments are performed and cryosections are placed
on to glass slides when sectioned. Cryosections needs less solution during
experiments and are cheaper to use. However, a reduced antibody concentration can be used on free floating sections since the antibody can penetrate the
tissue from both sides of the section. The structural integrity of the tissue is
usually better in free-floating sections and gives vibrant staining. However,
they can be difficult to keep intact during all experimental steps and all sections must be handled separately, compared to cryosections where several
sections can be placed on the same slide. In Study III, microtome sections
were made from the paraffin embedded human tissue.

3.5 Immunohistochemistry
Immunohistochemistry is a widely used method for detecting a specific antigen in different types of fixed tissue. It is based on an antigen-antibody interaction and was first presented in 1940 by Coons and colleagues. The protocol used depends on the antigen and several different steps can be altered
to suit the specific experiment. Optimizing the different parts of the immunohistochemistry procedure takes time and is critical for good staining
results. However, the main steps of each protocol are the same; tissue processing and antigen retrieval, blocking of non-specific binding, antigenantibody interaction and visualization using different detection systems
[193].
All tissue used was processed in the same way, except for the human tissue in Study III, through formaldehyde perfusion and fixation. The fixation
preserves the morphological integrity and composition of cells as well as the
proteins and other bioactive molecules so that they can be studied. The tissue
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itself also hardens to prevent autolysis or decomposition. The proteins of the
tissue interacts with the formaldehyde and create covalent bonds which become irreversible [194]. Antigens can become altered by the formaldehyde
fixation and may need to be unmasked by antigen retrieval, which is an important part of the protocol. The most common antigen retrieval is obtained
by heating the tissue sections in a water or buffer solution with different pH
value. Different antigens needs different pH buffers to unmask, like citrate
buffer or Tris-EDTA buffer. Following antigen retrieval, the tissue needs to
be blocked for non-specific bindings. Commonly, normal serum from the
same specie as the secondary antibodies are made in is used and will bind to
non-specific antigens. The tissue is then incubated with the primary antibody
which will bind to its antigen and can be either mono or polyclonal.

3.5.1 Primary and secondary antibodies and visualization
systems
Antibodies are molecules produced by our immune system B-lymphocytes
as a reaction to foreign compounds entering our body and are specific to
antigens. Antibody production includes preparation of the antigens of interest, to be injected into a laboratory animal. This causes high expression of
antibodies towards this antigen in serum, which is then collected from the
animal. Antibodies collected directly from serum are called polyclonal antibodies, where many different B lymphocyte cell lines produce antibodies to
the same antigen but to different epitopes on that antigen. Monoclonal antibodies are more difficult to produce, but more specific against their targets.
Spleen cells, secreting antibodies, from the injected animal are mixed with
myeloma cells to create a monoclonal hybridoma cell line that express the
specific antibody in cell culture supernatant, which are then collected. The
primary antibody is then visualized using a secondary antibody or a chemical
visualization compound. Secondary antibodies bind to primary antibodies by
recognizing different parts of the primary antibody. Secondary antibodies are
commonly conjugated with a fluorescent molecule, detected with fluorescence microscope techniques used in Study I, II, IV and V.
Chemical visualization compounds were used in Study II and III, where
biotin-avidin complex binds to the primary antibody and a substrate (DAB or
SG) was then added which produces a brown or black color, detected with
bright-field microscopy. To be able to use a third color, red, in double stainings another detection system must be used. A probe was added to detect
mouse or rabbit antibodies and an alkaline phosphatase polymer then bind
the probe and was visualized with a chromogen.
Quantification of stained cells and proteins was performed in all included
studies using images captured by a bright-field and fluorescent microscopy
system (Zeiss Axiovision, Carl Zeiss Inc. Gottingen, Germany). Confirma37

tion of co-labeled cells was made using a confocal microscopy (LSM510
laser scanning microscope) and super-resolution microscopy (LSM710
SIM). Regions of interest in important white matter tracts have been identified and the number of positive cells was exhaustively and manually counted
or quantified using ImageJ (NIH) software.

3.6 Luxol fast blue and TUNEL staining
To study myelin, Luxol Fast Blue (LFB) staining was used in Study I and
III. This copper chemical staining binds to bases in the lipoproteins of myelin fibers and visualizes myelin disorganization and myelin damage giving
them a blue color.
To study damaged, dead or dying cells terminal deoxynucleotidyl transferase, TUNEL, was used in Study III. By adding dUTPs, which will bind to
fragmented DNA and the terminal end of nucleic acids, dead and dying cells
were detected.

3.7 Click-iT®
To study proliferating cells marked with EdU, Click-iT® labeling techniques
are used in Study IV and V. This technique labels the EdU analogues in the
DNA chains with a fluorescent molecule. The reaction is copper-catalyzed
and links an azide to the EdU analog to form a stable product. The fluorescent labeling of the EdU analog allows for double stainings of OPC markers
with other fluorescent molecules.

