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Lievä traumaattinen aivovamma (traumatic brain injury, TBI) on päähän kohdistuva vamma, joka on seuraus
ulkoisesta voimasta, ja joka häiritsee normaalia aivotoimintaa. Se on yleisin traumaattisista aivovammoista, ja se on
yleinen erityisesti kontaktiurheilulajien harrastajilla ja sotilailla. Lievä TBI ei tyypillisesti aiheuta selkeitä
rakenteellisia muutoksia aivoissa, mutta se voi indusoida pysyviä kliinisiä oireita, sekä aivojen mikroskooppisia
patologisia muutoksia, jotka voivat lopulta johtaa neurodegeneraatioon, ja lisätä riskiä useisiin sairauksiin. Lievä
TBI on riskitekijä useille neurodegeneratiivisille sairauksille, kuten Alzheimerin taudille, Parkinsonin taudille,
amyotrofiselle lateraaliskleroosille ja krooniselle traumaattiselle enkefalopatialle.
Tämän tutkimuksen ensisijainen tavoite oli kehittää toistetun lievän TBI:n hiirimalli tulevia tutkimuksia varten
päävammojen ja neurodegeneraation tutkimisessa. Päävamma aiheutettiin ehjän kallon ja päänahan päälle
elektromagneettisella iskulaitteella. Kirjallisuutta ja pilottitutkimuksia käytettiin määrittämään iskulaitteen asetukset,
joilla aivovamman voimakkuudesta saatiin haluttu. Lievän TBI-mallin karakterisointikriteerit ottivat huomioon ne
kriteerit, joilla ihmisen lievää TBI:tä määritellään, sekä usein havaitut toistetun lievän TBI:n pitkäaikaiset löydökset:
neurodegeneraatio tau-proteiiniin liittyvänä patofysiologiana, neuroinflammaatio sekä muistiongelmat. Tämän
tutkimuksen toissijaisena tavoitteena oli alustavasti testata prolyyli oligopeptidaasin (PREP) inhibiittoria lievän
TBI:n aiheuttamiin käyttäytymis- ja histologisiin muutoksiin.
Lievän TBI-mallin toimimista tutkittiin histopatologisin menetelmin, sekä käytöskokeilla. Hiirillä teetettiin
lähtötilanteessa käytöskokeet, jonka jälkeen indusoitiin toistettu (1 isku 24 tunnin välein, yhteensä 5 iskua) lievä
TBI-iskusarja. Hiiriä seurattiin iskujen jälkeen noin 3 kuukautta, jonka aikana suoritettiin useita käytöskoesarjoja.
Barnes maze ja novel object recognition -testejä käytettiin muistitoimintojen tutkimisessa, ja lokomotorista
aktiivisuustestiä käytettiin yleisen lokomotorisen aktiivisuuden tutkimisessa. Hiirten lopetuksen jälkeen tauproteiinin määrää sekä tulehdusvastetta aivoissa tutkittiin histopatologisin määrityksin.
Johtuen tutkimuksen pienestä eläinmäärästä, saadut tulokset ovat suuntaa antavia, ja ne pitää varmistaa tulevissa
tutkimuksissa. Iskuryhmällä havaittiin kohonneempi tulehdusvaste sekä lisääntynyt tau-proteiinin määrä verrattuna
kontrolliryhmään, mutta tilastollisia määrityksiä ei voitu tehdä. Muistitoiminnot olivat hieman huonommat
iskuryhmässä kuin kontrolliryhmässä, mutta tulosten merkitsevyys on epäselvä. Lievät TBI-iskut eivät vaikuttaneet
lokomotoriseen aktiivisuuteen. PREP-inhibitio nosti hiirten lokomotorista aktiivisuutta, mutta tulosten merkittävyys
on epäselvä.
Kehitetty lievä TBI-malli vaikuttaa lupaavalta, ja karakterisointikriteerit täyttyivät osittain. Tutkimuksen tulokset
pitää varmistaa tulevissa tutkimuksissa isommilla eläinmäärillä. Kehitettyä mallia voidaan hyödyntää aivovammojen
ja neurodegeneraation tutkimuksessa, sekä lievän TBI:n aiheuttamien muutosten hoitovaihtoehtojen tutkimisessa.
Neurodegeneratiivisille sairauksille ei ole tällä hetkellä olemassa parantavaa hoitoa, ja siksi neurodegeneraation ja
sen riskitekijöiden tutkiminen on hyvin tärkeää.
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1 INTRODUCTION

Mild traumatic brain injury (TBI) is the most common type out of all traumatic head
injuries (Cassidy et al. 2004). It has increasingly been recognized as a serious health issue
that affects especially contact sports players who are exposed to repetitive head traumas
(Daneshvar et al. 2011). Mild TBI often causes only microscopic changes to the head that
do not emerge on conventional neuroimaging evaluations (Kay et al. 1993). Despite the
lack of clear structural changes of the head, mild TBI can induce persistent clinical
symptoms including physical symptoms, cognitive deficits, mood disturbances and
movement impairments, as well as microscopic pathological changes that may eventually
lead to neurodegeneration and increase the risk for several diseases (Kay et al. 1993; Uryu
et al. 2007; McInnes et al. 2017). Mild TBI has been recognized as a risk factor for several
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis (ALS) and chronic traumatic encephalopathy (McKee and
Daneshvar 2015; Perry et al. 2016). As there currently are no curative treatments to
neurodegenerative diseases, studies regarding neurodegeneration and risk factors
predisposing the brain to neurodegeneration are highly important (Ciccocioppo et al.
2020).

TBI is defined as an injury that disrupts the normal functioning of the brain and is the
result of external force to the head (Menon et al. 2010; Pervez et al. 2018). In humans,
the severity of the injury following mild TBI has been defined by the following
limitations: loss of consciousness does not exceed 30 minutes, posttraumatic amnesia
does not exceed 24 hours, and the scores of Glasgow Coma Scale do not exceed 13-15
after 30 minutes (Kay et al. 1993; Carroll et al. 2004). The Glasgow Coma Scale is used
in the assessment of injury severity by examining eye opening, verbal response, and motor
response (Matis and Birbilis 2008). The common acute changes caused by mild TBI
include axonal damage, which is typically seen as impairments in axonal transport, which
in turn may lead to accumulation of several transported materials, such as proteins that
are implicated in several neurodegenerative diseases (Uryu et al. 2007; Johnson et al.
2013). An inflammatory response also typically follows a mild TBI; microgliosis and
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astrogliosis, as well as an increase in pro- and anti-inflammatory cytokines, are observed
after brain damage (Woodcock and Morganti-Kossmann 2013; Sun et al. 2019). Changes
to neurometabolism and cerebral blood flow are also often seen after mild TBI (Giza and
Hovda 2001; 2014; Adams et al. 2018).

The diverse acute effects of mild TBI may trigger complex cascades that lead to longlasting effects. TBI has been linked to promoting the accumulation, aggregation and
misfolding of many proteins that are implicated in neurodegenerative diseases; these
proteins include tau protein, α-synuclein, β-amyloid and transactive response DNAbinding protein 43 (TDP-43) (McKee and Daneshvar 2015). The accumulation of these
proteins may be related to impairments in axonal transport (Uryu et al. 2007). Tau protein
has an additional connection to axonal damage, as tau protein is a microtubule associated
protein: it has been suggested, that the damage to axons is the event that triggers the
unbinding of tau from microtubules (Fischer et al. 2009; Miyasaka et al. 2010;
Ahmadzadeh et al. 2014; Collins-Praino and Corrigan 2017). The unbinding triggers tau
phosphorylation, and predisposes tau to fibrillization, tangle formation and accumulation,
which is the basis for tau protein pathophysiology. The accumulation of the
aforementioned proteins may eventually lead to the development of neurodegenerative
diseases; however, how and why mild TBI is actually connected to the development of
subsequent neurodegenerative diseases is not yet understood and needs further research.

The purpose of this study was to develop a mouse model of repetitive mild TBI for future
research in the field of neurodegenerative diseases. The mild TBI model was intended to
model injuries that are suffered for instance in contact sports or military environments. A
repetitive model was decided to be developed since head injuries suffered in contact
sports are often characterized by a repetitive nature, and previous mild head injuries have
been observed to increase the brain’s vulnerability to second impacts (Laurer et al. 2001).
Better understanding of the disease mechanisms as well as development and testing of
new treatment alternatives need comprehensive research on the subject. The magnitude
of the head trauma caused by an induction of a mild TBI depends much on the
circumstances of the blow; for instance, the injury model used, the parameters that are
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chosen, the used animal strain, and the details in the setting of the injury induction are all
effecting the final injury of the brain. Thus, it is important to characterize the model of
mild TBI carefully when setting it for the first time in a new environment. Since this study
focused on the development of the model and it was instituted from the very beginning,
many of the study methods were novel and thus complex to perform, requiring some
modifications to the used protocols during the proceeding of the study. Due to the novelty
and a small amount of animals used in this study (n=7-8 per group used to assess the
effects of mild TBI on behavior), the aim was to gain preliminary results that can be
utilized in future experiments.

A secondary objective of this study was to tentatively test a prolyl oligopeptidase (PREP)
inhibitor on the behavioral and histological effects of mild TBI in the mice. PREP is a
serine protease that is mainly localized in the cytosol of neurons (Cunningham and
O'Connor 1997; Roßner et al. 2005). PREP has been shown in vitro to promote the
accumulation of α-synuclein, which is the disease pathophysiology seen especially in
Parkinson’s disease (Brandt et al. 2008). As PREP has also been observed to colocalize
with α-synuclein, β-amyloid and tau in the brains of Parkinson’s and Alzheimer’s disease
patients, it has been suggested that PREP may be involved in the development of
neurodegenerative diseases (Hannula et al. 2013).

Small molecule PREP inhibitors have been shown to be beneficial in preventing αsynuclein aggregation and accelerating the clearance of protein aggregates by enhancing
autophagy, which is cells’ natural mechanism to maintain cellular homeostasis by
degrading and self-digesting its components (Levine and Kroemer 2008; Myöhänen et al.
2012; Savolainen et al. 2014). Studies have shown that the degradation of the protein
aggregates in neurodegenerative diseases is dependent on autophagy (Rubinsztein 2006;
Mizushima et al. 2008). PREP inhibition induces autophagy by activating protein
phosphatase 2A (PP2A), of which low activity is connected to several neurodegenerative
diseases (Svarcbahs et al. 2020).
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PREP has also been associated with neuroinflammation (Hannula et al. 2013; Höfling et
al. 2016; Natunen et al. 2019). PREP knockout mice were administered
lipopolysaccharide (LPS), which is a commonly used microglial activator, and the
knockout mice showed no microglial activation after LPS administration, suggesting an
important role for PREP in neuroinflammation (Höfling et al. 2016). PREP inhibition
treatment has also been observed to reduce glial cell activation and toxicity and may thus
offer another mechanism for neuroprotection (Natunen et al. 2019). Some small molecule
PREP inhibitors have already been tested in phase I-II clinical trials without any serious
adverse effects, demonstrating a sufficient safety profile of small molecule PREP
inhibitors for human administration (Umemura et al. 1997; Umemura et al. 1999; Morain
et al. 2000).

A PREP inhibitor 4-phenylbutanoyl-l-prolyl-2(S)-cyanopyrrolidine (KYP-2047) was
chosen to be tested in this study because it is a well characterized PREP inhibitor that has
been shown to penetrate the mouse brain and to produce a long-lasting (12 h) inhibition
of PREP (Jalkanen et al. 2014). KYP-2047 has also been shown to reduce the aggregation
of α-synuclein in both in vitro and in vivo models of Parkinson’s disease and to reduce
tumor necrosis factor alpha (TNF-α) mediated inflammation in a microglial
neuroinflammation model in vitro (Myöhänen et al. 2012; Natunen et al. 2019). Based on
the proposed involvement of PREP in neurodegeneration, our hypothesis was that the
administration of KYP-2047 could possibly alleviate the effects of mild TBI on the brain
physiology and behavior of the mice.

5

2 MATERIALS AND METHODS

2.1 Animals

Wildtype C57BL/6JRccHsd mice (25-30 g), purchased form Envigo (The Netherlands),
were used in the experiments. At the onset of the experiments the animals used were 1011 weeks of age. The mice were housed in a controlled 12 h light-dark cycle and chow
food (Teklad, Envigo, Huntingdon, UK) and irradiated and filtered water were available
ad libitum. The mice were housed singularly in individually ventilated cages (Mouse IVC
Green Line, Techniplast, Italy). Bedding (Aspen chips, 5 × 5 × 1 mm; 4HP, Tapvei,
Estonia) and nesting material (Aspen strips; PM90L, Tapvei, Estonia) were used. Mice
were let to adapt to the facility for at least 2 weeks before starting the procedures and
accustomed to handling before starting the experiments. All experiments were approved
by the Finnish National Animal Experiment Board (ESAVI/42235/2019) and European
Communities Council Directive 86/609/EEC was followed.

2.2 Methods

2.2.1 Characterization of the mild traumatic brain injury model

The study methods were chosen based on the objective of developing and characterizing
a model for repetitive mild TBI. Previous research and literature regarding human mild
TBIs were utilized to set characterization criteria regarding the mouse model of mild TBI.
In this paper, the characterization criteria are used to describe the correspondence of the
injury caused by the mouse model of mild TBI to injuries caused by mild TBIs in humans.
For the experimental mild TBI model to work, it should replicate the important features
of human mild TBI. The definition of mild TBI in humans was already discussed in the
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introduction: mild TBI is caused by external force to the head and it disrupts the normal
functioning of the brain. Thus, the model of mild TBI in mice needed to include an
external injury to the head, and this was achieved by inducing a closed head injury with
an electromagnetic impactor. In addition, mild TBI may cause loss of consciousness (Kay
et al. 1993; Pervez et al. 2018). Righting reflex was measured acutely after the injury
induction since it has been used as a correlate for loss of consciousness in humans
(Siebold et al. 2018). The righting reflex will be discussed in detail later in this paper.

Mild TBI has been connected to subsequent cognitive and behavioral impairments that
may develop over time (Karr et al. 2014; McInnes et al. 2017); these consequences were
expected to show in the experimental model. Thus, different behavioral tests were utilized
to study the cognition and locomotor activity of the mice: Barnes maze and novel object
recognition (NOR) tests we used to study different aspects of cognition in the mice.
Locomotor activity test was used to assess the spontaneous locomotor activity of the mice.
As neuroinflammation is a well-known consequence of head trauma (Woodcock and
Morganti-Kossmann 2013), the model of mild TBI was expected to show signs of
neuroinflammation. This was studied by staining brain sections for astrocytes and
microglia, which are markers for inflammation. The long-term consequences of mild TBI
include the accumulation of certain proteins in the brain, and thus the model was expected
to show the phenomenon. Protein accumulation was studied by assessing tau protein from
brain sections with two different tau stainings. Tau protein was chosen to be studied
because it is implicated in several neurodegenerative diseases, such as Alzheimer’s
disease, amyotrophic lateral sclerosis and chronic traumatic encephalopathy (Buée et al.
2000).

Mild TBI is typically characterized by the absence of distinct structural changes of the
brain that are visible in conventional neuroimaging studies (Kay et al. 1993; Pervez et al.
2018). Thus, no skull fractures, hemorrhages or swelling of the brain are expected in the
models of mild TBI. The assessment of hemorrhages in our experimental model was
performed by staining for microhemorrhages in brain sections. In addition, skull fractures
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were visually scanned from the skulls of the mice during dissections of brains after
perfusions of the animals.

2.2.2 General procedure for the induction of mild traumatic brain injury

Before induction of anesthesia the mice received 5 mg/kg carprofen (Rimadyl vet 50
mg/ml, Zoetis Finland Oy, Finland) subcutaneous injections. Mice were anaesthetized in
a heated (35-37 °C) induction chamber with isoflurane (Attane vet 1000mg/g, Piramal
Critical Care B.V., Netherlands) (4-5%) and oxygen mixture. Fur was trimmed from the
top of each mouse’s scalp with a trimmer. After anesthesia induction, the mouse was
placed on a custom cut foam mattress (Taikasieni® Maxi, Akro Mats & Matting Oy,
Finland) on a stereotactic frame (Stoelting Co., United States). The angle of the head was
visually controlled and aimed to be on a horizontal plane regarding the tip of the impactor
(Figure 1). The mouse was not fixed in the stereotactic frame; no ear bars were used,
which allowed free movement of the head during the blow and prevented any additional
injuries to the ears and skull. Anesthesia was maintained using an isoflurane (2-3%)
inhalation mask. The mask was set loosely in front of the nose to allow free movement of
the head during the blow. Leica Impact One™ Stereotaxic Impactor for controlled cortical
impact (CCI) (Leica Biosystems, United States) was mounted into the stereotaxic frame.
A piston with rigid flat metal tip of 5 mm in diameter was used with the impactor.
Parameters specific for Leica Impact One™ Stereotaxic Impactor were used as follows.
Impact depth of 1.0 mm and dwell time of 0.1 seconds were used as constants. Velocity
was varied between 2.0 m/s and 5.0 m/s. The specific parameters were initially chosen
based on literature (Logue et al. 2016; Natalia et al. 2016; Velosky et al. 2017; Yu et al.
2017; Adams et al. 2018; Rodriguez-Grande et al. 2018; Algamal et al. 2019; Bodnar et
al. 2019; Tucker et al. 2019; Clément et al. 2020).

Depth of anesthesia was ensured by testing reflexes from the tip of the tail or from the
area between the toes of hind paws. The impactor was aimed to hit the space between
bregma and lambda on top of the scalp (Figure 2). The location of the impact was decided
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based on successful use in previous studies (Bolton and Saatman 2014; Yang et al. 2015;
Bolton Hall et al. 2016), and the anatomy of the mouse brain: below the impact site are
located major areas such as the somatosensory areas, motor cortex and prefrontal cortex
(Franklin and Paxinos 1997). Axonal damage to prefrontal cortex as a result of mild head
injury in humans has been connected to cognitive impairments (Niogi and Mukherjee
2010). Damage to somatosensory areas and motor cortex in turn may cause motoric
impairments after head trauma (Soblosky et al. 1996). At the beginning of the study one
mouse was used to observe the location of bregma and lambda on the skull. An incision
was made to the scalp of an anaesthetized mouse with scissors and the skull was better
exposed with a cotton swab. The skull was observed, and the impactor was aimed at the
space between bregma and lambda, according to Figure 2. The impact (5.0 m/s) was given
to this particular mouse straight on top of the skull. The skull was observed after the
impact in search of any anomalies such as hemorrhage or skull fracture. Sutures were
stitched to the scalp. In addition to locating bregma and lambda, this procedure assisted
in determining the right impact parameters.

