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Abstract

Introduction

Traumatic braininjury (TBI) is a devastating disease causing disability and death, and currently there
are no effective treatments available. Therefore, there is an utmost need to improve our
understanding of the pathophysiology of TBI and to identify potential therapies that can provide
neuroprotection afterinjury. The aims of this thesis were to develop an in vivo and in vitro model of
TBI, in which to assess the potential neuroprotective effects of an omega-3 polyunsaturated fatty acid
(PUFAs), docosahexaenoicacid (DHA).

Method

The controlled cortical impact (CCl) in vivo model of TBl was optimized and performedin mice. Both a
behavioural (Morris water maze (MWM) for cognitive deficits) and histological endpoints (astrogliosis,
lesion size and activated microglia) were used to assess severity and neuroprotective effects of DHA.
An in vitro model of mechanical TBl was also set up and optimized. This model employed 3D astrocyte
cultures obtained from GFP positive rat pups. The CCl impactor from the in vivo studies was used to
damage the cultures, and at 24 hours, 5 days and 10 days the astrogliosis and cell number was
measured.

Results

The optimization of the in vivo studies demonstrated that at impaction depth of 2.2 mm produced an
injury that was significantly different to the sham injury, in MWM performance and increased
astrogliosis. Interestingly, there was anincrease inthe amount of astrogliosis on the contralateral side
of the brain. A second study performed usingthe 2.2 mminjury parameters was performed, where an
injection of DHA was administered viathe tail vein 30 min afterinjury. The DHA-treated group did not
demonstrate any neuroprotection compared to the injury-only group. However, there was anincrease
inthe amount of astrogliosisin the contralateral hippocampus of the DHA-treat group.

In the fat-1 studies it was shown that older male mice performed worse in the MWM, that the fat-1

gene did not conferneuroprotection butdid lead to increased astrogliosis.



The in vitro study revealed that astrocytes in the lesioned gels demonstrated an increase in
astrogliosis, therewasalsoanincrease inthe number of cell inthe cultures following the lesion.
Conclusion

In conclusion, the in vivo model of CCI replicated components of the human TBI including a
behavioural deficit and pathophysiological changes. Omega-3 PUFAs failed to demonstrate functional
neuroprotection in this model, but histologically, promoted an increase in reactive astrogliosis. The
development of a novel in vitro model of focal injury in a 3D culture system, that elicits reactive

astrogliosis, could be used to supportfurtherstudies of the astrocyticresponses to mechanical injury.
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1 General introduction

1.1 Traumatic Brain Injury

Traumatic brain injury (TBI) describes damage caused to the brain parenchyma either from direct
impactor as a result of indirect externalforces (Wernerand Engelhard, 2007). Patients can sufferfrom
a wide variety of symptomes, including cognitive, motor and sensory dysfunction as well as mood, sleep
and speech problems. The World Health Organisation (WHO) estimates that by 2020 TBI will be the
largest cause of death worldwide (WHO, 2006). This global increase in TBI means that there is high
demand forresources, ranging from intensive care units during the acute stage to rehabilitation during
the recovery stage, and to social care and housing. There is a personal cost to the patients and their
family as well as a societal cost due to the loss of future earnings to patients. TBI has recently been
quoted to cost Europe a staggering £23.9 billion. The UK cost alone is £4.1 billion, for direct (e.g.
hospital stay, drugs, brain scans) and indirect costs (e.g. loss of earning, loss of productivity, crime)

associated with TBI (Gustavsson etal., 2011).

1.1.1 Epidemiology — Public health

TBl is the largest cause of death and disability in males under 50 years of age (Maas etal., 2008). There
are numerous ways in which a patient will receiveahead injury. The most common causes of a TBl are
motor vehicle accidents, sporting injuries, as a result of violence orduring combat within a war zone.
These causes are the main reason for the high prevalence of TBI in the young male population.
However, there have been changes in the epidemiology of TBI due to the ageing population. Inrecent
years, there has beenan increase inthe percentage of TBl sufferers overthe age of 60, both male and
female (Roozenbeek etal., 2013, Stocchetti etal., 2012). This aging population mainly suffer from TBI
due to falls. Although there are more co-morbidities in the older age group, there is a greater direct
and indirect costto supporta younger patient, since they will suffer from lifelong disabilities as a result
of a TBI. As well as a change in the age range of patient populations that suffer a TBI, there has also

beena shiftinthe geographical epidemiology of TBI, linked to economicdevelopment. Anincrease in
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the number of motor vehicles in the developing world has seen countries such as India experience

increasing numbers of TBI (WHO, 2006).

The large population of TBI patients and the substantial cost of care, both of which are set torise in
the coming years, make the treatment of TBI a priority. A greater understanding of the

pathophysiology of TBI will assistin patient care and help find an effectivetherapy for TBI.

1.1.2 Management of human TBI

Thereis currently no successful therapy for TBI, so clinicians can only provide supportive and palliative
care. Several factors have contributed to this absence of treatment. One of the biggest obstaclesto an
efficacious treatment is the heterogeneous nature of the disease. TBI is extremely heterogeneous
between patients; they differin severity, brain region affected and may present with various additional
poly-trauma complications. There are guidelines and protocols for treatment in the immediate and
acute phase of the injury, and for the ongoing treatment in the chronic phase of the injury (NICE,
2014). Despite these guidelines, treatment of each patient’s injury will need to be tailored to the

individual’s symptoms (NICE, 2014).

1.1.3 Early phase management

When patientsfirstarrive at the hospital aftera seriousincidenta doctor will be expected totreat the
greatest threatto life, whichis notalways the brain perse that isinjured. This may meanthat trauma
surgeonsare initiallythere firstto prevent further blood loss, tointubate and help ventilation of the
lungs and to treat any internal organ damage, which may be prioritised over the TBI. Nevertheless,
there will still be an initial evaluation of the TBI, conducted by the emergency room staff or the

paramedics.

The initial assessment usedis scored using a neurological scale called the Glasgow ComaScale (GCS),
which awards a score out of 15 that correlates with the severity of a patient’s TBI (Table 1.1). The GCS
criteriaare groupedinto three categories: eye movement, verbal responseand motorresponse. The

patient is assessed for all three criteria and awarded a score. Scores below 8 are classified as severe
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injuries, those between 9-12 are considered to reflect moderate TBI and those equal to or above 13

are referredtoas mildinjuries.

Table 1.1. The Glasgow Coma Scale scoring system.

Best Eye Response Spontaneous—blinking at baseline
Openstoverbal command
Openstopain
None

Best Verbal Response Oriented

Q Confused, butable toanswer questions

Inappropriate answers, words discernible

Incomprehensible speech

None

Best Motor Response Obeys commands to movement
Purposeful movementinresponseto painful stimulus

Withdraws from pain

Abnormal (spastic) flexion

Extensor(rigid) response

RIN|W AU RN WRU RN WD

None

If the GCS is less than 13 on the initial assessment in the emergency room, a patient will receive a
computerised tomography (CT) scan. The CT scan is used to assess any bleeding orswellingwithin the
brain. A neurosurgeon may be called if something onthe CTscan is a concern, such as a subarachnoid
haemorrhage, haematoma or skull fracture. A neurosurgeon may also be called if the patient’s
condition worsens, i.e. a deterioration in the GCS score since the admission or a persisting coma. As
well as ongoing assessment of the patient using the GCS, the patient will be observed for any
additional or changing symptoms, such as seizures orvomiting. The patient’s intracranial pressure will
also be monitored for any changes using an electronic device that is inserted between the skull and
the brain or directly into the brainviaa bolt, given thatraised intracranial pressure isof onethe main
causes of death (Reilly and BUllock, 1997). Dependingupon all of these factors, a patientmay receive
neurosurgery or be admitted straight on the intensive care or high dependency units within the
hospital, until there are signs of improvement. Itisimportant to note that the GCS has limitations, as

the scale can be ineffective when the patientisintoxicated, sedated orintubated.
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1.1.4 Late phase management

Duringthe late phase (3 months post-injury), a patient will continue to be monitoredinorderto track
the progression of the secondary injury and to monitor symptoms. Follow-up rehabilitation is unique
to the specific patient’s symptoms and can include one or more of the following: physiotherapy,
occupational therapy, psychotherapy, and speech therapy. Depending on the injury, a patient may

have to take medication for ongoing pain, spasticity, hormone replacement and psychiatric reasons

(NHS, 2016).

The GCS is used for the initial assessment of the level of consciousness of a TBI patient. There are more
neurological scales, that are used to assess the ongoing symptoms during a patient’s rehabilitation and
they can be used to measure the efficacy of new therapies. Three examples of these neurological
scales include: The Functional Independence Measure (FIM), the Glasgow Outcome Scale (GOS) and
the Disability Rating Scale (DRS) (Pangilinan, 2015). These tests have beenshownto be useful in the
prediction of the long term outcome for patients, particularlythe GOS, when takenat3 months post-
injury (King et al., 2005). While being useful to monitor a patient’s progress, these tests can be

subjective, with a patientreporting theirown progress.

Tracking the evolution of the secondary injury can be done using various imaging techniques. As
mentioned earlier, CT scans are routinely usedin the acute phase afterthe injury, butare alsoused to
monitorthe progression of the disease. However, CT scans cannot detectdiffuseaxonal injury (DALI)
(Pangilinan, 2015). Magnetic resonance imaging (MRI) is a more sensitive anatomical imaging method,
most useful at detecting delayed haematomas and assessing damage to the deep brain structures (e.g.
basal gangliaand thalami). However, MRlimagingis a more expensive option compared to a CT scan
and up until 72 hours after injury is no more sensitive than a CT scan at determining anatomical
changes in the brain after TBI. Other imaging techniques such as single photon emission computed
tomography (SPECT) and positron emission tomography (PET) imaging are more rarely used, but can

be employedtoanalyse cerebral blood flow and DAl (Lee and Newberg, 2005).
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After monitoring of the injury viaimaging, the brain pathology can only really be fully characterised by
a post-mortem examination of the brain. As many patients, particularly those with mild to moderate
braininjuries, live foryears after theirinjury, ourknowledge of the immediate pathology that follows a
TBl in the humanbrainis limited. To understand more about the pathology afterinjury, animalmodels
of TBI have been developed. These models help with the investigation of the pathology post-injury and

inthe development of novel therapies for the treatment of TBI.

1.1.5 Long-term outcomes of TBI

As a result of a TBI, patients may suffer from persistent and long-term consequences. These may
include physical impairments (both motorand sensory), sleep disorders, endocrinopathies, cognitive
dysfunction, psychiatricdisorders, pain, seizures and the development of neurodegenerative diseases
such as dementia (Stocchetti and Zanier, 2016). These long-term consequences require further and
pro-longed clinical care, observation and treatment. A potential link between TBl and the development
of dementia, particularly Alzheimer’s disease, has been studied in mild to severe TBI patients, with
conflicting outcomes (Dams-O'Connor et al., 2013, Rapoport et al., 2008, Lee et al., 2013). In arecent
retrospective epidemiological study conducted by Gardner and colleagues, they found that those
patients with a moderate to severe TBI aged 55 years or older had an increased risk of developing

dementiawhen comparedto non-TBIl trauma patients (Gardneretal., 2014).

In younger TBI patients, repeated exposure to head trauma can cause a progressive
neurodegenerative disorder known as Chronictraumaticencephalopathy (CTE). Thisis arelativelynew
diagnosis, firstdescribed by Dr. Bennet Omaluin 2005. His seminal paper details the histopathological
characteristics and the premortem symptoms of a retired American football player (Omalu et al.,
2005). It suggests that there is a link between the repetitive concussions as suffered by athletes
playing high-impact contact sports such as rugby and American football, and the development of
neuropsychiatricsymptomsincluding depression, psychosis, aggression and dementia (DeKosky et al .,
2013). The pathology of CTE patients includes diffuse neocortical AR plagues and neurofibrillary

tangles, thisisidentical to the pathology of the neurodegenerative disease that afflicts boxers, known
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as dementia pugilistica, the aetiology being the difference between the two (Omalu et al., 2005,

DeKosky etal., 2013).

1.2 Pathophysiology of TBI

The pathophysiology of TBI can be divided into two phases: the primary injury and the secondary

injury.

The primary injury is defined as the damage caused during the moment of injury/impact. This is the
direct damage to the brain parenchyma. The primaryinjury resultsin cell death thatis caused by the
impactto the brain, whetheritisa shock wave, direct mechanical contact with an object or damage to
the skullimpacting upon the braintissue. The primary injury phase causesimmediate death of the cells
and tissue beneath the site of impact, which can be associated with skull fractures, haematomas,

haemorrhage and blood brain barrier (BBB) breakdown.

Theinitial cell death leadsto a cascade of biochemical, molecularand cellular mechanismsthatlead to
the expansion of the primary area of injury. This evolution of the primary injury site is known as the
secondary injury and occurs inthe minutes, weeks and years following the TBI. This secondary injury is
the cause of many of the behavioural symptoms suffered by patients and is also the main target for
potential TBI therapy. The secondary injury phase encompasses numerous different and complex
processes including: glutamate excitotoxicity, lipid peroxidation, oxidative stress, changes in
intracranial pressure, apoptosis, further necrosis, neuronal and axonal damage, activation of the glial

cellsand release of inflammatory mediators (Fig.1.1) (Wernerand Engelhard, 2007).

One mainfocus area for TBI researchisto target these processesindividually ortogether as a way of
limiting the expansion of the secondary injury, thereby limiting the symptoms suffered by the TBI
patient. There is currently noway of targeting the death caused by the primary injury, which can only

be via preventative measures such as using seatbelts, protective headgear and airbags.
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Figure 1.1 Schematic showingthe evolution of the primary injury to the secondary injury following TBI. Adapted from (Reifschneideret

al., 2015, Xiongetal., 2013, Schaar etal., 2010, Buccafusco JJ, 2009)
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1.2.1 Biochemical alterations

1.2.1.1 Glutamate excitotoxicity and intracellular calcium overload

The process of glutamate excitotoxicity occurs almostimmediately after the primaryinjury has been
sustained. There are 3 main reasons for the large amounts of excitatory amino acid glutamate to be
released into the extracellular space after TBI. Firstly, the destruction of cell membranes during the
primary mechanical damage causes the intracellular glutamate to be released into the extracellular
space. Secondly, large membranedepolarizations, caused by injury, increase the vesicular release of
glutamate and, thirdly, post-injury energy diminution causes the glutamate transporters of the
astrocytes to fail, thereby resultingin high levels of glutamateto be leftinthe synaptic cleft (Walker

and Tesco, 2013, Yiand Hazell, 2006).

Glutamate excitotoxicity leads to an increase in intracellular Ca%*, neuronal injury and ultimately
neuronal cell death. Glutamate activatesionotropic glutamatergicreceptors, which leadsto an influx
of Na* and Ca?* ions; this leads to membrane depolarization and subsequent opening of voltage -
dependent calcium channels and N-methyl-D-aspartate (NMDA) receptors (Mark et al., 2001). Further
Ca** influx leads to mitochondrial dysfunction, oxidative stress and apoptosis (Walker and Tesco,

2013).

1.2.1.2 Oxidative stress and free radical production

Oxidative stress describes the harm caused by free radicals, which can include damage to the cell
membrane, proteins and DNA, as well as lipid peroxidation and inhibition of the mitochondrial
electron transport chain (Abdul-Muneer et al., 2015). Free radicals are molecules with unpaired
electrons. These unpaired electrons make them highly reactive and, in an attemptto gain an electron,
they cause damage. There are two main families of free radicals: reactive oxygen species (ROS: e.g.
superoxide, hydroxyl radical and hydrogen peroxide) and reactive nitrogen species (RNS: e.g.
peroxynitrite and nitrogen dioxide) (Abdul-Muneeretal., 2015). In normal brainfunction these free

radicals are largely neutralised by the endogenous antioxidant system (e.g. superoxidedismutase and
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glutathione peroxidase). TBl causes anincrease inintracellular Ca>* which activates numerous enzymes
including phospholipase A, and nitricoxide synthase (NOS), whichinturnincreasesthe production of
ROS and RNS (Lewén etal., 2000). This large production of free radicals causes the antioxidant system

to become overwhelmed, causing damage and contributing to the secondary injury pathophysiology.

1.2.1.3 Lipid peroxidation

Lipid peroxidation describes the oxidative damage caused to polyunsaturated fatty acids (PUFA ) such
as linoleicacid (LA), eicosapentaenoic (EPA) acid and docosahexaenoicacid (DHA) as a result of attack
by free radicals. Lipid peroxidation is initiated by a ROS-induced hydrogen atom (H*) which gains an
electron from the PUFA, turningitinto a lipid radical which goes on to turn adjacent lipids into lipid
radicals, thereby propagating a chain reaction of lipid peroxidation (Bains and Hall, 2012). The
termination step in lipid peroxidation occurs when there is a depletion of substrates and the lipid
radical reacts with anotherlipid radical orradical scavenger system (Bains and Hall, 2012). The damage
to cellular membrane lipids can cause the cell membrane to become irrevocably damaged and the

products of lipid peroxidation can lead to cell death.

1.2.1.4 Mitochondrial dysfunction

Oxidative stress and the accumulation of Ca?* after TBI lead to mitochondrial dysfunction and
subsequently a reduction in adenosine triphosphate (ATP) production. The excessive influx of Ca?*
triggered by glutamate excitotoxicity overwhelms the Ca?* buffering performed by the Na*-Ca?*
exchanger of the mitochondria. This leads to loss of the mitochondrial membrane potential, an
increase in ROS production and consequent oxidative damage, to which mitochondrial DNA is
particularly vulnerable (Prins et al., 2013, Walker and Tesco, 2013, Cheng et al., 2012). Mitochondrial
dysfunction, in particular permeabilization of the mitochondrial membrane, can trigger cell death
mechanisms, both necrosis and apoptosis. Mitochondria can trigger the apoptoticpathway either by
releasing cytochrome cinto the cytosol, which causes caspase activation and therefore apoptosis, orin

a caspase-independent manner, through the release of apoptosis-inducing factor (AIF) (Cheng et al.,
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2012, Lemastersetal., 1998, Lewénetal., 2001). Inaddition, mitochondrial dysfunction canindirectly

amplify the extrinsic apoptotic pathway. This extrinsic pathway is discussed in section 1.2.2.2.

Oxidative stress can cause mitochondrial dysfunctionin several ways through the action of ROS. They
can inhibitthe electrontransport chain and decrease energy production, cause mutations within the
mitochondrial DNA, instigate lipid peroxidation on the inner membrane and promote the caspase-
dependent apoptotic pathway (Murphy, 2009). In turn mitochondrial dysfunction can contribute to
oxidative stress by producing ROS. This leads to a cycle of mitochondrial dysfunction and ROS

production thatultimately ends upin cell death (Starkov, 2008, Lin and Beal, 2006).

1.2.1.5 Oedemaand changes in intracranial pressure

Brain oedema plays asignificantrole inthe secondary injury of TBI. Two typesof oedema have been
characterized within the brain: vasogenicoedemaand cellular oedema (Kempski, 2001, Unterberg et
al., 2004). Vasogenicoedemarefers to the accumulation of waterin the extracellular spaces due to the
breakdown of the BBB. Cellularbrain oedema describes the accumulation of intracellular water, which
occurs due to the failure of cellular membrane ion pumps, causing osmotic movement of water into
cells. Both vasogenicand cellularoedemaleadto anincrease in brain volume, therebyincreasing ICP.
Increased ICP adds to the deleterious effect of the secondary injury by reducing cerebral blood flow,
causing further hypoxia, whichinturnleads toimpaired neuronal function and potentially neuronal

cell death (Michinagaand Koyama, 2015).