3.8 In situ hybridization
In situ hybridization is performed to study RNA transcripts in OPCs using
RNAScope® technology in Study V. Probes are design towards a specific
RNA target which is amplified through several steps using fluorescent detection system. The tissue is pre-treated to enable RNA binding and then two
probes are attached to the RNA target for amplification to occur, only three
double probes needs to bind to the RNA for amplification to occur and be
visualized. This increases the specificity of the technique and secures target
specific amplification of the RNA signal. Both probes have an 18-25 base
binding site for the RNA target and a 14 base binding site for the preamplifier. Four amplification steps are performed where the last amplifier
contains a fluorescent molecule visualized with fluorescence microscope.
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3.9 Statistical Methods
All data in studies I-V was tested for normal distribution using ShapiroWilk´s W test. If the p-value was 0.05 or lower the data did not meet the
assumption for normal distribution and the non-parametric Kruskal-Wallis
Analysis of Variance of Ranks was used. This test looks for differences between more than two groups and if the p-value was 0.05 or lower the data
was analyzed for pairwise comparison using Mann Whitney U-test. A pvalue of ≤ 0.05 is considered significant. If normally distributed, the parametric test comparing means, One-Way ANOVA, was used to analyze differences between more than two groups. If the p-value is 0.05 or lower a
multi-comparison post hoc test is used, Tukey or Fishers PLSD post hoc test.
In Study III, correlation analysis was made between the number of
dead/dying oligodendrocytes and time from injury to surgery using Spearman’s rank order correlation test. In Study II, measurements of frequencies,
durations, distance moved and latencies in the MCSF are made of the animal’s locomotion, explorative behavior, risk taking, stereotyped behavior
and safety seeking. An analysis of trends was made from these parameters
which are ranked according to animal ID and added together. Statistics are
made on the rank means for every behavior. The software SPSS 20 (SPSS
IBM, Chicago. IL, USA) was used.

3.9.1 Principal component analysis (Study II).
The principal component analysis (PCA) was used to describe and dissociate
behavioral profiles in Study II from observations in the MCSF [189]. This
test can be used to analyze materials with large number of variables in studies with low number of animals. Variations and correlations in a dataset are
usually studied with two variables, for example height and weight in a population. The PCA analysis includes multiple variables but calculates new
components from these values where the values which account for the most
variations among the included groups (naïve, control treated and IL-1β neutralized) will have the strongest impact. Commonly two new components are
created from the data, PCA component 1 and 2, and they are then plotted on
the X and Y axis of a new plot reducing the amount of variables without
losing information, making it more clear to the observer. Two new plots are
useful to study to understand the results from the PCA. A scoring plots with
a summary of relationships among individuals in a study and a loading plot,
were variables important for these relationships to occur are presented and
these two plots are complementary [189].
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Results and Discussion

The general aim of the included studies was to investigate white matter pathology, with a specific focus on the oligodendrocyte population, following
focal and diffuse TBI. All components of white matter injury are important
for the development of oligodendrocyte pathology post-TBI. The investigation of the neutralizing treatment against IL-1β has been part of the Neurosurgery research group’s studies since 2007 and many relevant aspects for
the treatment of TBI has been brought forward, although many mechanisms
behind the therapeutic improvements are still unknown. Study II investigated
the treatment effect on mouse behavior following diffuse TBI and Study V
hypothesized that alterations in the oligodendrocyte population are involved
in the positive outcome of the treatment. The Neurosurgery lab has close
collaboration with the NCC and the clinical research department, including
access to the Uppsala Brain Bank-Trauma, and accordingly with our translational approach Study III was performed.

4.1 Axonal injury following TBI
Axonal injuries are commonly present in human TBI and have been extensively studied in several experimental settings [185, 195, 196]. The presence
of axonal injury in TBI models is a prerequisite for clinically-relevant TBI
model mimicking. Axonal injury is a component of white matter injury and
relevant for the pathology of oligodendrocytes post-TBI. In Study I, axonal
injuries were confirmed in the lateral and central FPI model of the rat at 2,7
and 21 dpi, although were most pronounced at 7 dpi in both models. Investigated white matter tracts displayed β-APP positive axonal profiles which
were less marked in the cFPI model. Accumulation of β-APP was frequently
found in areas with reduced myelin staining but also in areas with intact
myelin (Figure 9). Axonal injuries in the cFPI mouse model have also been
described by our group [186].
The pathobiology of axonal damage is primarily believed to be caused by
calcium influx. Increased intra-axonal calcium content is the initiation of
several pathways leading to disconnection of the distal axonal segment and
neuronal cell death. The mechanisms behind the axonal injuries described in
Study I have not been established however, the β-APP positive axonal profiles were commonly found in areas with reduced myelin staining. Changes
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in the myelin structures in close relation to TAI have been documented,
where the myelin is degrading or collapsing in the absence of an axon to
ensheath [134-136]. Following experimental TBI, a mix of TAI and healthy
axonal segments has also been described [40]. In Study I, β-APP positive
profiles were also found in areas with some intact myelin, possibly representing areas with milder axonal injury and oligodendrocyte processes to
healthy axons.
Disruptions in the complex neuronal networks, caused by axonal injuries,
result in cognitive deficits post-TBI. Memory function, information speed
and executive functions are the most common cognitive dysfunctions in TBI
patients and difficulties may persist for years following injury. Recovery in
motor, sensory and cognitive functions post-TBI is largely depending on the
type of injury, injury severity, location of the injury and age of the patient.
While motor recovery post DAI has been reported due to neuroplasticity
[197] recovery of cognitive functions does not seem to occur in the same
extent leaving axonal injuries to be one of the most important and key pathologies in TBI.

