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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 post-
TBI.  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.

Keywords: Traumatic brain injury, oligodendrocytes, oligodendrocyte progenitor cells,
interleukin 1-β, central fluid percussion injury

Johanna Flygt, Department of Neuroscience, Box 593, Uppsala University, SE-75124
Uppsala, Sweden.

© Johanna Flygt 2017

ISSN 1651-6206
ISBN 978-91-554-9846-7
urn:nbn:se:uu:diva-316401 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-316401)



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family 
  



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I. J. Flygt., A. Djupsjö., F. Lenne, N. Marklund (2013). Myelin loss 

and oligodendrocyte pathology in white matter tracts following 
traumatic brain injury in the rat. European Journal of Neuroscience. 
38(1):2153-65 

 
II. Sara Ekmark Lewén, Johanna Flygt, Gudrun Andrea Fridgeirsdot-

tir, Olivia Kiwanuka, Anders Hånell, Bengt J. Meyerson, Anis K 
Mir, Hermann Gram, Anders Lewén, Fredrik Clausen, Lars Hillered 
and Niklas Marklund (2016). Diffuse traumatic axonal injury in 
mice induces complex behavioral alterations that are normalized by 
neutralization of interleukin-1β. European Journal of Neuroscience, 
43(8): 1016-33. 

 
III. Johanna Flygt., Astrid Gumucio., Martin Ingelsson., Karin Skog-

lund., Jonatan Holm., Irina Alafuzoff., Niklas Marklund (2016). 
Human Traumatic Brain Injury Results in Oligodendrocyte Death 
and Increases the Number of Oligodendrocyte Progenitor Cells. 
Journal of Neuropathology and Experimental Neurology. 2016 
Jun;75(6):503-15. 
 

IV. Johanna Flygt., Fredrik Clausen and Niklas Marklund (2017). Dif-
fuse traumatic brain injury in the mouse induces a transient prolifer-
ation of oligodendrocyte progenitor cells in injured white matter 
tracts. Restorative Neurology and Neuroscience. March: 35(2). 

 
V. Flygt, J., Ruscher, K., Norberg, A.,Mir, AK., Gram, H., Clausen, F., 

Marklund, N (2017). Reduced loss of mature Oligodendrocytes fol-
lowing Diffuse Traumatic Brain Injury in the mouse by Neutraliza-
tion of Interleukin-1β. Manuscript.  

Reprints were made with permission from the respective publishers. 
  



 

Other related publications by the author which are not included in the thesis: 
 

 Ekmark-Lewén, S., Flygt, J., Kiwanuka, O., Meyerson, BJ., Lewén, 
A., Hillered, L., Marklund, N (2013). Traumatic axonal injury in the 
mouse is accompanied by a dynamic inflammatory response, as-
troglial reactivity and complex behavioral changes. Journal of Neu-
roinflammation, Apr 4;10:44 

 Clausen F, Hånell A, Israelsson C, Hedin J, Ebendal T, Mir AK, 
Gram H, Marklund N (2011). Neutralization of interleukin-1β re-
duces cerebral edema and tissue loss and improves late cognitive 
outcome following traumatic brain injury in mice. European Journal 
of Neuroscience. Jul;34(1):110-23 

 Israelsson C, Flygt J, Åstrand E, Kiwanuka O, Bengtsson 
H,Marklund N (2014). Altered expression of myelin-associated in-
hibitors and their receptors after traumatic brain injury in the mouse.   
Restorative Neurology and Neuroscience. 32(5):717-31. 

 Hånell A, Hedin J, Clausen F, Marklund N (2012). Facilitated as-
sessment of tissue loss following traumatic brain injury. Frontiers in 
Neurology Mar 14;3:29 
 
 

  



 

Contents 

Introduction ................................................................................................... 11 
1.1 An introduction to Traumatic Brain Injury ........................................ 11 
1.2 Treatment of TBI patients in the Neurocritical Care unit ................... 13 
1.3 Secondary injury mechanisms ............................................................ 15 

1.3.1 White matter injury following TBI ............................................. 15 
1.3.2 Diffuse Axonal injury ................................................................. 16 
1.3.3 The inflammatory response following TBI ................................ 19 

1.4 Myelin and Oligodendrocyte pathology ............................................. 23 
1.4.1 Oligodendrocytes and myelin ..................................................... 23 
1.4.2 Oligodendrocyte progenitor cells ................................................ 25 

1.5 Experimental models and functional outcome evaluation .................. 27 
1.5.1 Lateral and central fluid percussion injury model ...................... 27 
1.5.2 Morris water maze and the multivariate concentric square  
filed test. .............................................................................................. 28 

Thesis aims and study design ........................................................................ 29 
2.1 Specific Aims ..................................................................................... 29 

Material and methods .................................................................................... 31 
3.1 Animal care and housing .................................................................... 31 
3.2 Injury and treatments (Study I, II, IV and V) ..................................... 31 

3.2.1 Surgical procedures .................................................................... 32 
3.2.2 EdU and IL-1β neutralizing treatment (Study II, IV and V) ....... 33 

3.3 Functional outcome evaluation; MWM and MCSF ........................... 34 
3.4 Tissue processing ............................................................................... 36 

3.4.1 Sacrifice and brain tissue collection ........................................... 36 
3.4.2 Brain sectioning .......................................................................... 36 

3.5 Immunohistochemistry ....................................................................... 36 
3.5.1 Primary and secondary antibodies and visualization systems .... 37 

3.6 Luxol fast blue and TUNEL staining ................................................. 38 
3.7 Click-iT® ........................................................................................... 38 
3.8 In situ hybridization ........................................................................... 38 
3.9 Statistical Methods ............................................................................. 39 

3.9.1 Principal component analysis (Study II). .................................... 39 
  



 

Results and Discussion ................................................................................. 40 
4.1 Axonal injury following TBI .............................................................. 40 
4.2 Oligodendrocyte death following TBI ............................................... 42 
4.3 Proliferation of Oligodendrocyte Progenitor Cells following TBI ..... 44 
4.4 Myelin damage following TBI ........................................................... 45 
4.5 Microglial response following TBI .................................................... 47 
4.6 Targeting IL-1β in Traumatic Axonal Injury ..................................... 49 

4.6.1 Functional outcome following IL-1β neutralization ................... 49 
4.6.2 Microglia activation and IL-1β neutralizing treatment ............... 52 
4.6.3 Neutralization of IL-1β preserves mature Oligodendrocytes ...... 53 
4.6.4 Neutralization of IL-1β does not influence OPC proliferation ... 53 

Concluding remarks ...................................................................................... 55 

Future perspectives ....................................................................................... 57 

Summary in Swedish .................................................................................... 59 

Acknowledgements ....................................................................................... 61 

References ..................................................................................................... 64 



 

Abbreviations 

APP  β-Amyloid precursor protein  

ATM  Atmosphere  

ATP  Adenosine triphosphate 
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CNS  Central nervous system 
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CSF  Cerebrospinal fluid 

CT  Computed tomography 

CVP  Central venous pressure 

DAI  Diffuse axonal injury 
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FA  Fractional anisotropy 

GCS  Glasgow coma scale 

i.p  Intraperitoneal  

ICP  Intracranial pressure 

IL1r  Interleukin type 1 receptor  

IL-1β   Interleukin-1 beta 

JNK  c-jun N-terminal kinase  



 

LFB  Luxol fast blue 

LFPI  Lateral fluid percussion injury 
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MBP  Myelin basic protein 

MCSF  Multivariate concentric square field test 

MMP  Matrix metalloproteinase 

MOG  Myelin-oligodendrocyte glycoprotein 

MRI  Magnetic resonance imaging 

MS   Multiple sclerosis 

MWM  Morris water maze 

NCC  Neurocritical care 
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NMDA  N-methyl-D-aspartate 

NO  Nitric oxide 

OPC  Oligodendrocyte progenitor cell 

PCA  Principal component analysis  

PDGF  Platelet-derived growth factor 

PLP  Proteolipid protein 

ROS  Reactive oxygen species 

SBP  Systolic blood pressure  

SCI  Spinal cord injury 

SVZ  Sub-ventricular zone 

TAI  Traumatic axonal injury 

TBI   Traumatic brain injury 

TUNEL   dUTP nick end labeling 
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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 re-
sults 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 injury-
related deaths include a TBI. Fall accidents are the leading cause of disabil-
ity 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 life-
long disabilities in a relatively young patient group. Improving patient care 
and developing therapeutic interventions remain as important future chal-
lenges [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 accelera-
tion-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 
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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 psychiat-
ric illness such as depression, cognitive impairments (memory loss, person-
ality changes and disorientation) [7-10] and neurodegenerative disorders 
such as Alzheimer’s or Parkinson´s disease [11, 12]. The society has a re-
sponsibility 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.                 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 
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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]. Clini-
cians also register any loss of consciousness, post-traumatic amnesia, confu-
sion 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 suscepti-
bility weighted imaging and diffusion tensor imaging (DTI) can reveal alter-
ations in the white matter and the microvasculature [15]. In the NCC unit, 
specialized care aim to detect and reduce secondary insults where the man-
agement 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, cen-
tral venous pressure (CVP), oxygen saturation, temperature, blood glucose, 
arterial blood gases, ICP and CCP. Treatment goals for the NCC are present-
ed 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     Goal 

ICP ≤ 20 mm Hg
CPP ≥ 60 mm Hg
CVP 0-5 mm Hg
SBP ≥ 100 mm Hg
B-Glucose 5-10 mmol/L
Temperature ≤  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 pos-
sible to modify using pharmacological interventions and is therefore a target 
for research, forming the basis for the different studies included in this the-
sis. 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, pro-
gressive 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 second-
ary 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 in-
flammatory response [17, 18]. An overview of the secondary events is pre-
sented in Figure 1. This thesis focuses on the secondary white matter pathol-
ogy 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 cru-
cial 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 hip-
pocampal formation. Its shape and constitution of long fibers makes it vul-
nerable 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 coor-
dination 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 
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injury, discovered by DTI, correlates with the cognitive deficits seen post-
TBI [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, accelera-
tion/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]. Original-
ly, 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 post-
injury [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 axon-
al 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 re-
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lease of neurotransmitters such as glutamate to a greater extent than in nor-
mal 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 neu-
ronal 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 accumula-
tion, can evolve from days to months leading to disconnection of the axon, 
named secondary axotomy and will appear throughout the white matter fol-
lowing 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 pora-
tion 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 den-
sity 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 amy-
loid 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 appar-
ent 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 inju-
ry [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, differ-
ent 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 