After launching the impactor with desired parameters, lidocaine (Lidocain 10 mg/ml,
Orion Pharma, Finland) was rubbed to the hit area after the injury induction to further
prevent discomfort from the blow. Duration of apnea (cessation of breathing) was timed
at the site of impact and the mouse was moved to a heating pad on a supine position to
measure righting reflex. Duration of apnea was measured as the time between the impact
and the first breath of the mouse. Righting reflex was measured by placing the mouse on
its back and timing the timespan to the mouse righting itself (Natalia et al. 2016). Duration
of apnea and righting reflex are measures of injury severity and were used to characterize
injury parameters (Hallam et al. 2004; Natalia et al. 2016; Siebold et al. 2018). The mouse
was then moved to a heated recovery station (35-37 °C) so that the overall heated recovery
time reached 45 minutes. Heat was used since mild hyperthermia has been observed to
further support the formation of brain injury in animal studies (Sakurai et al. 2012;
Truettner et al. 2018).
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The mice were carefully monitored during the time of waking up and recovery. After the
recovery time of 45 minutes the mice were moved into home cages and given softened
and moistened food at the base of the cage to support further recovery. Sham injured mice
received all the procedures mentioned above, apart from the actual mild TBI induction.

Figure 1. The placement of the mouse on a custom cut foam mattress during the induction
of mild traumatic brain injury. The angle of the head was visually controlled and aimed
to be on a horizontal plane (0°) regarding the tip (5 mm in diameter) of the impactor.

Figure 2. The visually aimed placement of the mild traumatic brain injury impact on the
head of the mouse. The impact was aimed to hit the area between bregma and lambda.
The impact site at the scalp was estimated by using the eyes and ears of the mouse as
guides, accoring to the image.
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2.2.3 Test phases

The study included two phases to set up the model for repetitive mild TBI (Table 1). The
number of animals was increased as the study proceeded, and new information was
obtained from each step. The objectives of the phases are described in Table 1.

Table 1. The study included two phases to set up the model for repetitive mild traumatic
brain injury.
Phase Number Methods
Objective
of
animals
1.
5
Single mild TBI To start the development of the mild TBI model
induction
by utilizing literature; testing different injury
parameters and carefully observing the
wellbeing and condition of the animals.
1.
7
Repetitive mild To test the repetitive mild TBI model with three
TBI induction, different injury parameters that were decided
histopathology based on the previous test.
2.
24
Repetitive mild To further test the final injury severity that was
TBI induction, decided based on the previous test. To
behavioral
characterize the model by increasing study
assessment,
methods and the number of animals. Secondary
histopathology objective was to test KYP-2047 on the
behavioral and histological changes caused by
repetitive mild TBIs.
TBI
= traumatic brain injury,
KYP-2047 = 4-phenylbutanoyl-l-prolyl-2(S)cyanopyrrolidine.

The first phase of the study included two sets of pilot experiments, the first modelling a
single mild TBI, and the second modelling repeated mild TBIs (Table 1). The aim of the
first phase was to test injury parameters based on literature, and to observe the mice’s
tolerance to the injuries. In mild TBI, there should not be skull fractures, brain swelling,
hemorrhage or necrosis (Kay et al. 1993; Pervez et al. 2018); the objective of the first
phase was to set the parameters so that the mice did not get any unwanted injuries as the
result of a single or repeated mild TBI.
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The single model of mild TBI included five mice. The mice were given injuries one at a
time and the parameters were conclusively decided at the site of injuries; the used
velocities of the impactor (Leica Impact One™) were: 2.0 m/s, 3.0 m/s, 3.5 m/s, and 5.0
m/s. The mice were given carprofen (5 mg/kg) before the injury induction and the day
post-injury, and they were carefully observed every day until the end of the experiment.
Euthanasia was performed after 3-4 days by cervical dislocation and head dissection. The
brains were then observed by eye in search for any anomalies such as hemorrhage, skull
fractures or other visible injuries.

The repetitive model of mild TBI in the first phase included seven (6+1) mice. The aim
of this experiment was to use the knowledge gained from the single model of mild TBI
to further test the parameters in a repetitive setting. Based on literature and remarks gained
in practice from the single mild TBI model (the weight and overall condition of the
animals, latency to gain consciousness), the velocities of the impactor were set to 3.0 m/s,
3.5 m/s and 4.0 m/s (Logue et al. 2016; Natalia et al. 2016; Velosky et al. 2017; Yu et al.
2017; Adams et al. 2018; Rodriguez-Grande et al. 2018; Algamal et al. 2019; Bodnar et
al. 2019; Tucker et al. 2019; Clément et al. 2020). Two mice received impacts of one
velocity. The seventh mouse was given a hit to the head with an IH Spinal Cord Impactor
(Precision Systems and Instrumentation, United States), to test whether a mild TBI could
be induced with this device. The maximum force of the Spinal cord impactor (300 kDyn,
0 seconds dwell time) was used. The mice received an impact once every 24 hours, for a
total amount of five impacts. Carprofen (5 mg/kg) was given before every impact and two
days following the impacts. The condition of the mice was carefully observed daily during
the entire experiment. Softened and moistened chow was given at the bases of home cages
daily during the days of impacts. 5 days after the last impacts, the mice were transcardially
perfused with phosphate buffered saline (PBS) and 4% paraformaldehyde (PFA). The
more precise perfusion protocol is described later. The brains were cut for histological
stainings.

The second phase of the study included 24 mice and modelled repetitive mild TBIs. It
included baseline behavioral phenotyping, repetitive mild TBI model of 5 impacts, and
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three rounds of behavioral phenotyping in a time frame of 11 weeks (Figure 3). The mice
were perfused after the final behavioral assays (12 weeks post-injury) according to the
protocol described later. The brains were cut for histological stainings.

The primary objective of the second phase was to set up the model for repetitive mild TBI
to be used in future studies by characterizing the final parameters. The parameters used
in this phase were decided based on the results from the first phase; results from the
histological stainings were considered, and also the overall condition of the animals
during the first phase was carefully taken into account. The velocity of the impactor in
the second phase was set at 3.5 m/s.

A secondary objective of the second phase was to test the effect of a PREP inhibitor,
KYP-2047, on the neurodegenerative and behavioral changes caused by the induction of
repetitive mild TBIs. KYP-2047 was dissolved in 1% dimethyl sulfoxide (DMSO) in
saline and administered intraperitoneally immediately after each impact. KYP-2047 was
administered 10 mg/kg as 10 ml/kg. The dose of KYP-2047 was chosen based on previous
studies (Savolainen et al. 2014; Svarcbahs et al. 2016). To exclude the effects of DMSO
in the results, 1% DMSO in saline (10 ml/kg) was administered as a vehicle to the other
treatment groups.

The mice in the second phase were assigned to treatment groups based on the baseline
results of behavioral assays. Grouping was done manually by utilizing results from NOR
and Barnes maze tests. The grouping based on behavioral assays enabled the treatment
groups to be more even, since there was a lot of variability between individuals in the
baseline assessment.

The treatment groups in the second phase were:
1. Sham + vehicle (VEH)
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2. TBI + VEH
3. TBI + KYP-2047

Figure 3. Timeline of the second phase of study modelling repetitive mild TBI. The
second phase included baseline behavioral phenotyping, repetitive mild traumatic brain
injury model of 5 impacts (1 impact every 24 hours), and three rounds of behavioral
phenotyping in a time frame of 11 weeks. BM = Barnes maze, NOR = Novel object
recognition, loco = 22 h locomotor activity test, TBI = traumatic brain injury, wk = week.

2.2.4 Perfusion protocol

Pentobarbital sodium solution (Mebunat vet 60 mg/ml, Orion Pharma, Finland) was
administered approximately 6-12 mg (0.1-0.2 ml) per animal to induce terminal
anesthesia. Reflexes were tested from the tail and hind paws before the procedure, and
anesthesia was increased if needed. Transcardial perfusion (55-60 rpm) was induced with
PBS for approximately 2 minutes and followed by 4% PFA for 2-3 minutes. After the
perfusion, the mice were decapitated, and the brains were collected in falcon tubes
containing 4% PFA. The brains were post-fixed in 4% PFA in 4 °C overnight and then
moved to 10% sucrose solution the next day. On the second day after the perfusions the
brains were moved to 30% sucrose solution and stored in 4 °C until further handled.

2.2.5 Immunohistochemistry

For the preparation of sectioning, the brains were snap frozen in isopentane on dry ice.
The brains were then stored in -80 °C and afterwards cut into 30 µm free-floating sections
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using a cutting microtome in a cryostat (Leica CM3050, Leica Biosystems, United
States). The sections were stored in freezing buffer at -20 °C. Sections were collected
approximately 0.5 - -4 mm according to bregma (Franklin and Paxinos 1997). The aim
was to collect sections from the whole area of TBI impacts.

Prussian blue iron stain. An iron stain kit (Sigma-Aldrich, United States) was used to
detect microbleeds caused by the induction of mild TBIs. Brain sections were washed
with PBS and deionized water and moved to a solution containing potassium ferrocyanide
and hydrochloric acid (equal amounts of 4% potassium ferrocyanide and 1.2 mmol/l
hydrochloride acid) for 10 minutes. The sections were washed with deionized water.
Pararosaniline solution (1% pararosaniline hydrochloride in methanol + 50 ml water) was
then used to counterstain the sections for approximately 4 minutes. The sections were
then washed with deionized water, moved to PBS, and moved to gelatin coated slides.

GFAP and Iba1. Astrocyte and microglia activation were detected by using antibodies
against glial fibrillary acidic protein (GFAP) and ionized calcium binding adaptor
molecule 1 (Iba1), respectively. Brain sections were washed with PBS and endogenous
peroxidase activity was suppressed with 10% methanol and 3% hydrogen peroxide in
PBS for 10 minutes. The sections were then washed twice with 0.5% Triton-X-100,
blocked with 10% Goat normal serum containing 0.5% Triton-X-100 for 30 minutes, and
incubated in primary antibody in 1% goat normal serum containing 0.5% Triton-X
overnight. Primary antibodies used were: Rabbit anti-GFAP (1:1000, ab7260, Abcam,
United States) for GFAP and Rabbit anti-Iba1 (1:500, ab178846, Abcam, United States)
for Iba1. The sections were then washed with PBS and incubated in Goat anti-rabbit
horseradish peroxidase (HRP) secondary antibody (1:500, Thermo Fisher Scientific,
United States) in 1% normal serum containing 0.5% Triton-X-100 solution for 2 hours.
The sections were then washed with PBS and incubated in 3,3’-diaminobenzidine (DAB)
solution containing PBS that was activated with 0.03% hydrogen peroxide solution to
visualize the antigen-antibody complex. The sections were then washed with PBS, moved
to gelatin coated slides, and let dry overnight.
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Phospho-tau S262. Serine 262 phosphorylated tau protein was detected by using a
polyclonal antibody against S262 tau. The staining was performed otherwise similarly as
for GFAP and Iba1, but the primary antibody used was Rabbit anti-S262 Tau (1:250, 44750G, Thermo Fisher Scientific, United States).

Tau 5. Total tau was detected by using an anti-tau- (Tau 5) antibody. Brain sections were
washed with PBS and endogenous peroxidase activity was suppressed with 10%
methanol and 3% hydrogen peroxide in PBS for 10 minutes. The sections were then
washed twice with 0.5 % Triton-X-100 and blocked in Mouse on mouse (MOM) IgG
blocking reagent (M.O.M. Immunodetection Kit Basic, Vector laboratories, United
States) in TBS for 30 minutes to suppress non-specific binding of IgG. The sections were
then washed with Tris-buffered saline (TBS), incubated in MOM Diluent containing TBS
for 5 minutes, and incubated in primary antibody (Mouse anti-Tau, 1:500, AHB0043,
Thermo Fisher Scientific, United States) in MOM diluent overnight. The sections were
then washed with TBS and incubated in secondary antibody (MOM Biotinylated Antimouse IgG reagent, 1:250) in MOM diluent for 2 hours. The signal of the reaction was
enhanced by using Avidin–biotin complex (ABC) method (Vectastain ABC kit, PK-6100,
Vector laboratories, United States). The sections were then washed with PBS and
incubated in DAB solution containing PBS that was activated with 0.03% hydrogen
peroxide solution to visualize the antigen-antibody complex. The sections were then
washed with PBS, moved to gelatin coated slides, and let dry overnight.

Once let dry on the slides, the sections were dehydrated in a series of alcohol and Xylene
(1 x 1 min in deionized water, 1 x 5 min in 70% ethanol (EtOH), 2 x 5 min in 96% EtOH,
2 x 5 min in absolute EtOH, 2 x 5 min in Xylene). The glasses were then coated with
Pertex glue and a cover glass.

The slides were imaged using Pannoramic Flash II Scanner (Version 1.15.3,
3DHISTECH, Hungary) for digital images. Pannoramic Viewer (Version 1.15.3,
3DHISTECH, Hungary) was used to further analyze the sections. For GFAP, Iba1, and
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S262 tau analyses, the images were converted to grayscale and the top part of the cortex,
including the whole hit area, was used for intensity threshold analysis in ImageJ (1.48b;
NIH, USA). For total tau analysis, the previous was performed to a larger area of the
cortex, involving the sides of the cortex as well. Due to the low numbers of mice in the
histopathological staining, no statistics were calculated.

2.2.6 Behavioral assays

Barnes maze. Barnes maze was originally described in rats by Carol Barnes in 1979
(Barnes 1979). The Barnes maze test is used to assess two types of memory function in
two different steps of the protocol: spatial learning and memory in the first step (training
trials and probe trial), and cognitive flexibility in the second step (reversed training trials
and reversed probe trial) (Gawel et al. 2019).

Barnes maze was performed in the beginning of the experiment to establish a baseline,
and 10 weeks after the induction of TBIs at endpoint. Mice were adapted to the Barnes
maze setup 3 days before the 5-day assessment protocol. Standard Barnes maze
equipment was used: a maze of 100 cm in diameter, in which 20 holes of 5 cm in diameter
on the outer area of the maze; outer area was 15 cm in diameter around the maze and
inner area was 70 cm in diameter (Figure 4). During each training trial and reversed
training trial, an escape box was set underneath one of the holes. Holes 1, 6, 11 and 16
were used so that the escape location varied between each trial and so that the same
location was always used for the same animal in the same step of the protocol; this
rotation of holes was done to prevent the forming of odor trails. The walls of the room
surrounding the maze had visual cues for the mouse to learn the correct placement of the
escape box. Moreover, as the escape box had bedding inside of it, the platform underneath
the maze were added bedding material to prevent the mice from smelling the escape box.
The room was well lit to further support the mice’s desire to enter the escape box. The
maze was wiped with water between each trial to prevent the formation of odor cues.

17

The mice were brought to the room at least 30 minutes before starting the test protocol.
In the beginning of each trial, the mouse was placed in the middle of the maze and a
cylinder with a coverslip was placed over the mouse. After a few seconds (5-10 s), the
cylinder was removed, and the trial began. The 5-day protocol covered 9 training trials, 1
probe trial (Probe trial 1), 5 reversed training trials and 1 reversed probe trial (Probe trial
2). EthoVision XT (Noldus, The Netherlands) video tracking software was used to film
the trials. During training trials, the same escape location was used in each trial with the
same mouse, and during reversed training trials the location was moved to the opposite
side of the maze (180°). Training trials and reversed training trials ended when the mouse
entered the escape box or at a cut off time of 180 seconds. If the mouse did not enter the
box by itself, it was guided in there to learn the wanted behavior. The probe trial and
reversed probe trial were 90 seconds long and the trial was performed without an escape
box. The aim of the probe trials was to measure the time that the mouse spends in the
location that the escape box used to be, and the time and distance travelled before entering
the escape zone.

Figure 4. The setup for Barnes maze. Holes 1, 6, 11 and 16 were used so that the escape
location varied between each trial and so that the same location was always used for the
same animal in the same step of the protocol.
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Novel object recognition. NOR was first described in rats by Ennaceur and Delacour in
1988, to be used in the assessment of the working memory of an animal (Ennaceur and
Delacour 1988). The test involves no learning of rules or usage of positive or negative
reinforcements; the test is based purely on the nature of the animals as the preference
towards novelty.

NOR was performed in the beginning of the experiment to establish a baseline, and 2, 5
and 9 weeks after the induction of the mild TBIs. Standard NOR equipment was used. A
square open field, 30 cm x 30 cm, with opaque walls, was used (Figure 5). Used objects
were a table tennis ball, a Lego block, a pipe-like object, and a round-end bar, all of which
were of similar size and made from plastic; the objects were chosen so that they were not
intimidating to the animals. The objects were attached to the field floor with an adhesive.
EthoVision XT video tracking software was used to record the sessions. Reduced light
was achieved by using only spotlights directed at the surrounding walls, and infrared light
was used to measure movements based on body temperature. The fields and objects were
wiped with water between each trial to prevent the forming of odor trails.

Each session was 10 minutes long. The first session was a habituation session without
any objects to let the mouse explore the arena and become familiar with it; the aim was
to reduce stress behavior during the next two sessions. The second session was a
familiarization session with two identical objects in the arena. Objects were set at opposite
corners of the arena. Third session was the actual test session, in which one familiar object
and one novel object were used. The objective of the test session is to compare the times
spent around the familiar and the novel object, with the assumption that the animal is
more interested in the novel object if it remembers which one is novel. Videos of the
sessions were recorded, and nose pokes towards the objects were counted manually by
one blinded researcher. Nose pokes were defined by the researcher and nose pokes were
separately counted for the familiar and novel objects. The original protocol assessed at
baseline was modified as the study proceeded, since the mice did not seem to be able to
differentiate the familiar and novel objects from one another, as defined by the criteria by
(Sik et al. 2003). Four different protocols were tested (Table 2).
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Table 2. Different protocols tested with novel object recognition test.
Protocol

Habituation

Familiarization

1 session

Time
between
3 days

1 session

Time
between
24 hours

Test
session
1 session

1.
2.