Figure 9. Axonal injury, detected by β-APP staining (green), was seen together with
some intact myelin fibres (red) following cFPI in the rat. These β-APP + profiles
were also detected in areas with damaged myelin, following lFPI in the rat. In shaminjured animals, β-APP + profiles were rare. cFPI = central fluid percussion injury,
lFPI= lateral fluid percussion injury, β-APP= amyloid precursor protein-β.
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4.2 Oligodendrocyte death following TBI
Many of the secondary injury mechanisms occurring post-TBI are harmful to
oligodendrocytes, which is the most vulnerable cell type in the brain. Oxidative injury, excitotoxicity and pro-inflammatory cytokines all lead to oligodendrocyte cell death and the consequences and mechanisms needs to be
understood for the possible development of treatment strategies. Oligodendrocyte cell death was evaluated in Study I,III and V. Study I was one of the
first studies to confirm oligodendrocyte death in several important white
matter tracts following focal and diffuse TBI in the rat [144]. Apoptotic oligodendrocytes were studied through co-localization of cleaved caspase-3
and the mature oligodendrocyte marker CC1. We found an increase in apoptotic oligodendrocytes in both lFPI and cFPI up to 21 dpi. Importantly, oligodendrocyte death in severe human TBI was first described by our Study
III. Here, mature oligodendrocytes (CC1 positive) were observed in combination with fragmented DNA (TUNEL staining). There were CC1/TUNEL
positive cells found in 9 of 10 brain-injured tissue samples and their number
was significantly increased compared to controls (Figure 10). In Study V, the
number of mature oligodendrocytes was decreased in the corpus callosum
and external capsule at 7 dpi following cFPI in the mouse. In addition, the
cleaved caspase-3 expression was increased in the corpus callosum of cFPI
animals. The treatment effect of the IL-1β neutralizing antibody will be discussed in paragraph 4.6.3.
Oligodendrocyte death may be a result of axonal injury following TBI or
due to primary oligodendrocyte insult and is dependent on injury severity,
location of trauma and type of injury. Oligodendrocytes and axons are engaged in a tightly related cross talk and loss of oligodendrocytes leads to
axonal degeneration. Conversely, oligodendrocytes may also die following
axonal injury due to lack of trophic support from the axon. Thus, axonal
injury and oligodendrocyte death is associated [198]. The process causing
oligodendrocyte death in Study I, III and V has not been elucidated. However, oligodendrocyte death was found together with increased cleaved caspase-3 expression suggesting apoptosis in Study I and V as previously seen in
experimental SCI and due to radiation [199, 200]. The TUNEL positive oligodendrocytes detected in Study III could represent both necrosis and apoptosis. Even though oligodendrocyte death was detected in areas in which
axonal injury occur this cannot be established as the primary cause.
Oligodendrocytes maintain connection to many different axons and promoting oligodendrocyte survival might be a crucial therapeutic target in TBI.
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Figure 10. Oligodendrocyte death in human TBI tissue samples.
Oligodendrocytes (red), indicated by arrows, were co-labelled with TUNEL staining
(black), indicated by arrow heads. Co-labelling demonstrates cell death which was
increased in tissue from TBI patients (C,D) compared to control tissue (A,B).

Figure 11. OPC proliferation was studied by co-labelling OPC markers with EdU.
Olig2 and PDGFR-α (red) are expressed in OPCs and here co-labelled with EdU
(green) injected into mice after cFPI. OPC = oligodendrocyte progenitor cell, cFPI =
central fluid percussion injury.
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4.3 Proliferation of Oligodendrocyte Progenitor Cells
following TBI
Dying oligodendrocytes are not replaced by surviving mature oligodendrocytes. Instead it is becoming clear that OPCs are a dynamic cell population
with the ability to proliferate, migrate and differentiate suggesting regenerative opportunities in the traumatized brain. Experimental studies of SCI and
MS have shown that OPCs possess regenerative capacities, remyelinating
lesions in the injured CNS. The presence of OPCs in the healthy CNS and
their role in preserving axonal integrity is also emerging. However, the regenerative role of OPCs in human TBI needs extensive research and studies
of these pathological processes in different animal models can help us understand and possibly enhance the regenerative response by therapeutic interventions.
In Study I, an increased number of OPCs was observed following lFPI
and cFPI in the rat. At 7 dpi, in both injury models, a significant OPC increase was seen in corpus callosum and in the external capsule. This finding
promoted further investigations and in Study IV, proliferation of OPC was
analyzed using EdU injections following injury. Proliferation of OPCs was
significantly increased at 7 dpi in the corpus callosum, external capsule,
fimbriae and cerebral peduncle of cFPI mice. Figure 11 illustrates two different OPC markers (Olig2 and PDGFR-α) co-labeled with the proliferative
marker EdU. Study III attempted to study a possible increase in the number
of OPCs in tissue from TBI patients. Several markers labeling OPCs were
used, Olig2, NG2 (nerve/glial antigen 2), PDGFR-α and A2B5. However,
the number of OPCs was not increased compared to control samples. The
OPC markers label several different cell types and by combining two OPC
markers this problem was solved. The transcriptional factor Olig2, only
found in oligodendrocytes, and A2B5, labeling neurons and OPCs, were colabeled and identified OPC increase in TBI patient tissue. In Study V, results
from Study IV were confirmed where OPC proliferation was increased at 7
dpi in cFPI mice. The effect of the IL-1β neutralizing antibody on OPC proliferation is discussed in paragraph 4.6.4.
OPC proliferation has been confirmed in other TBI models in recent years
[135, 136, 145], building an understanding for the time course of OPC proliferation after TBI. OPC proliferation seems to be transient in the mouse,
peaking around 7 dpi to later decline. It has been suggested to takes 4 days
for an OPC to mature and be able to remyelinate and this process is dependent on OPC activation and stimulation for proliferation, migration and differentiation. Indications of possible remyelination of intact demyelinated
axons, not degrading due to TAI, were found by identifying excessive myelin figures, a higher g-ratio and reduction in myelin thickness in these axons
[135]. However these types of axons are suggested to be rare in TAI. The
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mechanisms behind remyelination are unclear where the status of the axon is
of importance.
Whether OPCs remyelinate injured myelinated axons and/or previously
unmyelinated axons might be one of the key questions to be answered. In
experimental neurodegenerative models, OPCs repair myelin defects [201]
and myelination of unmyelinated axons continue into adulthood of rodents
[62]. To this date, it has merely been speculated to occur as a response to
human CNS injury. Since the role of OPCs is suggested to go beyond remyelination, OPC proliferation may have other beneficial consequences postTBI. OPCs were reported to be involved in information processing speed of
neurons via synaptic connections [153, 202]. Also, OPCs transplanted into
the injury site, were suggested to secrete neurotrophic facts contributing to
functional recovery following cortical TBI in the mouse [203]. The function
of the Olig2/A2B5-positive OPCs in human TBI tissue from Study III is not
known. Studies have suggested healthy human OPCs to be slowly dividing
and differentiating and to be a more stable population than in rodents [121,
204]. However, when transplanted into demyelinated mouse brain they are
able to remyelinate white matter tracts [205]. A phase I study of a human
demyelinating disease has shown transplanted OPCs to generate new myelin
in grafted areas [160], suggesting regenerative properties of OPCs in the
pathological CNS. The inflammatory response plays an important part in
stimulating and inhibiting OPCs to proliferate and differentiate and this process is probably time and concentration dependent. Different trophic factors,
cytokines and chemokines expressed by the inflammatory cascade can promote OPCs to divide and mature following CNS injury however these processes are not fully understood and needs further investigation, building the
rationale for Study V.