 19

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 ax-
onal 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 rami-
fied 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 in-
duced 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 anti-
inflammatory factors and growth factors and they are engaged in the adap-
tive 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 resi-
dent microglia and they migrate towards a chemoattractant in the brain. Neu-
trophils are fast injury responders using cell adhesion molecules for migra-
tion. 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 T-
cells 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 pre-
serve neuronal tissue and promote recovery, not only resulting in harmful 
secondary cascades [82, 83]. Thus, it may have both beneficial and detri-
mental consequences for patient outcome [74, 84]. Inflammatory mediated 
secondary brain damage is partly caused by the released neurotoxic sub-
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stances and edema formation as well as cytokines and chemokines, recruit-
ing inflammatory cells to the injury site. Cytokines and chemokines are ex-
pressed under normal conditions but released from inflammatory cells, neu-
rons and astrocytes in high levels within minutes following TBI. Whether 
cytokines are neuroprotective or neurotoxic depend e.g. on their concentra-
tion and expression pattern [83, 85, 86]. Reducing pro-inflammatory cyto-
kines and chemokines levels following focal and diffuse TBI in the mouse 
improves functional outcome and reduce microglia activity [87]. Neuroin-
flammation 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 pre-
sented 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 acti-
vation as early as 6 hours post-injury up to 28 days post-TAI in animal mod-
els [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 con-
stitute 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 re-
sponse [97] and should be considered when analyzing and comparing exper-
imental 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 inflam-
matory 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 person-
alized 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 stud-
ies have suggested positive pharmacological interventions when suppressing 
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the inflammatory response, only very few anti-inflammatory compounds 
have been evaluated in human TBI, including corticosteroids (methylpredni-
solone), 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 in-
volved in its production [105]. Neuronal loss and BBB dysfunction was ob-
served 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 [110-
112]. 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 infil-
trating 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 as-
trocytes 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 prolifera-
tion of oligodendrocyte progenitor cells (OPCs). Although; OPC prolifera-
tion 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 re-
sponse 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 com-
pared to invertebrates is the myelination of axons. Myelin, produced by oli-
godendrocytes, ensures fast nerve conduction with reduced energy consump-
tion and is composed by several membrane structures wrapped around the 
axon. Myelination of axons occurs in the human brain from the second tri-
mester 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 addi-
tion of new myelin, replacement of old myelin and myelin remodeling mak-
ing it a dynamic part of the white matter. In addition, factors such as exer-
cise, sunlight, gender, age, social interaction and cognitive training can in-
fluence 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 glyco-
protein (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 ve-
locity [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. Fragmenta-
tion 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 in-
tensity TAI may spare oligodendrocytes and their myelin sheaths, connect-
ing 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 axonal-
oligodendrocyte interaction and at later stages oligodendrocyte death [24]. A 
third scenario of white matter injury is isolated demyelination of intact ax-
ons, 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 radi-
cal formation and lipid peroxidation, they become susceptible to oxidative 
damage common post-TBI. In addition, oligodendrocytes have comparative-
ly limited intracellular antioxidant reservoirs to compensate in the pathologi-
cal setting. Oligodendrocytes also express several neurotransmittor receptors 
making them vulnerable to trauma-induced excitotoxicity. In addition, in-
flammatory mediators such as cytokines and free radicals will cause mito-
chondrial 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, alt-
hough 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 experi-
mental 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 neu-
rons 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 firm-
ly 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 thick-
ens 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 for-
mation, [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 mul-
tiple 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 (in-
creased 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 re-
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cruitment and maturation an active filed of research with the hope of achiev-
ing 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 pro-
cess of myelination [151, 169]. Different pathological conditions including 
inflammation or CNS injury will influence the OPC population to prolifer-
ate, differentiate and migrate [170] rapidly and contribute to glial scar for-
mation [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, ex-
pressed 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 pro-
liferative and remyelinating capacity in different TBI models, their im-
portance 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 hippo-
campus [173]. The proliferative response of OPC in moderate to severe dif-
fuse TBI is not clear and the role of the inflammatory response in OPC pro-
liferation in TBI is unexplored. 

 
 

 
Figure  4. Development of Oligodendrocyte progenitor cells and the different mark-
ers 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 subse-
quent pathological processes as well as for the development and evaluation 
of possible treatment strategies [174, 175]. The injury model of choice al-
lows 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 im-
pairments [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 behav-
ioral test in the mouse following cFPI named the multivariate concentric 
square field (MCSF) test. Ethoexperimental approaches study naturally oc-
curring 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 lat-
eral and central FPI models. 

Lateral FPI is a mixed model of focal and diffuse injury where hemor-
rhages and tissue tears can be seen in the cortex as well as in the white mat-
ter tracts. The rodent skull is exposed via a craniotomy and injury is pro-
duced by introducing a pressure pulse into the closed cranium. The brain 
tissue is deformed and the brain stem displaced [183]. The surgical proce-
dure 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 mag-
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nitude of pressure pulse introduced to the brain cavity. Neurological dys-
function 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 hippo-
campal 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 work-
ing memory, task strategy and reference memory [181]. Hippocampus is the 
primary region of the brain mediating navigation and injury to the hippo-
campus, 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 ana-
lyzed. 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 per-
form a specific task or behavior. The test aims to investigate naturally occur-
ring 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 oli-
godendrocyte 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 dif-
fuse TBI model in the rat. Additional aims included the quanti-
fication of oligodendrocyte progenitor cell as well as myelin 
reduction following the brain injury. 

 
II To study the functional and histological outcome of brain-

injured mice subjected to the central fluid percussion brain in-
jury model after treatment with an IL-1β neutralizing or con-
trol 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, oli-
godendrocyte death and white matter tract inflammation fol-
lowing diffuse traumatic brain injury in the mouse and neutral-
ization 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 analy-
sis. The schematic coronal section of the rodent brain represents immunohistochem-
istry 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 inju-
ry, 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 Agricul-
ture 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 mem-
ber 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 Bi-
obank 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 light-
dark 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 exper-
iments 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 IL-
1β 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 underly-
ing 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 intro-
duced 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 stereotax-
ic 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 thymi-
dine 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 mol-
ecules, 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. Follow-
ing sacrifice, the brains were collected and samples from cortex and hippo-
campus were frozen until analyzed. The manufactures of the antibodies (No-
vartis Inc., Basel, Switzerland) made homogenates of the tissue samples and 
antibody levels were measured by western blotting with a purified anti-
idiotypic 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). 
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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 per-



 35

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 exam-
ined such as explorative behavior with the hole-board, risk taking when vis-
iting 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 be-
havioral 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 consid-
ered 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 follow-
ing craniotomy and then paraffin embedded. 

3.4.2 Brain sectioning 
Two different types of sectioning techniques, cryosectioning and free float-
ing 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 concentra-
tion 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 sec-
tions 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 anti-
gen in different types of fixed tissue. It is based on an antigen-antibody in-
teraction and was first presented in 1940 by Coons and colleagues. The pro-
tocol used depends on the antigen and several different steps can be altered 
to suit the specific experiment. Optimizing the different parts of the im-
munohistochemistry procedure takes time and is critical for good staining 
results. However, the main steps of each protocol are the same; tissue pro-
cessing and antigen retrieval, blocking of non-specific binding, antigen-
antibody interaction and visualization using different detection systems 
[193].  

All tissue used was processed in the same way, except for the human tis-
sue 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 be-
come irreversible [194]. Antigens can become altered by the formaldehyde 
fixation and may need to be unmasked by antigen retrieval, which is an im-
portant 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 inter-
est, 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 anti-
bodies, where many different B lymphocyte cell lines produce antibodies to 
the same antigen but to different epitopes on that antigen. Monoclonal anti-
bodies 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 fluores-
cence 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 stain-
ings 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). Confirma-
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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 identi-
fied 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 mye-
lin fibers and visualizes myelin disorganization and myelin damage giving 
them a blue color.  

To study damaged, dead or dying cells terminal deoxynucleotidyl trans-
ferase, 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 fluores-
cent 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 detec-
tion 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 pre-
amplifier. 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 Shapiro-
Wilk´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 be-
tween 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 p-
value of ≤ 0.05 is considered significant. If normally distributed, the para-
metric test comparing means, One-Way ANOVA, was used to analyze dif-
ferences 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 Spear-
man’s rank order correlation test. In Study II, measurements of frequencies, 
durations, distance moved and latencies in the MCSF are made of the ani-
mal’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 stud-
ies with low number of animals. Variations and correlations in a dataset are 
usually studied with two variables, for example height and weight in a popu-
lation. 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 neu-
tralized) 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 pa-
thology, 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 investiga-
tion of the neutralizing treatment against IL-1β has been part of the Neuro-
surgery 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 transla-
tional approach Study III was performed.   

4.1 Axonal injury following TBI 
Axonal injuries are commonly present in human TBI and have been exten-
sively 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. Investi-
gated 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 pro-
files 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 repre-
senting 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 pa-
thologies 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 sham-
injured 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. Oxida-
tive injury, excitotoxicity and pro-inflammatory cytokines all lead to oli-
godendrocyte cell death and the consequences and mechanisms needs to be 
understood for the possible development of treatment strategies. Oligoden-
drocyte 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 oli-
godendrocytes were studied through co-localization of cleaved caspase-3 
and the mature oligodendrocyte marker CC1. We found an increase in apop-
totic oligodendrocytes in both lFPI and cFPI up to 21 dpi. Importantly, oli-
godendrocyte death in severe human TBI was first described by our Study 
III. Here, mature oligodendrocytes (CC1 positive) were observed in combi-
nation 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 dis-
cussed 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 en-
gaged 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. Howev-
er, oligodendrocyte death was found together with increased cleaved caspa-
se-3 expression suggesting apoptosis in Study I and V as previously seen in 
experimental SCI and due to radiation [199, 200]. The TUNEL positive oli-
godendrocytes detected in Study III could represent both necrosis and apop-
tosis. 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 pro-
moting 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 oligodendro-
cytes. Instead it is becoming clear that OPCs are a dynamic cell population 
with the ability to proliferate, migrate and differentiate suggesting regenera-
tive 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 re-
generative role of OPCs in human TBI needs extensive research and studies 
of these pathological processes in different animal models can help us under-
stand and possibly enhance the regenerative response by therapeutic inter-
ventions.  