-

-

1 session

24 hours

1 session

3.

1 session

24 hours

1 session

4 hours

1 session

4.

-

-

3 sessions
(4 and 24 hours
between the
sessions)

4 hours

1 session

Figure 5. The setup for novel object recognition. An example setup for a familiarization
session is on the left; an example setup for a test session is on the right.

Locomotor activity. Locomotor activity was measured in the beginning of the experiment
to establish a baseline, and 1, 6 and 11 weeks after the induction of the mild TBIs.
Locomotor activity was measured in automated open field locomotor activity chambers
(Activity monitor, SOF-812, Med Associates inc, Georgia, USA). 22 h recording of total
photobeam breaks (starting at 10:00) was recorded for vertical, horizontal, and
ambulatory movements. The aim of the test was to measure the overall spontaneous
locomotor activity of the mice.
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2.2.7 Statistical analysis and presentation of data

Statistical analyses were performed using SPSS Statistics (IBM SPSS Statistics for
Windows, version 26.0. Armonk, NY, IBM Corp.). Differences between treatment groups
in locomotor activity over time were analyzed using two-way mixed analysis of variance
(ANOVA) and Tukey’s post-hoc analysis was followed if ANOVA showed statistical
significance (p<0.05). Differences between treatment groups in Barnes maze at endpoint
(10 weeks post-injury) were analyzed using one‐way ANOVA and Tukey’s post-hoc
analysis was followed if ANOVA showed statistical significance (p<0.05). The
homogeneity of variances was tested with Levene's test and Box's Test was used to test
equality of covariance matrices. Outliers were assessed by examination of studentized
residuals for values greater than ±3 and normality of data was tested with Normal Q-Q
Plot. In all analyses, p values less than 0.05 were considered significant.

Data are presented as mean ± standard error of mean (SEM), unless otherwise stated.
PRISM GraphPad statistical software (version 6.07, GraphPad Software, Inc., San Diego,
CA) was used to draw graphs.

3 RESULTS

3.1 Animal welfare

Animal welfare was carefully observed through the whole study. The weight of the
animals, their appearance and the condition of the fur, natural behavior, and the recovery
after the injury induction were all monitored. Duration of apnea (cessation of breathing)
and righting reflex times were measured after the injury to study injury severity (Hallam
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et al. 2004; Natalia et al. 2016; Siebold et al. 2018). The measurements were done
manually, causing some error to the results. During the second phase of the study, the
average duration of apnea was 2.4 seconds after the first mild TBI induction, and 3.0
seconds after the fifth injury induction in groups receiving the mild TBIs (Figure 6). The
average righting reflex time was 3.7 minutes after the first mild TBI induction and 1.6
minutes after the fifth injury induction in the groups receiving the mild TBIs. The righting
reflex times of the injured groups decreased over the period of 5 days of impacts (Figure
6). Righting reflex of less than 10 minutes is considered a mild injury (Dewitt et al. 2013).
Studies have reported both increasing and decreasing duration of apnea and righting
reflex times with subsequent injuries in repeated mild TBI models (Bolton and Saatman
2014).

Figure 6. Duration of apnea a) and righting reflex times b) after each 5 mild TBI
inductions in the second phase of the study modelling repeated mild TBI. The righting
reflex times of the injured groups decreased over the five days of impacts. Sham = sham
injury, VEH = vehicle, TBI = traumatic brain injury, KYP-2047 = 4-phenylbutanoyl-lprolyl-2(S)-cyanopyrrolidine.

The weight of the animals was carefully monitored through the experiments; a 20%
decrease in weight was considered a euthanasia criterion. None of the mice showed an
over 20% decrease in weight and thus none of the mice had to be euthanized based on
weight. In the second phase of the study modelling repeated mild TBI, the average weight
of the animals decreased over the period of 5 days of injuries and started to normalize
after the injuries (Figure 7). The weight of all animals on average decreased less than 5%
and none of the animals decreased over 7% in weight.
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Figure 7. The average weight of the animals during the second phase of the study
modelling repeated mild TBI. The weight of the mice decreased over the 5 days of mild
TBI impacts and started to normalize after the injury inductions. The average weight of
all mice decreased less than 5% during the second phase. Sham = sham injury, VEH =
vehicle; TBI = traumatic brain injury, KYP-2047 = 4-phenylbutanoyl-l-prolyl-2(S)cyanopyrrolidine.

3.2 Mortality

During the second phase of the study one mouse from the control group (sham + VEH)
died after the induction of sham mild TBI and the administration of DMSO. Since the
mouse in question did not receive the actual mild TBI impact, it is assumed that the death
was the result of the intraperitoneal injection; for instance, it is possible for an
intraperitoneal injection to accidentally injure the gut. The death of the one mouse set the
mortality rate of the second phase to 4.2%.

3.3 Histopathology

Histological stainings were performed to mice that were used to study the repetitive model
of mild TBI in the first phase of the study. The mice were euthanized five days after the
last injury induction. A non-treated mouse was used as a control for the stainings. The
objective of the first phase histological stainings was to gain directional results that can
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be utilized in the following second phase of the study, as well as future studies.
Immunohistochemistry of the second phase will be performed later and the results will
not be presented in this paper.

3.3.1 Neuroinflammation markers

Mild TBI has been associated with neuroinflammation (Woodcock and MorgantiKossmann 2013; Sun et al. 2019), which is why sections were stained for glial cell
expression. The focus of these stainings was in the top part of the cortex area at the injury
site. The expression levels of GFAP, which is a marker for astroglial cells, seem to be
increased in all velocity settings of mild TBIs compared to a control mouse, but more
intense as the velocity is increased (Figure 8, Figure 9). Intensity threshold analyses of
GFAP expression are shown in Figure 8. Example images of the cortex areas expressing
GFAP are presented in Figure 9. No statistical analyses were performed due to the low
numbers of animals; thus, the results are preliminary and need to be verified in future
studies.

The expression levels of Iba1, which is a microglial cell marker, seem to be increased in
the brains of mice that received the mild TBI impact with the velocity of 3.5 m/s and 4.0
m/s, compared to the control mouse (Figure 10). Subtle increases are seen in the brains
of the mice that received the mild TBI with the 3.0 m/s injury velocity, as well as in the
mouse that received the impact with the spinal cord impactor (Figure 10). Example
images of the cortex areas of brain sections expressing Iba1 are presented in Figure 11.
No statistical analyses were performed due to the low numbers of animals; thus, the
results are preliminary and need to be verified in future studies.
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Figure 8. Intensity threshold analyses of GFAP expression levels in the cortex area 5 days
after repeated mild TBIs with different velocities. The results are expressed as percentage
of control. The GFAP expression levels seem to be increased in the 3.5 m/s and 4.0 m/s
mild TBI brains compared to the control. No statistical analyses were performed due to
the low numbers of animals. GFAP = glial fibrillary acidic protein, SpinalCordI = IH
Spinal Cord Impactor.

Figure 9. Example images of the cortex areas expressing GFAP in mice 5 days after
repeated mild TBI inductions. The cortex of a control mouse a) is showing a physiological
amount of astrocyte cell expression. A mouse receiving the mild TBI with the velocity of
3.0 m/s b) is visually expressing slightly stronger GFAP activation than the control brain.
The cortex areas of the mice receiving the mild TBIs with the velocities of 3.5 m/s c) and
4.0 m/s d) seem to express GFAP more intensely than the control brain.
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Figure 10. Intensity threshold analyses of Iba1 expression levels in the cortex area 5 days
after repeated mild TBIs with different velocities. The results are expressed as percentage
of control. The Iba1 expression levels seem to be increased with the velocities of 3.5 m/s
and 4.0 m/s compared to control. No statistical analyses were performed due to the low
numbers of animals. Iba1 = ionized calcium binding adaptor molecule 1, SpinalCordI =
IH Spinal Cord Impactor.

Figure 11. Example images of the cortex areas expressing Iba1 in mice 5 days after
repeated mild TBI inductions. The cortex of a control mouse a) is showing a physiological
amount of microglial cells. A mouse that received the mild TBI impact with the velocity
of 3.0 m/s b) is visually similar to the control brain. The mice that received the mild TBI
impacts with the velocities of 3.5 m/s c) and 4.0 m/s d) seem to express Iba1 more
intensely than the control mouse.
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3.3.2 Tau protein

Total amount of tau protein was assessed from the repetitive mild TBI mice in the first
phase, since the accumulation of tau protein after mild TBI was one of the main interests
in this study. Due to difficulties in the staining protocol, only one mouse from each of the
3.0 m/s, 3.5 m/s and 4.0 m/s velocity groups was used in the assessment, making the
results unreliable for conclusions. No statistical analyses were performed for total tau
assessment. An intensity threshold analysis from three different parts of the cortex was
performed because tau protein pathophysiology has been observed to spread to large areas
of the brain after head traumas (McKee et al. 2013; Edwards et al. 2020). The results are
presented individually in Figure 13 and combined as whole cortex results in Figure 12.
Figure 14 shows example images of the cortex areas stained against total tau. The whole
cortex results seem to show a quite even increase in tau protein expression in all velocities
of mild TBI compared to the control mouse. When the results of different parts of the
cortex are assessed individually, more differences are seen between the different
velocities. It would seem, that with the smaller velocities, the increases in tau expression
are more intense in the top part of the cortex, whereas with the highest velocity the
increase in tau is more intense in the middle and side parts of the cortex. The locations of
the different parts of cortex are demonstrated in Figure 13 d).

Phospho-tau S262 was assessed from the brain sections because Ser262 is a tau
phosphorylation site that PP2A has an ability to regulate (Qian et al. 2010); induction of
PP2A via PREP inhibition might be beneficial in the clearance of tau protein aggregates.
The tau S262 staining results seem inconsistent (Figure 15) and no conclusions can be
made based on the results.
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Figure 12. Intensity threshold analyses of total tau expression levels in the whole cortex
5 days after repeated mild TBIs with different velocities. The results are expressed as
percentage of control. The tau protein expression seems to be elevated in the mild TBI
brains compared to control. No statistical analyses were performed from total tau
stainings. Tau5 = total tau staining.

Figure 13. Intensity threshold analyses of total tau expression levels in different parts of
cortex 5 days after repeated mild TBIs with different velocities. The results are expressed
as percentage of control. The top part of the cortex a) the middle part of the cortex b), and
the side part of the cortex c) seem to differ in the total tau expression levels in the different
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velocities. The locations of the different parts of cortex are demonstrated in section d).
No statistical analyses were performed from total tau stain due to only one mouse per
velocity group being evaluated. Tau5 = total tau staining.

Figure 14. Example images from total tau staining from the cortex of the mice 5 days
after repeated mild TBIs. The control brain a) is showing a normal physiological amount
of tau protein expression. The mice that received mild TBI injuries with the velocities of
3.0 m/s b), 3.5 m/s c) and 4.0 m/s d) seem to show a more intense tau protein expression
compared to the control mouse.

Figure 15. Intensity threshold analyses of tau S262 expression levels in the cortex area 5
days after repeated mild TBIs with different velocities. The results are expressed as
percentage of control. The results seem inconsistent and no conclusions can be made. No
statistical analyses were performed due to the low numbers of animals. Tau S262 = Ser
262 phospho-tau. SpinalCordI = IH Spinal cord impactor.
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3.3.3 Microvascular integrity

TBI has potential to cause microhemorrhages, and the presence of microhemorrhages can
be indicative of injury severity (Daglas and Adlard 2018). Microhemorrhages after a TBI
may for instance be associated with blood-brain barrier dysfunction (Glushakova et al.
2014). Thus, with our model of mild TBI, no microhemorrhages were wanted with the
final injury parameters used. Prussian blue iron staining was used to detect microbleeds
by dying hemosiderin-laden macrophages (Daglas and Adlard 2018). Brain sections were
thoroughly processed in Pannoramic Viewer for the detection of microbleeds. One mouse
that was injured with 4.0 m/s velocity showed a possible indication of a microbleed in the
top part of the cerebral cortex, near the midline, approximately -1.3 mm from bregma
(Figure 16). The indication of the microbleed was used in the definition of the injury
parameters, as the 4.0 m/s velocity was determined to cause a too severe injury to the
brain.
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Figure 16. Indication of a microbleed after Prussian blue iron staining on a mouse that
received repetitive mild TBIs and was euthanized 5 days thereafter. The brain sections
are from a mouse that was hit with a velocity of 4.0 m/s. Two of the upper images show
a relatively clear mark on the top part of the cortex near the midline (approximate location
-1.3 mm from bregma) that is indicative of a microbleed. The undermost picture shows a
more subtle mark but since it is from an area close to the upper images, it makes the
connection between all the sections stronger. It appears, according to visual examination
of these images, that there has been a microbleed in the brain of this mouse.

3.4 Behavioral assessment

Mild TBI has been associated with clinical symptoms such as cognitive dysfunctions,
and mood and behavioral disturbances (Karr et al. 2014; McInnes et al. 2017). Therefore,
behavioral tests were assessed in the second phase of this study. Behavioral assays were
performed at the baseline and at several timepoints after the repeated mild TBI injuries
(Figure 3). The protocols of Barnes maze and locomotor activity were successful;
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however, NOR failed as a protocol, possibly due to too long interval times between
sessions, resulting in the mice not dissociating the objects from one another (Sik et al.
2003).

3.4.1 Cognitive performance

The Barnes maze protocol explores cognition with two different aspects; the first part of
the protocol assesses spatial learning and memory and the second part assesses cognitive
flexibility (Gawel et al. 2019). Barnes maze was performed at the baseline before the mild
TBI impacts and 10 weeks post-injuries. Spatial memory was not affected by the
treatments, however, some differences in cognitive flexibility were found in Probe trial
2. The primary values, referring to time consumed, or distance travelled before the first
entrance to a target location during the probe trials, were preferred in the analysis since
the mice had a tendency to check the right hole zone and then start to browse the maze
because the escape box was no longer at the target location. Since motor skills of the mice
may be impaired after the mild TBIs (Long et al. 2015; Yang et al. 2015), the focus of the
primary finding of the hole zone was set at the distance rather than the time.

Primary distance moved before target refers to the distance travelled by a mouse before
entering the target zone for the first time. No statistical differences were seen between the
treatment groups in Probe trial 2, when analyzed using one-way ANOVA (Figure 17 a).
Primary errors, referring to the count of times that the mouse entered other zones before
arriving to the correct target hole zone, were counted (Figure 17 b). The test showed no
statistical differences between the treatment groups in Probe trial 2, when all treatment
groups were analyzed using one-way ANOVA. However, when only sham + VEH and
TBI + VEH groups were analyzed using Welch t-test, a significant difference was
observed between the groups, as TBI + VEH group made 6.13 ± 2.02 (mean ± standard
error) more primary errors than sham + VEH group, t(8.459) = -3.027, p = 0.015 (Figure
18). The comparison between sham + VEH and TBI + VEH groups was performed to
study the primary objective of this study, which is the functioning of the mild TBI model.
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The time that the mice spent in each of the hole zones during Probe trial 2 were also
cumulatively calculated to further test the ability of the mice to remember the correct hole
zone (Figure 17 d). The longer the mouse spent in the target hole zone, the better it likely
remembered the correct location. The graph shows that all treatment groups had a
tendency to check the hole zone that was used as a target zone in the first part of the
protocol. The cumulative time that the mice spent in the target hole zone during Probe
trial 2 was calculated, but no statistical differences were seen between the treatment
groups when analyzed using one-way ANOVA (Figure 17 c).

Figure 17. Cognitive flexibility of mice as assessed by the second part of the Barnes maze
protocol (Probe trial 2) 10 weeks post-injury. Primary distance moved before target a)
was calculated from the beginning of the trial to the first entry to the target hole. No
significant differences were observed between the treatment groups. Primary errors
before target, referring to the count of times that the mice entered other zones before
arriving to the correct target hole zone, were counted b). No significant differences were
observed between the treatment groups. Cumulative time spent in the target hole zone c),
as well as in each of the hole zones d), were also calculated. No significant differences
between the treatment groups were observed. Sham = sham injury, VEH = vehicle, TBI
= traumatic brain injury, KYP-2047 = 4-phenylbutanoyl-l-prolyl-2(S)-cyanopyrrolidine,
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target = target hole zone, L = the zone next to the target hole zone on the left, R = the
zone next to the target hole zone on the right.

Figure 18. TBI + VEH group made more primary errors in Probe trial 2 compared to
Sham + VEH group. Primary errors, referring to the count of times that a mouse entered
other zones before arriving to the correct target hole zone, were counted, and the results
of Sham + VEH and TBI + VEH groups were compared to study the functioning of the
mild TBI model. TBI + VEH group made significantly more primary errors compared to
Sham + VEH group (p<0.05, Welch t-test). Sham = sham injury, VEH = vehicle, TBI =
traumatic brain injury, KYP-2047 = 4-phenylbutanoyl-l-prolyl-2(S)-cyanopyrrolidine.

3.4.2 Locomotor activity

Locomotor activity of the mice was assessed by studying their spontaneous locomotor
activity with a 22 h locomotor activity test. The locomotor activity test was performed at
baseline before the mild TBI inductions, and 1, 6 and 11 weeks after the injuries.
Ambulatory distance, which refers to the total travelled distance over the 22 h period,
showed no significant interaction between the treatment groups over time post-injury,
when analyzed using two-way mixed ANOVA (Figure 19 a). The main effect of group
showed a significant difference in mean ambulatory distance between treatment groups
F(2, 19) = 4.92, p = 0.019. Ambulatory time, which refers to the total time that a mouse
spent moving over the 22 h period, also showed no significant interaction between the
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treatment groups over time (Figure 19 b). The main effect of group showed a significant
difference in ambulatory time between treatment groups F(2,20): 5.64, p = 0.011.