Marmarou and colleagues have shown with MRl thatthe oedemain patients with severe head trauma
is predominantly intracellularin nature, but have concluded that both extra- and intracellularoedema
can lead to increased ICP (Marmarou et al., 2006, Marmarou et al., 2000). Raised ICP is the most
common cause of deathin patients with severe TBI and monitoring of ICP is part of standard aftercare
for TBI patients (Romner and Grande, 2013). Currently, oedema in the clinicis treated using osmotic
diureticsincluding mannitol or hypertonicsaline. These work by drawing fluidinto the intravascular

space via the osmoticgradient, however, due to the systemicnature of these drugs they have several
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serious side effects including systemic hypotension and renal failure (Walcott etal., 2012). This hasled

to investigations for noveltargets to treat oedema.

Several molecules are involved in the pathogenesis of TBI-induced oedema, including factors that
affect cellularor BBB permeability such as vascularendothelial growth factors (VEGFs), waterchannel
proteins called aquaporins (AQPs)andion channelsincluding the cation channel SUR1/TRPM4 which is
upregulated after TBI, leadingto cellular oedema (Walcott etal., 2012, Michinagaand Koyama, 2015,
Zweckberger et al., 2014). Targeting these molecules to treat oedema has been shown to be
efficacious in animal models of ischaemiaand TBI (Michinaga and Koyama, 2015). Antagonism of VEGF
reduced oedema in mice that received an ischaemia/reperfusion injury, as assessed by MRI (van
Bruggenetal., 1999). The predominant AQP channelin the brainis the subtype AQP4, found largely on
the astrocytic endfeet. Igarashi and colleagues found that mice pre-treated with a AQP4 inhibitor
exhibited less oedema following a focal ischaemia (lgarashi et al., 2011). Thirdly, an existing anti-
diabeticdrug, a sulfonylureainhibitor called glibenclamide, inhibits SUR1, whichmay inhibit cellular
oedema (Zweckbergeretal., 2014). Thisrange of targets reflects the complex nature by which oedema

iscausedfollowingaTBI.

1.2.2 Cellular alterations

1.2.2.1 Blood brain barrier disruption

Mechanical damage to the BBB occurs in the primary injury phase, and disruption of the BBB
contributes to the secondary injury pathophysiology. The BBB is made up of cerebrovascular
endothelial cells, joined together by tightjunctions, whoserole is to safeguard the brain by restricting
the molecules that can and cannot enter the brain, creating a highly selective and specialised
environment for normal brain function. However, disruption to the BBB following TBI causes the
immediate increase inthe permeability of this barrier, and otherwise excluded blood borne molecules
can enter the brain in a uncontrolled manner (Chodobski et al., 2011). In addition to increasing the
permeability of the BBB, disruption to the brain vasculature initiates the coagulation cascade, causing

the aggregation of platelets and clotting factors within the vessels surrounding the contusion areaand
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reducing the pericontusional blood flow (Stein et al., 2002). This reduced cerebral blood flow in the
pericontusional area mimics that seen in stroke patients; thisischaemia contributes tothe secondary

injury pathology (von Oettingen et al., 2002).

The disruption of the BBB can both contribute to the secondary injury and be further increased by the
action of other secondary injury mechanisms such as glutamate excitotoxicity and oxidative stress.
Glutamate excitotoxicity (as discussed in section 1.2.1.1) describes the rapid release of the
neurotransmitter glutamate into the extracellular space after TBl. The metabotropic glutamate
receptors (mGluRs); mGIluR1, mGluR4 and mGIuR5 have been shown to be expressed by human
cerebrovascular endothelial cells and activation of these mGIuRs by mGIuR group | or Il agonists
increased the permeability of these endothelial cells in vitro (Collard et al., 2002). Glutamate
excitotoxicity can indirectly propagate the damage to the BBB by inducing oxidative stress, through
activation of NMDA receptors, thereby causing an increase in intracellular Ca?* and subsequent
production of large numbers of free radicals (Mark et al., 2001, Lewén et al., 2000). Dempsey and
colleagues showed that NMDA receptor antagonists reduced the permeability of the BBBin rats at 6
hours after TBI (Dempsey et al., 2000). Oxidative stress can cause further damage to the BBB. ROS such
as superoxide ions and hydrogen peroxide, have been shown to increase the permeability of
endothelial cells (Schreibelt et al., 2007, Pun et al., 2009). This continued disruption to BBB contributes

to the secondary injury pathophysiology and further expansion of the primary contusion area.

1.2.2.2 Necrosis and apoptosis

There are two main types of cell death that occur following a TBI: necrosis and apoptosis. Necrosis
describesthe rapid and uncontrolled cell death that occurs following a severe focal mechanical injury,
ischaemiaand glutamate excitotoxicity (Wernerand Engelhard, 2007). Cells undergoing necrosis lose
membrane integrity and the nucleus shrinks. The cell membrane ruptures and provokes an
inflammatory response whereby the cell detritusis cleared. In contrast, apoptosisis a programmed cell
death mechanismandis highly regulated. The hallmark changesthat occurin a cellwhenundergoing

apoptosisinclude membrane budding, chromatin condensation and nuclear fragmentation (Stoicaand
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Faden, 2010). Apoptosis can be initiated by extrinsic pathways, including activation of tumour necrosis
factor (TNF) and Fas receptors or by intrinsic pathways that involve permeabilization of the
mitochondrial outer membrane and subsequent release of cytochrome cinto the cytosol (Stoica and
Faden, 2010, Lewénetal., 2001). Both the intrinsicand extrinsic pathways lead to the activation of the
cysteine acid-protease caspase 3. It is the caspase-dependent cleavage of specific substrates that
induces apoptosis (Yakovlev and Faden, 2001). Necrosisis the predominant mechanism of cell death
immediately following a TBI. Apoptosis follows during the secondary injury and causes the death of

neurones andglial cellsinthe perilesional area (Walkerand Tesco, 2013, Raghupathi et al., 2000).

1.2.2.3 Neuronal and axonal damage

In the primaryinjury, neurones are damaged through direct severing of the axon or through shearing
forces that cause the axons to stretch. These initial injuries progress during the secondary injury phase
and can resultin further neuronal damage and extensive lesions within the brain.Severing the axon
immediately halts axonal transport and causes release of all intracellular contents into the
extracellularspace:amain consequence of thisis glutamate excitotoxicity (seesection 1.2.1.1). Diffuse
axonal injury (DAI) is a term used to describe the human widespread axonal injury following TBI,
whereby vulnerable axons, most often the white matter tracts, undergo stretch injury and eventual
degeneration (Johnson et al., 2013b). The term Traumatic axonal injury (TAl) is used to describe this
same phenomenon within in vitro or in vivo models of stretch injury (Hill etal., 2016). DAl is typically
associated with diffuse TBI causes, such as acceleration/deceleration injuries or rotational injuries.
Both of these occur as a result of motor vehicle accidents or blast trauma. It has beensuggested that
DAl isdirectly responsible for the loss of consciousness or comaseenin TBI patients (Gennarelli et al .,

1982).

The shearing force can cause axons to stretch, become undulated and misaligned due to microtubules
becoming disorganised and buckling (Tang-Schomer et al., 2010). This leads to an impediment of
axonal transport, subsequent axonal swelling, secondary disconnection and finally to Wallerian

degeneration (Povlishock, 1992, Johnson et al., 2013b). Besides the initial shearing or mechanical
36



forces, secondary injury cascades can also cause damage to the neurones. The secondary cascades
that can have a detrimental effect on neuronesinclude mitochondrial dysfunction, oxidative stress and

lipid peroxidation, inflammation and glial cell activation.

DAI can occur even in mild TBI, but can only be diagnosed with post-mortem histology. The novel
neuroimagingtechnique, diffusion tensorimaging (DTI), may make it possible to examine the extent of
DAl in a TBI patient. DTl is a type of MRI that measures changes in the speed or direction of the
diffusion of water molecules within the white mattertracts. DTI measures can provide information on
tract disorganisation, axonal swelling, loss of neurones, quality of downstream nerve terminals, so
therefore provide information on connectivity changes in TBI (Irimia et al., 2012, Johnson et al.,
2013b). If combined with MRI, these measures could provide information on the functional
connectivity of the large networks within the brain, such as those that support cognition, thereby

allowingformore accurate diagnosis and outcome prediction following TBI (Ham and Sharp, 2012).

1.2.2.4 Cytoskeletal disruption

The cytoskeleton is a complex network of proteins that provide the cell with structural support,
organisation of intracellular contents, and helps to establish the cell’s morphology (Fletcher and
Mullins, 2010). Underpinning the axonal injury as described above (see section 1.2.2.3) is the
degeneration of important components required in the axonal cytoskeleton. Cytoskeletondisruption
following TBI does not exclusively affect neuronal cells but can also affects the glial cells. As
cytoskeletal proteins are usually absent from the extracellular space, their presence in plasma or

cerebrospinal fluid (CSF) has beenidentified as a potential biomarker for TBI.

The main cytoskeletal proteins in neuronal cells include neurofilaments and microtubules.
Neurofilaments are atype of intermediate filament that provide structure and stability to the axons of
neurones, they are heteropolymersthat are made fromthree polarized sidearm subunits attached to a
central unit that helps to keep the neurofilaments equally spaced apart (Fournier et al., 2015). This
equal spacing is reduced following neurotrauma, when they become ‘compacted’, due to either

altered phosphorylation or proteolysis of the sidearm subunits, which has been suggested to lead to
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collapse of the neurofilament network (Pettus and Povlishock, 1996, Siedleretal., 2014). Microtubules
on the other hand, are involved in the transport of proteins along the length of the axon, they are
larger in diameter than neurofilaments and more rigid (Fletcher and Mullins, 2010). Under shearing
forces (section 1.2.2.3), microtubules breakage causes undulations in the axon and eventual
disassembly of the microtubules (Tang-Schomer et al., 2010). Disruption of the neurofilament and
microtubule networks has been linked to the continued, secondary axotomy in the white matter

tracts, whichis part of the DAI cascade (Fournieretal., 2015).

The intermediate filaments in other CNS cell types are also affected by TBI and change during the
secondary injury phase. One example that we will focus on within this thesis is the intermediate
filament glial fibrillary acidic protein (GFAP), which is found predominantly in the glial cell type,
astrocytes. Following injury astrocytes exhibit a change in their morphology, they undergo
hypertrophy as well as proliferation, and in doing so they increase the amount GFAP they express
(Yang and Wang, 2015). This phenomenonis known as ‘reactive astrogliosis’ andis described in more

detail in chapter6.

1.2.2.5 Glial cell activation

The glial cells in the brain are more numerous than neuronal cells. The main glial cell populations
include oligodendrocytes, microgliaand astrocytes. These glial cells have several rolesin brain function
including trophic support, mediation of inflammation, myelination and maintenance of the
extracellular environment. These glial cells present with particular pathophysiological changes

following TBI, which are summarised below.

1.2.2.6 Oligodendrocyte pathology

Oligodendrocytes are the cells withinthe CNS that are responsible forthe myelination of axons. TBI
induces apoptosis of oligodendrocytes, which subsequently leads to a decrease in myelination and
therefore areduction in axonal saltatory conduction. This demyelination can also leave axons exposed

to harmful effects of the secondary injury, as well as producing symptoms in TBI patients similar to
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those seenin demyelinating diseases such as multiple sclerosis (MS), including problems with learning

and cognition (Fields, 2008).

Damage to the oligodendrocytes occurs as a result of several of the secondary injury cascades
including hypoxia, oxidative stress, excitotoxicity and energy deprivation due to mitochondrial
dysfunction (Dewar et al., 2003, Underhill and Goldberg, 2007, Lyons and Kettenmann, 1998).
Oligodendrocytes are prone tothe apoptoticcell death pathway. Ina study conducted by Lotocki and
colleagues, the apoptoticmarker caspase-3was presentinoligodendrocytesinrats as early as 6 hours
after injury (Lotocki et al., 2011). It has also been suggested that within the glial cell populations,
oligodendrocytes are most vulnerable to cell death following TBI, as opposed to astrocytes and

microglia (Lyons and Kettenmann, 1998).

1.2.2.7 Microglial activation

Microgliaare the residentimmunecells of the brain and share characteristics with otherimmune cells
of the body, including phagocytosis of foreign bodies and cellular debris, as well as having antigen-
presenting capabilities (Hickey and Kimura, 1988). The microglia are the main instigators of the
inflammatory cascades that occur aftera TBI. Following TBI microglia become ‘activated’ andin doing

so change from a ramified morphology to a hypertrophic or bushy morphology (Tambuyzer et al.,

2009).

Microglia in the mature brain become ‘activated’ in response to many molecules or changes in the
extracellular environment, often signals that suggest the CNS is under threat from an invading
pathogen or that the brain tissue has become damaged. Microgliaare able to become ‘activated’ by a
wide array of signals, due to the wide range of receptors that they express. These include pathogen
recognition receptors such as toll-like receptors (TLRs) and NOD-like receptors (NLRs), which recognise
pathogen-associated molecular patterns (PAMPs) and detect the endogenously produced damage-
induced molecular patterns (DAMPs), also known as alarmins, that are released by damaged and

stressed cells (Hanisch and Kettenmann, 2007, Loane and Kumar, 2016). Other factors such as ATP,
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glutamate and cytokines are released by cells damaged due to TBI can also ‘activate’ microglia

(Domercqetal., 2013).
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Figure 1.2 Schematic representation of the activation of microglial cellsinresponse to neuronal
injury, and the different microglial phenotypes. Damage-induced molecular patterns (DAMP); Tumour
necrosis factor-a (TNF-a); Interleukin-6 (I1L-6); Interleukin-12 (IL-12); inducible Nitricoxide synthase
(INOS); Transforming growth factor-B (TGF-B);Interleukin-10(1L-10). (Loane and Kumar, 2016)

Similarly to other glial cell types in the brain, there are different phenotypes of microglia. These
become apparent upon activation, when they will adopt either an ‘M1-like’ or ‘M2-like’ phenotype
(Fig. 1.2). These various phenotypes are believed to have opposing roles in the aftermath of a TBI
(Karve et al., 2016). The ‘M1’ microglia phenotype is considered to have detrimental effects on the
surroundingtissue, as they produce pro-inflammatory cytokines such asinterleukin-12 (IL-12), express
inducible NOS (iNOS) and have reduced phagocytosing abilities. In contrast, the ‘M2’ phenotype is
traditionally seen as the neuroprotective phenotype, due to its production of anti-inflammatory
cytokines (IL-10) and growth factors (e.g. tumour growth factor -B; TGF-B) (Wanget al., 2013). There is

evidence to suggestthatthe ‘M2-like’ microglia may even promote regeneration and repairwithinthe
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CNS, by promoting neurogenesis of neural stem cells (NSCs) and remyelination (Butovsky et al., 2006,
Miron etal., 2013). Despite the ‘M2-like’ phenotype exhibiting beneficial effects, itis not always the
dominant microglial phenotype inthe lesion site following TBI. At differenttime-points post-TBI, the
predominant microglia phenotype varies. There is evidence to suggest thatthereisaninitial increase
inthe ‘M2’ phenotype with apeak at 5-7 days, followed by adominant ‘M1’ phenotypeinthe longer
term (Karve etal., 2016, Jinet al., 2012). The ‘M1-like’ phenotypehasbeen showntobe dominantin

patientsinthe monthsandyearsfollowing TBI (Johnson etal., 2013a).

1.2.2.8 Astrogliosis

Astrocytes have a marked reaction following TBI. This response isreferred toas ‘reactive astrogliosis’
and reflects changesto the astrocyte morphology, increased proliferation and increased expression of
the intermediate filament glial fibrillary acidic protein (GFAP) (Sofroniew and Vinters, 2010).
Astrocytes also migrate towards the lesion site after TBl and are the main cell type to contribute to the
formation of the glial scar. The glial scar describes athick border of cells that surrounds the lesion site
and acts as a physical barrier, which may although protect the surrounding healthy tissue from the
damaged necrotic tissue of the primary injury site, but can also act as a barrier to regenerating
neurones after injury (Sofroniew, 2009). Similar to the microglia, reactive astrocytes are capable of
having both detrimental and protective roles followinga TBI (Laird etal., 2008, Karve et al., 2016). The

roles of astrocytesfollowing TBl are coveredin greater detail in the introduction to chapteré6.

1.2.2.9 Inflammatory mediators

Several mediators of inflammation are involved in the secondary injury pathophysiology, including
cytokines, chemokines and growth factors, which are released by numerous cell types. Two pro—
inflammatory cytokines thatare increased after TBlinclude IL-1B and tumour necrosis factor-a (TNF-a)
(Abdul-Muneeretal., 2015). IL-1B8 and TNF-a both contribute to the progression of the tissue damage
and encourage the recruitment of immune cells and infiltration of peripheral leukocytes, including
macrophages and T-cell lymphocytes (Lucas et al., 2006, Werner and Engelhard, 2007). In normal

brain function TNF-a has important roles in ionic homeostasis and synaptic plasticity. Following TBI
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there is an increase in the activity of TNF-a, which has been associated with tissue damage and

neurobehavioral deficits (Longhi etal., 2013, Feuerstein etal., 1994).

1.3 Potential therapiesfor TBI

Currently, there are very few treatment options for TBI patients. With the increasing patient
population, the substantial cost both socially and economically, there hasbeenarealeffort to find a
therapy suitable for the treatment of TBI. A summary of potentially neuroprotective therapeutic

strategiesare presentedinTable 1.2.

1.3.1 Surgery

Neurosurgical interventions can be one of the first courses of action that may minimisethe damage to
the brain during the secondary injury phase. Surgical interventions are most commonly used to
monitor or reduce increased ICP. Increased ICP can be caused by hematomas and haemorrhages,
which can be removed ordrained surgically. If the brain tissue has become swollenandincreased ICP
has not been brought under control through alternative therapies, a decompressive craniectomy or
hemicraniectomy may be performed (Haddad and Arabi, 2012). All the surgical efforts to reduce the
ICP can help to reduce the negative contribution raised ICP has to the secondary injury cascade, and
therefore improvethe outcome of the patient. However, astudy conducted by Cooperand colleagues
showed that although patients who had undergone decompressive craniectomy surgery saw a

reductioninICP, theyalso scored much loweron the GOS at 6 months (Cooperetal., 2011).

1.3.2 Neuroprotective strategies

As discussed in section 1.2, the brain tissue destroyed by the primary injury cannot be rescued.
However, the multiple secondary injury mechanisms detailed above provide several therapeutic
targets for the treatment of TBI. Through the prevention of the progression of some of these
secondary mechanisms, the expansion of the primary injury area can be limited or halted and this
could lead to a decrease in neurobehavioral symptoms in TBI patients. This strategy of targeting the

secondary injury mechanisms, can be referred to as neuroprotection. Neuroprotective strategies can
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be defined as any therapeutic that results in the salvage, recovery or regeneration of the nervous

system, its cells, structure and function (Vajda, 2002).

The strategy of neuroprotection is the basis of several therapies that have been used and clinically
tested for the treatment of several neurodegenerative diseases such as Parkinson’s disease,
Alzheimer’s disease and amyotrophic lateral sclerosis (ALS). In the case of TBI, there are several
secondary injury mechanisms thatif halted may be able to confer neuroprotection. There have been
many therapeutics designed to have neuroprotective effects following TBI, but very few have made it
to clinical trials and currently none have demonstrated significant efficacy inimproving neurological
outcomes following TBI. Several factors may contribute to this lack of success, including clinical trial
design, the heterogeneity of the TBI patient population and treatment protocols. Also it is worth
noting that there are multiple contributors to the secondary injury, which might suggest that
therapeutically targeting just one mechanism may not be enough to confer significant beneficial

outcomes.