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 in-
crease 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 dif-
ferent 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 co-
labeled 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 pro-
liferation 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 pro-
liferation 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 depend-
ent on OPC activation and stimulation for proliferation, migration and dif-
ferentiation. Indications of possible remyelination of intact demyelinated 
axons, not degrading due to TAI, were found by identifying excessive mye-
lin 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 remye-
lination, OPC proliferation may have other beneficial consequences post-
TBI. 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 pro-
cess is probably time and concentration dependent. Different trophic factors, 
cytokines and chemokines expressed by the inflammatory cascade can pro-
mote OPCs to divide and mature following CNS injury however these pro-
cesses 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. Prima-
ry 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 



 46 

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 oligoden-
drocytes 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 inter-
est. 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). Weak-
er staining intensity and complete depletion of intact myelin fibers was ob-
served 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 hu-
man 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 altera-
tions 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 under-
lying 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 pro-
teins following TBI in the mouse; even though the models alters myelin 
structure, the myelin it may not be phagocytized in the first weeks and there-
fore still be detectable by immunohistochemistry. Even though microglia are 
present, Sullivan and colleagues [136] have suggested that they are not acti-
vated 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 ramifi-
cation 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 fu-
ture studies. Such studies could also clarify the presence of any viable, de-
nuded 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 pa-
thology following TBI.  
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Figure 12. Staining of myelin (red) using the RIP antibody in Study I. Myelin dam-
age 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 inju-
ry. 

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 in-
fluenced 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 dif-
ferent 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 previ-
ously 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 mye-
lin 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 addi-
tion, microglia/macrophages were also found in areas with some intact mye-
lin 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 micro-
glia/macrophages in human TBI. Progressive white matter atrophy was also 
seen in these patients, indicated by loss of LFB staining [68], and also pre-
sent in Study I and III.  

Microglia is suggested to be a contributor to axonal degeneration and ac-
companied 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 cellu-
lar 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 neu-
rons, 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 dif-
fuse TBI showed positive effect on behavioral outcome and attenuated mi-
croglia 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 morpholog-
ical 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. Treat-
ment 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 associ-
ated 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 experi-
mental TBI [225]. The cFPI model in mice only leads to minimal neuronal 
cell loss in hippocampus [186] possibly explaining the minimal spatial learn-
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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 stereo-
typic behavior formed an unusual behavioral profile when they were contin-
uously 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. per-
formed 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 ad-
dressed 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 infil-
tration, 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 re-
cruitment. 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 pre-
serve 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 cate-
gories 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 time-
point or that neutralizing IL-1β does not influence microglia activation. It 
might also be explained by the different forms of microglia not being con-
sidered 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 somatosen-
sory 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 altera-
tions 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 al-
tered 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 ani-
mals. There were no differences among the brain-injured groups. However, 
in the sham-injured animals the neutralization of IL-1β induced some altera-
tions in the microglia morphology. Sham-injured mice also showed behav-
ioral 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 simi-
lar active for as in the active brain-injured groups was observed. The activa-
tion 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 pos-
sible alteration between different microglia phenotypes and the emerging 
knowledge on the dual effect of different cytokines and chemokines post-
injury makes the responses of microglia to TBI and IL-1β neutralization 
complicated [234]. The type of microglia activated in Study V was not in-
vestigated. Since neutralization also influenced OPC proliferation in sham-
injured mice at this time-point, discussed in 4.6.4, it is possible the microglia 
phenotype contributed to a cytokine/chemokine milieu promoting OPC pro-
liferation. 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 inflamma-
tory 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 CC1-
positive oligodendrocytes co-localized with cleaved caspase-3. This indicat-
ed apoptotic mediated cell death [200] and Study V investigated the influ-
ence 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 path-
way [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] influ-
enced 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 pa-
thology 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 
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OPC proliferation following cFPI in the mouse was investigated. In agree-
ment 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 possi-
ble that the endogenous, baseline production of IL-1β is attenuated by the 
treatment. This could influence the secretion of other pro- and anti-
inflammatory compounds and growth factors contributing to OPC prolifera-
tion. 

 
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 ani-
mals 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 follow-
ing 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 oligodendro-
cyte progenitor cells was also found, stimulated to proliferation by brain 
injury. Intervention studies neutralizing the cytokine IL-1β normalized com-
plex behavior and rescued oligodendrocytes in cFPI mice indicating possible 
treatment strategies for TBI.  

 
 Study I: Oligodendrocyte death and the number of OPCs are in-

creased 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 with-

out 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 pro-
genitor cells, IL-1 β= interleukin-1β. 
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Future perspectives 

The studies in this thesis state oligodendrocyte pathology and oligodendro-
cyte progenitor cells to be important features of TBI which should be inves-
tigated 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 con-
firm cleaved caspase-3 mediated cell death.  

There are some controversies regarding myelin injury in mouse TBI mod-
els, where myelin proteins are not altered by TBI even though collapsed 
myelin has been shown as well as myelin alterations in Study IV. Degrada-
tion 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 there-
fore myelin debris might not be phagocytize. This could explain the detec-
tion 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 neutral-
ization. 

One of the key questions to be answered may be the axonal status follow-
ing diffuse TBI and if OPCs can remyelinate injured demyelinated axons, 
previously unmyelinated axons or if they can influence myelin abnormali-
ties. 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 treat-
ment since each injury is unique, involving different injury processes to dif-
ferent degrees.  
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Improvements in the experimental setting could also be performed includ-
ing 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 bestå-
ende 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 funktions-
hinder. 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 neuroin-
tensivvård, men många av de cellulära processerna är ofullständigt kartlagda 
och saknar behandling idag. Bättre kunskap om de sekundära skademekan-
ismerna kan leda till utveckling av farmakologiska substanser som minime-
rar 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 nerv-
signaler, samt stöttar och förser axonet med energi. Oligodendrocyterna här-
stammar 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 oligodendrocytpopu-
lationen 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 djur-
modeller har använts på mus och råtta där ena (central fluid percussion, 
cFPI) är en modell för diffus axonal skada och andra (lateral fluid percuss-
ion, lFPI) en blandning av fokal och diffus skada. Axonal skada, myelin-
skada, 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 experi-
mentell 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 tidi-
gare visat. Däremot normaliseras komplexa beteendeförändringar hos ska-
dade 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 sub-
stansens komponenter efter THS. Oligodendrocytprogenitorernas stimule-
ring till delning kan ha betydelse för regeneration och vara en viktigt fram-
tida behandlingsstrategi efter THS. Att neutralisera IL-1β kan vara en lo-
vande behandling för THS då oligodendrocyter sparas och det förändrade 
beteendet efter THS normaliseras, vilket påvisats i experimentella studier i 
denna avhandling.  
  



 61

Acknowledgements 

This thesis is produced in the Department of Neuroscience, Section of Neu-
rosurgery at Uppsala University. Many people have been a part of my thesis 
journey, to whom I will always be thankful. 
 
Niklas Marklund, my supervisor. Thank you for teaching me how to think, 
practice and write neurotrauma research. Thank you for guiding and inspir-
ing me with all your knowledge and for excellent supervision leading to this 
thesis. Also, thank you for supporting me and always having a positive atti-
tude to both our research and life in general.  
 
Lars Hillered and Per Enblad, my co-supervisors. Thank you for contrib-
uting with your thorough knowledge in neuroscience.  
 
 
Neurotrauma lab 

Fredrik Clausen, thank you for sharing this time in the office and lab with 
me. Thank you for engaging in scientific discussion about our research, an-
swering all my questions and for being such helpful support. Thank you for 
the collaborations in all our studies and for the many elevating chats and 
breaks in-between.  
 
Thank you: 
Sara Ekmark Lewén for great company in the office and research in study 
II. 
Anna Erlandsson, Camilla Lööv, Charlotta Israelsson and Anders 
Hånell for great work and fun times during the first couple of years. Sami 
Abu Hamdeh and Karin Skoglund for great collaborations and good com-
pany.  

 
Former students Frida Lenne, Malin Olsen, Jonatan Holm and Amanda 
Norberg for your contribution and help in my studies. 
 
Mona Persson and Maria Brandt for help with administrative and practical 
issues as well as all the nice talks in between.   



 62 

 
Co-authors 

Thank you: 

Martin Ingelsson, Astrid Gumiccio Irina Alafuzoff, Karsten Ruscher 
and Anders Djupsjö for your contribution and important insights in Study I, 
III and V. 
 
Gudrun Fridgeirsdottir, Olivia Kiwanuka, Bengt Meyerson, Anis Mir, 
Hermann Gram and Anders Lewén for great collaborations in Study II 
and V. 
 
 
Friends and family 

To Maarja Andaloussi Mäe, thank you for contributing with all your 
knowledge and experience during our very academically and scientifically- 
focused lunch dates.  
 
To my friends Karin Lindgren and Emma Arvidsson. You have been there 
from the start of all this. Thank you for all the laughs and support. The circle 
will never end. 
 
To my dear friend Elin Kallin. Thank you for sharing motherhood, psychiat-
ric instability and love all day, every day. 
 
To my extended family: Thank you for all the joy you bring.  
Christer and Maivor. Thank you for taking such good care of us all and for 
your love and support. 
 
Jack and Cedar. I am so proud to be your aunt. Thank you for all the cute-
ness and happiness you bring. I will always have treats.  
 