Rearing count, which refers to the count of times that a mouse rose to its hind legs, showed
no significant interaction between the treatment groups over time, when analyzed using
two-way mixed ANOVA (Figure 19 c). The main effect of group showed a significant
difference in mean rearing count between treatment groups F(2,20) = 5.23, p = 0.015.
Rearing time, referring to the total time that a mouse spent on its hind legs, also showed
no significant interaction between treatment groups over time (Figure 19 d). The main
effect of group showed a significant difference in mean rearing time between treatment
groups F(2,20): 4.26, p = 0.029. Jump count, which refers to the count of times that a
mouse detached its legs from the bottom of the box, showed no significant interaction
between the treatment groups over time (Figure 19 e). The main effect of group showed
a significant difference in mean jump count between treatment groups F(2,20) = 4.89, p
= 0.019.

The acute changes in locomotor activity were studied separately by examining only the
baseline and 1 week timepoints. The acute timepoint is interesting since the changes
caused by a mild TBI in locomotor activity have been observed to be transient (Kane et
al. 2012; Luo et al. 2014). A significant interaction was observed in rearing count between
treatment groups over time, F(2,20): 4.624, p=0.022, when analyzed using two-way
mixed ANOVA. Tukey’s post-hoc test confirmed that the rearing count was significantly
greater in the TBI + KYP-2047 group (5260.13 ± 1463.67, p = 0.005) compared to the
TBI + VEH group at 1 week timepoint. A significant interaction in rearing time was also
observed between treatment groups over time F(2,20): 3.58, p = 0.047, when analyzed
with two-way mixed ANOVA. Tukey’s post-hoc test confirmed that the rearing time was
significantly greater in TBI + KYP-2047 group (4380.14 ± 1394.38, p = 0.014) compared
to TBI + VEH group. Ambulatory time also showed a significant interaction between
treatment groups over time F(2,20): 5.98, p = 0.009, using two-way mixed ANOVA.
Tukey’s post-hoc test confirmed that the ambulatory time was significantly greater in TBI
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+ KYP-2047 group compared to sham + VEH group (728.48 ± 237.89, p = 0.016) and
TBI + VEH group (972.83 ± 229.82, p = 0.001).

Figure 19. Locomotor activity of mice in the second phase of the study modelling
repetitive mild TBI as assessed by 22 h locomotor activity test. Ambulatory distance a),
ambulatory time b) rearing count c), rearing time d), and jump count e) showed no
significant differences between the treatment groups over time when all timepoints were
examined (two-way mixed ANOVA). A separate analysis studying the acute effects of
mild TBI was performed by assessing only baseline and 1 week timepoints with two-way
mixed ANOVA. *Ambulatory time was significantly greater in TBI + KYP-2047 group
compared to sham + VEH group and TBI + VEH group at 1 week timepoint (p<0.05,
Tukey’s post-hoc test after significant interaction in two-way mixed ANOVA).
**Rearing count was significantly greater in the TBI + KYP-2047 group compared to
TBI + VEH group at 1 week timepoint (p<0.05, Tukey’s post-hoc test after significant
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interaction in two-way mixed ANOVA). *** Rearing time was significantly greater in
TBI + KYP-2047 group compared to TBI + VEH group at 1 week timepoint (p<0.05,
Tukey’s post-hoc test after significant interaction in two-way mixed ANOVA). Sham =
sham injury, VEH = vehicle, TBI = traumatic brain injury, KYP-2047 = 4phenylbutanoyl-l-prolyl-2(S)-cyanopyrrolidine.

4 DISCUSSION

The main objective of this study was to develop and characterize a repetitive mild TBI
mouse model for future research purposes. The study included two phases. The aim of
the first phase was to test different injury parameters with a single and a repetitive mild
TBI model with only a few animals. In the first phase the animals were euthanized within
a week from the injury inductions. The primary aim of the second phase was to
characterize the parameters that were chosen based on literature and the previous phase
of the study with a repetitive mild TBI model. The second phase was also used to
tentatively test a PREP inhibitor, KYP-2047, to the behavioral and histological changes
caused by mild TBIs. The second phase utilized more animals, and both histological and
behavioral assessments. In the second phase the animals were studied for 12 weeks before
euthanized, to study long term neurodegeneration and behavioral deficits.

The injury was induced with a controlled electromagnetic impactor because it produces
reproducible impacts and the force of the impact is easy to control (Xiong et al. 2013). A
closed head injury (CHI) has the ability to produce a mild head injury and it has a low
mortality rate when used in mild TBI inductions (Bodnar et al. 2019). A closed head
injury was chosen since it models the impacts that are often suffered in contact sports or
military environments better than penetrating injury models (Xiong et al. 2013).
Penetrating injuries, such as controlled cortical impacts (CCI), often cause more severe
consequences such as blood-brain barrier dysfunction, cortical tissue loss and acute
subdural hematoma. Leica Impact One™ Stereotaxic Impactor, which was the primary
device of the study to induce a mild TBI, caused an injury at a desired level of severity
for the study purposes. IH Spinal Cord Impactor, which was tested in the first phase of
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the study, was determined too mild to cause a mild TBI sufficient for our research
purposes.

A literature search was performed to determine the parameters that could be adequate for
the induction of a mild TBI. Systematic reviews (Bodnar et al. 2019) as well as articles
using the same impactor (Logue et al. 2016; Natalia et al. 2016; Velosky et al. 2017; Yu
et al. 2017; Adams et al. 2018; Rodriguez-Grande et al. 2018; Algamal et al. 2019; Tucker
et al. 2019; Clément et al. 2020) were primarily utilized. As the head injuries suffered in
contact sports are often characterized by a repetitive nature, and as previous mild head
injuries have been observed to increase the brain’s vulnerability to second impacts
(Laurer et al. 2001), a repetitive model was decided to be developed. The magnitude of
the caused injury was precise, since the injury was intended to be strong enough to cause
behavioral and histological brain alterations to the mice but mild enough not to cause
severe brain damage such as skull fractures and hemorrhages.

It should be noted that the age of mice influences the results of the head injuries (Semple
et al. 2013). 10-11 weeks old mice are considered to be adult mice (Jackson et al. 2017);
this age frame was chosen to be used in this study because the aim was to model head
injuries that are suffered in adulthood. The immature rodent brain has observed to be
more susceptible to injury than mature brain, especially due to differences in myelination
and synaptogenesis (Semple et al. 2013). In addition, injury to aged rodent brain has
caused more exacerbated neuroinflammation and neurodegeneration, as well as worse
neurological recovery, when compared to adult rodent brain (Kumar et al. 2013). Thus,
the age of the animals can markedly influence the consequences of mild TBI, and it should
always be considered in the design of the study. As neurodegenerative diseases are
highlighted in the aged human population, it might be beneficial to use aged mice in future
studies related to head injury and neurodegeneration.
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4.1 Histopathology

Increased neuroinflammation was observed when intensity threshold analyses were
performed to stained sections from the first phase mice that received the repetitive model
of mild TBI. Increased astrogliosis and microgliosis seemed to have occurred when the
injury was given with 3.5 m/s or 4.0 m/s velocity. The number of animals in the first
phase of the study was too small for statistical analysis, but the results seem clear enough
to conclude a correlation. The objective of the first phase histology was to obtain
directional results that can be utilized in the next phase and in following studies, and this
was achieved.

Increased neuroinflammation is a steadily reported outcome after TBI and also mild TBI
(Woodcock and Morganti-Kossmann 2013). Microglia and astrocytes have both harmful
and beneficial effects in the brain after injury (Kumar and Loane 2012). Microglia acts as
the first line of defense after a traumatic injury to the brain, as it rapidly proliferates and
moves to the site of injury. Under the right conditions, activated microglia can be
neuroprotective

by

producing

anti-inflammatory

cytokines

and

promoting

neurorestorative processes such as angiogenesis, neurogenesis and remyelination (Loane
and Kumar 2016). However, when over-activated, microglia can induce deleterious
neurotoxic effects as it releases cytotoxic substances such as pro-inflammatory cytokines
and oxidative metabolites (Kumar and Loane 2012). The neurotoxic effects of proinflammatory cytokines, of which especially interleukin 1B (IL-1B), and TNF-α, further
mediate neuroinflammation and promote brain damage (Chao et al. 1995; Kumar and
Loane 2012). Furthermore, chronic microglial activation has been connected to
neurodegeneration.

Activated microglia also activate astrocytes via the release of pro-inflammatory cytokines
(Kumar and Loane 2012). Astrogliosis is seen as increases in size and proliferation of
astrocytes. Ablation of reactive astrocytes in an experimental model promoted worse
outcomes and increased neuronal cell death after TBI (Myer et al. 2006). This would
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suggest a beneficial role for astrocytes after head trauma, possibly due to astrocytes acting
as a shield around the injured site (Kumar and Loane 2012). However, prolonged
astrogliosis has been connected to delayed functional recovery and inhibition of axonal
regeneration, which suggests a detrimental role for long-term reactive astrogliosis
(Wilhelmsson et al. 2004; Kumar and Loane 2012). GFAP, as a marker for astrogliosis,
can be used as a biomarker in patients that have suffered severe TBI; elevated GFAP
serum levels after brain injury have been associated with higher mortality and worse longterm outcomes (Lumpkins et al. 2008; Lei et al. 2015).

Microglial activation in repetitive mild TBI models is reported in the corpus callosum,
both the white and gray matter, hippocampus, fimbria, and the entorhinal cortex (Bolton
and Saatman 2014; Mannix et al. 2014; Robinson et al. 2017; Yu et al. 2017). Astrocytosis
in repetitive mild TBI models has been observed in the corpus callosum, hippocampus,
fimbria, cerebellum, brainstem, and the entorhinal cortex (Bolton and Saatman 2014;
Mannix et al. 2014; Yu et al. 2017). Thus, the extent of neuroinflammation throughout
the brain is vast. As we only studied neuroinflammation in the top part of the cortex area,
information of spread neuroinflammation could have been missed. As cognitive
performance has also been associated with hippocampal neuroinflammation (Yang et al.
2015), more insight to the subject could be obtained by studying neuroinflammation in
the whole brain.

Tau protein accumulation in the first phase modelling repeated mild TBI was studied with
two different stainings. Total tau protein levels were increased, according to intensity
threshold analyses, in the cortex area of the mice that were given mild TBI injuries.
However, only one mouse in each velocity group was studied, and thus the significance
of the results is unclear. The separate examination of the different parts of the cortex
revealed interesting results, as it appeared that the more intense the injury, the more the
tau protein accumulated to the side parts of the cortex, rather than below the injury site at
the top part of the cortex. This phenomenon might be indicative of the fact that a more
intense injury reaches to a larger area in the brain. The accumulation of tau protein after
brain trauma occurs gradually, making the timepoint of examination important (McKee

40

et al. 2013; Edwards et al. 2020). It is presumable that the tau protein pathophysiology
seen in our model 5 days after injuries is not final; further timepoints in future studies
would be beneficial in determining the course of long-term tau protein pathology.

The tau S262 staining results were inconsistent and showed no clear increase in
hyperphosphorylated tau in the injured mice. This might be due to the fact that the
timepoint of the histological examination was too early for tau to have become
hyperphosphorylated. The absence of hyperphosphorylated tau in acute timepoints after
repetitive mild TBIs in wildtype mice is consistent with previous studies (Bolton and
Saatman 2014). In contrast, tau hyperphosphorylation has been observed after repeated
mild TBIs on wildtype mice several months after the injuries (Luo et al. 2014).
Additionally, hyperphosphorylated tau has been observed in the brains of transgenic
human tau mice three weeks after the injuries (Ojo et al. 2013). According to some
researchers, wildtype mice have a low tendency to form toxic tau aggregates due to bias
in murine 4R tau isoform (Ojo et al. 2016). Thus, it might be beneficial to repeat the
experiments performed here with transgenic mouse lines.

The accumulation and aggregation of tau protein has been connected to several
neurodegenerative diseases (Buée et al. 2000). The most evident tau protein associated
pathophysiology is the formation of tau isoform aggregates as intraneuronal filamentous
inclusions. Hyperphosphorylation is thought to be the most important mechanism in the
aggregation of tau, but other mechanisms, including ubiquitination, oxidation, and
glycation, are thought to be involved in tau pathophysiology. Neurofibrillary tangles
(NFT) consist of hyperphosphorylated tau and are seen in Alzheimer’s disease, ALS,
chronic traumatic encephalopathy, and some forms of Parkinson’s disease, among others.
As TBI has been connected to higher prevalence of these neurodegenerative diseases
(Lehman et al. 2012; McKee et al. 2013; Perry et al. 2016), it is presumable that the
accumulation of tau protein has a role in the connection between head trauma and
subsequent neurodegenerative disease.
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Since no hemorrhages were wanted in our model of mild TBI, microhemorrhages were
assessed from the brain by using Prussian blue iron staining. Visual examination of the
brain sections revealed one possible microhemorrhage on a mouse that was injured with
4.0 m/s velocity. The location of the possible hemorrhage was right below the injury site,
which supports the finding. No other microhemorrhages were detected in any of the other
mice. Detection of the possible microbleed on a mouse that was injured with the highest
injury parameters had an influence on the decision of using the 3.5 m/s velocity rather
than the 4.0 m/s velocity as the final injury velocity in the second phase of the study.
Repetitive mild TBIs caused by similar parameters (4 m/s) did not cause microbleeds in
a previous study executed with the same injury mechanism as in our study (Yu et al.
2017), but repetitive mild TBIs caused by a weight drop model showed
microhemorrhages one week post-injury throughout the neuropil (Robinson et al. 2017).
The weight drop model is utilized by dropping an object of certain characteristics through
a tube from a specified height to the head of the animal (Bodnar et al. 2019). Since the
caused brain injury is a sum of multiple factors, the final parameters had to be
conclusively decided based on our own model. Microbleeds caused by head trauma and
detected by Prussian blue iron stain have been observed to develop over weeks and
months, but in these cases the injury has been more severe and related to blood brain
barrier dysfunction (Glushakova et al. 2014). It is assumed that in our model of mild TBI
all the microbleeds would have been detectable five days post-injury. A limitation to the
study of microbleeds was that there was no positive control to show how the microbleeds
actually appear on the brain sections.

4.2 Behavioral assessment

The cognitive and locomotor impairments after TBI have been associated with the volume
of damage in brain tissue; the more the brain is damaged, the more apparent deficits are
seen in cognitive and locomotor performance (Yu et al. 2009). Cognitive performance of
the mice in the second phase modelling repetitive mild TBI was assessed with Barnes
maze test 10 weeks after the injury inductions. The first part of the protocol, which tests
spatial learning and memory, showed no differences between the treatment groups.
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Spatial learning and memory in the Barnes maze test are associated with the function of
hippocampus (Barnes 1979; Negrón-Oyarzo et al. 2015). Thus, it could be speculated that
our model had little effect on the hippocampus. However, the Barnes maze protocol has
previously shown significant reductions in spatial memory functions in both acute and
chronic stages after mild TBI (Mouzon et al. 2012; Mouzon et al. 2014). Thus, it could
be that the lack of significant differences between treatment groups in spatial memory is
a result of low number of animals in the test or the functioning of the model itself. Also,
the timepoint of the test may have been too early to show clear changes in spatial memory.

The second part of the Barnes maze protocol assesses cognitive flexibility, which is
associated with the functioning of frontal cortex (Crews and Boettiger 2009). Frontal
cortex is often sensitive to injury in mild TBI (Niogi and Mukherjee 2010). The primary
values, referring to time consumed, or distance travelled before the first entrance to a
target location, were preferred in the analysis of the results since the mice had tendency
to check the right hole zone and then start to browse the maze because the escape box
was no longer at the target location. The primary values have also been shown more
sensitive in showing deficits in memory functions compared to total values (O'Leary and
Brown 2013). Since motor skills of the mice may be impaired after the mild TBIs, the
focus of the primary finding of the hole zone was set at the distance rather than the time.
The primary distance travelled has also been shown to be more sensitive to memory
deficits than primary latency to enter the target (O'Leary and Brown 2013). No differences
were observed in the second part of the protocol when all treatment groups were
considered. However, since the preliminary objective of the study was to develop the
model of mild TBI and to test whether the model functions, it was justifiable to study
whether there was difference between sham + VEH and TBI + VEH treatment groups.
Primary errors made before the first entrance to the target location were significantly
higher in the TBI + VEH group compared to sham + VEH group, suggesting that the mild
TBIs may have worsened the memory of the mice. No differences were observed in the
other test parameters. Whether the difference observed between the sham + VEH and TBI
+ VEH treatment groups in primary errors is actually notable is not unambiguous, because
the other test parameters showed no differences between the treatment groups. Also, the
primary errors can be affected by the search strategy used by the mice to travel through
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the maze (O'Leary and Brown 2013). If a mouse tends to travel the maze against the sides
of the maze, it automatically increases the number of zones that the mouse goes through
before entering the target. A more precise study of the mice’s search strategy to move
through the maze by video processing might be beneficial (O'Leary and Brown 2013).
The Barnes maze protocol is not a constant and it can be altered to fit the needs of the
study. A suggestion has been made that the protocol should cover at least 24 training trials
before the probe trials to correctly assess the memory of the mice. Since our protocol
covered only 9 training trials and 5 reversed training trials, it is possible that the protocol
was not sufficient enough to show the memory deficits clearly enough.

General locomotor activity was assessed with the locomotor activity test chambers over
a period of 22 hours. The protocol measured the locomotor activity for 22 hours in
attempt to reduce the effect of acute stress and explorative behavior and to study the
natural activity of the mice as well as possible. Several different test parameters were
measured to get an overall estimate of the locomotor activity of the mice. Since mild TBI
has an ability to cause motor impairments, it may be more beneficial to prefer, for
instance, the time spent moving, over distance travelled. No differences were observed
with any of the test parameters between the treatment groups over time when all
timepoints were taken into account. The overall locomotor activity of the TBI + VEH
group seemed to subtly decrease over time compared to the baseline assessment. The TBI
+ VEH group also seemed to show lower measurements of locomotion compared to sham
+ VEH group. Repetitive mild TBI models have previously shown contrary results, as
locomotor activity has been observed to increase after repetitive mild TBIs in several
studies (Kane et al. 2012; Luo et al. 2014). However, the measurement times of the
locomotor activity (5-30 minutes) have differed from the model used in this study and
may so have an effect on the results.