1.3.2.1 Osmotherapy

Potential neuroprotective agents targeted at specificsecondary injury mechanisms are described here
and summarised in Table 1.2. Many therapies have been used to target increased ICP, including
neurosurgery (e.g.decompressive craniectomy). However, neurosurgery is dangerous andisonly used
in patients where death isimminent (Haddad and Arabi, 2012). Raised ICP can cause compression and
even occlusion of cerebral blood vessels. This canlead to a reduction of cerebral blood flow, which can
cause hypoxia, neuronal dysfunction and eventually cell death (Michinaga and Koyama, 2015).
Osmotically active substances have been used to target increased ICP. Osmotherapy works by
increasing the osmolality of the serum, by introducing ahyperosmolarsubstance such as hypertonic
saline (HTS) or mannitol intravenously. These substances cause water from the cells of the brain to
pass into the vasculature along the osmotic gradient, thereby reducing the fluid in the brain and

decreasingthe ICP.
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HTS has a high concentration of salt, whereas mannitol is a sugar alcohol solution. Both have been
shown to reduce ICP following TBI, with neither substance being more efficacious than the other (Ichai
et al., 2009, Jagannathaet al., 2016, Boone etal., 2015). However, despitethese agentsreducing ICP,
neitherhave beenable toimprove neurological outcome orreduce mortality in TBl patientsinthe long

term (Wakai et al., 2007, Burgessetal., 2016, Walcottet al., 2012, Boone etal., 2015).

1.3.2.2 Free-radical scavengers

Targeting free radical species is another strategy by which neuroprotection could be obtained
following TBI. Free radicals contain an unpaired electron that can cause oxidative stress leading tolipid
peroxidation and mitochondrial dysfunction. In normal brain function there are molecules that target
free radicals in order to control the oxidative stress level, but this system is overwhelmed in TBI. By
therapeutically increasing the amount of free radical scavenging within the brain, oxidative stress
could be reduced and the impact of the secondary injury minimised. Polyethylene glycol-conjugated
superoxidedismutase (PEG-SOD), is an example of such therapy. PEG-SOD converts the oxygen free
radical, superoxide ion (O,) into an oxygen molecule (H,0) or hydrogen peroxide (H,0,), thereby
limiting oxidative stress (Broxton and Culotta, 2016). PEG-SOD was taken to phase Il and phase llI
clinical trials, but failed to demonstrate any statistically significant benefit, inimproving outcome or

preventing mortality following TBI (Muizelaaretal., 1993, Narayan et al., 2002).

1.3.2.3 Glutamate receptor antagonists

Within minutes of the primary injury, glutamate excitotoxicity is triggered, and thissecondary injury
event goes on to trigger several other cascades and eventually leads to cell death. Therefore,
antagonists targeting post-synaptic glutamate receptors may be able to suppressthe damage caused
by excessive glutamate release. The NMDA receptor is a glutamate receptor and ion channel, when
activated by glutamate and glycine binding, the ion channel opensto allow positive ions (e.g. Ca?*ions)
into the post-synapticneuroneand thereby propagate excitotoxicity. Dexanabinol is a non-competitive
NMDA glutamate receptor antagonist, that prevents the NMDA-R ion channel from opening in

response to glutamate binding, thereby preventing the influx of Ca?* ions and depolarisation
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(Feigenbaum et al., 1989). Dexanabinol has been taken to clinical trials for the treatment of TBI. In a
phase Il clinical trial, dexanabinol appeared to reduce the amount of time severe TBI patients
experiencedincreased ICP and showed atrend at improving neurological outcome, usingthe GCS at 3
and 6 months post-injury (Knolleretal., 2002). However, in a large multicentre phaselll clinical trial,
no difference in ICP or neurological outcome (as measured by the GOS at 6 months) was seen in

patients with severe TBI (Maas et al., 2006).

1.3.2.4 Calcium channel blockers

One of the main consequences of glutamate excitotoxicity is a large influx of Ca2*ions into cells. As
discussed above, the antagonists of the NMDA-R prevent the influx of Ca?*by preventing activation of
the ion channel by glutamate. Calcium channel blockers are an alternative to glutamate receptor
antagonists. Two drugs that block calcium channels are ziconotide (SNX-111) an N-type calcium
channel blocker) and nimodipine (an L-type calcium channelblocker), both of which have been trialled

as neuroprotectiveagentsin TBI.

In experimental head injury in rats, ziconotide reduced mitochondrial dysfunction and appeared to
have a wide time-window foradministration, 15minutesto 6 hours post-injury (Verweijet al., 2000).
However, aclinical trial of 160 patients had to be terminated due to the highincidence of mortality in
the ziconotide-treated group when compared to the placebo group, due to the side effect of

hypotensioninthese patients (Xiongetal., 2009).

Nimodipine is an antagonist for the L-type calcium channel blocker that originally appeared to
demonstrate some improvement in patients with subarachnoid haemorrhage in three randomised
controlled trials, as reported by a large Cochrane review (Towart and Kazda, 1979, Langham et al.,
2003). Also, results from the Head Injury Trial -3 (HIT-3) trial conducted in 123 patientssuggested that
nimodipine treatment significantly lowered the risk of mortality and disability (Narayan et al., 2002).
However, the combined results of the clinical trials HIT-1, HIT-2 and HIT-4, showed that nimodipine
failed to have any beneficial effect in the subgroup of TBI patients that had suffered a subarachnoid

haemorrhage (Vergouwen et al., 2006).
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1.3.3 Multifactorial neuroprotective strategies

As highlighted in the previous sections, many therapeutics with asingle mechanism of action against
one component of the secondary injury cascade, have failed to be efficaciousin clinical trials. For this
reason, many other neuroprotective strategies which have several proposed mechanisms of action,

have beentrialledin TBI.

1.3.3.1 Hypothermia

Mild induced hypothermia (MIH) is when a patient’s body temperature is maintained at 32°C-35°C.
Although MIH has been repeatedly tested for efficacy in TBlin the clinicto reduce ICP, meta-analysis of
large randomised controlled trials has found that hypothermiahas no effecton TBl patient outcome

and can also cause adverse side effects (Lazaridis and Robertson, 2016, Zhang et al., 2015).

The hypothesisthatunderpins hypothermiaas aneuroprotective therapeuticstrategy, is that many of
the cellular and molecular cascades that are part of the secondary injury are temperature -sensitive
(Sahuquillo and Vilalta, 2007). Hypothermia is believed to affect many of the secondary injury
mechanismsinorderto conferneuroprotection. These include reducing the metabolicrate, decreasing
ICP, reducing oedema formation, supressing the inflammatory response, reducing glutamate
excitotoxicity and calcium influx (Sahuquillo and Vilalta, 2007). Recently, it has been suggested that

MIH can induce neuroprotective cold-shock proteins (Wu et al., 2016b).

Eurotherm3235 was a large multicentre randomized controlled trial that recruited 387 patients from
2009 through to 2014, in 47 centres, across 18 countries (Andrews et al., 2013). The study focused on
the effect hypothermia had onreducing ICP after TBI. Preliminary data from this study, suggested that
MIH reduced ICP in a sample of 17 patients (Flynn et al., 2015). The conclusion from the
Eurotherm3235 trial was that ICP was reduced with hypothermia, but did not result in improved

outcomes, when compared to patients that received standard care (Andrews etal., 2015).

1.3.3.2 Erythropoietin (EPO)

EPO is a hematopoietic growth factor that controls erythropoiesis and is produced endogenously by

the kidneys (Foley, 2008). EPO is believed to have a neuroprotective effectin TBl due to its activity in
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several molecular mechanisms involved in the secondary injury (Ponce et al., 2013). EPO has
demonstrated an antioxidant effect in an in vitro model of neurodegenerative disease, as well as
attenuating lipid peroxidation in foetal rats (Wu et al., 2007). It has also been suggested that EPO
exhibits aneuroprotective effect by protecting against glutamate excitotoxicity and reducing oedema

(Morishitaetal., 1997, Kawakami etal., 2000, Gatto et al., 2015).

EPO has demonstrated efficacy in animal models of TBI, includinganimprovementin the novel object
recognition (NOR) cognitive behavioural test in rats after traumatic axonal and hypoxic injury
(Hellewell etal., 2013). Schoberand colleagues also found improvement with EPOtreatment in arat
model of CCl, whereby EPO-treated rat pups had improved cognition and improved neuronal survival

and inhibition of caspase-dependent apoptosis (Schoberetal., 2014).

A recentretrospective study investigating the effect of an erythropoiesis stimulatingagent (ESA) that
acts like EPO, found that treatment with ESA was associated with improved in-hospital survival in
severe TBI patients (Talving et al., 2010). However, two clinical trials designed to test the efficacy of
EPO in the treatment of TBI failed to show any efficacy, with the larger of the trials (EPO-TBI) being

conductedin 27 centres, over 7 countriesin 596 patients (Robertson etal., 2014, Nichol etal., 2015a).

1.3.3.3 Progesterone

As with hypothermia and EPO, progesterone has been tested as a therapeutic for TBI due to its
multifactorial targets for neuroprotection. Progesterone is ahormone involved in the regulation of the
menstrual cycle and pregnancy, that like EPO, is produced endogenously. The basis for the
administration of the female sex hormone progesterone stems from observations that females recover
betterafter experimental TBI (Stein, 2011, Stein, 2015). There is controversy inthe literature whether
gender has an impact on the outcome of TBI (Roof et al., 1993, Groswasser et al., 1998, Farace and

Alves, 2000).

In models of rat TBI, progesterone treatment appeared to reduce glutamate excitotoxicity, lipid
peroxidation and inflammation (Roofetal., 1996, Roof etal., 1997, Shearet al., 2002, Stein, 2011). Itis

alsosuggestedtoreduce oedema through changesinthe expression of cell membrane water channels,
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specifically the aquaporin 4 channel (AQP4) (Guo et al., 2006). A functional study has shown that
progesterone improves rats’ performance in the Morris water maze test following TBI (Shear et al.,
2002). Importantly, progesterone has also shown efficacy in TBI models of larger species, aswell as in
other injury models, resulting in progesterone being taken to clinical trials in human TBI patients

(Stein, 2011).

In a phase Il clinical trial of 100 patients, entitled ProTECT, TBI patients that received the progesterone
treatment had a reduced mortality rate at 30 days, with moderate TBI patients more likely to have a
moderate to good outcome, as measured by the GOS-E (Wright et al., 2007). Based on the data from
this trial and other phase Il trials, in which progesterone treatment had a positive impact on TBI
patient outcome, phase lll clinical trials on progesterone treatment went forward despite having
incomplete understanding of progesterone’s mechanism of action (Xiao et al., 2008, Vandromme et
al., 2008). Two large multicentre phase Il clinical trials went forward with optimistic hopes for the
efficacy of progesteronetreatment. However, the SyNAPSe phase lll trial which was completedin 2014
failedto show that progesterone treatment had any impact on patients’ GOS-Escore 6 months post-
injury (Skolnick etal., 2014). Anotherlargerphase lll clinical trial that was conductedin parallel with
the SyNAPSe trial, entitled ProTECT Ill, was terminated on the basis of not exhibiting any positive

results (Skolnick etal., 2014, Wrightet al., 2014, Goldsteinetal., 2016).

48



Table 1.2 Summary of proposed therapeuticstrategies for TBIl. (Xiongetal., 2009)

Therapeutic Mechanism of Conclusions References
Strategy Action
Nimodipine Calcium channel Potentially beneficial effects | (Langhamet al., 2003,
blocker in subarachnoid Vergouwenetal.,
haemorrhage. Systematic 2006)
review did not confirm
benefits.
SNX-111 N-type calcium Improved mitochondrial (Verweijetal., 2000)
channel blocker function, howeverincreased
mortality due to
hypotension.
Methyl- Corticosteroids — Results of large scale CRASH | (Edwardsetal., 2005)
prednisolone/ anti-oxidative/anti- | trial demonstrated that
dexamethasone inflammatory treatment with
corticosteroidsledtoa
higherrisk of death.
Mannitol Reduces ICP Randomised trials have given | (Wakai etal., 2007)
Reduces insufficient dataonthe

Inflammation

effectiveness of pre-hospital
mannitol treatment.

Hypertonicsaline

ReducesICP

Randomised trials show no
differencesin mortality,
neurological outcomes, and
ICP reduction with
hypertonicsaline.

(Burgessetal., 2016)

Decompressive
craniotomy (DC)

ReducesICP

A phase lllrandomised trial
DECRA showed that DC
decreasedintracranial
pressure but was associated
with more unfavourable
outcomes.

(Cooperetal., 2011)

Dexanabinol

NMDA receptor
antagonist

A phase lll randomised trial
showed dexanabinolto be
safe but not efficaciousin
TBI.

(Maas et al., 2006)

Polyethylene

Anti-oxidant, free

In Phase Il and Phase Il trials

(Muizelaaretal., 1993,
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glycol-conjugated
superoxide
dismutase (PEG-
SOD)

radical scavenger

PEG-SOD showed no
statistical improvementin
GOS, or differencein
mortality rate insevere TBI.

Young etal., 1996,
Hamm etal., 1996)

Hypothermia

Multifactorial
J Oedema
J Metabolicrate

Calcium
antagonism

J Excitotoxicity

J Inflammation

The Eurotherm3235 phase Il
trial concluded that
treatment with hypothermia
showed noimprovementin
TBI patients when compared
to standard care.

(Petersonetal., 2008,
Andrewsetal., 2013,
Zhang etal., 2015,
Flynnetal., 2015,
Andrewsetal., 2015)

Erythropoietin
(EPO)

Multifactorial

e Antioxidant

e | Inflammation
e | Excitotoxicity

e | Oedema

The phase lll trial, EPO-TBI
concludedthat EPO
treatmentfailed toshow any
efficacy in TBI patients.

(Ponceetal., 2013,
Nichol etal., 2015b)

Progesterone

Multifactorial

e | Oedema

e | Inflammation
e | Excitotoxicity

e Antioxidant

In two large phase lll trials
(SyNAPSe and PROTECT I11)
progesterone treatment did
not provide any benefiton
the neurological recovery in
moderate orsevere TBI.

(Skolnicketal., 2014,
Meyfroidt and
Taccone, 2015,
Schumacheretal.,
2015, Wrightetal.,
2014)

1.3.3.4 Polyunsaturated Fatty Acids (PUFAs)

Several of the potential therapeutics that have been taken to clinical trial s have multiple mechanisms
of action. Another type of compound that has shown to have some therapeutic potential in
neurological disorders and neurotrauma, whilst being safe and tolerable in humans, arethe omega-3
polyunsaturated fatty acids (Dyall and Michael-Titus, 2008). The omega-3 PUFAs are the

neuroprotective compounds underinvestigationin this thesis.
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1.4 Polyunsaturated fatty acids - General Introduction

Fatty acids (FA) are carboxylic acids with long unbranched aliphatic tails, that can be saturated or
unsaturated. The level of saturation and the various functional groups determine the family to which
each fatty acid belongs. Saturated fatty acids contain no double bonds and mono-unsaturated fatty
acids contain one carbon-carbon double bond (Table 1.3). Fatty acids that contain more than one

double bond are known as polyunsaturated fatty acids (Fig.1.3and Table 1.4).

A) o
o CH3
B) o W
/W\/\/—Q\W\/ o
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/K /\ R ——3
HO CH3
Carboxylic acid Aliphatic tail

Figure 1.3 Fatty acid structures. A) The saturated FA; Palmiticacid, (B) omega-9monounsaturated FA;
Oleic acid, (C) omega-6 poly-unsaturated FA; Arachidonic acid, (D) omega-3 poly-unsaturated FA;
Docosahexaenoicacid.

PUFAs (Table 1.4) can be furtherdivided into sub-groups according to the position of the firstdouble -
bond from the methyl end of the chain (Fig. 1.3). The two main groups are the omega-3PUFAs, where
the first carbon-carbon double bond from the methyl end of the carboxylate isfoundatthe omega-3

position, and the omega-6 PUFAs, where the position of the first double bond is atthe omega-6.
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Table 1.3 Types of saturated and mono-unsaturated fatty acids

Type Common Name Abbreviation | No. of No. of Double Numerical
Carbon | Bonds Designation
Atoms
Palmiticacid PA 16 0 16:0
°
I
2
& Stearicacid SA 18 0 18:0
- Oleicacid OA 18 1 18:1 n-9
8.
o 2| &
58 ¢
S 5 o

Table 1.4 Nomenclature of omega-3 and omega-6 PUFAs.

Type Common Name Abbreviation | No. of No. of Double Numerical
Carbon | Bonds Designation
Atoms
Linoleicacid LA 18 2 18:2 n-6
y-linoleicacid GLA 18 3 18:3 n-6
o | Dihomo-y-linoleicacid DGLA 20 3 20:3 n-6
o g}, Arachidonicacid AA 20 4 20:4 n-6
T £ | Docosatetraenoicacid | DTA 22 4 22:4 n-6
% © Docosapentaenoicacid | DPAn-6 22 5 22:5 n-6
§ a-linolenicacid ALA 18 3 18:3 n-3
_: Stearidonicacid SDA 18 4 18: n-3
o en | Eicosatetraenoicacid ETA 20 4 20:4 n-3
{,"}, Eicosapentaenoicacid EPA 20 5 20:5 n-3
qg’ Docosapentaenoicacid | DPAn-3 22 5 22:5 n-3
O [ Docosahexaenoicacid DHA 22 6 22:6 n-3

1.4.1 Synthesis, metabolism and transport of fatty acids

Both the saturated and monounsaturated fatty acids can be synthesised de novointhe brain (Bazinet
and Layé, 2014). The PUFAs, however, cannot be synthesised in the human brain due tothe lack of the
necessary desaturase enzymes, so these fatty acids have to be obtained through the diet. Omega-6
fatty acids can be foundinready supplyinvegetable oils, whereas cold-water oily fish are arich source
of omega-3fatty acids. Long chain PUFAs (LC-PUFA) (20-22 carbon chain) can be obtained directly from
the diet or can be metabolised from the shorter chain (18 carbon) PUFAs linoleic acid (LA) and a -
linolenicacid (ALA). The conversion of the 18 carbon PUFAs ALA and LA into the 20-22 carbon omega-3

PUFAs DHA, EPA and the omega-6 PUFA AA, occurs in the liver, through a series of desaturation and
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elongation steps, detailed in figure 1.4 (Rapoport et al., 2007, Nakamura and Nara, 2003). Once
synthesisedinthe liverlongchain PUFAs (LC-PUFAs) are released into the bloodstream, from which
uptake can occur by the CNS. LC-PUFAs can also gain access to the bloodstream via lipolysis from
adipocytes, or from the small intestine, where dietary LC-PUFAs are absorbed. Once in the

bloodstream LC-PUFAs bind to the proteinalbumin.
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Figure 1.4 Synthesis of long-chain omega-3and omega-6 PUFAs in the liver.
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In orderto gain access to cells, PUFAs have to un-bind (dissociate) from albumin or be separated from
the lipoprotein via hydrolysis by lipoprotein lipases. The unbound LC-PUFAs can be absorbed into the
outerleaflet of the plasma membrane. Following absorption, the PUFA must then traverse the plasma
membrane (Fig. 1.5). There are 3 mainideas as to how this occurs. Firstly, by passive diffusion across
the membrane, a process known as “flip—flop”, where upon the dissociation of the PUFA from the
lipoprotein oralbumin, itisabsorbedintothe outerlayerandthenflip-floppedtothe inner membrane
where it quickly dissociates and isthenreleased into the cytosol. Other proposed methods of plasma
membrane transport suggest that the FA is helped across by membrane-associated proteins. Either
through a transmembrane protein (acting as a channel) or by binding the FA to aid their diffusion
through the membrane, these proteins are known as fatty-acid binding proteins (FABPs) and may
include the protein CD36. Recent studies have suggested that CD36 may not be a FA transporter but
instead aids in the metabolism of FA and transports cholesterylestersinstead (Xu etal., 2013). Figure
1.5 illustrates the mechanisms by which LC-PUFAs cross the BBB to enter the brain. Recent studies
have identified the transporter Mfsd2a as a major form of transport of DHA intothe brain (Nguyen et

al., 2014).