Gustaf, Johanna and Dave. Thank you for all the fun, for giving me neph-
ews and for making family gatherings a pleasure.  
 
To Mormor. Thank you for your unconditional love and for reminding me 
about the importance of stem cell therapy research.   
 
 
 
 
 



 63

To my loving father Ulf. With your words “Research is always the fun part” 
my journey in science began. The urge a daughter has to please and impress 
her father can be strong, taking her to great places, like this day. I am forever 
grateful for your support, guidance and wisdom and my understanding for 
your accomplishments has brought me closer to you during these years. I 
love you forever and am so proud to be your daughter.  
 
To the greatest women in the world, my biggest fans and constant cheerlead-
ers - my mother Annabelle and my sister Erika. I would not mentally or 
physically be able to take one step forward without your guiding words, 
endorsement and love. My life is wonderful when you are present.  
 
To my husband Hjalmar and daughters, Signe and Lovisa. Thank you for 
the life we have together, it is the most important thing to me and coming 
home to you is the goal of each day. I need nothing else. I love you with all 
my heart. 



 64 

References 

1. Gustavsson, A., et al., Cost of disorders of the brain in Europe 2010. Eur 
Neuropsychopharmacol, 2011. 21(10): p. 718-79. 

2. Ghajar, J., Traumatic brain injury. Lancet, 2000. 356(9233): p. 923-9. 
3. Murray, C.J. and A.D. Lopez, Global mortality, disability, and the contribution 

of risk factors: Global Burden of Disease Study. Lancet, 1997. 349(9063): p. 
1436-42. 

4. Polinder, S., et al., Assessing the burden of injury in six European countries. 
Bull World Health Organ, 2007. 85(1): p. 27-34. 

5. McAllister, T.W., Neurobiological consequences of traumatic brain injury. 
Dialogues Clin Neurosci, 2011. 13(3): p. 287-300. 

6. Sandsmark, D.K., Clinical Outcomes after Traumatic Brain Injury. Curr 
Neurol Neurosci Rep, 2016. 16(6): p. 52. 

7. Bombardier, C.H., et al., Rates of major depressive disorder and clinical 
outcomes following traumatic brain injury. JAMA, 2010. 303(19): p. 1938-45. 

8. Linden, M., et al., Technological aids for the rehabilitation of memory and 
executive functioning in children and adolescents with acquired brain injury. 
Cochrane Database Syst Rev, 2016. 7: p. CD011020. 

9. Prigatano, G.P., Personality disturbances associated with traumatic brain 
injury. J Consult Clin Psychol, 1992. 60(3): p. 360-8. 

10. Willemse-van Son, A.H., et al., Prognostic factors of long-term functioning 
and productivity after traumatic brain injury: a systematic review of 
prospective cohort studies. Clin Rehabil, 2007. 21(11): p. 1024-37. 

11. Nemetz, P.N., et al., Traumatic brain injury and time to onset of Alzheimer's 
disease: a population-based study. Am J Epidemiol, 1999. 149(1): p. 32-40. 

12. Gardner, R.C., et al., Traumatic brain injury in later life increases risk for 
Parkinson disease. Ann Neurol, 2015. 77(6): p. 987-95. 

13. Belin, M.A., P. Tillgren, and E. Vedung, Vision Zero--a road safety policy 
innovation. Int J Inj Contr Saf Promot, 2012. 19(2): p. 171-9. 

14. Sethi, M., et al., Bicycle helmets are highly protective against traumatic brain 
injury within a dense urban setting. Injury, 2015. 46(12): p. 2483-90. 

15. Levin, H.S. and R.R. Diaz-Arrastia, Diagnosis, prognosis, and clinical 
management of mild traumatic brain injury. Lancet Neurol, 2015. 14(5): p. 
506-17. 

16. Elf, K., P. Nilsson, and P. Enblad, Outcome after traumatic brain injury 
improved by an organized secondary insult program and standardized 
neurointensive care. Crit Care Med, 2002. 30(9): p. 2129-34. 

17. Kinoshita, K., Traumatic brain injury: pathophysiology for neurocritical care. 
J Intensive Care, 2016. 4: p. 29. 

18. Borgens, R.B. and P. Liu-Snyder, Understanding secondary injury. Q Rev 
Biol, 2012. 87(2): p. 89-127. 



 65

19. Mesulam, M.M., Large-scale neurocognitive networks and distributed 
processing for attention, language, and memory. Ann Neurol, 1990. 28(5): p. 
597-613. 

20. Catani, M., et al., Beyond cortical localization in clinico-anatomical 
correlation. Cortex, 2012. 48(10): p. 1262-87. 

21. Kinnunen, K.M., et al., White matter damage and cognitive impairment after 
traumatic brain injury. Brain, 2011. 134(Pt 2): p. 449-63. 

22. Filley, C.M. and R.D. Fields, White matter and cognition: making the 
connection. J Neurophysiol, 2016. 116(5): p. 2093-2104. 

23. Mesulam, M.M., From sensation to cognition. Brain, 1998. 121 ( Pt 6): p. 
1013-52. 

24. Bonnelle, V., et al., Salience network integrity predicts default mode network 
function after traumatic brain injury. Proc Natl Acad Sci U S A, 2012. 
109(12): p. 4690-5. 

25. Sidaros, A., et al., Diffusion tensor imaging during recovery from severe 
traumatic brain injury and relation to clinical outcome: a longitudinal study. 
Brain, 2008. 131(Pt 2): p. 559-72. 

26. Bendlin, B.B., et al., Longitudinal changes in patients with traumatic brain 
injury assessed with diffusion-tensor and volumetric imaging. Neuroimage, 
2008. 42(2): p. 503-14. 

27. Smith, D.H., et al., Progressive atrophy and neuron death for one year 
following brain trauma in the rat. J Neurotrauma, 1997. 14(10): p. 715-27. 

28. Pierce, J.E., et al., Enduring cognitive, neurobehavioral and histopathological 
changes persist for up to one year following severe experimental brain injury 
in rats. Neuroscience, 1998. 87(2): p. 359-69. 

29. Hulkower, M.B., et al., A decade of DTI in traumatic brain injury: 10 years 
and 100 articles later. AJNR Am J Neuroradiol, 2013. 34(11): p. 2064-74. 

30. Adams, J.H., et al., Diffuse axonal injury due to nonmissile head injury in 
humans: an analysis of 45 cases. Ann Neurol, 1982. 12(6): p. 557-63. 

31. Strich, S.J., Diffuse degeneration of the cerebral white matter in severe 
dementia following head injury. J Neurol Neurosurg Psychiatry, 1956. 19(3): p. 
163-85. 

32. Abu Hamdeh, S., et al., Extended Anatomical Grading in Diffuse Axonal Injury 
Using MRI: Hemorrhagic Lesions in the Substantia Nigra and Mesencephalic 
Tegmentum Indicate Poor Long-Term Outcome. J Neurotrauma, 2017. 34(2): 
p. 341-352. 

33. Smith, D.H. and D.F. Meaney, Axonal damage in traumatic brain injury. 
Neuroscientist, 2000. 6(6): p. 483-495. 

34. Meythaler, J.M., et al., Current concepts: diffuse axonal injury-associated 
traumatic brain injury. Arch Phys Med Rehabil, 2001. 82(10): p. 1461-71. 

35. Lipton, M.L., et al., Multifocal white matter ultrastructural abnormalities in 
mild traumatic brain injury with cognitive disability: a voxel-wise analysis of 
diffusion tensor imaging. J Neurotrauma, 2008. 25(11): p. 1335-42. 

36. Smith, D.H., R. Hicks, and J.T. Povlishock, Therapy development for diffuse 
axonal injury. J Neurotrauma, 2013. 30(5): p. 307-23. 

37. Povlishock, J.T. and C.W. Christman, The pathobiology of traumatically 
induced axonal injury in animals and humans: a review of current thoughts. J 
Neurotrauma, 1995. 12(4): p. 555-64. 

38. Blumbergs, P.C., N.R. Jones, and J.B. North, Diffuse axonal injury in head 
trauma. J Neurol Neurosurg Psychiatry, 1989. 52(7): p. 838-41. 

39. Smith, D.H., D.F. Meaney, and W.H. Shull, Diffuse axonal injury in head 
trauma. J Head Trauma Rehabil, 2003. 18(4): p. 307-16. 



 66 

40. Buki, A. and J.T. Povlishock, All roads lead to disconnection?--Traumatic 
axonal injury revisited. Acta Neurochir (Wien), 2006. 148(2): p. 181-93; 
discussion 193-4. 

41. Su, E. and M. Bell, Diffuse Axonal Injury, in Translational Research in 
Traumatic Brain Injury, D. Laskowitz and G. Grant, Editors. 2016: Boca Raton 
(FL). 

42. Gennarelli, T.A., L.E. Thibault, and D.I. Graham, Diffuse Axonal Injury: An 
Important Form of Traumatic Brain Damage. The Neuroscientist, 1998. 4(3): 
p. 202-215. 

43. Clayton, E.H., G.M. Genin, and P.V. Bayly, Transmission, attenuation and 
reflection of shear waves in the human brain. J R Soc Interface, 2012. 9(76): p. 
2899-910. 

44. Meaney, D.F., et al., Biomechanical analysis of experimental diffuse axonal 
injury. J Neurotrauma, 1995. 12(4): p. 689-94. 

45. Hilton, G., Diffuse axonal injury. J Trauma Nurs, 1995. 2(1): p. 7-12, quiz 13-
4. 

46. Saatman, K.E. and L.E. Thibault, Myelinated nerve fiber response to dynamic 
uniaxial stretch1991. 

47. Medana, I.M. and M.M. Esiri, Axonal damage: a key predictor of outcome in 
human CNS diseases. Brain, 2003. 126(Pt 3): p. 515-30. 

48. Bullock, R., et al., Evidence for prolonged release of excitatory amino acids in 
severe human head trauma. Relationship to clinical events. Ann N Y Acad Sci, 
1995. 765: p. 290-7; discussion 298. 