4.4 Myelin damage following TBI
Attack on myelin structures is seen in CNS injuries such as MS, making
axons at risk for degeneration, leading to impaired neuronal signaling and
cognitive, motor and sensory deficits [206, 207]. Accompanied inflammation
plays an important role in injuring axons in these processes and TBI research
can benefit from understanding the pathophysiology of myelin injury. Primary attack on myelin is not believed to occur following TBI, instead axonal
injury and oligodendrocyte death may explain the presence of degrading
myelin structures. Myelin degradation is believed to be mediated by calpains
from injured axons and breakdown of the myelin sheath will further increase
the vulnerability of the axon. Proteins associated with the degrading myelin
such as Nogo-A and MAG will also negatively influence axonal outgrowth
and it is desirable to minimize or remove myelin debris from the injury site
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to reduce the enhanced pathological processes. Microglia and astrocytes will
phagocytize myelin debris and dying cells following injury [208].
Myelin damage was investigated in Study I, III and IV. In Study I, LFB
staining and immunohistochemistry for the protein RIP (mature oligodendrocytes and myelin) was used. Reduced LFB staining was observed in the
corpus callosum, external capsule and fimbriae of lFPI and cFPI animals
compared to sham-injured animals at all time points and in all areas of interest. Loss of LFB staining was confirmed by loss of RIP staining which was
more pronounced on the ipsilateral side in the lFPI group (Figure 12). Weaker staining intensity and complete depletion of intact myelin fibers was observed in both TBI models. In Study III, LFB staining was used to get an
overview of the myelination status in injured and control samples from human brain tissue. Compared to controls, brain-injured samples showed both
intact and reduced LFB staining patterns mixed together. In Study IV, MBP
staining pattern was investigated at 2, 7 and 21 dpi. Despite apparent alterations in the staining pattern and signs of myelin damage in the cFPI mouse
model it did not reach statistically significant difference between the groups,
plausibly due to the injury severity and evaluation method used in this study.
In focal TBI of the mouse, myelin damage was not detected in the underlying white matter tracts by immunohistochemistry for myelin protein
CNPase [145]. Collapsed myelin structures were observed in the corpus
callosum following TAI in the mouse accompanied by degrading axons
[135] but without changes in staining intensity of the myelin protein MOG
[136]. Myelin changes may not be detectable using staining for myelin proteins following TBI in the mouse; even though the models alters myelin
structure, the myelin it may not be phagocytized in the first weeks and therefore still be detectable by immunohistochemistry. Even though microglia are
present, Sullivan and colleagues [136] have suggested that they are not activated in their mild TAI model and that myelin damage may be a hallmark
finding solely in more severe TBI. Microglia morphology was investigated
in Study V. Even though microglia appear more amoeboid with less ramification in the cFPI animals, quantification of the number of microglia as a
measurement of activation was not performed.
Myelin injury post-cFPI in the mouse needs further analysis, preferably
by electron microscopy or western blot for degrading MBP, planned in future studies. Such studies could also clarify the presence of any viable, denuded axons to ensheath. Symptoms such as reduced information processing
speed in TBI patients are partly a result of myelin damage [209]. Alterations
in myelin structure may also enhance the neuropsychiatric morbidity after
TBI [210, 211] making myelin injury an important part of white matter pathology following TBI.
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Figure 12. Staining of myelin (red) using the RIP antibody in Study I. Myelin damage is detected both in the central and lateral FPI model, indicated by white arrows.
Sham-injured rats rarely showed signs of myelin injury. FPI = fluid percussion injury.