Since the acute timepoint (1 week post-injury) is independent from the later timepoints
and interesting due to transient changes seen in previous studies regarding locomotor
activity (Kane et al. 2012; Luo et al. 2014), a separate analysis was performed to study
only the baseline and 1 week timepoints. A significant difference was observed between
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TBI + VEH and TBI + KYP-2047 groups when rearing count, rearing time and
ambulatory time were considered. Administration of KYP-2047 to injured mice increased
locomotor activity in the acute timepoint, but since we did not use a sham + KYP-2047
group, it is not possible to determine, based on these results, whether the increase in
locomotor activity was a result of alleviating mild TBIs’ effects or the pure effect of KYP2047 on locomotion. To our knowledge, no study has previously investigated the effect
of KYP-2047 on locomotor activity.

NOR has been used as a measure of posttraumatic amnesia; thus, the successful use of
NOR in future experiments could be valuable in evaluating the correspondence of the
model to human TBIs (Dewitt et al. 2013). In our protocols, no differences were observed
in the time spent around the familiar and novel objects even with the sham group. The
failing of the protocol could be due to too long interval times between sessions, or the
strain itself (Sik et al. 2003). According to results of a study that examined the
performance of different mouse strains in NOR, the time interval between the
familiarization and the test session should be only 1 hour for the protocol to work. It
should also be noted that the time interval between the sessions has an effect on the time
of the day that the test is performed at; this can affect the explorative behavior of the mice,
which in turn can affect the reliability of the results of the test. The authors of the study
suggest that a mouse should explore the objects for at least 10 seconds during the test
session for the test to be reliable.

4.3 Considerations of the mild traumatic brain injury model

The primary objective of the study was to develop and characterize a model for repetitive
mild TBI in mice. The question whether the model worked is not unambiguous. The
histopathology did show visual differences regarding neuroinflammation and increased
tau protein between the control brain and the brains of mice that had been injured with
mild TBIs, but since the number of animals was too small to make statistical analyses, no
definite conclusions can be made. The histopathology from the second phase, which
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included more mice, will be studied later and the determination of neuroinflammation and
tau protein accumulation will be assessed.

Cognitive flexibility was possibly impaired after mild TBI induction, as some differences
were observed between the sham and injured groups. Mild TBI had no effect on the
locomotor activity of mice. Even though the number of animals in the behavioral tests
was bigger than in the histopathology examination, the study size was comparable to a
pilot study. The low number of animals was necessary to preliminary test the model
parameters without sacrificing too many animals.

Human mild TBI is classified as an injury that disrupts the normal functioning of the brain
and is the result of external force to the head, and in addition has limitations regarding
loss of consciousness, posttraumatic amnesia and the scores of Glasgow Coma Scale (Kay
et al. 1993; Carroll et al. 2004; Menon et al. 2010; Pervez et al. 2018). For the
experimental mild TBI model to work, it needed to replicate the human mild TBI well
enough. The characterization criteria of the model considered the criteria used to define
human mild TBI, as well as long term neurodegeneration, neuroinflammation, and
memory deficits; the injury was intended to be severe enough to cause changes to the
brain, but also mild enough not to cause too severe lesions. Righting reflex can be used
as an estimate of loss of consciousness, and as none of the mice in our experiment showed
righting reflex times over 9 minutes, the injury can be considered mild (Dewitt et al.
2013). It should be noted, however, that the level and type of anesthesia, as well as the
procedures performed, affect the righting reflex times. Precise results could only be
obtained by performing the injuries without anesthesia, which will not be done due to
ethical reasons. The mild injury severity can also be argued by the absence of clear
structural changes to the skull or the brain. The long term effects of mild TBI on
neurodegeneration, neuroinflammation, and memory functions are not as clear, but the
results seem promising.
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4.4 Considerations of KYP-2047

PREP inhibitor KYP-2047 was tested in the second phase of the study as a secondary
objective. The Barnes maze test assessing cognitive performance showed no statistical
difference in TBI + KYP-2047 group compared to the other treatment groups, indicating
a lack of effect on the memory functions after mild TBI. PREP inhibition with a small
molecule PREP inhibitor S 17092 has been associated with improved memory functions
after memory impairments caused by ageing and drug-induced memory deficits (Morain
et al. 2002). Thus, the possible role of KYP-2047 in memory functions should be further
studied to investigate whether it could alleviate the memory deficits caused by mild TBIs.
The locomotor activity of TBI + KYP-2047 group was higher in the acute timepoint
compared to sham +VEH and TBI + VEH treatment groups, but as discussed before, since
we had no sham + KYP-2047 group, the actual mechanism by which KYP-2047 increased
locomotion is not known. Thus, it would be beneficial to repeat the experiment by adding
such a group to the study design.

To study the fundamental role of PREP in mild TBI and neurodegeneration, PREP
knockout mice could be used in the study setting. If mice without PREP expression
develop neurodegenerative symptoms slower or at a decreased level, it indicates a marked
role for PREP inhibition in mild TBI treatment. PREP knockout mice can be restored with
PREP activity by using adeno-associated virus vectors (AAVs) (Julku et al. 2018). Based
on the results of this study, KYP-2047 could seem promising in alleviating the effects of
mild TBI, but at this time no definite conclusions can be made. As a conclusion, the
experiments need to be repeated with a larger amount of animals and with the sham +
KYP-2047 group before the role of KYP-2047 can be conclusively defined.

47

5 CONCLUSIONS

The consequences of mild TBIs can be far-reaching. The association of mild TBIs with
subsequent symptoms and pathologies needs further research. The reasons why and how
trauma to the head triggers the pathological events seen after mild TBIs are not yet
completely

understood.

As

there

currently

are

no

curative

treatments

to

neurodegenerative diseases, research regarding neurodegeneration and its risk factors is
highly important.

The mild TBI model developed here seems promising and the characterization criteria
were partially met. The results of the study need to be verified in subsequent studies with
a greater amount of animals. The model developed here can be used to study the
involvement of head trauma in neurodegeneration, as well as treatment alternatives to
changes caused by mild TBIs. The effect of PREP inhibition on the behavioral and
histological deficits caused by mild TBIs is not clear based on the results of this study.
As some differences were seen after KYP-2047 administration, it is possible that it has a
positive effect in the brain after head trauma. PREP inhibition related to head injuries
should be better explored in future experiments to better understand its effects.
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1

1 INTRODUCTION

Mild traumatic brain injury (TBI) is the most common type of traumatic head injuries
(Cassidy et al. 2004). It has increasingly been recognized as a serious health issue that
affects especially contact sports players who are exposed to repetitive head traumas
(Daneshvar et al. 2011). Mild TBI often causes only microscopic changes to the head that
do not emerge on conventional neuroimaging evaluations (Kay et al. 1993). Despite the
lack of clear structural changes of the head, mild TBI can induce persistent clinical
symptoms including physical symptoms, cognitive deficits, mood disturbances and
movement impairments, as well as microscopic pathological changes that may eventually
lead to neurodegeneration and increase the risk for several diseases (Kay et al. 1993; Uryu
et al. 2007; McInnes et al. 2017). Mild TBI has been recognized as a risk factor for several
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis (ALS), and chronic traumatic encephalopathy (CTE)
(McKee and Daneshvar 2015; Perry et al. 2016).

The purpose of this review is to address the acute and chronic effects of mild TBIs, and
the long-term risks that are associated with mild brain injuries. The mechanisms
connecting mild TBIs to subsequent neurodegenerative diseases are not completely
understood, but theories have been proposed for the cascades that occur during the years
or decades after the initial injuries.

2 DEFINITION OF MILD TRAUMATIC BRAIN INJURY

The definition of traumatic brain injury is not widely agreed on. By most definitions, TBI
is defined as an injury that disrupts the normal functioning of the brain and is the result
of external force to the head (Menon et al. 2010; Pervez et al. 2018). The external force
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can be defined to be the result of a strike to the head, a blast injury, a brain penetrating
injury or an acceleration-deceleration injury (Menon et al. 2010). By some definitions,
the clinical symptoms relating to the definition of TBI include one or more of the
following: loss of consciousness or a decreased level of consciousness, memory loss for
the events occurring instantly before or after the injury, neurologic deficits such as
aphasia, paresis, vision deficits or weakness, and mental state deficits such as
disorientation or slowness of thinking during the time of injury. If the clinical symptoms
are uncertain, TBI can also be diagnosed based on other proof of brain pathology, for
which imaging techniques or biomarkers may be used.

TBI is typically categorized based on severity or type and location of injury (Pervez et al.
2018). Based on severity, TBI can be categorized as mild, moderate, or severe. This
review focuses on mild TBIs that can be related for instance to sports, military combat,
or physical abuse. The term mild TBI has been used as a synonym for sport-related
concussion (Pervez et al. 2018), and sports are one of the biggest cause of mild TBI
(Daneshvar et al. 2011). Mild TBI has been defined similarly to TBI by The American
Congress of Rehabilitation Medicine and WHO Collaborating Centre for Neurotrauma
Task Force on Mild Traumatic Brain Injury; these definitions of mild TBI share the
common definition criteria of TBI, but the following limitations have been suggested: in
mild TBI, loss of consciousness does not exceed 30 minutes and posttraumatic amnesia
does not exceed 24 hours; also, if Glasgow Coma Scale is used, the scores should not
exceed 13-15 after 30 minutes (Kay et al. 1993; Carroll et al. 2004). The Glasgow Coma
Scale is used in the assessment of injury severity by examining eye opening, verbal
response, and motor response (Matis and Birbilis 2008). It should be noted, that as with
TBI in general, also the definitions of mild TBI are not widely agreed on, and this causes
variability in the studies and the interpretation of results regarding mild TBI (Carroll et
al. 2004). In clinical settings, excluding the diagnosis of mild TBI can be more important
than actually diagnosing mild TBI, since it is important to treat moderate and severe TBIs
with right actions (Menon et al. 2010). Conventional structural imaging techniques, such
as magnetic resonance imaging and computed tomography scan do not detect the
structural changes caused by mild TBI in the brain (McKee et al. 2014; McKee and
Daneshvar 2015).

3

3 ACUTE EFFECTS OF MILD TRAUMATIC BRAIN INJURY

Acute effects of TBI can be characterized as primary or secondary, depending on whether
the injury is caused directly or indirectly by the trauma (McKee and Daneshvar 2015).
Primary injuries that follow TBI are caused by the direct mechanical trauma to the head
(McKee and Daneshvar 2015). Mechanical trauma causing these injuries can be either a
direct blow or penetration to the head or a force resulting from acceleration-deceleration
force linearly, rotationally or from a blast. These mechanical forces from the trauma can
cause direct damage to blood vessels, neurons, axons, glial cells, and dendrites in focal
or diffuse patterns, and this can lead to brain tissue deformation and disruption of brain
function. However, primary axotomy, which means immediate disconnection of axons
from the trauma, happens relatively rarely (Johnson et al. 2013).

Secondary injuries after TBI are a complication of the primary injuries (McKee and
Daneshvar 2015). However, also secondary injuries count as the acute effect of TBI, and
the secondary injuries develop over hours or days after the induction of injury (Ray et al.
2002). Secondary injuries after mild TBI are complex and include at least changes in
neurons and glial cells, neurometabolic changes and changes in brain vasculature (McKee
and Daneshvar 2015). Secondary injuries typically respond better to treatment than
primary injuries.

3.1 Axonal damage

Axons are especially at a risk during head trauma, as the mechanical trauma often
stretches the axons away from the cell bodies of neurons (McKee et al. 2014). However,
traumatic axonal injury is more often a multiphasic pathology rather than a direct result
from the mechanical trauma, especially in mild TBIs (Reeves et al. 2005). Axonal injuries
typically develop over hours and days and result in axonal swellings or even
disconnections. The swelling is caused by ceasing of axonal transport, which accumulates
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transported materials at the injured sites (Johnson et al. 2013). Larger single swelling
sites, called “axonal bulbs”, typically indicate total axonal disconnection. The severity of
axonal damage typically correlates with the severity of TBI, and in mild TBIs the axonal
injuries are often microscopic and multifocal (McKee and Daneshvar 2015). According
to data gathered from animal studies, the extent of axonal injuries especially in the
brainstem is related to loss of consciousness after TBI; the distribution of axonal damage
seems to be of more importance than the overall extent throughout the brain, when
considering loss of consciousness (Johnson et al. 2013). Even though the peak in axonal
pathology seems to occur within 24 hours from the injury, damaged axons are seen even
months and years after the induction of injury.

In humans, single case studies have been reported with people who have suffered a
concussion and died from other reasons within months from the injury. Boston University
School of Medicine studied 6 athletes who died within 6 months from a concussion and
who were studied for acute effects of mild TBI (McKee et al. 2014). Neuropathology in
these athletes showed perivascular and multifocal axonal injuries in subcortical white
matter, corpus callosum, cerebellum and fornix. Fornix is a hippocampal projection
pathway that is involved in memory, and it has been suggested that the damage to fornix
may explain some of the memory deficits occurring after concussion (McKee et al. 2014).
Axonal injuries in these case studies are mostly seen as axonal swellings.

Axonal injuries related to mild TBIs have also been observed in animal studies; the
connection is seen in different animal models of mild TBI, such as weight drop models,
fluid percussion models, and different closed head injury models (Povlishock et al. 1997;
Greer et al. 2013; Johnson et al. 2013; Xu et al. 2016). In a mouse study, traumatic axonal
injuries were seen in both single and repetitive mild TBI models (Xu et al. 2016). Axonal
injuries were most prominent in the optic tract and lower corticospinal tract. Milder
traumatic axonal injuries were also observed in cerebellar white matter, corpus callosum,
lateral and medial lemnisci of the brainstem, and the internal capsule. The axonal injuries
were more severe in injuries caused with more force or repeated injuries. The different
levels of injuries indicate different vulnerabilities of axons in different regions of the
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white matter. In both in vitro and in vivo studies, it has been noted that myelinated axons
are more resistant to axonal damage than unmyelinated axons (Johnson et al. 2013). In a
mouse study, the pathology of axonal injury in the neocortex has been found to focus
mostly on the axon initial segment, which is a part of the axon that controls polarity and
excitability (Greer et al. 2013). However, the axonal injuries were not limited to these
areas; axonal injuries as swellings were found in all domains of myelinated axons of the
neocortex. The study in question found axonal disconnections initiating rapidly over the
time of 15 minutes, while the previous literature reports such progression of axonal
injuries to take several hours.

In a rat study, the axonal injuries following TBIs were studied in more detail (Povlishock
et al. 1997). The injuries that occur in the axons, were seen as increased axolemmal
permeability and changes in the related cytoskeleton. The cytoskeletal changes are seen
as neurofilament compactions as a result of morphological loss or significant alteration
of the neurofilament sidearms. The study in question used a TBI model that is considered
severe, but the authors suggest that based on their collective research on the subject, these
changes occur in all forms of TBI. Similar explanations are given in a literature review
focusing on the neurometabolic changes of concussion (Giza and Hovda 2001). However,
in a cat model of mild TBI, actual increased axolemmal permeability was not discovered,
only axolemmal infolding and blebbing, which refers to the cell membrane forming
irregular bulges outwards (Figure 1) (Pettus et al. 1994). Neurofilament misalignment and
disarray were observed, as well as axonal disconnections. However, the more precise
pathology of axonal injury in mild TBI seems to need further research; at least the
progression of axonal injury pathology within the axon initial segment is still unclear
(Greer et al. 2013).
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Figure 1. Axonal damage as axonal infolding (black arrows) and blebbing (white arrows)
in an axon 30 minutes after an induction of a mild traumatic brain injury on a cat. Axonal
blebbing refers to the cell membrane forming irregular bulges outwards from the axon.
Modified from (Pettus et al. 1994).

3.2 Inflammatory response

Inflammatory response after mild TBI has also been studied both in humans and in
animals. The inflammatory response that is induced by brain tissue damage involves
microgliosis and astrogliosis, and an increase in pro- and anti-inflammatory cytokines
(Woodcock and Morganti-Kossmann 2013; Sun et al. 2019). The inflammatory changes
are seen acutely after the induction of TBI and are often persistent over months.

In a repeated mild TBI study in mice, microgliosis was observed in both the white matter
and grey matter of the brain (Robinson et al. 2017). The increase in microglia was
observed acutely 24 hours after the last impact, and the changes were maintained 1 week
post injury. The study found both ionized calcium-binding adapter molecule 1 (Iba1)
immunolabeled microglia and cluster of differentiation 68 (CD68) immunolabeled
microglia/macrophages to be increased in the tissue; both are markers of increased
microgliosis. The same study found temporal and regional dysregulation of gene
expression of tumor necrosis factor α (TNF-α) receptors, tumor necrosis factor receptor
1 (TNFR1) and TNFR2. In a repeated (24 h inter-interval) model of TBI in mice,
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microgliosis was also present (Bolton and Saatman 2014). Microgliosis was seen as
changes in microglial cell morphology and enlarged Iba1-positive processes. In this
study, the focus was in the entorhinal cortex and hippocampus; increases in microglia
were seen in the entorhinal cortex but not in the hippocampus. Astrogliosis was seen in
the same study as a significantly greater amount of glial fibrillary acidic protein (GFAP)
-positive astrocytes in the entire entorhinal cortex. GFAP immunoreactivity was higher
in both the entorhinal cortex and hippocampus, but there was no increase in GFAPpositive astrocytes in the hippocampus, when compared to sham animals. Astrogliosis
was also increased in the cerebellum and the white and grey matter of the brainstem. A
repeated model of mild TBI revealed pericontusional astrogliosis; the changes were seen
in the cortex when the focus was at the site of the impacts (Adams et al. 2018). Changes
in glial cells after repetitive mild TBI seem to persist over months, as is seen in study by
Mannix et al: hippocampal microgliosis and reactive astrocytosis were found chronic at
a 3 months timepoint (Mannix et al. 2014).