49. Scheid, R., et al., Diffuse axonal injury associated with chronic traumatic brain 
injury: evidence from T2*-weighted gradient-echo imaging at 3 T. AJNR Am J 
Neuroradiol, 2003. 24(6): p. 1049-56. 

50. Tang, C.Y., et al., Diffuse Disconnectivity in tBi: a resting state fMri anD Dti 
stuDy. Transl Neurosci, 2012. 3(1): p. 9-14. 

51. Vos, P.E. and E.D. Bigler, White matter in traumatic brain injury: Dis- or 
dysconnection? Neurology, 2011. 77(9): p. 810-1. 

52. Hanell, A., et al., Traumatic brain injury-induced axonal phenotypes react 
differently to treatment. Acta Neuropathol, 2015. 129(2): p. 317-32. 

53. Povlishock, J.T. and D.I. Katz, Update of neuropathology and neurological 
recovery after traumatic brain injury. J Head Trauma Rehabil, 2005. 20(1): p. 
76-94. 

54. Povlishock, J.T., Traumatically induced axonal injury: pathogenesis and 
pathobiological implications. Brain Pathol, 1992. 2(1): p. 1-12. 

55. Erb, D.E. and J.T. Povlishock, Axonal damage in severe traumatic brain 
injury: an experimental study in cat. Acta Neuropathol, 1988. 76(4): p. 347-58. 

56. Povlishock, J.T., Traumatically induced axonal damage without concomitant 
change in focally related neuronal somata and dendrites. Acta Neuropathol, 
1986. 70(1): p. 53-9. 

57. Gennarelli, T.A., et al., Diffuse axonal injury and traumatic coma in the 
primate. Ann Neurol, 1982. 12(6): p. 564-74. 

58. Marmarou, A., et al., A new model of diffuse brain injury in rats. Part I: 
Pathophysiology and biomechanics. J Neurosurg, 1994. 80(2): p. 291-300. 

59. Yaghmai, A. and J. Povlishock, Traumatically induced reactive change as 
visualized through the use of monoclonal antibodies targeted to neurofilament 
subunits. J Neuropathol Exp Neurol, 1992. 51(2): p. 158-76. 

60. Okonkwo, D.O., et al., Alteration of the neurofilament sidearm and its relation 
to neurofilament compaction occurring with traumatic axonal injury. Brain 
Res, 1998. 784(1-2): p. 1-6. 



 67

61. Stone, J.R., R.H. Singleton, and J.T. Povlishock, Intra-axonal neurofilament 
compaction does not evoke local axonal swelling in all traumatically injured 
axons. Exp Neurol, 2001. 172(2): p. 320-31. 

62. Nunez, J.L., et al., Myelination in the splenium of the corpus callosum in adult 
male and female rats. Brain Res Dev Brain Res, 2000. 120(1): p. 87-90. 

63. Vieira, R.C., et al., Diffuse Axonal Injury: Epidemiology, Outcome and 
Associated Risk Factors. Front Neurol, 2016. 7: p. 178. 

64. Al Nimer, F., et al., Comparative Assessment of the Prognostic Value of 
Biomarkers in Traumatic Brain Injury Reveals an Independent Role for Serum 
Levels of Neurofilament Light. PLoS One, 2015. 10(7): p. e0132177. 

65. Al Nimer, F., et al., Both MHC and non-MHC genes regulate inflammation 
and T-cell response after traumatic brain injury. Brain Behav Immun, 2011. 
25(5): p. 981-90. 

66. Bellander, B.M., et al., Genetic regulation of microglia activation, complement 
expression, and neurodegeneration in a rat model of traumatic brain injury. 
Exp Brain Res, 2010. 205(1): p. 103-14. 

67. Lin, Y. and L. Wen, Inflammatory response following diffuse axonal injury. Int 
J Med Sci, 2013. 10(5): p. 515-21. 

68. Johnson, V.E., et al., Inflammation and white matter degeneration persist for 
years after a single traumatic brain injury. Brain, 2013. 136(Pt 1): p. 28-42. 

69. Kou, Z. and P.J. VandeVord, Traumatic white matter injury and glial 
activation: from basic science to clinics. Glia, 2014. 62(11): p. 1831-55. 

70. Haynes, S.E., et al., The P2Y12 receptor regulates microglial activation by 
extracellular nucleotides. Nat Neurosci, 2006. 9(12): p. 1512-9. 

71. Taylor, S.E., et al., Rod microglia: a morphological definition. PLoS One, 
2014. 9(5): p. e97096. 

72. Koshinaga, M., et al., Rapid and widespread microglial activation induced by 
traumatic brain injury in rat brain slices. J Neurotrauma, 2000. 17(3): p. 185-
92. 

73. Gehrmann, J., Y. Matsumoto, and G.W. Kreutzberg, Microglia: intrinsic 
immuneffector cell of the brain. Brain Res Brain Res Rev, 1995. 20(3): p. 269-
87. 

74. Holmin, S., et al., Intracerebral inflammation after human brain contusion. 
Neurosurgery, 1998. 42(2): p. 291-8; discussion 298-9. 

75. Holmin, S., et al., Intracerebral inflammatory response to experimental brain 
contusion. Acta Neurochir (Wien), 1995. 132(1-3): p. 110-9. 

76. Soares, H.D., et al., Inflammatory leukocytic recruitment and diffuse neuronal 
degeneration are separate pathological processes resulting from traumatic 
brain injury. J Neurosci, 1995. 15(12): p. 8223-33. 

77. Holmin, S. and T. Mathiesen, Long-term intracerebral inflammatory response 
after experimental focal brain injury in rat. Neuroreport, 1999. 10(9): p. 1889-
91. 

78. Carlos, T.M., et al., Expression of endothelial adhesion molecules and 
recruitment of neutrophils after traumatic brain injury in rats. J Leukoc Biol, 
1997. 61(3): p. 279-85. 

79. Chen, X.H., et al., Long-term accumulation of amyloid-beta, beta-secretase, 
presenilin-1, and caspase-3 in damaged axons following brain trauma. Am J 
Pathol, 2004. 165(2): p. 357-71. 

80. Barzo, P., et al., Magnetic resonance imaging-monitored acute blood-brain 
barrier changes in experimental traumatic brain injury. J Neurosurg, 1996. 
85(6): p. 1113-21. 



 68 

81. Rivest, S., Regulation of innate immune responses in the brain. Nat Rev 
Immunol, 2009. 9(6): p. 429-39. 

82. Finnie, J.W., Neuroinflammation: beneficial and detrimental effects after 
traumatic brain injury. Inflammopharmacology, 2013. 

83. Morganti-Kossmann, M.C., et al., Inflammatory response in acute traumatic 
brain injury: a double-edged sword. Curr Opin Crit Care, 2002. 8(2): p. 101-5. 

84. Cederberg, D. and P. Siesjo, What has inflammation to do with traumatic brain 
injury? Childs Nerv Syst, 2010. 26(2): p. 221-6. 

85. Morganti-Kossmann, M.C., et al., Role of cerebral inflammation after 
traumatic brain injury: a revisited concept. Shock, 2001. 16(3): p. 165-77. 

86. Stoll, G., S. Jander, and M. Schroeter, Detrimental and beneficial effects of 
injury-induced inflammation and cytokine expression in the nervous system. 
Adv Exp Med Biol, 2002. 513: p. 87-113. 

87. Bachstetter, A.D., et al., Attenuation of traumatic brain injury-induced 
cognitive impairment in mice by targeting increased cytokine levels with a 
small molecule experimental therapeutic. J Neuroinflammation, 2015. 12: p. 
69. 

88. Chen, X.H., et al., A lack of amyloid beta plaques despite persistent 
accumulation of amyloid beta in axons of long-term survivors of traumatic 
brain injury. Brain Pathol, 2009. 19(2): p. 214-23. 

89. Kelley, B.J., J. Lifshitz, and J.T. Povlishock, Neuroinflammatory responses 
after experimental diffuse traumatic brain injury. J Neuropathol Exp Neurol, 
2007. 66(11): p. 989-1001. 

90. Bye, N., et al., Neurogenesis and glial proliferation are stimulated following 
diffuse traumatic brain injury in adult rats. J Neurosci Res, 2011. 89(7): p. 
986-1000. 

91. Hellewell, S.C., et al., Post-traumatic hypoxia exacerbates brain tissue 
damage: analysis of axonal injury and glial responses. J Neurotrauma, 2010. 
27(11): p. 1997-2010. 

92. Loane, D.J., et al., Progressive neurodegeneration after experimental brain 
trauma: association with chronic microglial activation. J Neuropathol Exp 
Neurol, 2014. 73(1): p. 14-29. 

93. Shitaka, Y., et al., Repetitive closed-skull traumatic brain injury in mice causes 
persistent multifocal axonal injury and microglial reactivity. J Neuropathol 
Exp Neurol, 2011. 70(7): p. 551-67. 

94. Gentleman, S.M., et al., Long-term intracerebral inflammatory response after 
traumatic brain injury. Forensic Sci Int, 2004. 146(2-3): p. 97-104. 

95. Csuka, E., et al., Cell activation and inflammatory response following 
traumatic axonal injury in the rat. Neuroreport, 2000. 11(11): p. 2587-90. 

96. Fux, M., N. van Rooijen, and T. Owens, Macrophage-independent T cell 
infiltration to the site of injury-induced brain inflammation. J Neuroimmunol, 
2008. 203(1): p. 64-72. 

97. Al Nimer, F., et al., Strain influences on inflammatory pathway activation, cell 
infiltration and complement cascade after traumatic brain injury in the rat. 
Brain Behav Immun, 2013. 27(1): p. 109-22. 

98. Lafrenaye, A.D., et al., Microglia processes associate with diffusely injured 
axons following mild traumatic brain injury in the micro pig. J 
Neuroinflammation, 2015. 12: p. 186. 

99. Fenn, A.M., et al., Immune activation promotes depression 1 month after 
diffuse brain injury: a role for primed microglia. Biol Psychiatry, 2014. 76(7): 
p. 575-84. 