4.5 Microglial response following TBI
The inflammatory response elicited following TBI is believed to have both
harmful and beneficial consequences for patient outcome by both promoting
neuroprotective mechanisms and driving secondary brain damage. Since TBI
is a heterogeneous condition, with a mix of injury characteristics, the extent
of the inflammatory response will range among patients and contribute to
patient outcome to a varying degree. Understanding the cell types involved
in the response in TBI and their actions in the injured brain parenchyma will
give insight to what extent the inflammatory response can, or should be influenced with pharmaceutical interventions.
The BBB constitutes a dynamic interface between the brain and the
blood. In TBI, a transient or even permanent BBB leakage will occur in different brain regions [212]. In addition, there is a selective permeability of the
BBB for immune mediators [84] allowing peripheral immune cells, such as
macrophages, T-cells and neutrophils to infiltrate into the brain. More over,
resident microglia and astrocytes as well as released cytokines, chemokines,
complement and harmful NO and oxidative species will contribute to the
complex inflammatory response.
The inflammatory response resulting from cFPI in the mouse was previously investigated by our group [186]. Microglia activation represents the
main feature of the inflammatory response following cFPI in the mouse as
well as in all CNS trauma [67, 213]. Other cell types such as T-cells and
neutrophils were also detected, with a peak in 1 day post injury [186]. The
presences of microglia/macrophages was confirmed in Study I,II,III and V.
Microglia can synthesize cytokines and chemokines, phagocytize cells and
debris and persist in regions of axonal injury following TBI [89, 214]. In
Study I, microglia/macrophages were detected in the lFPI and cFPI model in
areas with β-APP and reduced myelin staining. Degrading myelin and myelin debris are important mediators for the inflammatory response and was
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present in experimental TAI up to several weeks post-injury [139]. In addition, microglia/macrophages were also found in areas with some intact myelin staining in Study I, suggesting a triggered inflammatory response even in
areas with little or no myelin debris.
In Study II, microglia were quantified at three weeks post-injury in white
matter tracts. All cells positive for MAC-2 were counted and cFPI resulted in
an increased number of microglia/macrophages, as previously described at 7
dpi in cortex of cFPI mice [215]. An increase in Iba-1 positive microglia was
also seen in the hippocampus and parietal cortex in cFPI mice at 30 dpi [99].
Microglial morphology was investigated in Study V to study any changes in
activation due to the IL-1β neutralizing treatment and is discussed in 4.6.2.
Microglia changes in morphology upon activation from ramified cells to
amoeboid cells with larger soma and also rod-like microglia with long cell
bodies are detected following TBI (Figure 13) [71, 216, 217]. In Study III,
an increased microglia expression was confirmed in TBI patients compared
to controls, consistent with several other studies of human TBI [68, 74, 214].
Ongoing axonal degeneration was found in areas with activated microglia/macrophages in human TBI. Progressive white matter atrophy was also
seen in these patients, indicated by loss of LFB staining [68], and also present in Study I and III.
Microglia is suggested to be a contributor to axonal degeneration and accompanied myelin injury in both experimental and human studies [218, 219]
supported by our results. Altering microglia activation might also influence
oligodendrocyte pathology and was addressed in Study V.

Figure 13. Schematic illustration of microglia in resting and reactive form.
Resting microglia are more ramified with increased number of intersections of cellular branches and reactive microglia are more amoeboid, with less ramification and
larger cell soma. A subgroup of microglia are rod microglia with long cell soma and
thin processes, common after diffuse brain injury.
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4.6 Targeting IL-1β in Traumatic Axonal Injury
The receptor for IL-1β is highly expressed in microglia as well as on neurons, oligodendrocytes and astrocytes and levels of the interleukin rapidly
increased following TBI. Overexpression of IL-1β has strong relation to
axonal injury [220] by the recruitment of matrix metalloproteinase (MMPs)
releasing neutrophils, harmful to axons [221]. The deleterious effects of the
cytokine are found in its synergistic actions with other pro-inflammatory and
neurotoxic factors and IL-1β plays an important role in mediating further
inflammation in TBI [222]. Reducing cytokine production in focal and diffuse TBI showed positive effect on behavioral outcome and attenuated microglia activation [87]. Neutralizing IL-1β following experimental focal TBI
has shown positive effects such as a reduced inflammatory response, tissue
loss and cerebral edema as well as improved functional outcome [115, 116].
In addition, inhibition of the IL-1β receptor, IL1r, also improves morphological outcome and saves brain tissue in several TBI models [210, 223]. The
IL1r antagonist has also been tested in phase II clinical trials for diffuse TBI
where an altered cytokine response was observed [103]. In Study II and V
the effect of the IL-1β neutralizing antibody was used in the cFPI model of
diffuse TBI. The antibody was found to reach the mouse brain in therapeutic
concentrations (>30µg/g brain tissue) at both 24 and 72 hours post-injury.

4.6.1 Functional outcome following IL-1β neutralization
Functional outcome following cFPI was measured using MWM and MCSF.
The MWM trials were performed 14-17 dpi and 21 dpi and the MSCF trials
were performed 2 and 9 dpi in Study II.
4.6.1.1 Morris Water Maze (MWM)
On the first trial (14 dpi) the brain-injured animals had longer latencies to
locate the hidden platform than sham-injured mice, not influenced by IL-1β
neutralization. At 21 days post-injury, a probe trial determining the effect of
the treatment on memory retention was performed. Latency to locate the area
previously harboring the platform, time spent and number of passes over the
area was measured. Brain-injured animals had longer latencies and spent less
time in the platform area compared to naïve and sham-injured mice. Treatment with the IL-1β neutralizing antibody in brain-injured mice resulted in
shorter latencies to locate the platform area and longer time in the area. The
improved memory retention by IL-1β neutralizing treatment could be associated with attenuated IL-1β induced neuronal loss in hippocampus [109].
Administration of IL-1β leads to learning and memory deficits [224] and
inhibition of IL-1β reduced cognitive deficits and neuronal loss in experimental TBI [225]. The cFPI model in mice only leads to minimal neuronal
cell loss in hippocampus [186] possibly explaining the minimal spatial learn49