After crossing the BBB (for a detailed description of the BBB and its composition see section 6.1.3.1)
into the brain, the PUFAs can be activated by the enzyme acyl-CoA synthase to fatty acyl-CoA
(Watkins, 2008). PUFAs then bind to cytosolic FABPs, which guide the PUFAs to different pathways,
either for esterification or metabolism (Furuhashi et al., 2011). Activated PUFAs, esterified by acyl-
transferase become incorporated into the phospholipids of the plasma membrane; the LC-PUFAs most
commonly involved in this way are DHA and AA (Bazinet and Layé, 2014). Different PUFAs are
associated with different phospholipids with varying degrees of preference; the half-lives of PUFAs are
alsodependentonthe phospholipids to which they are bound (Rapoport, 2001, Rapoport, 1999). The
composition of the PUFAs in the phospholipid membrane is important as it can affect the signalling
pathways within the cell (Graber et al., 1994). PUFAs hydrolysed from the phospholipids of the cell
membrane by the action of phospholipases (e.g. PLA,), are then available to be converted into the

oxygenated PUFA derivatives, called eicosanoids and docosanoids. Cyclooxygenases (COX) and
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lipoxygenases (LOX) are responsible for converting the free LC-PUFAs into eicosanoids (these include
prostaglandins, thromboxanes, lipoxins and leukotrienes) and docosanoids (neuroprotectins and

resolvins) (Tassoni etal., 2008).

The metabolism of PUFAs, in particularly LNA, ALA and EPA involves undergoing B-oxidation in the
mitochondria, where they are converted to acetyl-CoA, which can then enter the tricarboxylic acid
(TCA) cycle. Interestingly, the ATP produced by the B-oxidation of FAsis relatively small compared to
that generated by the oxidation of glucose. This low ATP yield and the high amount of oxidative stre ss
caused by the process of B-oxidation may be the reason for the low level of brain FA B-oxidation

(Schonfeld and Reiser, 2013).
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Figure 1.5 Transport and processing of LC-PUFAs into the brain.
LC-PUFA enter the plasma through dietary intake, as a result of metabolism in the liver or release from the adipose tissue (1). In the plasma some PUFAs are
boundto albumin(2), then become unboundin orderto cross the luminal plasmamembrane of the endothelial cells of the blood brain barrier, either through
passive diffusionviathe ‘flip-flop’ (3) orvia facilitated diffusion through amembrane fatty acid protein (FATP) (4). Other PUFAs travel tothe braininthe plasma
as lipoproteins, such as low- density lipoprotein (LDL) (5). LDL can bind to specific LDL receptors (LDLR), which can induce endocytosis and cross the plasma
membrane (6). Once transferred across the plasmamembrane, LDLs can by hydrolysed to release PUFAs (7). Alternatively, LDLinteracts with a lipoprotein lipase
(LPL) to produce a lysophopholipid, which can cross the plasmamembrane viafacilitated diffusion (8). After crossing the luminal plasma membrane the LC-PUFAs
can become associated with fatty-acid binding proteins (FABP) (9) and cross the neuronal plasma membrane viafacilitated diffusion (10) or passive transport
(11). Onceinside the cell, LC-PUFAs can be converted into eicosanoids by the enzymes, cyclooxygenase (COX) or lipoxygenase (LOX) (12). Other LC-PUFAs are
activated by the enzyme acyl-CoA synthase, to become Acyl-CoA (13). From here they can enterthe mitochondriaand undergo B-oxidation, where it can then
enterthe TCA cycle (14), or more commonly Acyl-CoA undergoes esterification by the enzyme acyltransferase andis thenincorporatedinto the phospholipids
(15). These LC-PUFAs can be released backinto the free fatty acid pool by the action of phospholipases (e.g PLA,) (16).
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1.5 PUFAinthe CNS

The brain tissue has one of the highest percentages of lipids in the body, second to adipose tissue
(Tassonietal., 2008). PUFAs have several rolesin the brain which include modulating the function of
the neuronal membrane, providing lipid mediators for cell signalling and affecting neuroplasticity. As
mentioned above, PUFAs are incorporated into the phospholipids of the cell membrane. The
composition of PUFAs within the membrane can affect the membrane fluidity, permeability and
composition of lipid rafts (Stillwell and Wassall, 2003, Stillwell et al., 2005, Yehuda et al., 2005). The
lipid mediators eicosanoids and docosanoids, which are produced by oxygenation of PUFAs by COX
and LOX enzymes, can activate several signalling pathways in the brain (Dyall, 2015). Lipoxins, which
are derived from AA aswell asresolvins, which are derived from DHA, are both known to promote the
resolution of inflammation (Farooqui et al., 2007). Neuroplasticity is affected by PUFAs hydrolysed
from the membrane phospholipids; these can influence endocannabinoid signalling and synaptic
plasticity. Adeficiencyin PUFAsin the diet has been shown to alter neuroplasticity and has been linked

to impaired emotional behaviours (Lafourcadeetal., 2011).

1.5.1 PUFAs and CNS disease

Dietary deficiencies in LC-PUFAs, particularly omega-3 PUFAs, have been associated with several
diseases, including coronary heart disease, stroke, cancers (i.e. breast, colon and prostate),
autoimmune diseases (e.g. lupus) as well as CNS disorders (i.e. Alzheimer'sdisease and Parkinson’s
disease) (Connor, 2000, Janssen and Kiliaan, 2014). Due to their multiple important roles in normal
brain function, dietary deficiencies in PUFAs leading to a reduction in brain PUFA levels, can lead to
neurobehavioral deficitsin learningandincreased risk of anxiety and depression (Larrieu et al., 2012,
Lafourcade et al., 2011). This link between dietary intake of PUFAs and neurodevelopmental and
neuropsychiatricdisorders has also beenseeninthe clinic, includinga correlation between lowintake
of omega-3 PUFAs and attention deficit hyperactivity disorder (ADHD) (Hibbeln and Davis, 2009,
Antalis et al., 2006). Modern day Western diets include a high amount of omega-6 PUFAs, with a

corollary decrease in the amount of omega-3 PUFAs. This has led to a suggestion that Western diets
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are deficientin omega-3 PUFAs (Simopoulos, 2006). Therefore, those who consume this diet are at risk

of the diseases associated with adietary deficiency in omega-3 PUFAs, as mentioned above.

As PUFA deficiency may contribute to many neurological diseases, it is thought that oral treatment
with omega-3PUFAs could be beneficial. Furthermore, acute treatment with omega-3PUFA has also
beenreportedto have therapeutic potential. Studies have shown thatthere maybesome benefitin
treatmentwith omega-3PUFAsin Alzheimer’s disease (AD), Parkinson’s disease (PD), peripheral nerve
injury (PNI) and spinal cord injury (SCl) (Zhao etal., 2011, de Lau et al., 2005, Gladmanetal., 2012, Liu

et al., 2015). These examples will be discussed below.

1.5.1.1 Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that is characterised by the
formation of amyloid beta plaques in the brain tissue and intraneuronal fibrillary tangles and by
cognitive dysfunction, predominantly memory loss. In aging the amount of omega-3 and omega-6
PUFAs decreases and this is seen even more so in AD patients (Yehuda et al., 2002). This decrease in
PUFAsis seen predominantly inthe area of the brainresponsible forlearningand memory, including
the hippocampus (Yehuda et al., 2005). In a transgenic mouse model of AD, whereby mice develop
amyloid-beta plaques, a diet enriched in the omega-3 PUFA DHA helped to reduce beta-amyloid
production (Lim et al., 2005). Many clinical trials have evaluated the treatment with omega-3
supplements ordiets enrichedin omega-3PUFAs. A Cochrane study published this yearfailed to find
any efficacy of the treatment with omega-3supplementationin AD. However, it stillremains unclear
as to whetheromega-3 supplementation mayimprove non-AD dementia patients (Burckhardt et al.,

2016).

1.5.1.2 Parkinson’s disease (PD)

Parkinson’s disease (PD) is aneurodegenerative diseasein which, the dopaminergicneurones of the
substantia nigra progressively die, causing dysfunction of the brain’s basal gangliasystemandleading
to the symptoms of PD (e.g. tremor, rigidity and bradykinesia). Models of PD in rodents or primary

neuronal cell cultures can be created by administration of the neurotoxin methylphenylpyridinium
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(MPP+), which can selectively damage dopaminergic neurones. In an in vitro model, the administration
of the omega-3 DHA derivative NPD1 rescued primary neuronal cells from MPP+induced apoptosis
(Calandriaetal., 2015). In humans, the ‘Rotterdam study’ was a large study that aimedto see if there
was a link between dietary intake of PUFAs and reduced risk of PD. The study suggested thatdietsrich
in monounsaturated FA and PUFAs were associated with significantly lower risk of PD (de Lau et al.,
2005). More studies are required in order to elucidate whether omega-3 supplementation has any

potential efficacy in the treatment of PD.

1.5.1.3 Peripheral nerve injury

Peripheral nerveinjury (PNI) may be caused by traumaincluding compression, crush ortransection of
axons in the peripheral nervous system, resulting in the loss of either/or both motor and sensory
function. Although, peripheral nerves are able to regenerate, unlike axons in the central nervous
system (CNS), thisis dependent on the distance regeneration hasto occur over,as demonstrated by
work done previouslyinourlab, by Gladman and colleagues (Gladman etal., 2012). In vitro omega-3
PUFAs have been shown to encourage neurite growth in primary neuronal cultures (Robson et al.,
2010). From our own laboratory group, in vitro and in vivo studies with the fat-1 transgenic mouse, a
geneticmouse model that produces endogenously high levels of omega-3 PUFAs, provided evidence

that omega-3PUFAs aid recovery after PNI, possibly via neuroprotection (Gladman etal., 2012).

1.5.1.4 Spinal cord injury

The treatment of spinal cord injury (SCI) with omega-3 PUFAs has also beeninvestigated by colleagues
in our laboratory. SCI, much like TBI, has no adequate treatment at present, and affects millions of
people worldwide. In our group, acute treatment with intravenous DHA injectionat30 minutes post
injury promoted functional recovery and induced neuronal plasticity in rats with a cervical hemisection
SCI (Liu etal., 2015). It was also previously shown thatina compression model of SClinrats, an acute
intravenous dose of DHA combined with a diet enriched in DHA reduced lipid peroxidation,
macrophage infiltration, increased neuroplasticity and improved locomotor function (Huang etal.,
2007). However, in a small randomised controlled trial, SCI patients were given oral DHA and EPA

supplements for 14 months, a year after the initial SCI, and this supplementation failed to improve
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theiroutcomes (NorouziJavidan et al., 2014). This suggests that omega-3PUFA treatment mightbe of

benefitinSCl, if giveninthe acute phase.

1.5.1.5 Traumatic brain injury

The beneficial effects observed with omega-3treatmentin some diseases, especially in SCI, contribute
to the hypothesisthat omega-3treatment may improve outcomesin TBIl. There isalsorecent evidence
that suggests low levels of omega-3 PUFAs in the diet impairs recovery from TBI (Desai et al., 2014).
Desai and colleagues, showed that mice with a 70% deficiency in brain levels of DHA had a worse
outcome when compared to the TBIl only mice; they had reduced cognitive and motorfunctionaswell

as anincreasedlesionsize (Desaietal., 2014).

In vitro studies (as detailed in Figure 1.5) suggest that omega-3 PUFA treatment may be beneficial in
TBI, due to its effects on secondary injury pathways. The omega-3 PUFA DHA has beenshownin vitro
to promote neuronal survival, prevent apoptosis, reduce inflammation and oxidative stress (Akbar et

al., 2005, Chenetal., 2005, German et al., 2006, Bazan, 2005).

Further evidence that omega-3 PUFAs may be beneficial in TBI comes from a patient case study
published by Lewis and colleagues. The case study describes a patient that suffered a severe head
trauma and was in a vegetative state, as a result of a motor vehicle accident. At day 10 post TBI the
patient started to receive very high levels of the omega-3 PUFAs (EPA and DHA), through enteral
feeding, and by day 21 the patient came off the ventilator and gradually began to show physical and

cognitive improvements, eventually being discharged at 4 months (Lewis etal., 2013).

The many importantroles of omega-3PUFAsinthe brain, the evidencethatomega-3PUFAs mayaid in
the treatment of other neurological disorders and the neuroprotective effects omega-3 PUFAs have
demonstratedininvitro studiesaswell asinthe SCl and PNI modelsin our laboratory, contributed to

the hypothesis of this thesis, that omega-3 PUFAs may confer neuroprotectionin TBI.
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1.5.2 Brain phospholipids and PUFAs after TBI

PUFAs are structural components of phospholipids and they also have signalling roles, as reviewed
earlier. The phospholipidsin the brain are altered following TBl and the changes correlate with patient
outcome, as suggested by observations on the CSF from patients with TBI. Pasvogel and colleagues
found that when compared to TBI patients that survived, TBI patients that died had higher
concentrations of the phospholipids, phosphatidylethanolamine (PE) and phosp hatidylcholine (PC) in
their CSF, on day 1 after TBI, suggesting that the integrity of neuronal and glia cell membranes was
highly disrupted after injury (Pasvogel et al., 2010). In rodent models of TBI, the composition of the
phospholipid classes, as well as the level of individual PUFAs within plasma have been found to be
altered. Emmerich and colleagues recently reported that at 24 hours after TBI mice had an increase in
PEinplasma, and a reductioninall classes of phospholipids that contained the PUFAs AAand DHA, in
the chronic stages (3, 6, 12 and 24 months) (Emmerich etal., 2016). It has also been shown thatlevels
of AA and DHA are reduced in the cortex and cerebellum of injured mice, and a reduction in
hippocampal DHA levels following TBI correlates with impaired learning ability at 3 months post injury,

inthe Barnes maze test (Abdullah etal., 2014).

1.5.3 Docosahexaenoic acid

Docosahexaenoicacid (DHA) is foundin high amounts inretinal tissue, sperm cells, synaptosomes and
cortical tissue (Stillwelland Wassall, 2003, Breckenridge etal., 1972, Neill and Masters, 1973, Tinoco,
1982, Brennaand Diau, 2007). It isthe mostcommon long chain omega-3PUFAfoundinthe brain, and
is almost 300 times more concentrated in the central nervous system than the omega-3 PUFA EPA
(Chen et al., 2009). DHA enters the brain from plasma through mechanisms described in the general
introduction (Fig. 1.5). Very little DHA is synthesised in the brain tissue itselfvia B-oxidation, therefore
most of the DHA found in the brain comes from the diet or metabolism in the liver (Demar et al.,
2005). Plasma DHA exists as non-esterified and esterified pools, and recent pharmacokineticstudiesin
adult rats show that the plasmanon-esterified DHA is the major pool supplying the brain (Chen et al.,
2015).
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Phospholipids are the main components of the cell membranes and their composition can affect
synaptic structure, membrane fluidity and cell signalling pathways (Wellner et al., 2011, Dyall and
Michael-Titus, 2008). The different PUFAs in the CNS are preferentially incorporated into specific
phospholipid classes. DHA is primarily incorporated into the phospholipid phosphatidyl ethanolamine
(PE), lesssointo phosphatidyl choline (PC) and evenlessinto the other classes of phospholipids at the
sn-2 position (Stillwell and Wassall, 2003). DHA is more enriched in the inner leaflet of the cell
membrane, particularly when incorporated into the phospholipid PE or phosphatidylserine (PS)

(Stillwell and Wassall, 2003).

The unique structure of DHA means that when itis incorporated into phospholipids, it can alter cell
membrane properties, including permeability, fluidity and cell signalling (Stillwell et al., 2005, Stillwell
and Wassall, 2003). DHA has 6 double bonds which are locked in their cis-orientation, making them
rigid and suggesting that they have limited flexibility; however, studies employing nuclear magnetic
resonance spectroscopy (NMR) have produced evidence that DHA has extremely high conformational
flexibility (Feller, 2008, Everts and Davis, 2000, Gawrisch et al., 2003). In a study conducted by
Gawrisch and colleagues, NMR datarevealed that the flexibility of the DHA chainincreases from the
carbonyl head group to the terminal methyl group, as the carbon-carbon bonds act like flexible
‘hinges’ (Gawrisch et al., 2003). When bound to membrane phospholipids, DHA isable to be in several
different conformations by bending, tilting and folding. This extensive flexibility of the DHA chain can

cause the phospholipid bilayers of the cell membraneto be flexible (Gawrisch et al., 2003).

1.5.4 Therolesof DHA in cognition

Studies have shown that diet composition can have an impact on cognitive function. Mice fed on a diet
with low levels of omega-3 PUFAs exhibit poorer performance in cognitive tests (Fedorova et al.,
2007). Conversely, rats fed on a diet enriched with DHA improve their performance in cognitive
behavioural tests including the radial-arm maze (Gamoh et al., 1999, Gamoh et al., 2001). In a model
of impact/acceleration TBI in rats, pre-injury dietary supplementation with DHA improved

performance inthe MWM test (Mills etal., 2011).
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The effect DHA has on cognitive performance is likely to be atleast partly related to the roles DHA has
within the regions of the brainresponsibleforlearningand memory, suchasthe hippocampus. DHA
supports hippocampal function by promoting neurogenesis. The hippocampus and the subventricular
zone (SVZ) of the lateral ventricle wall are the only areas of the human adult brain able to display
neurogenesis continuously, whereas the olfactory bulb in lower mammals also displays co ntinuous
neurogenesis (Eriksson et al., 1998, Ernst and Frisén, 2015). DHA promotes neurogenesis in vivoand in
vitro, as demonstrated by the increase in the immunohistochemical marker of proliferating cells, 5-
bromo-2'-deoxyuridine (BrdU) (Kawakita et al., 2006). It is unclear how DHA promotes neurogenesis,
but suggestionsinclude: (i) DHA increasesthe proliferative activity of neural stem cells (NSC) thereby
increasing the number of newborn neurons, (ii) DHA encourages NSCs to exit the cell cycletobecome
differentiated neuronal cells, or (iii) DHA confers neuroprotection, therebyincreasing the survival of
newborn neurons (Kawakita et al., 2006, Insua et al., 2003, Akbar et al., 2005). The improved
performance of aged rats in a spatial memory test was correlated with an increased level of
neurogenesis seeninthe hippocampus,and a DHA-enriched diet has beenshowntoup-regulate the
expression of genes (e.g. c-fos) in the hippocampus, associated with long-term potentiation (LTP)
(Drapeau et al., 2003, Tanabe et al., 2004). LTP is a model for the reinforcement of synapses through
increased stimulation, whichis believed to underlie synapticplasticity and learningand memory (Bliss

and Collingridge, 1993).

DHA also contributes to hippocampal function through promotion of synaptogenesis and by
strengthening synaptic plasticity (Su, 2010). DHA supplementation increases the level of the growth
factor brain derived neurotrophic factor (BDNF), which plays a key role in the promotion of
synaptogenesis (Wu et al., 2008, Cunha et al., 2010). With an increase in the number of synapses,
there is an increase in synaptic proteins such as synapsin-1, expressed at higher levels after dietary
DHA supplementation (Cao etal., 2009). Through the promotion of neurogenesis and synaptogenesis,

DHA supplementation can support hippocampal-based learningand memory.

As well as dietary supplementation, acute injection of DHA or of emulsions containing DHA has also

beenshownto confer neuroprotection. Although an acute injection cannot alterthe composition of
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the phospholipidsin cell membranes, it has been shown toimprove outcome in animals models of SCI,
epilepsy and stroke (Liu et al., 2015, Trépanier et al., 2015, Williams et al., 2013, Taha et al., 2010,
Hong et al., 2014, Hong et al., 2015). Our group has shown that an acute injection of DHA 30 minutes
afterSCl (and up to 2 hours afterinjury) can promote neuroplasticity, increase neuronaland glial cell
survival, improve locomotor function and reduce lesion size (Liu et al., 2015, King et al., 2006). In a
model of epilepsy, the subcutaneous injection of DHA an hour before pentylenetetrazol
(PTZ) administration, increased the latency to seizureactivity in rats, and this effect correlated with an
increase in unesterified levels of DHA in the serum, without affecting brain phospholipid DHA levels
(Taha et al., 2010, Trépanier et al., 2012). In models of stroke, Hong and colleagues, have shown that
an i.v. dose of DHA 3 hours post-occlusion of the middle cerebral artery (MCA) improves motor
function, cognition and reduces tissue loss up to 3 weeks afterinjury, andinthe acute phase reduces
BBB permeability as demonstrated by decreased Evans blue extravasation (Hongetal., 2014, Hong et
al., 2015). Omega-3 PUFAs can be incorporated into emulsions and administered viainjection of such
emulsions. The benefit of usingan emulsion forthe delivery of omega-3PUFAsisthe reductionin FA
oxidation and the slower release of the omega-3 PUFAs. Emulsions containing omega-3 PUFAs,
particularly DHA, have also been reported toinduce neuroprotection and reduction of brain tissue loss

ina hypoxic-ischaemicinjuryin neonate animals (Williams etal., 2013).