 69

100. Kumar, A. and D.J. Loane, Neuroinflammation after traumatic brain injury: 
opportunities for therapeutic intervention. Brain Behav Immun, 2012. 26(8): p. 
1191-201. 

101. Mitew, S., Y.L. Xing, and T.D. Merson, Axonal activity-dependent myelination 
in development: Insights for myelin repair. J Chem Neuroanat, 2016. 76(Pt A): 
p. 2-8. 

102. Roberts, I., Effect of intravenous corticosteroids on death within 14 days in 10 
008 adults with clinically significant head injury. The Lancet (British edition), 
2004. 364: p. 1321-1328. 

103. Helmy, A., et al., Recombinant human interleukin-1 receptor antagonist in 
severe traumatic brain injury: a phase II randomized control trial. J Cereb 
Blood Flow Metab, 2014. 34(5): p. 845-51. 

104. aacute and M. nchez-Aguilar, Effect of rosuvastatin on cytokines after 
traumatic head injury Clinical article. Journal of neurosurgery, 2013. 118(3): 
p. 669-675. 

105. Holmin, S. and B. Hojeberg, In situ detection of intracerebral cytokine 
expression after human brain contusion. Neurosci Lett, 2004. 369(2): p. 108-
14. 

106. Holmin, S. and T. Mathiesen, Intracerebral administration of interleukin-1beta 
and induction of inflammation, apoptosis, and vasogenic edema. J Neurosurg, 
2000. 92(1): p. 108-20. 

107. Wang, X.J., et al., Interleukin-1 beta induction of neuron apoptosis depends on 
p38 mitogen-activated protein kinase activity after spinal cord injury. Acta 
Pharmacol Sin, 2005. 26(8): p. 934-42. 

108. Helmy, A., et al., Cytokines and innate inflammation in the pathogenesis of 
human traumatic brain injury. Prog Neurobiol, 2011. 95(3): p. 352-72. 

109. Lu, K.T., et al., Extracellular signal-regulated kinase-mediated IL-1-induced 
cortical neuron damage during traumatic brain injury. Neurosci Lett, 2005. 
386(1): p. 40-5. 

110. Shiozaki, T., et al., Cerebrospinal fluid concentrations of anti-inflammatory 
mediators in early-phase severe traumatic brain injury. Shock, 2005. 23(5): p. 
406-10. 

111. Hayakata, T., et al., Changes in CSF S100B and cytokine concentrations in 
early-phase severe traumatic brain injury. Shock, 2004. 22(2): p. 102-7. 

112. Utagawa, A., et al., Systemic inflammation exacerbates behavioral and 
histopathological consequences of isolated traumatic brain injury in rats. Exp 
Neurol, 2008. 211(1): p. 283-91. 

113. Li, Y.H. and G.J. Rozanski, Effects of human recombinant interleukin-1 on 
electrical properties of guinea pig ventricular cells. Cardiovasc Res, 1993. 
27(3): p. 525-30. 

114. Rothwell, N.J. and G.N. Luheshi, Interleukin 1 in the brain: biology, pathology 
and therapeutic target. Trends Neurosci, 2000. 23(12): p. 618-25. 

115. Clausen, F., et al., Neutralization of interleukin-1beta modifies the 
inflammatory response and improves histological and cognitive outcome 
following traumatic brain injury in mice. Eur J Neurosci, 2009. 30(3): p. 385-
96. 

116. Clausen, F., et al., Neutralization of interleukin-1beta reduces cerebral edema 
and tissue loss and improves late cognitive outcome following traumatic brain 
injury in mice. Eur J Neurosci, 2011. 34(1): p. 110-23. 

117. Brogi, A., et al., Induction of intracellular ceramide by interleukin-1 beta in 
oligodendrocytes. J Cell Biochem, 1997. 66(4): p. 532-41. 



 70 

118. Vela, J.M., et al., Interleukin-1 regulates proliferation and differentiation of 
oligodendrocyte progenitor cells. Mol Cell Neurosci, 2002. 20(3): p. 489-502. 

119. Dubois, J., et al., The early development of brain white matter: a review of 
imaging studies in fetuses, newborns and infants. Neuroscience, 2014. 276: p. 
48-71. 

120. Baumann, N. and D. Pham-Dinh, Biology of oligodendrocyte and myelin in the 
mammalian central nervous system. Physiol Rev, 2001. 81(2): p. 871-927. 

121. Yeung, M.S., et al., Dynamics of oligodendrocyte generation and myelination 
in the human brain. Cell, 2014. 159(4): p. 766-74. 

122. Richter-Landsberg, C., The oligodendroglia cytoskeleton in health and disease. 
J Neurosci Res, 2000. 59(1): p. 11-8. 

123. Czopka, T., C. Ffrench-Constant, and D.A. Lyons, Individual oligodendrocytes 
have only a few hours in which to generate new myelin sheaths in vivo. Dev 
Cell, 2013. 25(6): p. 599-609. 

124. Fancy, S.P., et al., Myelin regeneration: a recapitulation of development? 
Annu Rev Neurosci, 2011. 34: p. 21-43. 

125. Remahl, S. and C. Hildebrand, Changing relation between onset of myelination 
and axon diameter range in developing feline white matter. J Neurol Sci, 1982. 
54(1): p. 33-45. 

126. Bradl, M. and H. Lassmann, Oligodendrocytes: biology and pathology. Acta 
Neuropathol, 2010. 119(1): p. 37-53. 

127. Snaidero, N. and M. Simons, Myelination at a glance. J Cell Sci, 2014. 127(Pt 
14): p. 2999-3004. 

128. Chomiak, T. and B. Hu, What is the optimal value of the g-ratio for myelinated 
fibers in the rat CNS? A theoretical approach. PLoS One, 2009. 4(11): p. 
e7754. 

129. Nave, K.A., Myelination and the trophic support of long axons. Nat Rev 
Neurosci, 2010. 11(4): p. 275-83. 

130. Miron, V.E., T. Kuhlmann, and J.P. Antel, Cells of the oligodendroglial 
lineage, myelination, and remyelination. Biochim Biophys Acta, 2011. 
1812(2): p. 184-93. 

131. Nave, K.A., Myelination and support of axonal integrity by glia. Nature, 2010. 
468(7321): p. 244-52. 

132. Ng, H.K., R.D. Mahaliyana, and W.S. Poon, The pathological spectrum of 
diffuse axonal injury in blunt head trauma: assessment with axon and myelin 
strains. Clin Neurol Neurosurg, 1994. 96(1): p. 24-31. 

133. Maxwell, W.L., Damage to myelin and oligodendrocytes: a role in chronic 
outcomes following traumatic brain injury? Brain Sci, 2013. 3(3): p. 1374-94. 

134. Liu, M.C., et al., Extensive degradation of myelin basic protein isoforms by 
calpain following traumatic brain injury. J Neurochem, 2006. 98(3): p. 700-12. 

135. Mierzwa, A.J., et al., Components of myelin damage and repair in the 
progression of white matter pathology after mild traumatic brain injury. J 
Neuropathol Exp Neurol, 2015. 74(3): p. 218-32. 

136. Sullivan, G.M., et al., Oligodendrocyte lineage and subventricular zone 
response to traumatic axonal injury in the corpus callosum. J Neuropathol Exp 
Neurol, 2013. 72(12): p. 1106-25. 

137. Reeves, T.M., L.L. Phillips, and J.T. Povlishock, Myelinated and unmyelinated 
axons of the corpus callosum differ in vulnerability and functional recovery 
following traumatic brain injury. Exp Neurol, 2005. 196(1): p. 126-37. 

138. Arancibia-Carcamo, I.L. and D. Attwell, The node of Ranvier in CNS 
pathology. Acta Neuropathol, 2014. 128(2): p. 161-75. 



 71

139. Wen, L., et al., The occurrence of diffuse axonal injury in the brain: associated 
with the accumulation and clearance of myelin debris. Neural Regen Res, 
2014. 9(21): p. 1902-6. 

140. McTigue, D.M. and R.B. Tripathi, The life, death, and replacement of 
oligodendrocytes in the adult CNS. J Neurochem, 2008. 107(1): p. 1-19. 

141. Awasthi, D., et al., Oxidative stress following traumatic brain injury in rats. 
Surg Neurol, 1997. 47(6): p. 575-81; discussion 581-2. 

142. Horiuchi, M., et al., MEK-ERK signaling is involved in interferon-gamma-
induced death of oligodendroglial progenitor cells. J Biol Chem, 2006. 
281(29): p. 20095-106. 

143. Domercq, M., et al., System xc- and glutamate transporter inhibition mediates 
microglial toxicity to oligodendrocytes. J Immunol, 2007. 178(10): p. 6549-56. 

144. Lotocki, G., et al., Oligodendrocyte vulnerability following traumatic brain 
injury in rats. Neurosci Lett, 2011. 499(3): p. 143-8. 

145. Dent, K.A., et al., Oligodendrocyte birth and death following traumatic brain 
injury in adult mice. PLoS One, 2015. 10(3): p. e0121541. 

146. Shaw, K., et al., TUNEL-positive staining in white and grey matter after fatal 
head injury in man. Clin Neuropathol, 2001. 20(3): p. 106-12. 

147. Mitew, S., Y.L. Xing, and T.D. Merson, Axonal activity-dependent myelination 
in development: Insights for myelin repair. J Chem Neuroanat, 2016. 

148. Franklin, R.J. and C. Ffrench-Constant, Remyelination in the CNS: from 
biology to therapy. Nat Rev Neurosci, 2008. 9(11): p. 839-55. 

149. Dawson, M.R., et al., NG2-expressing glial progenitor cells: an abundant and 
widespread population of cycling cells in the adult rat CNS. Mol Cell 
Neurosci, 2003. 24(2): p. 476-88. 

150. Fernandez-Castaneda, A. and A. Gaultier, Adult oligodendrocyte progenitor 
cells - Multifaceted regulators of the CNS in health and disease. Brain Behav 
Immun, 2016. 

151. Rivers, L.E., et al., PDGFRA/NG2 glia generate myelinating oligodendrocytes 
and piriform projection neurons in adult mice. Nat Neurosci, 2008. 11(12): p. 
1392-401. 