ing deficits seen in the injured mice. In contrast to cortically contused mice
which show lasting injury effects on learning [116]. However, the IL-1β
neutralized cFPI mice demonstrated better memory at 21 dpi not seen in the
focal injury mouse model proposing different mechanisms by the treatment
in diffuse and focal TBI.
4.6.1.2 Multivariate concentric square filed test (MCSF)
In the MCSF test, naïve mice were also analyzed and they were found to
behave different from sham-injured mice, suggesting a behavioral effect of
the craniotomy and/or anesthesia [188]. Behavioral profiling was made from
the different categories of behaviors; locomotion, risk taking, explorative
behavior, shelter seeking, risk assessment and stereotyped behavior. The
parameters included in the different categories are shown in Figure 14. There
was no injury or treatment effect on locomotion, risk taking, explorative
behavior, shelter seeking or risk assessment. The parameters of the stereotypic behavior formed an unusual behavioral profile when they were continuously repeated by the animal, however not directed towards any purpose
[226]. Following cFPI, the mice were running around in the center of the
arena making repetitive rears. The IL-1β neutralized cFPI mice showed less
of this stereotypic behavior compared to control-treated mice.
In the PCA analysis, Sham- IL-1β mice were more similar to naïve mice
than Sham-CsA mice. This indicates a treatment effect also in sham-injured
group which spent more time in the slope and bridge grid. The brain-injured
mice treated with the control substance moved a longer distance in the center
of the arena at 2 dpi and were less active at 9 dpi compared to sham-injured
animals. Comparing the brain-injured groups, control treated mice e.g. performed more wall rearing and IL-1β neutralized animals were located closer
to the behavior of naïve mice.
The mechanisms behind the improved behavioral profiles were not addressed in detail in Study II. Neurological and behavioral improvements are
predominately observed in the first 6 months following human TBI [227].
Since the endogenous regenerative mechanisms are usually not sufficient to
reach full recovery in moderate and severe TBI patients, pharmacological
strategies are needed. It is likely that the behavioral improvements in Study
II include a combination of cellular mechanisms, where the attenuation of
hippocampal neural cell loss can be one of them. Many apoptotic pathways
involve IL-1β signaling [228-230] and may be subsided due to the IL-1β
neutralizing treatment used here, saving both neurons and oligodendrocytes
as discussed in paragraph 4.6.3. Other actions of IL-1β signaling, such as the
contribution of calcium entry into to neurons [231], could also be attenuated
due to the treatment, preserving axons and influencing cognitive deficits.
Administration of IL-1β to the rat brain resulted in extensive neutrophil infiltration, weight loss and reduced functional activity [220]. It is plausible that
neutralization of IL-1β attenuated the actions of neutrophils, including NO
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production, MMP production and BBB breakdown, by decreasing their recruitment. Neutrophils use cell adhesion molecules for infiltration, which
also depend on IL-1β signaling, and might be down-regulated due to the
treatment [232, 233]. These factors may then be beneficial for axonal and
oligodendrocyte survival.
Attenuating apoptotic cell death and the inflammatory response may preserve white matter integrity and connectivity networks improving cognitive
function in these animals.

Figure 14. The behaviors of the mice in the MCSF was divided into different categories and analyzed according to rank mean. There was no difference between the
included groups (Naïve, sham-CsA, sham-IL-1β, cFPI-CsA and cFPI-IL-1β) in the
categories locomotion, explorative behavior, risk taking risk assessment or shelter
seeking. The brain-injured mice performed a stereotyped behavior, not addressed to
a specific purpose, including running around in the center of the arena making many
rears. This complex behaver was reduced by the IL-1β neutralizing treatment at 2
dpi.
MCSF = multivariate concentric square filed test, cFPI = central fluid percussion
injury, IL-1β = Interleukin 1 beta, CsA= cyclosporine A.
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4.6.2 Microglia activation and IL-1β neutralizing treatment
Quantification of MAC-2-positive microglia in the white matter tracts at 21
dpi was not altered due to IL-1β neutralizing treatment in cFPI mice (Study
II). This might be explained by the neutralizing effect subsided at this timepoint or that neutralizing IL-1β does not influence microglia activation. It
might also be explained by the different forms of microglia not being considered in this analysis or peripheral macrophages included in the analysis. A
larger proportion of activated and rod microglia were detected in cFPI mice
compared to sham-injured mice at 7 dpi [215] when studying the somatosensory cortex. Also, the cFPI model resulted in altered cell body soma size of
microglia at 30 dpi, however did not increase microglia cell count [99].
Quantification of different forms of white matter microglia and any alterations due to IL-1β neutralization will be analyzed early following cFPI in the
mouse in future studies. It is however possible that cell numbers are not altered due to IL-1β neutralization and therefore microglial morphology was
addressed in Study V.
Ramification of microglia was analyzed in Study V, where less ramified
microglia were considered active and ramified microglia considered to be in
a resting stage (Figure 13). The number of intersections of cellular branches
was measured in microglia from control treated and IL-1β neutralized animals. There were no differences among the brain-injured groups. However,
in the sham-injured animals the neutralization of IL-1β induced some alterations in the microglia morphology. Sham-injured mice also showed behavioral changes compared to naïve mice in Study II, indicating a pathological
process also in these animals, altered by the treatment antibody. Neutralizing
IL-1β increased the ramification of sham-injured animals at 2 dpi. At the
later survival points decreased ramification with microglia appearing in similar active for as in the active brain-injured groups was observed. The activation of microglia towards a M1 phenotype has also been described using the
IL-1ra antagonist in human TBI [234]. Microglia phenotype and function
was suggested to be dynamic post-injury due to alterations in the cytokine
and chemokine milieu by the IL-1β targeting treatment [235, 236]. The possible alteration between different microglia phenotypes and the emerging
knowledge on the dual effect of different cytokines and chemokines postinjury makes the responses of microglia to TBI and IL-1β neutralization
complicated [234]. The type of microglia activated in Study V was not investigated. Since neutralization also influenced OPC proliferation in shaminjured mice at this time-point, discussed in 4.6.4, it is possible the microglia
phenotype contributed to a cytokine/chemokine milieu promoting OPC proliferation. In MS, M2 microglia were involved in the secretion of growth
factors influencing OPC proliferation and differentiation [237, 238] and the
identification of microglia phenotype following cFPI should be addressed in
future studies.
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It cannot be ruled out that the neutralization of IL-1β is not potent enough
following cFPI in mice to influence the presence of inflammatory cells,
which are activated by many pathways. Although IL-1β neutralization may
influence some of these pathways, it may not sufficiently alter the inflammatory profile. Instead the behavioral improvements observed by the treatment
antibody might be due to other mechanisms such as preservation of neurons
or oligodendrocytes, discussed below.