1.5.5 DHA and secondary injury mechanisms

The mechanisms that contribute to the secondary injury after TBI include oxidative stress and
neuroinflammation, which canlead to enhanced cell death viaapoptosis. Neuroprotectin D1 (NPD1) is
a docosanoid derived from DHA and it has been shown to have anti-inflammatory, anti-oxidative and
anti-apoptoticeffects (Bazan, 2005, Mukherjee et al., 2004, Bazan, 2009a, Bazan, 2009b). In a model of
stroke, NPD1infused during reperfusion down-regulated DNA damage caused by oxidative stress and
reduced apoptosis through the regulation of pro- and anti-apoptotic proteins. NPD1down-regulates

the pro-apoptotic protein Bax and up-regulates the anti-apoptotic protein Bcl-2 (Bazan, 2009b). DHA
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supplementation has also been shown to increase superoxide dismutase (SOD) and the silent

information regulator 2 (Sir2) after TBI, which are known to have anti-oxidant effects (Wu et al., 2011).

Glial cell activationis animportant part of the secondary injury inflammatory pathways. Inour model
of CCl, astrogliosis and microglial cell activation was induced by the injury and reflected as an up-
regulation of GFAP and increase in the number of Ibal+ cells. DHA acute treatment following SClin our
laboratory and in other groups has been shown to reduce glial cell activation, by reducing
microglia/macrophage number and GFAP staining (Paterniti et al., 2014, Lim et al., 2013b). DHA may
modulate glial cells by reducing the amount of pro-inflammatory cytokines released from glial cells
(e.g. TNF-a and IL-6) that would otherwise go on to further activate additional microglia and cause

astrogliosis (Heras-Sandoval etal., 2016, Gupta etal., 2012).

1.6 Failures of TBI therapies

After the failures of the progesterone SyNAPSe and PROTECT lll trials as well as the Eurotherm3235
and EPO-TBI clinical trials, questions surrounding the reasons forthese failures have beenraised. The

reasons, as suggestedina 2015 review by Stein are as follows (Stein, 2015):

e Heterogeneous patient population—The heterogeneous nature of TBI means that recruitment
of a uniform patient population is impossible. Between patients, the cause, location and
severity of the injury differ. Other factors are the time to hospital, post-injury complications

and the patients’ underlying resilience to the trauma or any pre-existing conditions.

e Appropriate outcome measure — Although the GOS is the most commonly used outcome
measure, ithas beensuggested thatit may not be sensitive enough. Othercomposite scores
used to assess outcome also rely on the patient’s own reporting which can be subjective.
Screening for biomarkers of injury in the cerebrospinal fluid (CSF) or blood serum may be a
more effective and sensitive outcome measure. Several potential biomarkers have been
identified including the S100-B and glial fibrillary acidic protein (GFAP), both markers of
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astroglial injury, as well as neurofilament light polypeptide, which is a marker of axonal
damage (Zetterberg et al., 2013). Combining outcome scores with biomarker analysis and

advanced brainimaging may produce a clearerassessment of patient outcome.

o Ineffective dosing —Failure of these large clinical trials may be down to sub-optimal dose or
ineffective dosing schedule. There have beenvery few large trials comparing single dosing to
sustained dosing. Also there may be failure in the translation of the preclinical doses to the
clinical trial dose (Narayan et al., 2002). It is also worth remembering that at the preclinical
testing phase several potential treatments are given before the injury orclose to the time of

injury, which does notreflectthe common clinical situation.

e Inadequate pre-clinical testing — There could be several factors at the preclinical phase
causing failures down the line in clinical trials, including false positives, anaesthesia, drug
interactions, simplisticinjury models, translation of drugs from animalstohumans assuming
trans-species validity of targets, the relevance of outcome measures and the use of genetically

identical animals.

These points furtherreiteratethe complexity, the heterogeneity and the difficulty of translation from
benchto bedside of TBI. Particularly important are the potential problems with the pre-clinical testing.
If another therapeutic strategy is to make it to a large scale clinical trial and prove to be efficacious,
the preclinical testing needs to be of a high standard and take into consideration the points raised
(Loane and Faden, 2010). The differentin vitro and in vivo models of TBl used for preclinical screening

are discussed below.
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1.7 Invitromodels of TBI

In vitro models have been developed to reflect different types of TBI. There are models that mimic
focal lesions by causing direct injury to tissue or cells: these include transection and weight-drop
models. There are also in vitro models designed to reflect the shearing that neuronal cellsundergoina
diffuse injury, whichinclude ashearstrain model and a shockwave blastinjury model (Morrisonetal.,
1998). Changes in the environment in vitro allow the study of the response to a particular
environmental change that occurs following a TBIl. Such manipulations of the environmentcan be the
modification of the glucose concentration within the media to produce hypoglycaemicconditions, or
reduction in the available oxygen within the incubator, to mimic hypoxia. These models are

summarisedinthe table below (Table 1.5).

In vitro models can be modified by the selection of the cell culture system. Immortalized cell lines,
primary cell cultures and organotypictissue preparations can all be subjected toany of the TBI in vitro
models described. There are advantages and limitations to each of these culture systems, concerning

viability, longevity, similarity to CNS cell types and behaviour within a culture system.
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Table 1.5. Summary of in vitro models of TBI.

Injury Model Description of Injury Schematic References
Stylet Transected cells (Tecomaetal.,
transection/Scratch release intracellular 1989)

assay glutamate and K* to (Brizuelaetal.,
A plasticstyletor mimicglutamate 2015)

Barkan goniotomy knife
isusedto create a cell
freelesionalongthe
coverslip.

excitotoxicity and
disruptionofion
homeostasis.

(Xuetal.,2014a)

Weight-drop
Similartothe in vivo
weightdrop model. A
known weightis
droppedontoa layer of
cellsoronto an
organotypictissue slice.

The weightdrop
causes compression to
the cells or tissue
beneathitto produce
axonal compression-
like axonal injury.

(Siegetal., 1999)
(Krassioukov et
al., 2002)

Shearstraininjury
Cellsgrownona
specialised flexcell
material. The material
can thenbe
manipulated and
deformedtocause a
shearinjuryto the cells.

Straininjury causes
cell rupture and
death.Increasein
axonal damage that
can be changedbythe
duration and extent of
the strain.

(Gladmanetal.,
2010, Ellisetal.,
1995)

Hypoxia-lIschaemia

A glucose free medium
isusedto induce an
ischaemicreactionin
the cells. Cellsare
incubatedinalow
oxygenincubatorto
cause hypoxia.

Hypoglycemiacauses
neuronal cell death.
Hypoxiacausesa
decreaseinneurite
growth and eventually
cell deathinneurones
as well asother CNS
cells.

(Gladmanetal.,
2010)

Blast Injury
Cellsare placedina

waterfilled tube. A
shock wave is generated
througha column
powered by
compressed gas.

Shockwave injury
causes cell deathand
indicates BBBinjuryin
a culture of
endothelial cells.
Organotypiccultures
alsoshow highlevels
of cell death.

(Effgenetal.,
2012)
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Table 1.6 Summary of different cell culture systems.

Cell culture Examples Advantages Limitations References
system
ImmortalizedCell | PC12 cells, e Commercially e Most are not (Wanget
Lines SHSY5Y cells, available derived from al., 2014a)
Glioblastoma | ¢ Readysupply-Can neuronal cells, (Xuetal.,
celllines be frozenand usually cancerous 2014b)
passaged cells.
e Robust e Notrepresentative
of CNScells
Primary Cells DRG cell, e CNSspecificcells e Harvestingofcells (Gladman et
Astrocytes, fromtargeted can cause damage al., 2010)
Microglia, tissue and be a complex (Sietal.,
Corticaland | e Single cell type process 2014)
Hippocampal populationscanbe | e Short-term
neurones isolated or co- experiments as they
cultured cannot be passaged
e Behaviourofcells
may change ex vivo
Organotypic Spinal cord, e Thecomplextissue | ® Veryshort-term (Effgenet
Tissue Brain slices ismaintained ex studies al., 2014)
Preparations and vivo e Tissue preparations | (Pohlandet
Hippocampal | ¢ Three-dimensional must be thinto al., 2015)
slices avoid tissue
necrosis and
hypoxia

The benefits of in vitro models make them a useful tool for the screening of potentially

neuroprotective therapies for TBI. They are also useful for the investigation of the cellular and

molecularsecondaryinjury pathways that contribute to the pathophysiology following TBI. A novel in

vitro model of TBI, which employs the use of a pneumaticimpactorto create a focal injuryin 3D tissue

cultureisdescribedin chapter6 of this thesis.
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1.8 Animal modelling of TBI

Clinical TBlisvery heterogeneous, and this had led to the development of several animal models that
reflect different aspects of human TBI symptoms and pathologies. The two typesof injury modelled
most extensivelyin animals are focal and diffuse injuries (Xiong etal., 2013). Modelsthatmimic focal
and diffuse injuries are described below and the advantages and disadvantages of these models are

detailedinTable 1.7.

e Focalinjurydescribesalocalised impact, where direct penetration of the braintissue occurs.
This causes destruction of the skull, brain parenchymaand blood vessels at the site ofimpact.
The modelsthatresultina focal injuryinclude the controlled cortical impact (CCI) model, the
fluid percussion model and the weight drop model. The CCl model causes a direct injury to
the brain parenchyma with a pneumatically drivenrigid impactor. The fluid percussion model
employsahigh pressure fluid bolus to cause focal destruction of the brain parenchyma. This
model also induces some diffuse damage. The weight drop model, is where a weight is
droppeddirectly ontothe exposed brain tissueto cause a focal injury.

o Diffuse injury describes the damage caused to brain tissue, in particular neurons, when it is
stretched and sheared. The animal models that mimic this type of injury include blast injury
models, whereby animals (predominantly swine) are exposed to the shockwaves caused by an
explosive blast. Diffuse injury can also be modelled in a closed head model of rotational
injury, where animals receive rapid axial head rotations with a pneumatic actuator. The
previously described weight drop model can be adapted to cause diffuse injury, ifthe weight
is dropped onto a flat disk attached to the skull in order to distribute the energy across the

entire brain.
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Table 1.7 The various invivo models of TBI. (Cernak, 2005, Xiongetal., 2013, Marklund and Hillered,

2011)
Species Type of | Advantages Limitations
injury
Fluid Percussion | Swine Focal e Reproducible e Craniotomy
Midline Sheep and o Noskullfracture e Highmortality rate
Dog diffuse e Severityeasily
Cat adjusted
Rabbit
Rat
Mouse
Lateral Swine Focal e Reproducible e Craniotomy
Rat and e Severityeasily o Highmortality rate
Mouse diffuse adjusted
Marmarou/ Rat Diffuse e Producesprolonged | ¢ High mortalityrate
Impact- Newly unconsciousness e Variability (between
acceleration developed animalsand centres)
for mice e Createswidespread
diffuseinjury
Controlled Monkey Focal e Injury parameters e Craniotomy
cortical impact | Swine can be tightly
Sheep controlled
Ferret e |njuryseveritycan
Rat be altered
e Highlyreproducible
Mouse (between animals
and centres)
e longlasting
behavioural deficits
e Low mortalityrate
Weightdrop Rat Focal e Injuryseverity can e Craniotomy
Mouse be altered e Parametersnotso
e Behavioural deficits tightly controlled
e Similartothe
Marmarou model, but
createsalocalisedfocal
injury
Blast injury Swine Diffuse e (Closely mimicsthe e Standardised
Rat injury mechanismin
Mouse human TBI
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1.8.1 Species used in the animal modelling of TBI

The TBI models that represent focal and diffuse injuries have been conducted in a wide variety of
species. Most commonly used species are rodent, but there are several models that have been
adaptedto use largerspecies, such as swine and cats. All of the species used are able to mirror some
of either the neurobehavioral consequences or pathophysiological tissue changes observed in the

human condition (Table 1.8).

Table 1.8 Species usedin various in vivo models of TBI.

Species TBI models Pathophysiology similarto References
humans
Non-human | Controlled cortical e ICP (Kingetal., 2010)
primates Impact (CCl)
Swine Closed head e Axonalinjury (Sullivanetal., 2013)
rotational injuries e Subarachnoid haemorrhage | (Manley etal., 2006)
ccl e Cortical lesion (Bauman etal., 2009)
Blastinjury
Cat Lateral fluid e Subarachnoid haemorrhage | (Hayesetal., 1987)
percussion e Haematomas (Careyetal., 1990)
Rat Ccl e Hypotension (Dixonetal., 1991)
F|Ui‘d percussion e Axonal Injury (Cernaketal., 2004)
\é\llae;frrfji:zp models e Cortical contusion
e Haemorrhage
Mouse CCl e BBB breakdown (Smithetal., 1995)
Fluid percussion e Cortical tissue loss (Flierl etal., 2009)
Weightdropmodels | ¢ Axonalinjury (Carbonell etal., 1998)

There are clearadvantages and disadvantages to using a particularspeciesinwhichtomodel TBI. The
larger species have a neuroanatomy thatis more representative of the human brain. Pigs and cats, like
humans have a gyrencephalic cortical structure and a similar white-to-grey matter ratio (Gennarelli,
1994). Despite the clear benefits of usingan animal that has neuroanatomical similaritiesto humans,
there are limitations that need to be considered when using larger species. Firstly, the high cost of
housing and maintaining larger species. Secondly, the life span of these animals make long term
studies more time consuming, and therefore not suitable fora high-throughput screening of potential
therapies. Thirdly, there are more substantial ethical concerns when larger species are used

(Marklund and Hillered, 2011).
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Rodents are the main animals used in models of TBIl. Unlike the larger species, the rodents’
neuroanatomy has some very obvious differences to that of a human’s neuroanatomy(Fig. 1.6). The
corticesina rodent’s brain are lissencephalic. Also, the ratio of white-to-grey matterisvery different
(less white matter) and the olfactory bulbs make up a larger proportion of the brain than that in
human (Gennarelli, 1994). Despite these differences, rodents are amuch more viable option for the
initial screening of anovel therapeutics due to their relative cost, size and life span. Thereisone other
main benefitto using rodentspecies, in particular mice, overthe largerspecies, and thatisthe ability
to manipulate the genetics of a mouse to produce a desired transgenic breed (Xiong et al., 2013).
Transgenicmice enable aresearchertolook much more in depth at the processes contributing to the

secondaryinjuryand at novel therapies.

It could be suggested that the high number of studies conducted in rodents, as opposed to larger
species, may be one of the major reasons leading to the failure of therapies for TBI. The positive
neuroprotective effects of therapies seeninrodents may not be translational tohuman patients due

to the neuroanatomical differences stated above.

@

Mouse Cat Human

Figure 1.6 Schematic demonstrating the differencesin brain aspect between species; Mouse, Catand
Human.
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1.8.2 Rodent models of TBI

The model of TBI that is characterised in this thesis will be in a rodent species. Three of the most
popularmodels of TBI conducted in rodent speciesincludethe fluid percussion model, the Marmarou
model (aweight-drop model)and the controlled cortical impact model (CCl). Thesethree models are

describedin detail here.

1.8.2.1 Fluid percussion model

Saline
reservoir

fransducer
housing

H Pendulum

Injury shaft

Figure 1.7 Equipmentused in the fluid percussion model of TBI. (Xiongetal., 2013).

The fluid percussion model is first mentioned in the literature in 1989 (Mclntosh et al., 1989). This
model causes both focal and diffuse injuries and has been adapted to mimicdifferent typesof TBI, by
alteringthe location of the injury from a lateral location to the midline (Cortezetal., 1989, Thompson
et al., 2005). The fluid percussion model employs alarge piece of equipment made upofa pendulum

and a saline reservoir (Fig. 1.7).

Theinjuryis caused by the release of a pendulum onto one end of asaline reservoir (fluid filled tube),
while the other end sits next to the exposed intact dura through a craniotomy. The force of the
pendulum impact on one end of the tube causes a pressure wave of fluid within the tube, and this

resultsina fluid bolus beingforced into the brain, causing adeformation of the brain tissue (Marklund
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and Hillered, 2011, McIntosh etal., 1989). The severity of the injury canalso be altered by incre asing

the pressure wave of the fluid within the tube viaincreasing the angle of the pendulum.

Nonetheless, the design of the equipment does allow for some errorsto occur. Firstly, the dropping of
the pendulum by the testerasa means of initiatingthe injuryisnota precise method and allows for
some testererror. Secondly, afterthe pendulum has been released and impacted the reservoir tube, it
still hassome momentum force. The testershould be aware of thisand make sure to be prepared to

catch the pendulum, before it rebounds and causes asecond injury.

1.8.2.2 Marmarou model —impact/acceleration weight drop model

The impact-acceleration weight drop model, was presented first by Marmarou in 1994, five years after
the fluid percussion model, and is often referred to as the Marmarou model (Foda and Marmarou,

1994).

Plexiglas tubing

Brass weight

die2 ot l
. Steel helmet over

exposed skull

Foam

Figure 1.8 Equipmentusedin the Marmarou model of TBIl. (Xiongetal., 2013)

This model creates a global diffuseinjury throughout the rodent’s brain. It does this by having a weight
fallingonto asteel discthatis glued to the skull of the rodent. The head of the rodentrestson a piece
of foam, with a defined ‘spring constant’, to allow a controlled movement of the head after impact
(Marmarou, 1994; Morales, 2005). The injury causes widespread axonal injury, due to the steel disc

distributingthe energy of the impact overthe whole brain (Morales etal., 2005).
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This model is able to replicate the diffuse injury without causing a focal lesion, similar to the injury
observed from a motor vehicle accident. The diffuse injury occurs because of acceleration and
deceleration forces causing the brain to move within the skull (Foda and Marmarou, 1994).
Consequently, the axons shear and become damaged, which leads to Wallerian degeneration and
eventually neuronal cell death. The main advantage of this modelis the abilitytoisolate the diffuse
injury and investigate the diffuse pathophysiology alone. This model is also able to achieve prolonged

unconsciousnessinrodents, an aspect of TBI that most models do not replicate (Marmarou, 1994)

The Marmarou model, much like the fluid percussion modelrelies onthe impact of a fallingweight (or
pendulum), so important to prevent a rebound injury. Another similarity is the complexity of the
equipment usedtoinitiate the injury. These problems may be overcome with the increased use of the

equipment.

1.8.2.3 Controlled cortical impact model (CCl)

The controlled cortical impact (CCl) model isan example of amodel that causes a focal injury by direct

brain deformation (Fig. 1.9) (Lighthall, 1988).

Piston

Figure 1.9 Equipmentusedin the controlled cortical impact model of TBI. (Xiongetal., 2013)

This model wasfirstdevelopedinferrets, butthenlaterinrats and mice (Dixonetal., 1991, Smith et

al., 1995). To deliver CClI to a rodent, a craniotomy is performed over one hemisphere. Then, a
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pneumatically driven rigid impactor strikes the intact dura mater to cause deformation of the brain
tissue (Marklund and Hillered, 2011). The pathophysiology following CCl has been shown to include
brain oedema, elevated intracerebral pressure, reduced cortical perfusion, decreased cerebral blood
flow, as well as neuroendocrine and metabolicchanges, which are hallmarks of clinical TBI (Baskaya,

1997; Cherian, 1994; Bryan, 1995; Prasad, 1994).