152. El Waly, B., et al., Oligodendrogenesis in the normal and pathological central 
nervous system. Front Neurosci, 2014. 8: p. 145. 

153. Sakry, D., et al., Oligodendrocyte precursor cells modulate the neuronal 
network by activity-dependent ectodomain cleavage of glial NG2. PLoS Biol, 
2014. 12(11): p. e1001993. 

154. Young, K.M., et al., Oligodendrocyte dynamics in the healthy adult CNS: 
evidence for myelin remodeling. Neuron, 2013. 77(5): p. 873-85. 

155. Barres, B.A. and M.C. Raff, Axonal control of oligodendrocyte development. J 
Cell Biol, 1999. 147(6): p. 1123-8. 

156. Levine, J.M., Increased expression of the NG2 chondroitin-sulfate 
proteoglycan after brain injury. J Neurosci, 1994. 14(8): p. 4716-30. 

157. Hughes, E.G., et al., Oligodendrocyte progenitors balance growth with self-
repulsion to achieve homeostasis in the adult brain. Nat Neurosci, 2013. 16(6): 
p. 668-76. 

158. Birey, F., et al., Genetic and Stress-Induced Loss of NG2 Glia Triggers 
Emergence of Depressive-like Behaviors through Reduced Secretion of FGF2. 
Neuron, 2015. 88(5): p. 941-56. 

159. Dimou, L. and V. Gallo, NG2-glia and their functions in the central nervous 
system. Glia, 2015. 63(8): p. 1429-51. 

160. Gupta, N., et al., Neural stem cell engraftment and myelination in the human 
brain. Sci Transl Med, 2012. 4(155): p. 155ra137. 



 72 

161. McTigue, D.M., P. Wei, and B.T. Stokes, Proliferation of NG2-positive cells 
and altered oligodendrocyte numbers in the contused rat spinal cord. J 
Neurosci, 2001. 21(10): p. 3392-400. 

162. Zhang, R., M. Chopp, and Z.G. Zhang, Oligodendrogenesis after cerebral 
ischemia. Front Cell Neurosci, 2013. 7: p. 201. 

163. Cui, Q.L., et al., Oligodendrocyte progenitor cell susceptibility to injury in 
multiple sclerosis. Am J Pathol, 2013. 183(2): p. 516-25. 

164. Watanabe, M., Y. Toyama, and A. Nishiyama, Differentiation of proliferated 
NG2-positive glial progenitor cells in a remyelinating lesion. J Neurosci Res, 
2002. 69(6): p. 826-36. 

165. Raine, C.S. and E. Wu, Multiple sclerosis: remyelination in acute lesions. J 
Neuropathol Exp Neurol, 1993. 52(3): p. 199-204. 

166. Franklin, R.J. and M.R. Kotter, The biology of CNS remyelination: the key to 
therapeutic advances. J Neurol, 2008. 255 Suppl 1: p. 19-25. 

167. Franklin, R.J., Why does remyelination fail in multiple sclerosis? Nat Rev 
Neurosci, 2002. 3(9): p. 705-14. 

168. Blakemore, W.F., Pattern of remyelination in the CNS. Nature, 1974. 
249(457): p. 577-8. 

169. Dimou, L., et al., Progeny of Olig2-expressing progenitors in the gray and 
white matter of the adult mouse cerebral cortex. J Neurosci, 2008. 28(41): p. 
10434-42. 

170. Simon, C., M. Gotz, and L. Dimou, Progenitors in the adult cerebral cortex: 
cell cycle properties and regulation by physiological stimuli and injury. Glia, 
2011. 59(6): p. 869-81. 

171. Jackson, E.L., et al., PDGFR alpha-positive B cells are neural stem cells in the 
adult SVZ that form glioma-like growths in response to increased PDGF 
signaling. Neuron, 2006. 51(2): p. 187-99. 

172. Gibson, E.M., et al., Neuronal activity promotes oligodendrogenesis and 
adaptive myelination in the mammalian brain. Science, 2014. 344(6183): p. 
1252304. 

173. Chen, S., J.D. Pickard, and N.G. Harris, Time course of cellular pathology 
after controlled cortical impact injury. Exp Neurol, 2003. 182(1): p. 87-102. 

174. Xiong, Y., A. Mahmood, and M. Chopp, Animal models of traumatic brain 
injury. Nat Rev Neurosci, 2013. 14(2): p. 128-42. 

175. Marklund, N. and L. Hillered, Animal modelling of traumatic brain injury in 
preclinical drug development: where do we go from here? Br J Pharmacol, 
2011. 164(4): p. 1207-29. 

176. Sullivan, H.G., et al., Fluid-percussion model of mechanical brain injury in the 
cat. J Neurosurg, 1976. 45(5): p. 521-34. 

177. Justus, G., et al., Avoiding the prenatal programming effects of 
glucocorticoids: are there alternative treatments for the induction of antenatal 
lung maturation? J Perinat Med, 2015. 43(5): p. 503-23. 

178. McIntosh, T.K., et al., Traumatic brain injury in the rat: characterization of a 
midline fluid-percussion model. Cent Nerv Syst Trauma, 1987. 4(2): p. 119-34. 

179. Thompson, H.J., et al., Lateral fluid percussion brain injury: a 15-year review 
and evaluation. J Neurotrauma, 2005. 22(1): p. 42-75. 

180. Graham, D.I., et al., Tissue tears in the white matter after lateral fluid 
percussion brain injury in the rat: relevance to human brain injury. Acta 
Neuropathol, 2000. 99(2): p. 117-24. 

181. Morris, R., Developments of a water-maze procedure for studying spatial 
learning in the rat. J Neurosci Methods, 1984. 11(1): p. 47-60. 



 73

182. Blanchard, D.C. and R.J. Blanchard, Ethoexperimental approaches to the 
biology of emotion. Annu Rev Psychol, 1988. 39: p. 43-68. 

183. McIntosh, T.K., et al., Traumatic brain injury in the rat: characterization of a 
lateral fluid-percussion model. Neuroscience, 1989. 28(1): p. 233-44. 

184. Dixon, C.E., et al., A fluid percussion model of experimental brain injury in the 
rat. J Neurosurg, 1987. 67(1): p. 110-9. 

185. Greer, J.E., M.J. McGinn, and J.T. Povlishock, Diffuse traumatic axonal injury 
in the mouse induces atrophy, c-Jun activation, and axonal outgrowth in the 
axotomized neuronal population. J Neurosci, 2011. 31(13): p. 5089-105. 

186. Ekmark-Lewen, S., et al., Traumatic axonal injury in the mouse is 
accompanied by a dynamic inflammatory response, astroglial reactivity and 
complex behavioral changes. J Neuroinflammation, 2013. 10: p. 44. 

187. Vorhees, C.V. and M.T. Williams, Morris water maze: procedures for 
assessing spatial and related forms of learning and memory. Nat Protoc, 2006. 
1(2): p. 848-58. 

188. Ekmark-Lewen, S., et al., The multivariate concentric square field test reveals 
behavioral profiles of risk taking, exploration, and cognitive impairment in 
mice subjected to traumatic brain injury. J Neurotrauma, 2010. 27(9): p. 1643-
55. 

189. Meyerson, B.J., et al., The Concentric Square Field: a multivariate test arena 
for analysis of explorative strategies. Behav Brain Res, 2006. 168(1): p. 100-
13. 

190. Salic, A. and T.J. Mitchison, A chemical method for fast and sensitive detection 
of DNA synthesis in vivo. Proc Natl Acad Sci U S A, 2008. 105(7): p. 2415-20. 

191. Zeng, C., et al., Evaluation of 5-ethynyl-2'-deoxyuridine staining as a sensitive 
and reliable method for studying cell proliferation in the adult nervous system. 
Brain Res, 2010. 1319: p. 21-32. 

192. Van Dam, D., G. Lenders, and P.P. De Deyn, Effect of Morris water maze 
diameter on visual-spatial learning in different mouse strains. Neurobiol Learn 
Mem, 2006. 85(2): p. 164-72. 

193. Schacht, V. and J.S. Kern, Basics of immunohistochemistry. J Invest Dermatol, 
2015. 135(3): p. e30. 

194. Thavarajah, R., et al., Chemical and physical basics of routine formaldehyde 
fixation. J Oral Maxillofac Pathol, 2012. 16(3): p. 400-5. 

195. Pierce, J.E., et al., Immunohistochemical characterization of alterations in the 
distribution of amyloid precursor proteins and beta-amyloid peptide after 
experimental brain injury in the rat. J Neurosci, 1996. 16(3): p. 1083-90. 

196. Johnson, V.E., W. Stewart, and D.H. Smith, Axonal pathology in traumatic 
brain injury. Exp Neurol, 2013. 246: p. 35-43. 

197. Jang, S.H., Review of motor recovery in patients with traumatic brain injury. 
NeuroRehabilitation, 2009. 24(4): p. 349-53. 

198. Povlishock, J.T., D.E. Erb, and J. Astruc, Axonal response to traumatic brain 
injury: reactive axonal change, deafferentation, and neuroplasticity. J 
Neurotrauma, 1992. 9 Suppl 1: p. S189-200. 

199. Crowe, M.J., et al., Apoptosis and delayed degeneration after spinal cord 
injury in rats and monkeys. Nat Med, 1997. 3(1): p. 73-6. 

200. Gu, C., et al., Oligodendrocyte apoptosis mediated by caspase activation. J 
Neurosci, 1999. 19(8): p. 3043-9. 

201. Behrendt, G., et al., Dynamic changes in myelin aberrations and 
oligodendrocyte generation in chronic amyloidosis in mice and men. Glia, 
2013. 61(2): p. 273-86. 



 74 

202. Karadottir, R., et al., Spiking and nonspiking classes of oligodendrocyte 
precursor glia in CNS white matter. Nat Neurosci, 2008. 11(4): p. 450-6. 

203. Shear, D.A., et al., Neural progenitor cell transplants promote long-term 
functional recovery after traumatic brain injury. Brain Res, 2004. 1026(1): p. 
11-22. 