4.6.3 Neutralization of IL-1β preserves mature Oligodendrocytes
Mature oligodendrocyte cell death was investigated in Study I where CC1positive oligodendrocytes co-localized with cleaved caspase-3. This indicated apoptotic mediated cell death [200] and Study V investigated the influence of IL-1β neutralization on this process. Cleaved caspase-3 expression
was found to be reduced and oligodendrocytes rescued by the treatment
(Figure 15). Intracerebral administration of IL-1β induced OL apoptosis,
detected by TUNEL staining, in rats [106] and cleaved caspase-3 activation
is prevented by an IL1r antagonist in SCI [239], supporting the involvement
of IL-1β in cleaved caspase-3 mediated cell death. IL-1β is involved in other
apoptotic pathways, such as c-jun N-terminal kinase (JNK) apoptotic pathway [228, 230], and endogenously produced IL-1β has been shown to be
necessary for apoptosis top occur [229]. Since IL-1β influence many other
inflammatory and molecular processes, several pathways are likely to be
involved in the preservation of oligodendrocytes and reduction of cleaved
caspase-3 in Study V. Oligodendrocytes are vulnerable to ROS and NO as
well as to other pro-inflammatory cytokines and chemokines [140] influenced by IL-1β and possible attenuated by the treatment. Oligodendrocyte
toxicity through N-methyl-D-aspartate receptor (NMDA) mediated calcium
influx is partly mediated by IL-1β [232, 240] and may be reduced by the
treatment. Taken together, IL-1β seems to play an important role in the pathology of oligodendrocytes and should be considered in future therapies for
TBI.

4.6.4 Neutralization of IL-1β does not influence OPC
proliferation
OPC proliferation was documented in several TBI models and their potential
to make new myelin for unmyelinated axons has been brought to the light
[135]. Since many of the signaling molecules involved in the inflammatory
response influence the proliferation, migration and differentiation of OPCs,
pharmacological interventions targeting the inflammatory response may also
target OPCs. In vitro, IL-1β is known to be involved in OPC proliferation
and differentiation [118] and in Study V the neutralizing effect of IL-1β on
53

OPC proliferation following cFPI in the mouse was investigated. In agreement with Study IV, an increase in OPC proliferation was seen at 7 dpi that
was not influenced by IL-1β neutralization. The number of RNA transcripts
from a transcriptional factor present in OPCs, Olig2, was also not altered by
the treatment. Interestingly, OPC proliferation in sham-injured animals was
increased by the treatment. Neutralizing IL-1β might have different effects in
sham-injured animals in whom an inflammatory response is also observed
[12]. Microglia morphology was also altered in these animals and it is possible that the endogenous, baseline production of IL-1β is attenuated by the
treatment. This could influence the secretion of other pro- and antiinflammatory compounds and growth factors contributing to OPC proliferation.

Figure 15. The number of mature oligodendrocytes (orange) was quantified in
Study V. There were a reduced number of oligodendrocytes in the cFPI-CsA group
compared to Sham-CsA in the corpus callosum and external capsule at 7 dpi. IL-1β
neutralization rescues mature oligodendrocytes in the external capsule of cFPI animals compare to the control treated group.
DPI = days post injury, cFPI= central fluid percussion injury, IL-1β= interleukin 1
beta.
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Concluding remarks

The studies in this thesis give insight to the white matter pathology following focal and diffuse experimental and human TBI. The main results are
summarized in Figure 16. Oligodendrocyte death was detected in the injured
mouse and rat brain as well as in human TBI tissue together with microglia
activation, myelin alterations and axonal injury. An increase of oligodendrocyte progenitor cells was also found, stimulated to proliferation by brain
injury. Intervention studies neutralizing the cytokine IL-1β normalized complex behavior and rescued oligodendrocytes in cFPI mice indicating possible
treatment strategies for TBI.


Study I: Oligodendrocyte death and the number of OPCs are increased following cFPI and lFPI in rats compared to sham-injured
controls.



Study II: Treatment with an antibody neutralizing IL-1β results in
normalized behavior in cFPI mice.



Study III: Oligodendrocyte death and OPCs are increased in TBI
patients compared to controls.



Study IV: There is an increased proliferative response of OPCs in
cFPI mice compared to sham-injured mice.



Study V: Neutralizing IL-1β rescues mature oligodendrocytes without altering the proliferative response of OPCs following cFPI.
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Figure 16. Summary of main results.
Experimental TBI in the mouse and rat and human TBI results in OL cell death and
an increase in OPCs, also proliferating at 7 dpi in cFPI mice. Intervention studies
neutralizing IL-1β resulted in a normalized behavior profile of cFPI mice and
preservation of the OL population.
TBI= traumatic brain injury, OL= oligodendrocytes, OPC =oligodendrocyte progenitor cells, IL-1 β= interleukin-1β.
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Future perspectives