The pneumatically driven rigid impactoris operated viaa computer, and the parameters can therefore
be tightly controlled. These parameters include impactor velocity, depth of impact and dwell time
(O'Connoretal., 2011). The ability to stringently control the various parameters limitsthe variability
between each injury conducted for each rodent. This high reproducibility between injuries is very
importantinthe early stages of pharmacological screeningin orderto determine the efficacyofanew

therapeuticagent.

The equipment needed to perform this modelisrelatively simple andits design meansthat thereis no
risk of rebound injury (O'Connor et al., 2011). This model can offer high reproducibility of injury
between animals and between centres due to the parameters of the injury being digitally controlled.
Despite the technical advantages of this model over the fluid percussion and Marmarou model, the CCl
model does have some disadvantages that are worth considering. Firstly, the lesion size caused by the
impactor is relatively large. This large lesion size is not comparable to that of the injuries seen in
human patientsthat survive a TBI. Secondly, and similarly to the fluid percussion model, acraniotomy
needstobe performed priortothe injury. A craniotomy obviously does not reflect the usual pathology
of a human TBI and may attenuate secondary brain swelling if the bone flap is not replaced
(Zweckberger, 2006; De Bonis, 2010). Nonetheless, a craniotomy does mean that there is no risk of
skull fracture in the rodent, which would cause further damage, leading to a more heterogeneous
injury between animals, lowering the reproducibility and negating the model’s use as a therapeutic
screeningtool. Overall, this model has high reproducibility, is good as a therapeuticscreeningtool and

istechnically relatively simpleto operate.
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1.8.3 Behavioural outcome measures

The symptoms suffered by TBI patients vary depending onthe type, location and severity of th e TBI.
Aftera TBI, complex cognition and personality changes may develop. Due to the significantimpact that
neurobehavioural symptoms have on a patient’s quality of life, a key outcome measure for in vivo
models of TBI mustbe a deficitin relevant behavioural tests. Behavioural analysisin rodents includes
many established tests that assess different aspects of behaviour, and monitor anxiety, learning,
memory and motor function. The most common neurobehavioural outcome assessed in rodent
models of TBI are cognitive and motor dysfunction. These commonly used behavioural tests are

reviewed belowandinTable 1.9.

1.8.3.1 Openfield

The open field test measures the exploratory behaviour of a rodent within a confined space, e.g. a
Perspex box. The behaviour of the rodent within the box can be used as an index of general locomotor
activity and has also been interpreted to reflect the anxiety of the animal exposed to a new
environment. The open field has been used to test these behaviours in a variety of models of
neurological conditions, including TBI. TBI patients can experience symptoms including anxiety and
motor dysfunction and therefore this behavioural test would be a relevant outcome measure in the
assessment of aTBIl rodent model. With referenceto anxiety, rodents that spend areduced amount of
time in the central zone and an increased amount of time next to the walls of the open field are
indicating anxiety-related behaviours (Jones et al., 2008). In a lateral fluid percussion model, rats that
received asevere injury spentlesstimeinthe central zone, suggesting thattheywere more anxious
than the control groups (Jones et al., 2008). Using this test as a measure of anxiety is contested, as
noted in a review of the literature, as mice treated with certain anxiolytic drugs did not exhibit

reduced anxiety-related behavioursinthe openfield (Prut and Belzung, 2003).

79



50cm J<;$'
Ysm A/so:m Q \

Figure 1.10 Open field test. Dimensions of Perspex box (A), behaviour of rodent during the test (B) and
an illustrated outcome measure of the openfield test (C).

The distance travelled within the open field is an outcome measure that can be used to assess the
locomotor activity of the rodent. After a CCl injury, mice that received a severe injury showed a
decrease in the distance travelled and therefore exhibited reduced locomotor activity (Zhao et al.,
2012b). Reduced locomotor activity may also reflect other symptoms induced by the CCl injury,
including anxiety, depression, habituation to the test apparatus or motor dysfunction. It would take

furtherbehavioural testing to decipherthe precise cause of the reduced locomotor activity.
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Table 1.9 Example of behavioural tests used as outcome measures in animal TBI models. (Armario and Nadal, 2013, Xiongetal., 2013, Schaar et al., 2010)

Behavioural outcome

2| . |5
— ‘ﬁ; S 'E
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w| > ¢c| % E | 2
£ o 2 9 Fn ‘= Q
: E|l | a2B|2 |8 |38
Behavioural | i S g 2| % 2 S
Test 3 = |od|< a 2 | Test Paradigm Strengths of the Test Limitations of the Test
Morris + + - - - | Anacquisition phase of 2-4 swimmingtrials | -Gold standard testfor -Results can be affected bya
Water Maze a day for 4 days, in which the animal memory deficits number of factors including
shouldlearntolocate the hidden platform. | -Testsfordeficitsinthe watertemperature, home
At 24 hours afterthe last acquisition trial,a | animal’s ability tolearn cage environment, testing
probe trial (with the platformremoved)is | -Testsspatial memory room environment.
performed. -No pre-teststarvation
-Paradigm isadaptable
Y-Maze + + - - |- An acquisition trial (5— 15 minutes), in -Tests fordeficitsin the -Results can be affected by
which one armis blocked. Afteraninterval | animal’s ability tolearn testing environment.
time of up to 2 hoursthereisaretrieval -Tests spatial memory -Time consuming
trial. The animal isallowedtoexplore all 3 | -No pre-teststarvation -Habituation
arms of the maze. -Paradigm is adaptable —
spontaneous armalternation.
Elevated - - + - - | Animalsare allowedtoexplore the open -No pre-test starvation -Results can be affected by
Plus-Maze and enclosed arms fora 5 minute trial. -Shorttesting period exposure to previous

-No pre-trainingrequired

behavioural tests, previous
handling, testing environment
-Intra-lab variability
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Novel
Object
Recognition

Animals are exposed to 2identical objects
within an open-field. Aftera 24 hour
interval time, the animals are placed back
inthe testwith 1 familiarobjectand 1
unfamiliar object.

-No pre-test starvation
-Paradigm is adaptable

-Results can be affected by
exposure to previous
behavioural tests, olfactory

stimuli, testing environment.

Neurological
Severity
Score

Animals are givenascore on the
completion of 10 tasksincluding—beam
balance, beam walking, startle reflex,
paresis and seeking behaviour. These tasks
can be repeated every 24 hours.

-No pre-teststarvation
-Simple to administer

-Composite score may mask
individual deficits

-Results can be affected by
exposure to previous
behavioural tests, olfactory

stimuli, testing environment.

Forced
Swim Test

Mice are forced to swimina narrow
beakerof waterfor 6 minutes.

-No pre-teststarvation
-Simple, low cost

-Swimming performance
betweentests canbe
markedly different, due to
adaptation ratherthan
depressed behaviour.

Open-Field
Test

Animalsare allowed to explorean open
field testenvironmentfora5 — 30 minute
trial. These trials can be repeated
throughoutthe study.

-No pre-teststarvation
-Paradigm is adaptable
-Measures multiple
behaviours.

-Results can be affected by
olfactory stimuli and testing
environment.
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1.8.3.2 The Y-maze

The Y-maze has been used to test memory function by exploiting rodents’ natural exploratory
behaviour. There are two main protocols forthe Y-maze in which one of the three armsis blocked, in
orderto create an arm within the maze that will be novel tothe test rodent (Sarnyai et al., 2000). Once
exposedtothe novel arm, the amount of time the animal spendsin the novel armisindicative of the
rodent’s memory function, as the rodent recognises its novelty and spends time exploringit. Mice that
received a hippocampal lesion failed to recognise the novelarm, thereby providing evidence that the
Y-mazeisa useful testformemory (Sanderson etal., 2007). As with other cognitive behavioural tests,
results from the Y-maze can be misinterpreted foranumberof reasons, forexample ifthe locomotor

activity is altered, the time spent exploring the novelarm may be lessened (Sanderson etal., 2010).

Figure 1.11 Y-maze test. Actual image of the apparatus inuse (A), behaviour of rodentduringthe test
(B) and illustrate the outcome measure of the Y-maze test (C).
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1.8.3.3 Morris Water Maze

The most regularly used test forlearning and memory dysfunctionis the Morris water maze (MWM).
Thistest has been used to evaluate memory deficits in neurodegenerative disease modelssuch as AD
models, aswell asfor discriminating between young and aged rodents (BuccafuscoJJ, 2009, D'Hooge
and De Deyn, 2001). It has also been used to distinguish between experimental brain lesion severities

in mice (Washington etal., 2012, Smith et al., 1991).

The MWM testis a complex task that requires the rodentto employ arange of neurological processes.
The aim of the task is to locate the hidden platform within the water tank, therefore escaping the
water. itis the impetus to escape the waterthat motivates the animal to locate the platform. During
the acquisition phase, the rodentisrequired to learn to navigate its way to the platform by using the
visual cues that surround the tank. In order to complete this task the rodent must employ place
learning and spatial memory (Buccafusco JJ, 2009, Morris, 1984). The brainregion essential for these
processes is the hippocampus. Bilateral and unilateral hippocampal lesions in rats and mice have
resulted in complete or severely impaired performance in the MWM task (D'Hooge and De Deyn,
2001, Clark et al., 2005). The hippocampus is one of the main brain regions damaged by a TBI,

independent of the location and severity of the TBI (Kotapka etal., 1994).

Thistestis useful forassessing both the animal’s ability to learn during the acquisition phase and its
memoryinthe probe trial. The dual outcome measures allowthe evaluation of the cognitive aftermath
of a TBI without pre-injury trainingand without pre-test food deprivation. Despite the multiple useful
outcome measures this test provides, it does have limitations. These include the size of the test
equipment, the time taken to perform this test and the substantial effect external environmental
factors have of the performance of the animals within the test (Vorhees and Williams, 2006). As with
the Y-maze test, the locomotor function of the animal can impact upon the animal’s performance in
the test. Therefore, additional outcome measures, such as average speed as well as concurrently

running locomotor activity testing are of benefit.
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The limitations of the MWM may not be restricted to the operation of the test, but may include the
misinterpretation of the outcome measures. Anincreased latency to the platformzoneisinterpreted
as impaired memory function, and this assumes that the animal is attempting to employ a cognitive
strategy to locate the platform and failing. However, it does not take into consideration the likelihood
that an animal may be using a non-cognitive strategy such as thigmotaxis, that may be lengthening
theirlatency time, thus leading to the mistaken assumption thatthese animals are memory-impaired

(Wolferetal., 1998).

The MWM may have its limitations, but as one of the most frequently used and widely accepted
cognitive tests, itisagood and accessible behavioural tool for the evaluation of memory impairment in
in vivo models of TBI. Notwithstanding the benefits of behavioural testing for preclinical screening of
novel therapeutics, assessment of some of the subtle changesin cognitiveand psychiatric behaviour

(e.g.speechand mood disorders) following TBI cannot be carried out.

A B

Figure 1.12 Morris water maze test. Actual image of apparatus in use (A) and representative trace of
route to the platform (B).
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1.9 Aims

The main aims of this thesis are as follows:
1) To optimise and characterise amouse model of TBI with behavioural and histological endpoints.

2) To investigate whether treatment with the omega-3fatty acid docosahexaenoicacid improves
outcome ina mouse model of TBI.

3) To investigate whether asustained high level of endogenous omega-3fatty acids inthe transgenic
fat-1mouse can lead to an improved outcome after TBI.

4) To set up and characterise an invitro model of mechanical injury forthe study of the effects of
docosahexaenoicacid onspecificcell populations.
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2 Methods and Materials

2.1 Invivo studies

2.1.1 Animals

All animal procedures were approved by the Animal Welfare and Ethics Committee of Queen Mary
University of London, in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986
and with international guidelines on the ethical use of animals. Allanimals were maintained on a 12

hour light/dark cycle with ad libitum access to food and waterand at a temperature of 21 + 1°C.

Mice used were either male CD1 mice at 10-12 weeks old or transgenic fat-1 mice with aged and sex

matched C57BL/6 mice as control, as indicated in the corresponding chapters.

The original fat-1 breeders were provided by DrJ.X. Kang (Harvard University, Massachusetts, USA)
and the colony was maintained in house by mating heterozygous fat-1 mice with wild type C57BL/6
mice purchased from Charles River UK, Ltd (Margate, UK). Heterozygous male mice 49-53 weeks old
(aged), male mice 10-12 weeks old (young adult) and female mice aged 10-12 weeks old (youngadult)
and wild-type littermates were used in the studies. The genotypes of these mice were verified by PCR

analysis of ear punches, provided by Charles River Laboratories (Margate, UK).

The phenotype of the fat-1 mice was also reliant on the mice beingfed on an omega-6 PUFA rich diet
(Kanget al., 2004). The special omega-6 PUFA rich diet was fed to both fat-1and wild-typelittermates
(AIN-76A diet containing 10% corn oil, TestDiet UK, Product no. 1812592; Appendix 1.2) and animals
were allowed access tothe dietand water ad libitum. The diet was changed dailyand stored at -20°C
to prevent oxidation of the omega-6 PUFAs in the diet. Aged and gender matched C57BL/6 mice
bought from Charles River Laboratories (Margate, UK) were used as controls and were fed on a

standard diet (RM1, Special Diets Services, Lillico Biotechnology, Surrey; Appendix 1.3).

2.1.2 Surgery

The CCl model was chosen due to the reasons discussedinsection 1.8.2.3, the modelisreproducible

between animals and centres, unlike several other TBl animal models. [t was also chosen because the
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CCl equipmentin was already being employed in a contusion model of spinal cord injurywith our lab

group.

All the controlled cortical impact (CCl) surgeries in mice were performed by the author. Mice were
anaesthetized with amixture of ketamine (50 mg/kg) and medetomidine (10 mg/kg) intraperitoneally
(i.p.) and given pre-emptively analgesia buprenorphine (0.05 mg/kg) subcutaneously (s.c.). Surgical
anaesthesiawas confirmed by loss of the tail pinch reflex and corneal reflex. Anaesthesia depth was

monitored throughout the surgery by monitoring the respiration rate.

Mice were placedinto astereotaxicframe and secured with mouse teeth barand guineapigear bars.
A midline incision was made to expose the skull and a 3.5 mm craniotomy was made over the right
parietal bone (central pointwas at-2.0 mm bregma, 2.5 mm lateral) usinga 0.5 mm diameterburr bit
connectedtoa hand held dental drill. Care was taken so that the dura materwas undisturbed during

the drillingand the removal of the skull flap.

The contusion was carried out using the Hatteras PinPoint controlled cortical impactor (Hatteras
Instruments, USA) (Fig. 2.1). The parameters used were: 3.0m/s velocity, 100ms dwell time, and 20°
angle. The injury severity (based on behavioural tests) was determined by the impact depth; 1.5 mm
(very mild), 2.0 mm (mild), and 2.2. mm (moderate). Sham injury mice received a craniotomy only.
Aftertheinjury, the skull bone flap was replaced, the skin sutured and the animal placedinto a warm
incubator(27-28°C) to recover. In certain studies, agents were administered intravenously (i.v.) at 30
min post-injury. Approximately 45 min afterthe anaesthesia of the animal, atipamezole (Antisedan, 2
mg/kg, s.c.) and sterile saline (100 ml/kg, s.c.) were administered to reverse the anaestheticeffectand
provide rehydration, respectively. Each mouse was housed separated after surgery to prevent fighting
and the interference with the surgery site such as removal of sutures. Post-operative care involved
daily weight monitoring and twice daily administration of buprenorphine (0.05mg/kg, s.c.) until there

was weight gain.
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2.1.3 DHA preparation and administration

Stock solutions of the free fatty acid DHA (Sigma, Dorset, UK) were made up in ethanol under 100%
nitrogen. Each 5 pl 1 M stock aliquots were kept in light sensitive, airtight glass containers (Agilent,
Stockport, UK) and were stored at -20°C until required. An aliquot of the stock solution was diluted
initially with 50 pl 100% ethanol and then to a final concentration providing the dose required (500
nmol/kg) with sterile saline (NaCl 0.9%). DHA or vehicle (Veh) was administered intravenously via a tail
vein 30 minutes post-injuryinavolume of 5 ml/kg. The injections wereadministered by Mr Meirion
Davies, another member of the laboratory, to keep the experimenters blinded to the treatment

received.
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Figure 2.1 Surgical setup for the controlled cortical impact injury (CCl) in mice. (A) Apparatusused to
carry out the cortical impact using the computer controlled pneumatic device. (B) Positioning of the
mouse during the surgery. (C) Mouse covered in a sterile plastic surgical drape with a craniotomy
(arrow). (D) Macroimage of the unilateral CClinjury (arrow) inamouse brain at 28 days postinjury. (E)
Toluidine Bluestained coronal brain section with a unilateral CClinjury (arrow)at 28 days post injury.
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2.1.4 Behavioural studies

2.1.4.1 Openfield test

The openfield testwas conductedonday 1, 7, 14, 21 and 28 post-injury. The mice were placedin a 50
cm x 50 cm black box inlow lightingand were allowed to explorefor 5 minutes (Fig. 2.2). The base of
the box was divided into 25 (10 cm x 10 cm) square zones. The distance travelled, the speed, time
spent immobile and the number of line crossings made by the mice was recorded and tracked using

the software ANYmaze (San Diego Instruments, USA).
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Figure 2.2 Open fieldtest. (A) Dimensions of the open field. (B) Division of the base into 10 x 10
cm square zones (C) An example of an exploration trace created by the ANYmaze software (D)
An example of an occupancy plot showing the frequency of the mouse at a particular region
observed during the testing period.
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2.1.4.2 Y maze test

The maze comprises of three arms (30 cm x 15 cm) at an angle of 120° from each other, with a
different visual cue at the end of each arm. One arm was selected as the start arm and one arm was
selected to be blocked off, to later become the novel arm. The animal was placed inthe startarm and
was allowed to explore the two open arms of the maze for 5 minutes. The animal was then removed; 2
hours laterit was placed backintothe maze. During this time, all three arms were openandavailable
to explore for 5 minutes. It is expected that the ‘novel’ unexplored arm would encourage longer
exploration in healthy mice (Wright and Conrad, 2005, Sanderson et al., 2009). This ‘retention’ trial
used the ANYmaze software (San Diego Instruments, USA) to record the amount of time the animal

spentinthe novel arm (Fig. 2.3).

Min

Figure 2.3 .Y maze test. (A) Dimensions of the Y maze. (B) A screen capture of a mouse marked with
an orange dot, duringthe Y maze test (C) An example of an occupancy plot showingthe frequency of
presence of the mouse in differentarms of the Y maze, observed during the testing period.
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2.1.4.3 Morris water maze test

The protocol for the Morris water maze test (MWM) used was adapted from (Washington etal., 2012).
It was conducted in very low lighting and mice were allowed to acclimatise to the room for 4 hours
priorto testing. The MWM test was performed on days 15-19 and 22-26 after CClinjury (Fig.2.4). The
water maze tank was 100 cm in diameterand filled with water that was maintained at 26°C and made
opaque using black or white water-based paint (dependent on mouse strain) (Fig. 2.5). Extra-maze
spatial cueswere hungonthe walls of the tentin which the tank was located. The platformwas 10 cm
indiameterand was submerged 1cm below the surface of the water. The initial training of the mice
took place on days 15-18 (initial acquisition phase) and consisted of 4 trials per day. The mice were
placedintothe tank at one of the four entry points, each entry point was located in the middle of each
compass-related quadrant (NE, SE, SW & NW), and each of these entry points was used by each mouse
on every day of the acquisition phase. The interval time between each trial for each mouse was 20
minutes. The location of the platform stayed the same throughout the initial training. The mice were
given 90 seconds to locate the platform within the tank and remained on the platformfor 10 seconds
before they were removed. Mice that did not find the platforminthe 90 secondswere placed on the
platform for 10 seconds before being removed. The tracking software ANYmaze (San Diego
Instruments) was used to record the latency to reach the platform. On day 19 after injury (24 hours
after the last trial of the training phase), a probe trial was conducted in which the platform was
removed and the animal was tracked overa 90 second trial. The latency to enterthezone where the
platformusedto be located was measured, as well asthe number of times thiszone wascrossed and
the time spent within the platform quadrant (NE). This training phase and probe trial was then
repeated from day 22 onward, and the platform was repositionedin the opposite quadrant (reverse
platform; SW) to the one in which the original platform was located. During the probe trial on day 26,
the latency to the platform zone, the line crossings and time spent in the various quadrants were
recorded, forboth the original platform and the reverse platform zone. This protocol was shortened to
just one week of acquisition training (day 15 — 18) and one probe trial (day 19), and no reverse

protocol, forthe studies conducted with the transgenic fat-1 mice.
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Figure 2.4 Training and testing schedule for the Morris water maze. Studies were stopped after the
first probe trial (day 19) and animals perfused at day 21, while some other trials continued with
anotherset of trainingand probe trial (day 26) and animals perfused at day 28.