Cytokine related inflammatory changes after TBI have been studied both in humans and
in animals, and samples have been collected either from blood, cerebrospinal fluid or
brain tissue (Woodcock and Morganti-Kossmann 2013). It should be noted that the
location of the samples can influence the results, and that results from animal tests are not
always correlated with humans. Patients suffering a mild TBI were taken peripheral blood
samples and the results were compared to control subjects (Sun et al. 2019). Some
cytokines were elevated in the blood of the injured patients; chemokine ligand 2 (CCL2),
interleukin (IL)-1β, and IL-6 were elevated acutely, and the levels remained elevated 3
months after the injury. Based on the results of these elevated cytokines, a cytokine load
score (CLS) was calculated, and it was higher in the injury group compared to control.
These results correspond to a review article, in which an increase in IL-1β, IL-6 and CCL2
is well characterized in cases of TBI (Woodcock and Morganti-Kossmann 2013).
According to the review, TNF related inflammation seems to be valid only with more
severe TBIs, and IL-10 has given contradictory results and is also better related to more
severe injuries. IL-8 has also shown similar results related to the severity of TBI.
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3.3 Neurometabolic changes

Shortly after an induction of mild TBI, several neurometabolic changes occur (Figure 2,
Figure 3) (Giza and Hovda 2001); these changes can be seen as a multifaceted cascade in
which one change leads to another. The immediate changes after head trauma include
axonal stretching and neuronal membrane disruption, as well as opening of voltagedependent K+ channels. This leads to a major increase in extracellular K+ (Giza and
Hovda 2001), which is seen also in experimental animal models (D'Ambrosio et al. 1999).
In addition, the nonspecific depolarization leads to a release of excitatory amino acids
such as glutamate (Giza and Hovda 2001). An increase in glutamate activates N-methylD-aspartate (NMDA), kainate and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) glutamate receptors and further supports the K+ flux. In the case of head
trauma, the K+ buffering capability normally achieved by glial cells, is impaired
(D'Ambrosio et al. 1999). The further increase in K+ triggers neuronal depolarization and
leads to even more intense excitatory amino acid release and opening of excitatory amino
acid receptors (Giza and Hovda 2001). This excitation is followed by relative neuronal
suppression, and this event is called spreading depression (Hosseini-Zare et al. 2017).

In an attempt to restore the homeostasis of ions, membrane ionic pumps are activated,
which leads to a greater use of glucose (Yoshino et al. 1991; Giza and Hovda 2001). The
rapid energy demand is compensated by hyperglycolysis that generates more adenosine
triphosphate (ATP) (Ackermann and Lear 1989; Giza and Hovda 2001). The increased
glycolysis leads to increased formation of lactate, and as the metabolism of lactate is also
decreased, this leads to lactate accumulation. The elevation in lactate levels may lead to
neuronal dysfunction by several mechanisms (Giza and Hovda 2001). Also, calcium
accumulation occurs after head injury due to NMDA receptor activation, which lets
excess calcium enter the cell. The intracellular calcium may accumulate to mitochondria
and lead to weakened oxidative metabolism and energy failure (Xiong et al. 1998). When
oxidative metabolism leads to reduced ATP production, glycolysis increases even more
(Giza and Hovda 2001). After the period of hyperglycolysis, the brain glucose
metabolism decreases into a hypometabolic state (Giza and Hovda 2001); in a rat study
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the metabolic depression lasted for up to 10 days (Yoshino et al. 1991). Another
neurometabolic deficiency caused by TBI is decreasing of intracellular magnesium levels
(McIntosh et al. 1988; Giza and Hovda 2001). In rats, the TBI induced magnesium
deficiency has lasted for up to 4 days, and the lower levels of magnesium have been
associated with poorer neurological outcomes (McIntosh et al. 1988).

Figure 2. The neurometabolic cascade of mild traumatic brain injury. Several
neurometabolic cellular processes occur acutely after a mild TBI. These changes can be
seen as a multifaceted cascade, in which initial axonal injury and increased ionic flux
trigger processes that may eventually lead to a cellular energy crisis and neuronal death.
K+ = potassium, Ca2+ = calcium, Mg2+ = magnesium, ADP = adenosine diphosphate,
ATP = adenosine triphosphate, pump = membrane ionic pump. Modified from (Giza and
Hovda 2014).
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Figure 3. Neurometabolic changes following experimental mild traumatic brain injury
over a time course of 10 days. K+ = potassium, Ca2+ = calcium. Modified from (Giza and
Hovda 2001).

3.4 Changes to cerebral blood flow

In normal physiological conditions, cerebral blood flow is strongly connected to neuronal
activity and glucose metabolism of the brain (Giza and Hovda 2001). However, after a
TBI, cerebral blood flow is distinctly decreased, and as the energy demand of the brain is
increased simultaneously, this may cause an energy crisis to the brain (Figure 3).
Evidence of decreased cerebral blood flow after mild TBIs has been obtained from both
experimental animal studies and patient studies. In a mouse model of repeated mild TBI,
cerebral blood flow was reduced 50 % in the cortex at the site of injury, when compared
to control animals (Adams et al. 2018). The injuries were given to the right hemisphere
of the brain, and the decreased cerebral blood flow was observed only on the injury side.
In a single mild TBI rat model, an injury was also given to only one hemisphere of the
brain (Long et al. 2015). Regions close to the impact site were studied on both of the
hemispheres; the contralesional side showed no changes in cerebral blood flow.
Interestingly, in the site of injury, the cerebral blood flow decreased to 10-20 % of the
normal on the day of the impact, then increased to over double the amount of normal two
days after the injury, and then decreased toward normal by two weeks after the injury. In
the tissue around the site of impact, the cerebral blood flow decreased to 50 % of normal
on the day of the impact, and then returned toward normal two weeks after the injury. The
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authors suggest that the hyperperfusion at the site of impact two days after the impact
might be the result of vasodilation caused by accumulated by-products and vasoactive
metabolites.

4 LONG TERM EFFECTS OF MILD TRAUMATIC BRAIN INJURY

Long term consequences of TBI include histological changes as well as cognitive
changes, both of which have been detected in both humans and in animals. TBI has been
linked to promoting the accumulation, aggregation and misfolding of many proteins that
are implicated in neurodegenerative diseases, such as tau, α-synuclein, β-amyloid and
TDP-43 (McKee and Daneshvar 2015). These neurodegenerative processes increase the
risk of developing neurodegenerative diseases, including Alzheimer’s disease,
Parkinson’s disease, and CTE.

4.1 Neurodegenerative processes

4.1.1 Tau protein related pathophysiology

Tau proteins (tau) are microtubule-associated proteins that have a physiological role in
neurons (Buée et al. 2000). There are six isoforms of tau in an adult human brain, which
differ by having 3R or 4R binding repeats. Tau has an important role in the formation of
microtubules and microtubule networks, and it also establishes links between other
cytoskeletal structures. Microtubules are the supporting structure of cells, as they help to
maintain the shape of the cell. They also have other physiological functions in the cells,
as they act as axonal transport tracks. By regulating the microtubule assembly, tau
proteins affect the functional organizations of neurons, especially the growth and
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morphology of axons. The ability of tau to bind to microtubules is primarily dependent
on its phosphorylation state (Mazanetz and Fischer 2007). The phosphorylation of tau
occurs via different serine/threonine binding sites on tau and is regulated by kinases and
phosphatases. Non-phosphorylated tau binds to microtubules, while phosphorylated tau
becomes detached from them (Lindwall and Cole 1984). In normal conditions, there is an
equilibrium between phosphorylation and dephosphorylation, allowing tau to fulfill its
physiological role (Collins-Praino and Corrigan 2017).

In several neurodegenerative diseases the most evident tau protein associated pathology
is the formation of tau isoform aggregates as intraneuronal filamentous inclusions (Buée
et al. 2000). Hyperphosphorylation seems to have a role in the aggregation of tau, but
since phosphorylation is also seen in non-pathological tau, other mechanisms, including
ubiquitination, oxidation, and glycation, are thought to be involved in the
pathophysiology of tau. The isoform composition of hyperphosphorylated tau filaments
varies between different neurodegenerative diseases (Spillantini and Goedert 2013).
Partly due to the differences in tau isoforms, different cell types and brain regions are
affected in different neurodegenerative diseases, explaining multiple different
tauopathies.

Hyperphosphorylated tau pathology has been linked to both severe single TBIs and milder
concussive TBIs (McKee and Daneshvar 2015). The mechanism by which the brain
injury leads to pathological tau aggregation is unclear and needs further examination;
however, some theories have been proposed. Tau pathology in recently concussed
patients was seen as neurofibrillary tangles (NFTs), consisting of paired helical filament
(PHF)-tau, near focal axonal damage and microhemorrhages caused by the mild TBI
(McKee et al. 2014). Therefore, it has been suggested that axonal injury and loss of
microvascular integrity could be linked to the hyperphosphorylated tau pathology. It is
proposed that the axonal injury caused by TBI may lead to microtubule de-stabilization
and dissociation of tau protein from microtubules; thus, tau protein becomes more
vulnerable to phosphorylation and aggregation (Figure 4) (Collins-Praino and Corrigan
2017). Cis form of phosphorylated tau protein has been observed to be an early driver of
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tau pathology in humans that have suffered repetitive TBIs (Kondo et al. 2015). This
suggests that cistauosis might be the connecting mechanism between TBI and subsequent
neurodegenerative diseases.

Figure 4. The proposed mechanism by which axonal injury after traumatic brain injury
may lead to tau phosphorylation and aggregation. Axonal injury causes microtubules to
de-stabilize and tau to become detached from microtubules. When tau is unbound, it
becomes misfolded and hyperphosphorylated. Modified from (Collins-Praino and
Corrigan 2017).

Some animal models modelling repeated mild TBIs have shown tau pathology in
histological samples. In a repeated mild TBI mouse model, tau pathology was seen in a
chronic time point of 2-3 months after the last injuries in the gray matter of the brain (Ojo
et al. 2016). The study used transgenic hTau mice, expressing human tau. In this study,
total tau (DA9), tau Thr231 (RZ3) and tau oligomers (TOC-1) were elevated in the injury
group compared to sham animals; no changes were detected in tau 396/404 (PHF1) or
S202 (CP13). Also, in another mild TBI model, aged transgenic hTau mice were used
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(Ojo et al. 2013). Both single and repetitive models were tested. In the repetitive mild
TBI experiment, an impact was given every 48 hours for a total of 5 times. In the repeated
mild TBI group, an increased phosphorylated tau pathology was observed; most of the
changes were seen in the cerebral cortex, in a similar distribution as in human CTE.
Changes were also observed in the hippocampal region, substantia nigra, ventral
thalamus, cerebellum, brainstem, basolateral amygdala, and olfactory bulb. No marked
changes were observed in the single mild TBI group 3 weeks after the impact.

Transgenic T44 tau mice were used in another repeated mild TBI model and
histopathology was performed 9 months after the injuries (Yoshiyama et al. 2005). Only
one mouse out of 18 transgenic mice showed NFTs in several brain regions, but the extent
of the tau pathology increase was so markable that the authors insist it being a clear
distinction from the control groups, which were either sham treated or wild type mice
receiving injuries.

Many experimental mild TBI studies examining tau pathology are conducted on young
wild type mice, which is biasing the results for 4R murine tau isoform, which, according
to some researchers, has a low tendency to form tau aggregates (Ojo et al. 2016). Thus,
usage of the human transgenic mice line can be more useful in human tau pathology
research. However, it is typical that even transgenic mice that express human tau or
proteins related to tau hyperphosphorylation often do not form clear NFTs (Bian et al.
2002; Boutajangout et al. 2002).

Microglial activation and neuroinflammation have been discovered to promote
hyperphosphorylation and aggregation of tau (Bhaskar et al. 2010; Spillantini and
Goedert 2013). Different in vivo and in vitro studies have shown the correlation between
neuroinflammation and tau hyperphosphorylation. Inducing systemic inflammation with
systemic lipopolysaccharide (LPS) administration, elevated the levels of phosphorylated
tau in brain extracts of mice (Bhaskar et al. 2010). LPS administration has been observed
to increase the levels of IL-1β, while it does not increase the levels of IL-6 or TNF-α
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(Kitazawa et al. 2005); thus, IL-1β has been suggested as a key mediator in the
inflammatory process promoting tau phosphorylation (Collins-Praino and Corrigan
2017). LPS treatment also increased the levels of cyclin dependent kinase 5 (CDK5), the
role of which in tau pathology was confirmed with a CDK5 inhibitor (Kitazawa et al.
2005). Thus, it has been proposed that IL-1β increases the levels of tau related kinases,
resulting in tau phosphorylation and aggregation (Figure 5) (Collins-Praino and Corrigan
2017). What is more, an anti-inflammatory cytokine protein fractalkine and its receptor
CX3CR1 have been shown to negatively affect the hyperphosphorylation of tau (Bhaskar
et al. 2010). Using transgenic mice lacking the CX3CR1 receptor, LPS markedly
increased hyperphosphorylation of the endogenous tau protein when compared to
wildtype mice. Transgenic CX3CR1 receptor deficient mice showed also elevated Iba1positive microglial activation.

Figure 5. The proposed effect of inflammation on tau phosphorylation. Traumatic brain
injury causes inflammation, which is mediated by glial cells and cytokines, of which
especially interleukin 1β (IL-1β) has been linked to tau phosphorylation. IL-1β further
increases kinase activity, which is also associated with tau phosphorylation.
Phosphorylation of tau further exposes it to aggregation. IL-1β = interleukin 1β, CDK5 =
cyclin dependent kinase 5, NFT = neurofibrillary tangle. Modified from (Collins-Praino
and Corrigan 2017).
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4.1.2 Amyloid beta related pathophysiology

Amyloid beta (Aβ), which is derived from amyloid precursor protein (APP), has been
shown to accumulate in the brain after brain injury (Uryu et al. 2002). The pathogenic
form of Aβ is formed by the cleavage of APP with β - and γ-secretase, in contrast to the
non-toxic form of Aβ formed through α- and γ-secretase (Bird et al. 2016). Cleaved by β
- and γ-secretase, APP forms Aβ of different lengths, from which particularly longer Aβ142

peptides are susceptible to aggregation into different multimers and further into

neurotoxic oligomeric fibrils and amyloid plaques. The pathway forming pathogenic
amyloid plaques is termed the amyloidogenic pathway, and it is promoted by certain
genetic, hormonal, and environmental triggers. The pathogenic Aβ plaques are
neurodegenerative when accumulating in the brain, and are a factor in some
neurodegenerative diseases, especially Alzheimer’s disease (AD). The mechanism
linking TBI and Aβ accumulation is unclear, but it has been suggested that repeated mild
TBIs would cause axonal injuries disrupting axonal transport and leading to axonal bulbs
and accumulation of APP and β - and γ-secretase, thus creating an environment for
pathological Aβ formation (Edwards et al. 2017).

Apolipoprotein E (APOE) has been associated with Aβ aggregation and clearance in the
brain (Bird et al. 2016). APOE is a protein that is involved in the lipid metabolism and
cholesterol transport of the body. In the brain, mostly astrocytes are synthetizing and
releasing APOE. However, following a brain injury, APOE is also expressed in neurons.
There are three different isoforms of APOE, of which APOE ε4 allele is connected to
higher AD risk and higher Aβ levels of the brain, due to the different abilities of the APOE
alleles to bind Aβ. Moreover, the APOE genotype seems to have an influence on the
recovery after TBI; studies show that APOE ε4 carriers have poorer initial and long-term
outcomes after TBIs. The fundamental mechanisms of the phenomenon are not
completely understood.
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Several animal studies have studied the connection between TBI and increased amyloid
β deposition, and a causal relationship is seen both in transgenic and wildtype animal
models in various different TBI severities (Bird et al. 2016). However, human amyloid β
forms fibrils more aggressively than rodent Aβ, and thus animal models encoding human
amyloid β are preferred. The amino acid sequence of Aβ in mice and rats is different
compared to humans, and thus Aβ plagues do not form without transgenic modification.

A repeated mild TBI model used transgenic APP/PS1 adolescent (approximately 1.5
months old) rats to model mild TBIs received in youth (Grant et al. 2018). Two different
inter-injury intervals, 24 h and 72 h, were used, and the rats received a total of 4 head
injuries. The histology of the brains was performed to 12-month-old rats, making the
time-interval between the injuries and the histology approximately 10,5 months. A
significant increase both in the extent and size of Aβ plagues was observed in the
hippocampus and cortex of the 24 h group compared to sham animals; however, the 72 h
group did not show a significant increase in Aβ deposition. Based on their collective
knowledge on the subject, the authors suggest that a longer inter-injury interval might
reduce the cumulative effects of multiple TBIs.

In a mild TBI mouse model, a transgenic (Tg2576) mice line that expresses mutant human
Aβ precursor protein was used (Uryu et al. 2002). Both single and repetitive injury models
were used. Repetitive mild TBI resulted in a mild increase in amyloid β burden at 9 weeks
after injuries, showing infrequent and scattered Aβ deposits in the brain; At 16 weeks
after injuries, it showed a marked increase in amyloid β deposition in selected brain
regions, such as the hippocampus, all cortical regions, and the olfactory bulb. Also, the
single injury model showed increased Aβ deposition, although in a lesser extent. The
study in question also showed an increase in brain oxidative stress after mild TBI,
detected by lipid peroxidation markers, and a correlation between oxidative stress and
amyloid β deposition and accumulation; the effect on brain oxidative stress was more
emphasized in the repetitive mild TBI group. Thus, it is suggested that oxidative stress
caused by brain injury can promote amyloid aggregation and the formation of amyloid
fibers.
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Axonal damage has been linked to increased amounts of APP after brain injury, and thus,
APP can be used as a marker for axonal injury (Gentleman et al. 1993; Gentleman et al.
1995). APP is transported by fast axonal transport, and thus can be seen accumulating
within damaged axons (Johnson et al. 2013). The accumulation of APP is not exclusive
to trauma, and it can follow other type of brain injuries. Postmortem brain tissue from
individuals suffering a severe head injury was studied, and APP immunoreactivity was
seen in the white matter, marking axonal damage (Gentleman et al. 1993). Aβ was not
seen colocalized with APP in the white matter; however, Aβ immunoreactive deposits
were seen in the gray matter within the same cortical regions as APP, in an extent well
outweighing the amount seen in normal ageing. This suggests that the formation of Aβ
from APP would occur in the axons’ synaptic terminal field.