The studies in this thesis state oligodendrocyte pathology and oligodendrocyte progenitor cells to be important features of TBI which should be investigated further. The proliferation studies in this thesis make it possible to
trace maturation of OPCs into myelinating oligodendrocytes to clarify role
of these cells post-TBI. Remyelination has been detected following TAI in
the corpus callosum [135] indicating a regenerative role for these cells.
Analysis of oligodendrocyte cell death in the mouse cFPI model will also be
addressed further by cell sorting methods or by in situ hybridization to confirm cleaved caspase-3 mediated cell death.
There are some controversies regarding myelin injury in mouse TBI models, where myelin proteins are not altered by TBI even though collapsed
myelin has been shown as well as myelin alterations in Study IV. Degradation of myelin proteins following cFPI in the mouse could be detected by
western blot analysis. Together with electron microscopy studies of myelin
integrity there could be clarification of myelin injury and any remyelinating
attempts post-cFPI in the mouse. There may be associations between myelin
injury and microglial activation following TBI in the mouse. It has been
suggested that microglia are not activated in mouse TAI models and therefore myelin debris might not be phagocytize. This could explain the detection of myelin proteins in these experiments. Thus, microglia activation
should be confirmed following cFPI in the mouse. Since microglia secrete
and express receptors for IL-1β, IL-1β neutralization could influence the
morphology and activation of these cells. Further analysis taking different
forms of microglia into account as well as analysis of their morphology will
be addressed in future studies with the cFPI mouse model and IL-1β neutralization.
One of the key questions to be answered may be the axonal status following diffuse TBI and if OPCs can remyelinate injured demyelinated axons,
previously unmyelinated axons or if they can influence myelin abnormalities. Other intervention studies enhancing the regenerative role of OPC such
as combination treatments using anti-inflammatory compounds and growth
factor stimulating agents could contribute to clinically significant treatment
strategies. Combination therapy is most likely to be the future of TBI treatment since each injury is unique, involving different injury processes to different degrees.
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Improvements in the experimental setting could also be performed including different age groups of animals, both genders and different strains to
investigate the influence of these biological aspects of TBI.
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Summary in Swedish

Traumatiska hjärnskador (THS) är en vanligt förekommande orsak till bestående funktionsnedsättning och död, framförallt i den yngre befolkningen, <
40 år. Trafikolyckor, fallolyckor eller andra orsaker till trauma mot huvudet
kan leda till svåra kognitiva, psykiska, sensoriska och motoriska funktionshinder. Många av de kognitiva svårigheterna som uppstår efter THS orsakas
av att nervbanor dras isär med skada på nervcellernas utskott (axoner) och
andra komponenter i den vita substansen som följd. Vid THS uppstår en
omedelbar, primär hjärnskada som sedan följs av sekundära skadeprocesser
som inkluderar ett robust inflammatoriskt svar, vävnadsdöd samt axonala
skador vilket påtagligt förvärrar den primära skadan. Några av de sekundära
skadeprocesserna kan undvikas och behandlas med hjälp av modern neurointensivvård, men många av de cellulära processerna är ofullständigt kartlagda
och saknar behandling idag. Bättre kunskap om de sekundära skademekanismerna kan leda till utveckling av farmakologiska substanser som minimerar skadeutbredningen och främjar regeneration efter THS.
En av hjärnas celltyper, oligodendrocyten, ansvarar för att skapa isolering,
myelin, kring nervcellernas axoner vilket främjar snabb fortledning av nervsignaler, samt stöttar och förser axonet med energi. Oligodendrocyterna härstammar från förstadieceller, oligodendrocytprogenitorer, som även återfinns
i den mogna hjärnan men deras roll vid skada på det centrala nervsystemet är
inte fullständigt kartlagd.
Denna avhandling avser att undersöka förändringar i oligodendrocytpopulationen efter THS hos mus, råtta och människa samt studera de samtidigt
förekommande förändringarna i hjärnans vita substans, vilket inkluderar
myelin och axoner. Avhandlingen innehåller även två farmakologiska studier
där immunförsvaret hämmats genom en antikropp som motverkar en viktig
inflammatorisk komponent, interleukin (IL)-1β. Två kliniskt relevanta djurmodeller har använts på mus och råtta där ena (central fluid percussion,
cFPI) är en modell för diffus axonal skada och andra (lateral fluid percussion, lFPI) en blandning av fokal och diffus skada. Axonal skada, myelinskada, mikrogliaaktivering, oligodendrocytdöd och förekomst av
oligodendrocytprogenitorer har undersökts med olika färgningstekniker i
hjärnvävnaden. Vävnad från patienter med svår THS, kirurgiskt avlägsnat på
grund av livshotande svullnad och/eller blödning, har också analyserats. Två
av studierna har även undersökt om oligodendrocytprogenitorerna delar sig
(prolifererar) till följd av THS genom att djuren injicerats med en substans
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(EdU) som märker in delande celler. I de studier där djuren behandlats med
neutraliserande antikroppar mot IL-1β har beteendeförändringar till följd av
skada och behandling utvärderats. Två olika funktionella tester har använts
där det ena testet undersöker minnesfunktion och det andra studerar naturligt
förekommande beteenden hos djuren.
Sammanfattat visar studierna i avhandlingen att fokal och diffus THS i
djurmodeller leder till att myelin och axoner skadas, mikroglia celler ökar i
antal och oligodendrocyter dör, vilket även bekräftas i material från THS
patienter. Oligodendrocytprogenitorer ökar i antal efter human och experimentell THS och det sker en proliferation av celltypen en vecka efter skadan
i cFPI modellen hos mus. Oligodendrocytprogenitorer påverkas inte av att
IL-1β neutraliseras efter hjärnskada utan populationen prolifererar som tidigare visat. Däremot normaliseras komplexa beteendeförändringar hos skadade möss och minnesfunktioner förbättras efter behandlingen.
Oligodendrocyter räddas även från att genomgå apoptos och föreslås som en
av mekanismerna bakom det förbättrade beteendet hos de skadade mössen.
Avhandlingen har bidragit till ökad förståelse om skada på den vita substansens komponenter efter THS. Oligodendrocytprogenitorernas stimulering till delning kan ha betydelse för regeneration och vara en viktigt framtida behandlingsstrategi efter THS. Att neutralisera IL-1β kan vara en lovande behandling för THS då oligodendrocyter sparas och det förändrade
beteendet efter THS normaliseras, vilket påvisats i experimentella studier i
denna avhandling.
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