Figure 2.5 Morris water maze test. (A) Dimensions of the Morris water maze. (B) The compass-related
qguadrantsand the positioning of the platform during different tests. (C) Ascreen capture of a mouse
marked with an orange dot during the Morris water maze test (D) An example of atrace showing the
movement of the mouse headingtothe platform observed duringthe testing period.
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2.1.5 Tissue processing

2.1.5.1 Tissue collection

Mice were culled at 1, 21 or 28 days post-injury by inducing deeply anaesthesia with sodium
pentobarbital (50 mg/kg, i.p), then were transcardially perfused with saline followed by 4%
paraformaldehyde (in 0.1 M phosphate buffer). The entire brain was dissected out and post fixed in 4%
paraformaldehyde at 4°C for 24 hours, then cryoprotected in 20% sucrose (in 0.01 M PBS) at 4°C until
further processed. A2 mm coronal segment surrounding the lesion site was dissected out of the brain
and embedded in OCT embedding medium (VMR, Lutterworth) and stored at -80°C until further

processing.

For tissue collected for brain lipid analysis, the mice were deeply anaesthetised with sodium
pentobarbital, then transcardially perfused briefly with saline. Each brain was rapidly removed,
separated into selected brain regions and frozen on dry ice. The brain regions were stored at -80°C

until further processed.

2.1.5.2 Tissue sectioning

Serial 20 um coronal sections throughout the lesion epicentreand the length of the hippocampus were
cut usingthe cryostat and collected on Superfrost Plus glass microscope slides (VWR, Lutterworth, UK).
The slides were allowed to dry at room temperature prior to storage in slide boxes at -20°C until

further processed.

2.1.5.3 Toluidine blue staining

Selected slides were removed from the -20°C, allowed to warm up to room temperature and become
dry.Slidesreceived a5 minute washin0.01 M PBS to remove OCTembedding medium. Asolution of
0.1% toluidine blue (Sigma, UK) in 70% ethanol was applied to the slides for 5 minutes. The slides were

washed 3 timesin0.01 M PBS andthen mountedin PBS glycerol (1:9) and imaged immediately.
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2.1.5.4 Imaging of toluidine blue

Bright field images of the brain sections stained with toluidine blue were taken with a 4X objective
using a stereology microscope (Fig. 2.6). Images were merged together using the ImageJ software

(National Institutes of Health, USA). The lesion areas were measured using ImagelJ software.

Lateral hemisphere Cortex Hippocampus

Figure 2.6 Brain regions examined after toluidine blue staining. Areas shaded in blue were regions
used to compare the ipsilateral and contralateral regions.

2.1.6 Immunohistochemistry

Slides with the frozen sections were removed from -20°Cand allowed to returntoroom temperature.
Slides were then washed 3 times in 0.01 M PBS for 5 minutes each time. During the
immunohistochemistry protocol, positive controls of injured mouse spinal cord and negative primary

antibody omitted controls wereanalysed alongside the test mouse brain tissue,as appropriate.

For the antigen retrieval procedure, after the initial PBS washes the slides were placed in an 80°C
waterbath for 30 minutes with antigen unmasking solution (Vectorlabs, H-3300) and thenincubated
with 10% goat or donkey serum for an hour at room temperature. Primary antibody diluted in
antibody diluting buffer (ADB, comprised of 0.01M PBS, 0.2% Triton X-100 and 0.1 sodium azide), was
incubated with the tissue overnight at 4°C. The sections were washed 3 times with 0.01 M PBS for 5
minutes each and then the corresponding secondary antibody conjugated with Alexa Fluor-488 or
Alexa Fluor-594 (diluted in ADB; Molecular Probes, UK) was incubated with the tissue for 2 hours at
room temperature. Washes in 0.01 M PBS were repeated three times and then sections were

counterstained with the fluorescent nuclear dye Hoechst (0.2mg/100 ml, Sigma UK) for 5 minutes.
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Slides were washed again and mounted in PBS glycerol (1:9) and stored at 4°C inthe dark until ready

for microscope imaging.

Bregma
A 0 15 -2 -25 -3mm
Olfactory Cerebellum
Bulb

-1.5 mm -2.0 mm

Z

-2.5 mm -3.0 mm

Figure 2.7 Schematic representation of the brain sections used for immunohistochemical analysis.
A) Sagittal view of a mouse brain with the locations of the coronal sections used foranalysisin relation

to the bregmalandmark. A representation of the coronal slices (levels), using the hippocampus as the
mainlandmarkat (B) -1.5 mm, (C) -2 mm, (D) -2.5 mm and (E) -3 mmin reference to bregma.
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Table 2.1 Summary of the primary antibodies used.

Primary Concentration | Antibody Supplier Protein specificity
Antibody host
GFAP - Glial 1:1000 Polyclonal Dako The intermediate
fibrillary acidic Rabbit (Denmark) | filament glial fibrillary
protein acidic protein specific to
astrocytes.
Ibal - lonized 1:1000 Polyclonal Wako Calcium binding protein
calcium binding Rabbit expressed by
(Japan) . .
adapter macrophages/microglia
molecule-1
DCX - 1:100 Polyclonal Merck Microtubule-associated
Doublecortin Guinea Pig Millipore protein expressed by
(Germany) | immature neurons

2.1.6.1 Microscopy

Fluorescent microscopy was conducted using the Leica epifluorescence microscope (Wetzlar,

Germany). Regions of interest (ROI) identified using a 20X objective were chosenfor analysis. These

included 4from the cortex and 4 from the contralateral hippocampus, and from each of the 4 coronal

brain levels chosen for analysis (-1.5 mm, -2 mm, -2.5 mm and -3 mm posterior from bregma) (Fig.

2.7). Cortical images included 2 ROl from the ipsilateral cortex surrounding the lesion site and 2 ROI

matching the location in the contralateral cortex. The ROl imaged in the contralateral hippocampus

were in 4 distinct hippocampus locations; the dentate gyrus (DG), CA1, CA2 and CA3 regions. The

stainingin each region was measured or counted and expressed as mean + standard error to the mean

(S.E.M.) (Fig. 2.8)
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Figure 2.8 Schematic representation of the regions of interest (ROI) used for analysis at each coronal
brain level. (A)-1.5mm, (B) -2 mm, (C) -2.5 mm and (D) -3 mm, posterior from bregma. The ROl from
the cortex include C1and C2from the contralateral cortex and C3 and C4 from the ipsilateral cortex,
surroundingthe lesionsite (markedinred). Thereare 4 ROl within the contralateral hippocampus used
for analysis; the dentate gyrus (DG), CA1, CA2and CA3 regions. The size of the ROl was the view taken
usinga x10 objective.

2.1.7 Image analysis

2.1.7.1 Image analysis of GFAP and lbal

To determine the amount of reactive astrogliosis, GFAP immunoreactivity was analysed using the
Imagel software. In the cortical and hippocampal ROls, a measuring frame of 250 um x 250 um was
placed onthe image and an appropriate threshold level was setto allow forthe finer processes of the
GFAP-positive astrocytes to be identified. The level of immunoreactivity was expressed as a
percentage of the measuring frame and compared to the control group. This method was used as the
reactive astrocytes in injured tissue can overlap considerably and therefore cell counts were not

suitable.

The number of Ibal-positive microgliawas counted within ameasuring frame of 250 um x 250 um that

was placed on the ROl images. Imagel software was then used to count the number of Ibal-positive
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cells and expressed as the mean +S.E.M. This method was chosen as the microglia maintained their

individual domains and the Ibalimmunolabelingis weaker in the finer microglia processes, making

accurate thresholding difficult.

Figure 2.9 Quantification of GFAP immunolabelling using ImagelJ analysis in mouse cortical brain
tissue. (A) Imagel software was used to convertimages ata setthreshold (B) where the processes of
astrocytes could be detected. The level of immunoreactivity was expressed as a percentage of the
measuring frame and compared to the control group.

2.1.7.2 Image analysis of doublecortin staining

Representative images of the dentate gyrus (DG) in the contralateral hippocampus were taken using
the Leica epifluorescence microscope (Wetzlar, Germany), using a X20 objective. The number of
Hoechstand doublecortin-positive cellsalongthe DGwere counted usingahand heldcell counter at

each of the 4 coronal levels (-1.5mm, -2 mm, -2.5 mm and -3 mm posterior from bregma).
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Figure 2.10 Quantification of Ibal and doublecortin staining. (A) Ibal-immunolabelled cells and (B)
Doublecortin-labelled cellsin the hippocampus. Labelled cells are indicated with red arrowsand were
counted using Imagel analysis.

2.1.8 Brain lipid analysis

Lipid analysis was performed using the same method as previously reported and was performedinthe
laboratory of Dr Simon Dyall at Roehampton university (Gladman etal., 2012, Dyall etal., 2007).

Brain tissue (excluding cortex and hippocampus) of wild-type (WT) mice, fat-1 mice and naive C57BL/6
female mice was harvested at 24 hours after CCl and stored at -80°C until lipid analysis. Lipids were
extracted fromthe brain tissue using the method described by Folch etal. (1957), with0.01% w/v 2,6-
di-tert-butyl-p-cresol (butylated hydroxytoluene; BHT) added as an antioxidant (FOLCH et al., 1957).
The total phospholipids were isolated using thin layer chromatography (Manku et al., 1983).
Transesterification of the lipids was carried out by the addition of 14% boron trifluoridein methanolat
100°C for 20 minutes. The fatty acid composition was then measured and the individual fatty acids
within each tissue sample were identified using gas chromatography coupled to mass spectrometry
(Agilent 6890 gas chromatograph connected to an Agilent 5973 mass selective detector; Agilent
Technologies) usinga Supelcowax 10 capillary column (30 m x 0.25 mm x 0.25 mm; Sigma) (Dyall etal.,
2007). Lipid identity was confirmed by retention times compared to known standards and mass

spectra comparison to the National Institute of Standards and Technology database. Quantification
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was performed on selected ion peak area by ChemStation software (Agilent Technologies, U.S.A).
Corrections were made forvariationsin the detectorresponse and values of detected fatty acids were

normalised to 100% and expressed as mol%.

2.2 Invitrostudies

2.2.1 Primary cortical astrocyte cultures

All in vitro studies were carried out at the Eastman Dental Institute, University College London in
collaboration with DrJames Phillips and with help from Dr Caitriona O’Rouke. The protocol used was

adapted from (East etal., 2009).

The primary astrocyte cultures were prepared from the cortices of transgenic green fluorescent
protein (GFP) postnatal 2 day-old rat pups. Following decapitation, the cortices were dissected out and
the meninges and associated blood vessels removed with fine forceps. The tissue was cut up and
placedin 250 pg/mltrypsinin 10 ml disaggregation medium [containing:4 mM glucose (Sigma, UK), 3
mg/ml bovine serum albumin (BSA; Sigma), 1.5 mM MgSO, (VWR, UK) in Ca?*- and Mg **-free Earle’s
balanced salt solution (Gibco, Invitrogen, UK)] for 15 min at 37°C, and agitated. A dilute solution of
soya bean trypsin inhibitor (21 pg/ml SBTI; Sigma) and deoxyribonuclease 1 (6 pg/ml DNase; Sigma)
was then added and the cell suspension was centrifuged for 2 min at 250 xg. The supernatant was
removed and the pellet resuspended in 500 pl concentrated solution of SBTI (133 pg/ml) and DNase
(40 ug/ml). The solution was triturated and a further 500 pl concentrated SBTIand DNase solution was
addedto the suspension. The material atthe top of the suspension wasremovedtoaseparate 15 ml
tube. This trituration procedure was repeated twice more. The resulting cell suspension was then
underlain with 4 % w/v BSA, which was then centrifuged at 250 xg for 5 min. The supernatant was
gently removed and the pellet resuspended in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with penicillin/streptomycin (100 U/ml and 100 pg/ml respectively; Sigma) and with 10
% v/v foetal calf serum (FCS). This cellular suspension was dispensed into 75 cm? flasks (Greiner,

Stonehouse, UK) which had been pre-coated with poly-D-lysine (Sigma) at an approximate density of
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1-2 cortices/flask containing 20 ml of DMEM. The cultures were storedinanincubatorat 37°C with 5%

CO..

Astrocytes were expandedin culture for 10 - 14 daysto reach confluence. Once confluent, the medium
was removed and 7 ml trypsin—EDTA solution (Sigma) was added to each flask for 15 minat 37°C. The

trypsin was neutralized by the addition of 13 ml DMEM (penicillin, streptomycin, 10% FCS).

The astrocytes were placed into 3D cultures 24 hours prior to the mechanical injury. Astrocytes
seededintogelsat1 million/ml (500,000 perwell of a 24-well plate) were used. The preparation of the
gels involved mixing a 10 % cell suspension in DMEM, 10 % 10x minimum essential medium (MEM,;
Sigma) and 80 % rat tail collagen (2 mg/ml in 0.6% acetic acid; First Link, UK), then neutralized using
sodium hydroxide. Once the gel was gently mixed with the cell suspension, it was transferredinto 24-
well plates (0.5 ml perwell, resultingin gels approximately 3mm thick). Gels were then placed into the
incubator(37°C, 5% CO,) to setfor 10 minutes. Once set, 1 ml of DMEM (penicillin, streptomycin, 10%

FCS) was added to the well and gels were placed back into the incubator for 24 hours before lesion

(Fig.2.11).
Impact
0+ (DHA Treatment)
Day
- 10-14 Days -1 Day 24 hour 5 Day 10 Day
Astrocytes Astrocytes Fix Fix Fix
Extracted into Gels

Figure 2.11 Timeline of the in vitro studies. Astrocytes were extracted 10-14 days prior to lesion and
were placedina 3D collagen gel 24 hours before lesion. DHA orvehicle wasadded tothe gel directly
afterthe lesion. Astrocytesin 3D gels were fixed 1day, 5 days and 10 days post lesion.

2.2.2 Mechanical lesion of astrocyte cultures

To administer the lesion injury to the gel, the medium was first removed from the gel and then the
corresponding wellwas aligned underthe Hatteras PinPointimpactor device. Theimpactor tip was 3

mm in diameter and the parameters used for the impact were; velocity, 3.0 m/s; dwell time, 100 ms
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and impact depth of 2 mm. After all the impacts had been administered, 1 ml of DMEM (penicillin,

streptomycin, 10% FCS) was added to each gel and returned back to the incubator (Fig. 2.12).

Figure 2.12 Mechanical injury to the 3D astrocyte gels. (A) Schematicof the gel from above and from
the side showing the height of the gel and the 100 um z-stack imaged region chosen for analysis. (B)
Schematicshowingthe regions of interest (ROI) imaged foranalysis, perilesional ROIs (red) and away
fromlesion ROIs (green). (C) The Hatteras™ PinPoint impactorequipmentand (D) theimpact caused
an indentation tothe middle of the 3D gel.

2.2.3 DHA administration to 3D cultures

Stock solutions of the free fatty acid DHA (Sigma, Dorset, UK) were made up in ethanol under 100%
nitrogen. The 5 ul 1 M stock aliquots were kept in light sensitive, airtight glass containers (Agilent,
Stockport, UK) and were stored at -20°C until required. An aliquot of the stock solution was diluted to
the final concentration (1 uM) with the DMEM (penicillin, streptomycin, 10% FCS) andadded to each

gelimmediately afterthe impact.
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2.2.4 Immunocytochemistry

At 24 hours, 5 daysand 10 days post-impact the gels were washedin 0.01 M PBS and thenfixed in 4%
paraformaldehyde for 24 hours. The gels were cut into halves for staining and image analysis. Cells
were permeabilized with 0.5% Triton X-100 (Sigma, UK) for 30 minutes and thenwashed 3times with
0.01 M PBS, before being incubated with 5% normal goat serum in 0.01 M PBS for 30 minutes. After
repeatingthe washes gels wereincubated with rabbit polyclonal antibody (1:300; DAKO) overnight at
4°C. The nextday afterincubation with the primary antibody, washes were repeated and the gels were
then incubated with the secondary antibody (1:300; Goat anti-rabbit Dylight 549; Vectorlabs, USA).

The gelswere washed and stored in 0.01 M PBS at 4°C.

2.2.5 Imaging and analysis of 3D cultures

Fluorescence microscopy was performed on the gels using a Leica Confocal DMIRB fluorescence
microscope with LaserShape2000software and Volocity analysis software. There were 3imagestaken
in the perilesional area and 3 taken away from the lesion, as shown in Fig. 2.12. Each field was 1 x 1
mm x 100 um (xyz), with 100 slices per stack in the Z dimension. Using the Volocity software the
volume of GFP or GFAP staining perfield was measured, the numbers of cellswere counted and the
staining per cell was calculated. The numbers of processes per cell were counted using Imagel

software and the distribution of the number of processes presented as a histogram.

2.3 Statistical analysis

All testing and analysis was performed blinded. All statistical analyses were performed using Graph Pad
Prism 5.0 (GraphPad, USA). For the open field and the MWM acquisition trial tests, a two-way
repeated measures ANOVAwith post-hocBonferronitestingwas used. One-wayortwo-way ANOVA
testing or Kruskal-Wallis tests were used to compare experimental groupsin all other behavioural tests
and inthe histological analysis. Datawas presented as mean with standard error of the means (S.E.M.)

and differences were considered statistically different at p<0.05.
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3 Characterisation and optimisation of a mouse model of TBI

3.1 Introduction

There is a strong and immediate need for novel therapies in the treatment of TBI. Potential novel
therapies for TBI need to be screened for efficacy in vivo before being brought to the clinic. At the
beginning of this thesis work there was no established in vivo model of TBI at Queen Mary University

of London.

As previously discussed in the main introduction (section 1.8) there are many experimental TBI models
which can be carried out in mice and rats, including the fluid percussion model, the weight
drop/Marmarou model and the controlled cortical impact (CCl) injury model (Xiong etal., 2013). This
chapter presents datafrom studies designed and performed to optimize a CClinjury in mice within our
group. The CCl model was chosendue to itbeinga widely used modelfor creatingafocal TBl in mice,
its high reproducibility, and also because our group has already set up an established model of SCI
contusioninjury. The impactor used to set up this CCl model was the same usedto cause spinal cord
contusion injury in rats and mice. The aim of the work presented in this chapter was to establish a
human TBI equivalent and reproducible CCl model in mice, with behavioural endpoints and related
histopathological changes. The optimisation of a CCl mouse model in ourlaboratory wouldthenallow
us to evaluate potential TBI therapies and their impact in terms of functional outcome and tissue

protection.

3.1.1 Controlled cortical impact injury model

There are several parameters that need consideration when setting up the CCl model of injury. The
parameters were chosen with regards to the technical specifications of the Hatteras PinPoint Im pactor
equipmentand toreflectthe most often used parametersin the literature, as detailed in section2.1.2
(Romineetal., 2014, Chenetal., 2014, Pleasantetal., 2011, Whalenetal., 1999, Smith et al., 1995, Jin
et al., 2012, Kabadi et al., 2012, Saatman et al., 2006, Susarla et al., 2014, Washington et al., 2012).
This is so that the results obtained in our CCl model could be compared to those reported by other

groups, and thus allow us to ascertain the validity of our observations. In particular, the impactdepth
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parameter was the independent variable (depths of 1.5 mm, 2 mm and 2.2 mm from surface of the
brain) beingassessed. Itisimportant to establish aninjury severity with defined endpoints, so that this
model can be used as a screening tool for novel TBI therapies. The behavioural and histological
outcomes of these impact depths helped determine the impact depth parametertobe usedin all the

subsequent TBI studies shown within this thesis.