Another connection between brain trauma and amyloid β pathology is the fact that APP
production has been shown to be induced by interleukin 1 (IL-1), which is elevated after
brain injury (Claire Royston et al. 1992). An in vitro study has shown that the promoter
region of APP gene is induced by IL-1. Also, an IL-1 receptor antagonist has been shown
to significantly reduce the immunoreactive APP. Thus, it is proposed that increased IL-1
resulting from brain injury may provide a link between brain trauma and Aβ plague
deposition.

4.1.3 α-synuclein related pathophysiology

α-synuclein (α-syn) is a small protein that is highly soluble under normal physiological
conditions; in Parkinson’s disease and other synucleinopathies, α-syn is discovered as
abnormal, insoluble filamentous aggregates in neurons (Uryu et al. 2007). α-syn is the
primary structural component in filamentous Lewy bodies, which are the major
pathological factor in Parkinson’s disease and other synucleinopathies. α-syn pathology
has also been linked to TBI in animal studies and human case studies (Uryu et al. 2003;
Uryu et al. 2007). Most studies have shown the connection of TBI and α-syn in settings
of moderate or severe TBI, but an elevated Parkinson’s disease risk has also been linked
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to mild head trauma (with loss of consciousness) in a case-control study (Bower et al.
2003), and approximately 20% of CTE cases are found positive for α-syn pathology
(McKee et al. 2013).

In a case study, 18 patients experiencing fatal head injury (survival time 4 h – 5 weeks)
were collected brain tissue samples from the brainstem, frontal lobe and temporal lobe
(Uryu et al. 2007). Most of the tissue collected from the injured cases were found positive
for α-syn. α-syn was mostly observed in connection to axonal injuries, in swollen wavelike axons and in bulbs, while the neuronal somas showed little reactivity. The finding of
α-syn within the injured axons suggests damaged axons to play a role in the
neurodegenerative process linking TBI and α-syn. The α -syn found in the tissue of
injured cases was conformationally changed, suggesting that TBI might initiate the
pathological modification of α-syn into a neurodegenerative protein. The pathological
alteration of α-syn includes phosphorylation, ubiquitination, nitration and conformational
modifications; however, the precise mechanisms by which α-syn is transformed into a
pathological protein are not yet clear. (Uryu et al. 2003).

In a controlled cortical impact (CCI) study conducted with mice, younger (4 month old)
and aged (24 month old) wildtype mice, as well as α-syn knockout mice (16 month old)
were used (Uryu et al. 2003). The brains of aged CCI injured mice showed altered α-syn
distribution within areas of damaged axons; the alterations were seen transiently between
1 and 9 weeks after injury, and the changes were no longer significant at 16 weeks postinjury. The increase of α-syn was seen especially in hippocampus, striatum, and the
neuropil of cortex. The transient α-syn pathology might be a consequence of a transient
perturbation in axonal transport caused by the TBI. The younger mice and α-syn knockout
mice showed no alterations in the α-syn expression compared to sham-treated mice. The
study in question studied also the post-translational modifications of α-syn by using
antibodies that recognize nitrative or conformational alterations of α-syn. The group of
aged CCI treated mice showed these alterations in α-syn in the cortex in close proximity
to the injury site, and also in striatal axon bundles, in corpus callosum, in globus pallidus,
and in the fimbria ipsilateral to CCI; the nitrative and conformational alterations were
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seen only at 1 week post-injury. Since it is known that TBI can cause oxidative and
nitrative stress, and that nitration is a common feature of the pathological form of α-syn,
the authors suggest a possible connection between TBI and oxidative/nitrative stress, and
the formation of α-syn pathology.

Chronic consequences of TBI were studied by using a CCI induced TBI on rats (Acosta
et al. 2015). A chronic time point of 2 months was used to euthanize the rats and
immunostaining was done using tyrosine hydroxylase (TH), α-synuclein and major
histocompatibility complex II (MHCII). The results showed a significant reduction of
TH-positive cells in substantia nigra pars compacta of the ipsilateral side compared to
contralateral side and sham injury. In addition, a marked difference was observed in the
amount of α-syn positive dopaminergic neurons of substantia nigra pars compacta; α-syn
positive cells were significantly increased in the ipsilateral side compared to contralateral
side and sham injury, the increased expression was threefold compared to controls. A
negative correlation was observed between TH-positive neurons and the number of α-syn
expressing neurons; this indicates a negative effect of overexpression of α-syn in the
expression of TH-positive neurons in the substantia nigra pars compacta. In addition, the
MHCII positive cells in substantia nigra and cerebral peduncle were found to be
significantly increased in the ipsilateral side of the injury, compared to contralateral and
sham injury sides. A positive correlation was also observed between the volume of
MHCII positive cells and the number of α-syn expressing neurons; this indicates that the
overexpression of α-syn is associated with an increase in MHCII positive cells in
ipsilateral substantia nigra pars compacta. Overall, the results of the study in question
indicate that the increase in activated microglia and the overexpression of α-syn in the
substantia nigra may modify the TH-positive dopaminergic neuron expression in
substantia nigra pars compacta. Thus, the possible pathological link between TBI and
Parkinson’s disease may be the coincidence of α-syn pathology and neuroinflammation.
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4.1.4 TDP-43 related pathophysiology

Transactive response DNA binding protein (TDP-43) is a nuclear RNA-binding protein
that has physiological functions in regulating gene expression, transcription, and RNA
processing (Huang et al. 2017). TDP-43 is concentrated in the nucleus under normal
physiological conditions. A pathological form of TDP-43 is achieved by cleavage with
caspase-3, as shorter c-terminal fragments of 25-kDa and 35-kDa are generated; this leads
to formation of cytoplasmic inclusions and cellular toxicity, followed by neuronal death.
In addition to neuronal pathology, TDP-43 pathology as cytoplasmic aggregates, has been
observed also in astrocytes. TDP-43 pathology is identified in multiple diseases such as
ALS, frontotemporal lobar degeneration (FTLD), Alzheimer’s disease and in CTE
(McKee et al. 2010; Huang et al. 2017).

Boston University School of Medicine studied 6 athletes who died within 6 months from
a concussion and who were studied for acute effects of mild TBI (McKee et al. 2014).
Half of the cases (3) showed TDP-43 pathology as TDP-43 immunopositive neurites
located in the white matter. This indicates that TDP-43 pathology is not seen only in
severe head traumas but can also play a role in mild TBI.

In a TBI model using rats, the association between TBI and TDP-43 expression and
cleavage in astrocytes was studied (Huang et al. 2017). The study also examined the effect
of locally administered caspase-3 inhibitor to the cleavage of TDP-43. Seven days after
the induction of TBI, the immunohistochemistry showed increasing of the 25-kDa and
35-kD fragments in the lesion sides, while full-length TDP-43 was decreased. In addition,
glial fibrillary acidic protein (GFAP) was seen co-localized with TDP-43 and the cleaved
fragments in activated astrocytes. Three and seven days after induction of TBI, expression
of activated caspase-3 was increased in the injured cortex; also, co-localization between
caspase-3 and GFAP was observed. Administration of caspase-3 inhibitor reduced the 35kD fragment and expression of activated caspase-3 in extracts from injured cortex. In
addition, the caspase-3 inhibitor prevented astrogliosis after TBI. The study examined
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also neuronal survival after TBI; TBI induced neuronal loss in the ipsilateral side, while
caspase-3 inhibitor prevented the neuronal loss to a level of sham animals.

The relationship of TBI and TDP-43 pathology in a rat model of cortical contusion injury
was studied (Wang et al. 2015). The results were similar to those described above: within
a week of the injury, 25 kDa and 35 kDa fragments were increased while full length TDP43 was decreased, and active caspase-3 was increased; however, these changes were
returned to normal levels by the time of 14 days. A caspase-3 inhibitor was used also in
this study; it showed reduction of the 35 kDa fragment as well as reduced caspase-3
activity. In addition, the study showed cytosolic accumulation of TDP-43 in the cortex of
injured rats 2 months, but not 1 month, after the injury; the caspase-3 inhibitor group also
showed no cytosolic TDP-43 accumulation at the 2 month time point. This pathologic
accumulation is likely due to the short fragments’ mislocalization and accumulation, and
it is further causing cognitive impairment and motor dysfunction in animal models.
Abnormal processing, such as ubiquitination and hyperphosphorylation, have shown to
occur in the pathological forms of TDP-43.

Caspase-dependent cleavage of TDP-43 is the most common one, but calpain induced
cleavage has also shown to result in pathological forms of TDP-43 (Yang et al. 2014). In
vitro experiments showed that calpain-1 and caspase-3 formed different sized breakdown
products from TDP-43 (Yang et al. 2014). In the study in question, both calpain and
caspase induced fragments resulted in neuronal toxicity; calpain-induced fragments were
shown to be more toxic. The toxicity was limited to neurons and had no effect on glial
cells. In addition to in vitro experiments, two mice models of TBI, one being a severe
controlled cortical impact and the other a mild blast-wave overpressure brain injury, were
studied. In both models, the full-length TDP-43 was decreased while some breakdown
products were increased in the ipsilateral cortex; this suggests an effect of TDP-43
pathology also in a milder setup of TBI induction. Both animal models also showed
cytoplasmic diffusion of TDP-43 in the cortex of the injured animals; this is in line with
the theory of TDP-43 redistribution to the cytoplasm in neurodegenerative diseases.
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4.2 Post-concussion syndrome

In mild traumatic brain injuries, clear morphological changes of the brain are often absent;
instead, the consequences of the head trauma can be seen as an array of clinical symptoms,
referred to as post-concussion syndrome (Milman et al. 2005; Karr et al. 2014).
Symptoms frequently related to mild TBI include cognitive impairment, headache,
depression, fatigue, irritability, and anxiety (McInnes et al. 2017). Clinical symptoms
resulting from TBI are diverse and difficult to study, especially in animal models; the
symptoms and behaviors seen in animals do not directly correspond to TBI symptoms in
humans (Dewitt et al. 2013). In addition, the TBIs induced in animals are controlled,
unlike in humans; the site of the hit can affect the results and symptoms of the trauma.
Different behavioral tests in animal studies need to be assessed in order for researchers to
estimate the possible TBI effects seen in humans. The persistent post-concussive
symptoms seen after TBI in animal models include at least cognitive dysfunction such as
learning and memory deficits, motor dysfunctions and mood disturbances such as
depressive-like symptoms.

Diffusion tensor imaging (DTI) is sensitive enough to show microstructural axonal
injuries in the brain, and can thus be used to study mild TBIs (Niogi and Mukherjee 2010).
Axonal damage is thought to be the neuropathology that is responsible for causing
persistent impairments in cognition and behavior after mild TBI. Research has shown that
frontal and temporal association white matter pathways are most commonly damaged in
mild TBI, and these tracts’ microstructural integrity is correlated with cognition and
behavior. Approximately 30% of patients suffering a mild TBI develop persistent postconcussion syndrome, and conventional neuroimaging, such as using computed
tomography scan (CT) or magnetic resonance imaging (MRI), is not valid to predict these
long-lasting effects. As post-concussion syndrome causes symptoms that are commonly
expressed in other conditions as well, DTI is offering a great possibility to diagnose the
effects that are caused by the injury itself.
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4.2.1 Cognitive impairments

Cognitive impairments account for the most apparent long-term clinical symptoms related
to mild TBI in humans, and it includes multiple domains such as learning and memory,
executive function, language function, attention, and processing speed (McInnes et al.
2017). In a scoping review, some type of cognitive impairment was observed in
approximately 55% of chronic mild TBI patients of single concussion, when a chronic
timepoint was defined by over 3 months after the injury. In animal models, mild TBI has
resulted in impairments in long-term memory, spatial learning, and emotional memory
(Milman et al. 2005; Yang et al. 2015).

Using diffusion tensor imaging to study patients that have experienced mild TBI, certain
locations of white matter axonal damage have been linked to cognitive impairments
(Niogi and Mukherjee 2010). The global axonal damage of the brain as measured by DTI
has been linked to cognitive processing speed and executive function. Frontal white
matter damage, such as in dorsolateral prefrontal cortex, has an effect in attention and
executive function. Executive function can also be altered by injury to the nuclei in the
thalamus. Temporal tract damage, such as in uncinate fasciculus tract, has an effect on
memory performance. Injury to posterior limb of the internal capsule, the right uncinate
fasciculus, and the inferior fronto-occipital tract can decrease decision making abilities.

In addition to axonal damage, the neuroinflammation induced by astrocytes can impair
synaptic plasticity and cause impairments in cognitive function (Yang et al. 2015).
Astrogliosis has been observed in the hippocampus after repeated mild TBI, which
suggests the association between astrocytic activation and cognitive impairment.
Moreover, increased tau protein in the brain after TBI may be another factor affecting
cognitive abilities.
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In a mouse model of mild TBI, cognition was studied using passive avoidance test and
swim T-maze test (Milman et al. 2005). The passive avoidance test assesses emotional
memory, which is affected by disruptions in amygdala, nucleus basalis, and nucleus
accumbens. The injured mice showed significant decrease in ability to learn the task. The
swim T-maze test was used to assess deficits in memory and spatial learning of the
hippocampus. A significant decreasing effect was observed in the injury group. These
results demonstrate induction of significant long-term impairments in learning and
memory starting a month after the induction of mild TBI.

In a mouse model of repeated mild TBI, cognition was assessed by studying hippocampaldependent memory and learning by using the Morris Water Maze test (Yang et al. 2015).
The injured group showed significant impairments in spatial learning and memory at 15
days post-injury, observed both by longer path lengths to platform during acquisition
phase and by spending less time in the target quadrant during probe trial phase. However,
these deficits improved by second assessment at day 45. Hippocampus is associated with
memory, especially long-term memory; the authors of the present study believe the
cognitive deficits in this study to be related to alterations in the frontal cortex and
hippocampus.

4.2.2 Behavioral and emotional impairments

TBI frequently damages the prefrontal cortex, anterior temporal lobe and ventral frontal
lobe; these areas are important in regulating both recognition of and reaction to emotional
stimuli (Yang et al. 2015). Trauma to frontal lobe can also induce anxiety, depression,
and other psychological impairments. In animal models, mild TBI has resulted in
impaired social behavior, depressive-like symptoms, and anxiety-like behavior (Milman
et al. 2005; Yang et al. 2015; Yu et al. 2017).
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In a repeated mild TBI mouse model, social interactions were assessed using a three
chamber social interaction apparatus (Yu et al. 2017). In this study, the injured area of the
head was on top of the medial cortical region, in which is anterior cingulate cortex, which
is considered crucial in social behaviors. The mice subjected to repeated mild TBI showed
significantly decreased time spent with a stranger mouse and thus impaired social
behavior.

In a mouse model of single mild TBI, depressive-like symptoms were studied by using a
forced swim test (Milman et al. 2005). Significant reductions were seen in the injury
group starting one week after the induction of injury, and the decreased performance in
the test was observed in all time points until day 90. These results indicate early-onset
depressive-like symptoms, in contrast to cognitive symptoms starting not until one month
after the injury in this same study.

In a repeated mild TBI mouse model, neuropsychological behavior was studied using
elevated plus maze and forced swim test (Yang et al. 2015). Elevated plus maze, which
assesses anxiety-like behavior, showed significant results as decreased time spent in the
open arms of the maze in the injury group at both timepoints at day 30 and day 60. Forced
swim test, assessing depressive-like symptoms, however, did not show significant results
between the injury group and sham group at timepoints of 30 or 90 days, even though
there was a trend of increased immobility in the injury group.

In a study with patients who had suffered a mild TBI, the patients were examined within
a year after the injury (Raikes et al. 2018). The purpose of the study was to study the
relationship between DTI image results and the depressive and sleep disturbance
symptoms of the patients. As a result, several brain regions’ impaired white matter
integrity could be associated with the symptoms related to sleep and depression. The mild
TBI patients reported significantly more post-concussion symptoms related to sleep and
depression than control subjects. Correlations between DTI imaging and the symptoms
were seen bilaterally in the internal capsules, superior and anterior corona radiata,
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posterior and anterior thalamic radiations, and superior fronto-occipital fasciculi. These
white matter tracts are essential in the neural circuits that are connecting deep brain
structures, especially the thalamus, and occipital and parietal cortical regions, including
prefrontal and frontal cortex areas. These connections facilitate emotional regulation,
information processing, attention, cognitive control, executive function, and also play a
role in sleep-wake regulation. These functions are all in relation with post-injury
symptoms after mild TBI.

4.2.3 Motor function deficits

Rodent models of mild TBI typically show transient decreases in motor coordination, and
neuromuscular and sensorimotor functions (Long et al. 2015; Yang et al. 2015). Corpus
callosum is associated with motor functions and motor skill learning; this can be studied
by using a complex wheel-running assay, using a wheel with irregular rungs (Yu et al.
2017). In a repetitive model of mild TBI, this assay was used; however, no statistical
differences were found between the injury group and the sham group, even though there
was evident axonal damage in the corpus callosum and M2 motor cortex. This indicates
that the caused injury was not sufficient enough to show functional deficits or that the
used motor skill learning assessment protocol was not precisive enough to detect the
caused damage.

In a repeated mild TBI mouse model, motor dysfunctions were studied using rotarod and
grip-strength tests (Yang et al. 2015). Motor coordination was assessed using the rotarod;
significant reductions were seen in the injury group compared to the sham group in the
time spent on the rod, indicating impaired motor coordination. The differences between
the groups were diminished by the time point of two weeks. Similar results were shown
in the grip-strength test, which assesses neuromuscular function; the scores from the test
were significantly lower in the injury group compared to sham group in the time points
of one and three days after the injury, and full recovery of the strength was gained back
at two weeks post-injury. In the present study, sensorimotor cortex was found to be
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damaged; sensorimotor cortex is a part of the cerebral cortex that is related to motor
functions and can be associated with motor deficits observed on the rotarod. The brain
morphology alterations were improved spontaneously starting one week after the injury,
observed by MRI imaging, which is consistent with the results from the motor function
tests.