204. Geha, S., et al., NG2+/Olig2+ cells are the major cycle-related cell population 
of the adult human normal brain. Brain Pathol, 2010. 20(2): p. 399-411. 

205. Uchida, N., et al., Human neural stem cells induce functional myelination in 
mice with severe dysmyelination. Sci Transl Med, 2012. 4(155): p. 155ra136. 

206. Piehl, F., M. Swanberg, and O. Lidman, The axon reaction: identifying the 
genes that make a difference. Physiol Behav, 2007. 92(1-2): p. 67-74. 

207. Lee, J.Y., K. Taghian, and S. Petratos, Axonal degeneration in multiple 
sclerosis: can we predict and prevent permanent disability? Acta Neuropathol 
Commun, 2014. 2: p. 97. 

208. Loane, D.J. and K.R. Byrnes, Role of microglia in neurotrauma. 
Neurotherapeutics, 2010. 7(4): p. 366-77. 

209. Donders, J. and C.A. Strong, Clinical utility of the Wechsler Adult Intelligence 
Scale-Fourth Edition after traumatic brain injury. Assessment, 2015. 22(1): p. 
17-22. 

210. Armstrong, R.C., et al., Myelin and oligodendrocyte lineage cells in white 
matter pathology and plasticity after traumatic brain injury. 
Neuropharmacology, 2016. 110(Pt B): p. 654-659. 

211. Haagsma, J.A., et al., Impact of depression and post-traumatic stress disorder 
on functional outcome and health-related quality of life of patients with mild 
traumatic brain injury. J Neurotrauma, 2015. 32(11): p. 853-62. 

212. Hay, J.R., et al., Blood-Brain Barrier Disruption Is an Early Event That May 
Persist for Many Years After Traumatic Brain Injury in Humans. J Neuropathol 
Exp Neurol, 2015. 74(12): p. 1147-57. 

213. Morganti-Kossmann, M.C., et al., Modulation of immune response by head 
injury. Injury, 2007. 38(12): p. 1392-400. 

214. Ramlackhansingh, A.F., et al., Inflammation after trauma: microglial 
activation and traumatic brain injury. Ann Neurol, 2011. 70(3): p. 374-83. 

215. Harrison, J.L., et al., Resolvins AT-D1 and E1 differentially impact functional 
outcome, post-traumatic sleep, and microglial activation following diffuse 
brain injury in the mouse. Brain Behav Immun, 2015. 47: p. 131-40. 

216. Cao, T., et al., Morphological and genetic activation of microglia after diffuse 
traumatic brain injury in the rat. Neuroscience, 2012. 225: p. 65-75. 

217. Ziebell, J.M., et al., Rod microglia: elongation, alignment, and coupling to 
form trains across the somatosensory cortex after experimental diffuse brain 
injury. J Neuroinflammation, 2012. 9: p. 247. 

218. Jia, X., et al., Secondary damage caused by CD11b+ microglia following 
diffuse axonal injury in rats. J Trauma Acute Care Surg, 2012. 73(5): p. 1168-
74. 

219. Kumar, R.G., J.A. Boles, and A.K. Wagner, Chronic Inflammation After 
Severe Traumatic Brain Injury: Characterization and Associations With 
Outcome at 6 and 12 Months Postinjury. J Head Trauma Rehabil, 2015. 30(6): 
p. 369-81. 

220. Campbell, S.J., et al., Overexpression of IL-1beta by adenoviral-mediated gene 
transfer in the rat brain causes a prolonged hepatic chemokine response, 
axonal injury and the suppression of spontaneous behaviour. Neurobiol Dis, 
2007. 27(2): p. 151-63. 



 75

221. Ferrari, C.C., et al., Reversible demyelination, blood-brain barrier breakdown, 
and pronounced neutrophil recruitment induced by chronic IL-1 expression in 
the brain. Am J Pathol, 2004. 165(5): p. 1827-37. 

222. Woodcock, T. and M.C. Morganti-Kossmann, The role of markers of 
inflammation in traumatic brain injury. Front Neurol, 2013. 4: p. 18. 

223. Toulmond, S. and N.J. Rothwell, Interleukin-1 receptor antagonist inhibits 
neuronal damage caused by fluid percussion injury in the rat. Brain Res, 1995. 
671(2): p. 261-6. 

224. Yirmiya, R., G. Winocur, and I. Goshen, Brain interleukin-1 is involved in 
spatial memory and passive avoidance conditioning. Neurobiol Learn Mem, 
2002. 78(2): p. 379-89. 

225. Sanderson, K.L., et al., Interleukin-1 receptor antagonist attenuates regional 
neuronal cell death and cognitive dysfunction after experimental brain injury. J 
Cereb Blood Flow Metab, 1999. 19(10): p. 1118-25. 

226. Mo, C., T. Renoir, and A.J. Hannan, What's wrong with my mouse cage? 
Methodological considerations for modeling lifestyle factors and gene-
environment interactions in mice. J Neurosci Methods, 2016. 265: p. 99-108. 

227. Christensen, B.K., et al., Recovery of Cognitive Function After Traumatic 
Brain Injury: A Multilevel Modeling Analysis of Canadian Outcomes. Archives 
of Physical Medicine and Rehabilitation, 2008. 89(12): p. S3-S15. 

228. Ankarcrona, M., et al., Interleukin-1 beta-induced nitric oxide production 
activates apoptosis in pancreatic RINm5F cells. Exp Cell Res, 1994. 213(1): p. 
172-7. 

229. Friedlander, R.M., et al., Functional role of interleukin 1 beta (IL-1 beta) in IL-
1 beta-converting enzyme-mediated apoptosis. J Exp Med, 1996. 184(2): p. 
717-24. 

230. Xu, X., et al., Dynamic regulation of c-Jun N-terminal kinase activity in mouse 
brain by environmental stimuli. Proc Natl Acad Sci U S A, 1997. 94(23): p. 
12655-60. 

231. Viviani, B., et al., Interleukin-1beta enhances NMDA receptor-mediated 
intracellular calcium increase through activation of the Src family of kinases. J 
Neurosci, 2003. 23(25): p. 8692-700. 

232. Allan, S.M., P.J. Tyrrell, and N.J. Rothwell, Interleukin-1 and neuronal injury. 
Nat Rev Immunol, 2005. 5(8): p. 629-40. 

233. McKeating, E.G. and P.J.D. Andrews, Cytokines and adhesion molecules in 
acute brain injury. British Journal of Anaesthesia, 1998. 80(1): p. 77-84. 

234. Helmy, A., et al., Recombinant human interleukin-1 receptor antagonist 
promotes M1 microglia biased cytokines and chemokines following human 
traumatic brain injury. J Cereb Blood Flow Metab, 2016. 36(8): p. 1434-48. 

235. Helmy, A., et al., Principal component analysis of the cytokine and chemokine 
response to human traumatic brain injury. PLoS One, 2012. 7(6): p. e39677. 

236. Helmy, A., et al., The cytokine response to human traumatic brain injury: 
temporal profiles and evidence for cerebral parenchymal production. J Cereb 
Blood Flow Metab, 2011. 31(2): p. 658-70. 

237. Miron, V.E., et al., M2 microglia and macrophages drive oligodendrocyte 
differentiation during CNS remyelination. Nat Neurosci, 2013. 16(9): p. 1211-
1218. 

238. Rawji, K.S. and V.W. Yong, The benefits and detriments of 
macrophages/microglia in models of multiple sclerosis. Clin Dev Immunol, 
2013. 2013: p. 948976. 

239. Nesic, O., et al., IL-1 receptor antagonist prevents apoptosis and caspase-3 
activation after spinal cord injury. J Neurotrauma, 2001. 18(9): p. 947-56. 



 76 

240. Salter, M.G. and R. Fern, NMDA receptors are expressed in developing 
oligodendrocyte processes and mediate injury. Nature, 2005. 438(7071): p. 
1167-71. 

 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1311

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-316401

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2017


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	1.1 An introduction to Traumatic Brain Injury
	1.2 Treatment of TBI patients in the Neurocritical Care unit
	1.3 Secondary injury mechanisms
	1.3.1 White matter injury following TBI
	1.3.2 Diffuse Axonal injury
	1.3.3 The inflammatory response following TBI

	1.4 Myelin and Oligodendrocyte pathology
	1.4.1 Oligodendrocytes and myelin
	1.4.2 Oligodendrocyte progenitor cells

	1.5 Experimental models and functional outcome evaluation
	1.5.1 Lateral and central fluid percussion injury model
	1.5.2 Morris water maze and the multivariate concentric square filed test.


	Thesis aims and study design
	2.1 Specific Aims

	Material and methods
	3.1 Animal care and housing
	3.2 Injury and treatments (Study I, II, IV and V)
	3.2.1 Surgical procedures
	3.2.2 EdU and IL-1β neutralizing treatment (Study II, IV and V)

	3.3 Functional outcome evaluation; MWM and MCSF
	3.4 Tissue processing
	3.4.1 Sacrifice and brain tissue collection
	3.4.2 Brain sectioning

	3.5 Immunohistochemistry
	3.5.1 Primary and secondary antibodies and visualization systems

	3.6 Luxol fast blue and TUNEL staining
	3.7 Click-iT®
	3.8 In situ hybridization
	3.9 Statistical Methods
	3.9.1 Principal component analysis (Study II).


	Results and Discussion
	4.1 Axonal injury following TBI
	4.2 Oligodendrocyte death following TBI
	4.3 Proliferation of Oligodendrocyte Progenitor Cells following TBI
	4.4 Myelin damage following TBI
	4.5 Microglial response following TBI
	4.6 Targeting IL-1β in Traumatic Axonal Injury
	4.6.1 Functional outcome following IL-1β neutralization
	4.6.2 Microglia activation and IL-1β neutralizing treatment
	4.6.3 Neutralization of IL-1β preserves mature Oligodendrocytes
	4.6.4 Neutralization of IL-1β does not influence OPC proliferation


	Concluding remarks
	Future perspectives
	Summary in Swedish
	Acknowledgements
	References