In a mild TBI rat model, the effect of perturbed cerebral blood flow and cerebrovascular
reactivity to sensorimotor function was studied (Long et al. 2015). As the injury was
caused to the left side of the head, over the primary forelimb somatosensory cortex, the
sensorimotor function could be studied using tests that are based on symmetry. Tests were
performed before TBI, and 1, 2, 7 and 14 days after the injury. Forelimb asymmetry test
using a cylinder, was used to study the symmetry of forelimb usage during cylinder
exploration. The asymmetry of the forelimb usage was the worst on day 2 after the injury,
which indicated decreased usage of the affected forelimb. Forelimb foot-fault test using
an elevated grid floor, was used to study the misplacement of the forelimbs during
locomotion. The results in forelimb foot-fault test were also worst on day 2 post-injury;
the results were slightly improved on day 7 and almost normal at day 14. However, the
results from the forelimb foot-fault test showed more long-lasting impairments compared
to the cylinder test; this may indicate that the foot-fault test is more sensitive to the injury
of mild TBI compared to the cylinder test. This could be explained with the fact that the
foot-fault test demands appropriate limb placement, as well as sensory feedback, which
can offer a more accurate sensitivity in observing subtle changes in motor function.

4.3 Neurodegenerative disease risk induced by mild traumatic brain injury

TBI is a risk factor for several neurodegenerative diseases, as well as other neurologic
and psychiatric illnesses (Perry et al. 2016). The risk has been observed both in mild and
moderate to severe TBIs, and both single and repetitive TBIs. Whether the trauma to the
head predisposes the brain to several different neurodegenerations through shared
mechanisms such as neuroinflammation and oxidative stress, or alternatively, if the
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different clinical presentations of disease are different expressions of a mutual pathology,
is still unclear. Many neurodegenerative diseases share mutual pathologies such as tau
protein and α-synuclein accumulation. The underlying pathological mechanisms
connecting TBI to subsequent neurodegenerative diseases is still unclear; however,
axonal damage is suggested to play an important part in the disease development:
impairments in axonal transport due to axonal damage may underlie the accumulation of
different organelles and proteins in axons, resulting in possibly sustained accumulations
in some individuals, which predisposes these individuals to risks for developing
neurodegenerative diseases years or decades after the initial single or multiple head
traumas (Uryu et al. 2003).

A meta-analysis studied the association of TBI with the diagnosis of subsequent
neurologic or psychiatric disease (Perry et al. 2016). A significant association was found
in both mild and more severe TBIs. When analyzing individual diseases, higher odds were
found for Alzheimer’s disease, Parkinson’s disease, depression, mild cognitive
impairment, mixed affective disorder, and bipolar disorder. Interestingly, no higher odds
were discovered in cases that had suffered multiple head traumas.

Neurodegenerative mortality among retired National Football League (NFL) players,
with particular focus on Parkinson’s disease, ALS, and Alzheimer’s disease was studied
(Lehman et al. 2012). The neurodegenerative mortality was significantly higher among
the NFL players compared to general US population; three times higher
neurodegenerative mortality in the study group was discovered, and the prevalence for
mortality of Alzheimer’s disease and ALS was four times higher. These results suggest
that the risk for developing neurodegenerative diseases is significantly higher among NFL
players, with the assumption that the connection is explained with the players suffering
one or more concussions during their professional sports careers. During the time that the
data of the cohorts of this study were gathered, CTE was not identified as a distinct cause
of death; thus, the authors suggest that CTE actually might have been a primary or
secondary factor in some deaths. The symptoms of CTE are similar to those of
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Parkinson’s disease, Alzheimer’s disease and ALS, which would explain the possible
misdiagnosis.

4.3.1 Dementias

TBI has been acknowledged to be a risk factor for sporadic Alzheimer’s disease and to
reduce the time to the onset of Alzheimer’s disease in individuals that are at risk for
developing the disease (Jellinger 2004; McKee and Daneshvar 2015). The risk has been
observed to increase with increasing severity of the TBI; moderate to severe TBI has been
suggested to be the strongest environmental risk factor for Alzheimer’s disease, while the
risk followed by mild TBI is unclear. Alzheimer’s disease pathology is defined by
amyloid β plagues and tau protein neurofibrillary tangles in the brain, and thus the
possible pathological link associating TBI with Alzheimer’s is related to the amyloid β
and tau protein accumulation in the brain after head trauma (McKee and Daneshvar
2015). In addition to amyloid β and tau, α-syn as Lewy bodies has also been observed in
the brains of Alzheimer’s disease patients (Uryu et al. 2007), and as mentioned earlier,
also α-syn is seen accumulating in the brain after brain trauma.

APOE ε4 allele has also been shown to increase the risk for Alzheimer’s disease
development in people who have suffered TBI (Mayeux et al. 1995). A 10-fold increase
in the risk for developing Alzheimer’s disease was observed in people who had both the
APOE ε4 allele and a history of TBI, while only a 2-fold increase in risk for developing
Alzheimer’s disease was observed in people who had the APOE ε4 allele but no history
with TBI. What is more, no increase in the risk for developing Alzheimer’s disease was
observed in people who had history of TBI but not the APOE ε4 allele. However, these
results are not supported by all subsequent studies, as some researchers have not found
such strong connections (Hayes et al. 2017).
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Mild TBI and its association with polygenic risk for Alzheimer’s disease and cortical
thickness in brain regions that are susceptible in Alzheimer’s disease, were studied by
studying Iraq and Afghanistan war veterans (Hayes et al. 2017). Mild TBI in association
with polygenic risk for Alzheimer’s disease resulted in significant reduction in cortical
thickness in the regions that are vulnerable in Alzheimer’s disease. Mild TBI was also
observed to accelerate the cortical thinning in people who had the high genetic risk for
Alzheimer’s disease. Additionally, mild TBI and the cortical thinning related to high
genetic risk were observed to reduce memory performance in delayed episodic memory
recall. These results indicate that mild TBI is associated with more notable
neurodegeneration and decreased memory performance in people at genetic risk for
Alzheimer’s disease; thus, mild TBI can accelerate the onset of Alzheimer’s disease in
people at genetic risk. Earlier onset of Alzheimer’s disease was also observed among
retired professional football players suffering repetitive mild TBIs (Guskiewicz et al.
2005). A trend towards overall higher disease prevalence in mild TBI sufferers in young
population was also observed, but a significant association could not be made, since age
eventually became an overwhelming factor.

Frontotemporal dementia is another type of dementia that has been connected to TBI.
Similarly to Alzheimer’s disease, frontotemporal dementia is also a neurodegenerative
disease defined by pathological protein accumulations in the brain; there are different
subtypes of frontotemporal dementia, but TDP-43 positive inclusions are considered the
neuropathological hallmark of the disease (Wang et al. 2015). Thus, it is suggested that
the TDP-43 proteolysis occurring after TBI might be the connecting factor. A greater
frontotemporal dementia risk has been observed in people who have a history with TBIs.
A retrospective case-control study studied 80 frontotemporal dementia patients and 124
controls matched by sex and age (Rosso et al. 2003). Traumatic head injury was
associated with a significant 3.3-fold increase in frontotemporal dementia incidence,
when the head injury severity was defined similarly to that of a mild TBI.

In a larger retrospective cohort study, 24 585 TBI patients and 122 925 control cases were
studied with frontotemporal dementia as an interest (Wang et al. 2015). The hazard ratio
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of frontotemporal dementia was 4.43 in the patients who had suffered a TBI, which
suggests an increased risk for frontotemporal dementia among people with a history of
TBI. In this study, however, the TBI was defined with measures more suitable to moderate
to severe TBI: skull fracture and intracranial injury. The authors offer a possible
explanation for the increased frontotemporal dementia risk after TBI: frontal and
temporal areas in the scalp base are rougher than other locations, and thus they are more
prone to damage, and so more likely affected by TBI. Thus, the TDP-43 proteolysis and
the weaknesses in frontal and temporal lobes might offer a possible mechanism by which
TBI increases the risk for frontotemporal dementia.

4.3.2 Movement disorders

Parkinson’s disease, which is a neurodegenerative disease defined by progressive
degeneration of dopaminergic neurons of the brain, and accumulation and inclusions of
α-synuclein in the substantia nigra, has been associated with a history of TBI (Acosta et
al. 2015). In a chronic TBI rat model, α-synuclein overexpression was observed in the
substantia nigra, along with upregulation of activated microglial cells in the brain and
downregulation of TH-positive cells in the substantia nigra. These results indicate that
the overexpression of α-syn in the substantia nigra and the increase in activated microglia
may modify the TH-positive dopaminergic neuron expression in substantia nigra. Thus,
the possible pathological link between TBI and Parkinson’s disease may be the
coincidence of α-syn pathology and neuroinflammation.

In a twin study, mild to moderate TBI was associated with a higher risk for developing
Parkinson’s disease; a three-fold increase was observed (Goldman et al. 2006). In
addition, the association was strongest in cases that had suffered the head trauma 10 or
more years before the onset of Parkinson’s disease, and the risk for developing
Parkinson’s disease increased with a history of more than one head injury. The study also
found a trend towards an association with TBI and earlier disease onset in twins both
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diagnosed with Parkinson’s disease; however, due to low numbers, a significant
association could not be made.

A case-control study also found an association between TBI and Parkinson’s disease: a
mild TBI with loss of consciousness or a more severe head trauma had an odds ratio of
11,0 (Bower et al. 2003). In this study, the association was restricted to late-onset cases,
meaning the onset of the disease being at an age higher than the median age of the disease
onset; this is consistent with a hypothesis that Parkinson’s disease with early-onset has a
more genetic etiology, and late-onset disease has an etiology more affected by the
environment.

ALS is a degenerative disease that affects the motor neurons of the cortex, the brain stem
and spinal cord, and it causes progressive muscle weakness that usually leads to fast fatal
consequences (Schmidt et al. 2010). ALS is defined by corticospinal tract degeneration
and motor neuron loss; the remaining motor neurons often have TDP-43 and ubiquitin
immunoreactive inclusions (McKee and Daneshvar 2015). History of brain trauma,
especially repeated head trauma, has been implicated as a risk factor for sporadic ALS.
The mechanisms by which trauma to the head might be implicated in the development of
ALS are unknown (Chen et al. 2007). It is suggested that the mechanisms involved in
other neurodegenerative diseases, such as neuroinflammation and oxidative stress, should
be further studied in the context of ALS as well.

In a case-control study, repeated head trauma was associated with an over three-fold risk
of developing ALS; similar increases in risk were observed if the head trauma was
suffered within the 10 years before diagnosis (Chen et al. 2007). Additionally, the study
in question discovered that the cases that had suffered head injuries had an earlier age of
diagnosis, compared to that of the controls. The authors of this study also conducted a
meta-analysis of 8 previous ALS studies and found a significant association between
traumatic head injury and ALS; a 1.7-fold risk of ALS was observed with people who
had suffered at least one head injury. A case-control study studied war veterans and the
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association between head injury and ALS (Schmidt et al. 2010). The veterans who
experienced head trauma within the last 15 years before diagnosis, had an adjusted odds
ratio of 2.3 for ALS, when compared to controls. Furthermore, this association was the
strongest in persons that carried the APOE ε4 allele. The results of this study indicate that
head injuries suffered at an older age and so closer to the ALS diagnosis, may have a
stronger association to ALS than that of injuries suffered in childhood or early adulthood.

4.3.3 Chronic traumatic encephalopathy

CTE is a neurodegenerative disease that is initiated by repetitive mild brain injuries
(McKee et al. 2009; Maroon et al. 2015). As opposed to other neurodegenerative diseases
addressed in this report, TBI not only increases the disease risk, but is necessary to initiate
the disease. Also, CTE typically develops at an earlier stage of life than other
neurodegenerative diseases (McKee et al. 2013). CTE is a progressive disease that
develops over several years; usually the symptoms appear after years or decades after the
initial injuries (McKee et al. 2009; McKee et al. 2013). CTE is typically associated with
contact sports such as American football and boxing, in which players may suffer multiple
head traumas over the years of active play. The number of years played at a professional
level of contact sports has been observed to correlate with the severity of the disease
(McKee et al. 2013). The diagnosis of CTE is currently possible only after post-mortem
examination, and the prevalence of CTE among contact sports players is not known
(McKee et al. 2013; VanItallie 2019). 85 individuals that had a history with repetitive
mild head trauma, most of whom were contact sports players, were studied, and 80 %
were found evidence of CTE (McKee et al. 2013). However, no generalizations can be
made due to notable ascertainment bias related to brain donations.

The main mechanism of the disease pathology is a progressive tauopathy: the brain
becomes widely influenced by hyperphosphorylated aggregated tau protein as NFT’s and
astrocytic tangles (McKee et al. 2013). The tauopathy is progressive, starting with focal
changes of NFT’s and astrocytic tangles in the superficial layers of the brain, especially
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dorsolateral and superior frontal cortices. The focal changes are typically irregular by
nature and are localized around small vessels at the depths of cortical sulci. As the disease
progresses, the focal changes develop into largely affected areas in the brainstem and
cortex. Wide atrophy of the brain is observed especially in later stages of the disease: the
cerebral cortex, diencephalon, frontal and temporal lobes, mammillary bodies,
hypothalamus, thalamus, corpus callosum and cavum septum pellucidum are affected;
enlargement of the third and lateral ventricles is observed. In addition to tau protein
pathology, CTE is also characterized by amyloid beta and TDP-43 protein depositions
(McKee et al. 2010; Stein et al. 2015).

The underlying mechanisms that are connecting repetitive head traumas to subsequent
CTE disease development are unknown; however, some theories have been proposed
(VanItallie 2019). Mitochondrial dysfunction, reduced phosphatase activity, axonal
injury, microglial activation, and production of cis tau have all been suggested as being
the triggering event that leads the head injury to develop into CTE. It is likely that the
pathology development is a sum of multiple events. Since CTE is primarily characterized
as a tauopathy, and tau protein is an important factor in neurodegeneration, it is reasonable
to focus the research first on tau phosphorylation and aggregation. It is suggested that the
axonal injuries induced by head trauma trigger the dissociation of normal physiological
tau protein from microtubules (Collins-Praino and Corrigan 2017). The unbound tau
protein becomes more prone to phosphorylation at the sites of injury and is further
aggregated into oligomers and neurofibrillary tangles. In CTE, the tau aggregates are
typically seen in the surface layers of the brain, and especially in the depths of cortical
sulci; the forces created by TBI are focused on these same areas, which indicates a
connection between the two. The abnormal tau can be further secreted to extracellular
space, which allows the tau to spread between neurons, progressing the disease. It is likely
that other factors, especially persistent neuroinflammation caused by TBI, can contribute
to the disease progression.
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5 DISCUSSION AND CONCLUSIONS

The consequences of mild TBI can be far-reaching. Within hours of the initial injury,
several events take place in the brain simultaneously. These changes may resolve by
themselves shortly after the injury, but the changes may also trigger a cascade that
eventually leads to neurodegeneration and increase the risk in developing incurable
neurodegenerative diseases. Mild TBI can also induce persistent neurological symptoms
in some individuals (Karr et al. 2014).

There are several causal connections that may explain the cascades from the initial acute
effects to the chronic effects, the accumulations of pathological proteins, and the eventual
development of neurodegenerative diseases. Axonal damage can be associated with tau
protein pathology, as the damage to axons has been proposed as the event that triggers
the unbounding of tau from microtubules (Collins-Praino and Corrigan 2017). The
unbounding of tau predisposes it to phosphorylation, further supporting fibrillization,
tangle formation and accumulation. In addition, axonal damage, when leading to
disconnections and impairments in axonal transport, has been shown to accumulate
transported materials, including several proteins implicated in neurodegenerative
diseases; amyloid β, α-synuclein and tau protein have all been observed to accumulate in
association with axonal pathology (Uryu et al. 2007). Axonal damage has also been
associated with certain neuropsychological symptoms after mild TBI (Niogi and
Mukherjee 2010); using diffusion tensor imaging, cognition and behavior have been
associated with axonal damage in frontal and temporal association white matter pathways,
which are frequently damaged in mild TBI.

Inflammation has also been associated with several proteins that are implicated in
neurodegenerative diseases. Interleukin 1 has been linked to APP production and thus to
amyloid β (Claire Royston et al. 1992), microglial mediated neuroinflammation has been
linked to hyperphosphorylation and aggregation of tau protein (Bhaskar et al. 2010), and
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GFAP has been seen to co-localize with TDP-43 and its’ cleavage products in activated
astrocytes (Huang et al. 2017). Moreover, research has found evidence on reduced tau
hyperphosphorylation after TBI, when treated with an anti-inflammatory substance
(Bhaskar et al. 2010; Collins-Praino and Corrigan 2017), indicating that antiinflammatory treatment should possibly be studied more regarding mild TBI. In addition
to inflammation, oxidative and nitrative stress, caused by trauma to the head, may be
involved in α-synuclein pathology (Uryu et al. 2003).

It should be noted that in vivo experiments that are performed using animals do not always
correlate well with humans (Dewitt et al. 2013). There are many anatomical and
physiological differences in the human brain compared to mice and rats; for instance, the
white and grey matter ratio of the brain is different, as well as the surface and the
expression of gyri on the brain (Woodcock and Morganti-Kossmann 2013). Moreover,
the injuries induced in animals are well controlled and usually affect only the head,
whereas the injuries suffered by humans are often more complex and may affect other
parts of the body as well. Thus, animal models of traumatic brain injuries should always
be assessed with caution, and study of human injury cases should also be utilized.

The association of mild TBI with subsequent symptoms and pathologies needs further
research. The reasons why and how the trauma to the head triggers these events is not yet
understood. Developing new strategies to treat the injuries caused by head trauma
requires better understanding of the factors related to the pathologies. Diffusion tensor
imaging has shown potential in imaging the microscopic changes induced by mild TBI,
and it might offer better understanding of the subject in the future. Also, now that the
extent of consequences of mild TBI is gaining more knowledge, more effort should be
made in spreading awareness of the risks of mild TBI among contact sports players; as
many of the long-term consequences of mild TBI are permanent, and uncurable, the most
important defense is preventing the injuries in the first place. It is possible that a previous
head injury makes the brain more vulnerable to second injury that is suffered within a
certain time period, and thus repetitive head injuries may cause synergistic harm (Laurer
et al. 2001). Thus, a sufficient recovery period after an injury is important even in milder
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head injuries. Especially CTE, which is typically developed after the trigger of multiple
repetitive mild TBIs, should be noted among professional sports players.
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