3.1.2 Behavioural outcome measures

One of the major symptom complaints made by TBI patients is memory loss (Paniak et al., 2002,
Gasquoine, 1997). Memory lossis frequently assessed after CClinjury in rodents usingthe MWM test
and this test was therefore selected to assess the memory deficits in our mice. As the MWM is most
commonly performed two weeks afterthe injury wasinduced, we decidedtoemploy the Y-Maze as
another test to assess memory and learning deficits earlier in our protocol. Unlike the MWM, the Y-
Maze does notrequire any stress-induced motivation and could therefore assess baselinelearning and
memory function of the mice after injury. The open field test was also included in our behaviour
testing protocol, to ensure that any deficits seen in the cognitive behaviour tests are due to poor

cognition and not motor dysfunction.

3.1.3 Histological endpoints

As discussed in the introduction, there are several cellular cascades that form part of the secondary
injury. Glial cellsin particular have a pronounced response during the secondary injury. The astrocytes
and microgliachange their morphology and express injury-induced proteins that correlate with injury
severity. A hallmark of injury-induced astrogliosis is the increase in the expression of the intermediate
filament GFAP. Thisisseenin post-mortem brain tissue of TBI patients (Harish etal., 2015). Activated
microgliacan be identified by the expression of calcium-binding protein Ibal(ltoetal., 2001). Another
key feature of the primary and secondary injury is cell death, which underlies tissue loss. Several
groups have reported substantial tissue loss after CCl directly below the site of impact, using gross
histological assessment (Bermpohletal., 2006, Onyszchuk etal., 2007, Zhao et al., 2012a). In order for
our CCl model to be comparable to other studies in the literature, we focussed on the evidence of

increased GFAP and Ibal staining, as well as the amount of gross tissue loss.
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3.2 Methods

The animals usedin this chapter were CD1 male mice aged 10-12 weeks. The CClinjury model used to
cause a unilateral injuryis described in section 2.1.2. The behavioural testsin this chapterinclude the
openfieldtest(section 2.1.4.1), Y-maze test (section 2.1.4.2) and the MWM acquisition and probe trial
tests (section 2.1.4.3), and the reverse MWM paradigm. The general protocol used for the execution of
these behavioural testsis detailed in figure 3.1. After perfusion on day 28 post-injury, braintissue was
stained using the toluidine blue method (section 2.1.5.1) and immunostained for GFAP and lbal

(section2.1.5.2).

MWM MWM
Acquisition MWM Acquisition MWM
Surgery Y-Maze Y-Maze 1 ProbeTrial === ProbeTrial
0 3 8 1516 1718 19 22 232425 26
oy | | L] [ 1I] |
I I | |
1 7 14 21 28
Open Field Open Field Open Field Open Field Open Field

Perfusion

Figure 3.1 Timeline for the administration of the behavioural tests after surgery. Including the open
field, Y-maze and the first MWM acquisition (day 15-18) and probe trial (day 19), and the second week
reversal MWM acquisition (day 22-25) and reverse probe trial (day 26).
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3.3 Aims and hypotheses

3.3.1 Aims
The aim of the work presented in this chapterwas to characterise a CCl mouse model of TBI with long -

term behavioural and histological endpointsincluding:

e Transientandlonglasting deficitsinlearningand memoryasassessed by the Y-maze
and the MWM acquisition and probe trials, respectively.
e Persistenttissue damage and reactivity around the site of the impact; tissue loss and

glial cell activation

3.3.2 Hypothesis

The hypothesis for this work is that CCl injury at graded depths will produce graded neurological
deficits which can be assessed using the Y —-maze test, openfield test, and Morris water maze (MWM)
test. We also hypothesized that histological changes would show a positive correlation with the

severity of the injury, as reflected in the neurological outcome.
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3.4 Results

The results document the characterisation of a CCl mouse model of injury that producesalesion that
creates a sufficient, but, potentially, rescuable deficit in a memory-based behavioural test. The
parameterthat was usedto alterthe severity of the CClinjury was the depth of the penetration of the
impactor tip into the brain. In the first study, we used impact depths of 1.5 mm and 2.0 mm. In the
second study, the impact depth was increased to 2.2 mm. We also assessed the histopathological

changesinthe braintissue of these mice at 28 days post CCl injury, usingimmunohistochemistry.

3.4.1 The effect of injury severity in the open field test

The open field test was used to assess gross locomotor function, anxiety-related behaviour
(thigmotaxis), habituation and hyperactivity (section 1.8.3.1). To assess the potential gross and
persistent deficits caused by a CClinjury, control and injured mice were exposed to the openfieldtest

chamberfor 5 minutes at 5 time points post-injury; 1, 7, 14, 21 and 28 days.

The zonesinwhich the mice spend theirtime duringthe 5minute openfieldtestcanbeindicative of
both anxiety-related behaviour as well as habituation to the open-field chamber. All 4 groups (naive
uninjured controls, sham-craniotomy, 1.5 mmand 2.0 mm impact depth) exhibited similar behavioural
profilesinterms of the amount of time they spentin the outerzone againstthe walls of the openfield
chamber (thigmotaxis) (Fig. 3.2B), the time they spentintheinnerzone (Fig. 3.2C) and the number of
entriestothe central zone duringthe test (Fig. 3.2D). All groups spentlesstimeintheinner zone and

more time in the outer zone overthe course of the study.

On day 1 post-injury the 4 groups (naive, sham-injured, 1.5 mm and 2.0 mm CCl injured) showed no
significant differenceto each otherinthe distance they travelled and the number of line crossings they
made during the five minute trial. However, at day 7 post-injury the naive group behaviour was
different compared to the injured groups. Between day 1 and day 7 the naive group reduced the
distance travelled from 28.9 + 1.6 m to 20.1 £ 1.3 m, whereas the distance travelled by the 3 injured

groups remained above 25 metres on both day 1 and day 7 (Fig. 3.3A).
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The naive group also showed adifference inthe numberof line crossings on day 7, when compared to
the 3injured groups (Fig. 3.3B). The number of line crossings the naive group made on day 1(234.5+
18.3) and day 7 (228.8 + 9.0) were similar, whereas the 3injured groupsincreased the number of line
crossingsfromday 1to day 7. The differences exhibited between the behaviour of the naive group and
theinjured groups duringthe first week disappeared in the subsequent open field tests on days 14, 21

and 28 (Fig. 3.5).

All 4 injury groups spentlessthan 30 secondsimmobile onday 1 post injury (Fig. 3.6). Atthe end of the
firstweek, the naive group spentalmost 3 fold as much time immobile when compared to the sham,
1.5 mm and 2.0 mm injury groups. The naive group continued to spend the most time immobile when

compared to the othergroups overthe course of the study.

111



A Naive Sham 1.5 mm 2.0 mm

Day 1

Day 28

B Time in Outer Zone C Time in Inner Zone
300+ 80+
2804 604
% 260- 0
@ o 40-
£ £
= 2404 =
2204 204
20c T I L] L] T c T T T T L]
N A > o R N A > n o
Days post-injury Days post-injury
D 11 E
Number of Entries r
to the Central Zone _H__ Average Speed —&- Naive
g 20- T 0.15- -= Sham
N —— 1.5 mm
©
E 15 -~ 2.0 mm
o » 0.10-
. £
£ 104 °
S @
» 2
o » 0.054
s 5+
(=4
w
-
)
2. c I T L} 1 T o-oc 1§ T Ll Ll Ll
N A > > ® N A > o ®
Days post-injury Days post-injury

Figure 3.2. Effect of injury severity on open field performance. (A) Representative occupancy plots
from open field testing on day 1 and day 28 from each experimental group. (B, C) The average time
spent by each groupin the outer perimeterandthe innerzone. (D) The average numberofentries to
the central zone. (E) The average speedinthe openfield. Mean+S.E.M. N = 4-8 animals pergroup.
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OpenField— Day 1 and Day 7
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Figure 3.3. Effect of injury severity on the distance travelled and line crossings in the first week. (A)
total distance travelled and (B) the number of line crossings on days 1 and 7 of testing. On day 7 the
naive vs. 1.5 mm injury group showed statistically significant differences (**p<0.01) using a two way
ANOVA with post-hoc Bonferroni testing. Mean +S.E.M. N=4-8 animals per group.
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Figure 3.4 The total distance travelled after injury in the open field. (A) all 4 groups, (B) naive vs.

Sham, (C) naive vs. 1.5 mm and (D) naive vs. 2.0 mm, at day 1, 7, 14, 21 and 28 post-injury. Mean *
S.E.M. N =4-8 animals pergroup.
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OpenField— Number of Line Crossings
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Figure 3.5 The number of line crossings after injury in the open field. (A) all 4 groups, (B) naive vs.
sham, (C) naive vs. 1.5 mm and (D) naive vs. 2.0 mm, at day 1, 7, 14, 21 and 28 post-injury. Mean %

S.E.M. N =4-8 animals pergroup.
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Figure 3.6 The effect of injury severity on the time spentimmobile within the open field test. (A) All
4 groups, (B) naive vs. sham, (C) naive vs. 1.5 mm and (D) naive vs. 2.0 mm, at day 1, 7, 14, 21 and 28
post-injury. Mean +S.E.M. N = 4-8 animals pergroup.
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3.4.2 The effect of injury severity in the Y-maze test

The Y-maze novel arm protocol was used in this study to assess memory deficits (sections 1.8.3.2,
2.1.4.2). On day 3 and day 8 post-injury the mice received two trials, an acquisition trial and a
retention trial with a 2 hour inter-trial time. Increased attention towards the novel arm in the

retention trial suggests thatthe mice retain theirmemory function.

On day 3, miceinthe 1.5 mm and 2.0 mminjury groups spentlesstime inthe novel armthan the naive
and sham-injured groups (Fig. 3.7B). Mice exposed to the novel arm for the first time should spend
more than a third of the retention trial time (5 minutes) in the novel arm, therefore mice spending
longerthan 100 secondsinthe novel armare exhibiting normal exploratory behaviourand reaction to
novelty. Both the naive and sham-injured groups spent more than 100 secondsin the novel arm: naive

group (123.6 9.7 s) and the sham-injured group (115.3 + 10.5 s).

At day 8 post-injury all the groups spent more than 100 seconds in the novel arm (Fig. 3.7D). The naive
group spentthe longesttimeinthe novel arm. The micein the 3 injury groups spentmore timeinthe
novel arm at day 8 than they had during the earlier Y-maze test on day 3 (Fig. 3.8A). The 2.0 mm CCl
group made the mostentriesto the novel arm duringthe day 3 retentiontrial (Fig. 3.7C). Atday 8 the
naive and 1.5 mm CCl group made more entries than the sham and 2.0 mm CCI groups. Statistical
analysis revealed no group was significantly different compared to the othersin either measurement,

i.e.onday 3 or day8.
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Y-Maze — Day 3 and 8 post injury
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Figure 3.7. Effect of injury severity on Y-maze performance. (A) Representative occupancy plotsfrom
the day 3 retention trials foreach experimental group. (B) Time spent exploringthe novelarmand (C)
the number of entries into the novel arm during the 5 minute retention trial on day 3 post-injury.
Mean + S.E.M. N = 4- 8 animals pergroup.
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Y-Maze — Day 3 and Day 8
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Figure 3.8. Effect of injury severity on the Y-maze performance on day 3 and day 8. (A) The time
spent in the novel arm and (B) Number of entries to the novel arm on day 3 and day 8. (C) The
difference in time spent in the novel arm between day 3 and day 8. (D) The time spent in the novel
arm divided by the number of entries to the novel arm, on day 3 and day 8. Mean +S.E.M. N=4-8

animals pergroup.
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3.4.3 The effect of injury severity in the Morris water maze

3.4.3.1 The effectof injury severity in the Morris water maze test acquisition trial

The acquisition phase of the MWM is designed to test the capacity of the mice to learn. Over the
course of the 4testing days during the acquisition phase, all of the groups became faster at locating
the hidden platform and escaping the water (Fig. 3.9B). The naive group had the steepestdecrease in
escape latency overthe acquisition trial period (naive day 15 vs. day 18; ***p<0.001), suggesting that

they had the bestlearning capacity.

The naive group (15.2 £ 5.2 s) showed asignificant decrease in escape latency when comparedto all 3
other groups (sham 32.7 + 3.8 s, *p<0.05; 1.5 mm 38.9 + 4.4 s, **p<0.01; 2.0 mm 48.9 + 6.9 s,

**%¥p<0.001) at day 17 post-injury.

The naive group demonstrated a faster escape latency than the sham-injury group at day 17 (Fig.
3.9C), and the difference was statistically significant (*p<0.05). The naive group (12 + 2.4s) still had a
faster escape latency than the sham-injured group (26.7 + 5.7 s) on day 18 post-injury, but the

difference was not statistically significant.

On day 18 post-injury the naive group showed a significant difference in escape latency when
compared to the 1.5 mm (*p<0.05) and 2.0 mm injury (**p<0.01) groups. The average escape latency
of the 4 trials conducted on day 18 forthe naive group (12 + 2.4 s) was almost 4-fold lowerthan that of

the 2.0 mm injurygroup (44 + 5.7 s).

The sham-injured group did not show any significant differences comparedtothe 1.5 mmand 2.0 mm

injury groups, on any day during the acquisition phase (Fig. 3.9F - G).
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Figure 3.9. Effect of injury severity on acquisition training in the Morris water maze. The average
escape latency of the 4 trials conducted on each day of the acquisition phase. (A) Representative
traces from a trial on day 18 post-injury during the acquisition phase. (B) Escape latencies for all 4
experimental groups during the acquisition phase. (C) Acquisition phase showing naive vs. sham-injury;
the naive group shows a significant difference to the sham group (*p<0.05) on day 17 post-injury. (D)
naive vs. 1.5 mm injury group; there is a significant difference in escape latencies on day 17 and 18
post-injury (*p<0.05, **p<0.01). (E) naive vs. 2.0 mm injury group, with significant differences at day
17 and 18 post-injury (**p<0.01, ***p<0.001). (F) sham-injured vs. 1.5 mm injury group and (G) sham
vs. 2.0 mm injury group, with no significant differences between them. Repeated measures two -way
ANOVA with post-hocBonferroni test was used for statistical analysis. Mean+S.E.M. N =4-8 animals
pergroup.
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3.4.3.2 The effect of injury severity in the Morris water maze - probe trial

At 24 hours after the last trial of the acquisition phase, the probe trial was conducted. The platform
was removed from the tank and the mouse was allowed to swim and explore the tankfor90 seconds.
Mice that can recall the location of the platform from the 4 days of acquisition training are expected to
spend more time in the target quadrant that used to contain the platform, have ashortlatency to the

platform zone and revisit the platform zone more frequently.

If a mouse spends more than a quarter of the trial time in the target quadrant, itcan be proposedthat
the mouse has a preference for spending time in that quadrant, thus remembers the location of the
platform. The naive group was the only group to spend more than 25 % of the probe trialinthe target

guadrant, whereas the 2.0 mm group spentonly 20.2 % of time in the target quadrant (Fig. 3.10B).

The naive, sham-injured and 1.5 mminjury group had a short latency to entry to the platform zone (Fig
3.10C). In contrast, the mean average latency of the mice in the 2.0 mm injury group was almost
double that seenin the 3 other groups. Despite this difference, there was no statistically significant

difference between the 4 groups, overall.

The number of platform crossings did not vary much between the naive (8.3+2.8), sham-injured (8.4%
3.0) and 1.5 mm (7.4 £ 2.3) injured groups, whereas the 2.0 mm group (5 + 2.4) made fewer platform
crossings during the probe trial. The two other outcome measures which were the ‘total distance

travelled’ (Fig. 3.10E) and the ‘average speed’ (Fig. 3.10F) of each group were similarto each other.
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Figure 3.10. Effect of injury severity on the probe trial performance in the Morris water maze. (A)
Representative track plots of a mouse from each experimental group. (B) The percentage time the
mice spentinthe target quadrant (where the platform used to be situated). (C) The latency to the zone
where the platform used to be situated. (D) The number of crossings of the platform zone. (D) The total
distance travelled during the probe trial. (E) The average speed duringthe probe trial. Mean = S.E.M.
N =4-8 animals pergroup.
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3.4.3.3 The effect of injury severityinthe Morris water maze - reverse acquisition trial

It was decided that due to the lack of significant difference between the sham group and the injury
groupsin the rate of learningin the first week of acquisition phase trial, asecond week of acquisition
training should be performed, as demonstrated in a protocol used by Washington and colleagues
(Washington et al., 2012). In this second week of training the platform is moved to the quadrant
opposite the initial location (from north-east quadrant to the south-west quadrant). This reverse
acquisition training can be used to expose possible subtler deficits in learning between the injury

groups.

Using this new paradigm, the sham and the 1.5 mm injury groups showed no difference in escape
latency in the reverse acquisition trial when compared to the naive group (Fig. 3.11). The 2.0 mm
injury group showed asignificantly different (*p<0.05, ***p<0.001) escape latency when compared to
the naive group on all 4 days of the acquisition phase of the reversal training (Fig. 3.11D). When
compared to the sham-injured group, the 2.0 mm group also showed a significant deficit (* p<0.05) in
escape latency onthe 2" and 3™ training days of the second week reversal acquisition trial (Fig. 3.11F).

The 1.5 mm group showed nosignificant difference to the sham-injured group (Fig. 3.11E).
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Figure 3.11. Effect of injury severity on the reverse acquisition training in the Morris water maze.
The average escape latency of the 4 trials conducted on each day of the acquisition phase. (A) escape
latenciesforall 4 injury groups, (B) acquisition phase showing naive vs. sham-injury, (C) naive vs. 1.5
mm injury group, (D) naive vs. 2.0 mm injury group, with significant differencesonall trial days post-
injury (*p<0.05,***p<0.001). (E) sham-injured vs.1.5 mm injury group and (F) sham vs. 2.0 mm injury
group, with a significant difference between them at days 23 and 24 post-injury (*p<0.05). Repeated
measurestwo way ANOVA with post-hocBonferroni testing used for statistical testing. Mean = S.E. M.
N =4-8 animals pergroup.
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3.4.3.4 The effect of injury severityinthe Morris water maze - reverse probe trial

3.4.3.4.1 Reverse platform

At 24 hours afterthe completion of the second week of the MWM,, i.e. the reverse acquisition trial, a
probe trial was conducted (Fig. 3.12). In the reversal probe trial the sham, 1.5 mm and 2.0 mm groups
were slower at gettingto the reverse platform zone than the naive group (Fig. 3.12B). The naive group
took under half of the time (12.8 £ 5.0 s) to get to the reverse platform zone than the sham group
(26.3+6.3s),the 1.5 mm (23.7 £ 4.6 s) and 2.0 mm (24.0 £ 6.8 s) injury groups. The naive group also
showed a higher number of reverse platform zone crossings (6.3+ 1.4), when compared to the sham

group (4.7 £0.9), the 1.5 mm (4.6 £0.8) andthe 2.0 mm (4.8 £ 1.0) injured groups (Fig3.12C).

3.4.3.4.2 Original platform

Duringthe day 26 probe trial, outcome measures relating to the location of the original platform (first
week of MWM testing; NW quadrant) were also measured. These included: ‘Time in the original
platform quadrant’, ‘latency to the original platform zone’ and the ‘number of original platform zone

crossings’ (Fig. 3.13).

The naive and sham control groups displayed different behaviours when compared tothe 1.5 mm and
2.0 mm injury groups with regard to the original platform measures. The naive (33.5 + 10.9 s) and
sham (40.2 + 11.2 s) groups took longer to visit the original platform zone than the 1.5mm (14.2+7.4
s) and 2.0 mm (16.7 £ 7.6 s) injury groups. The naive and sham groups exhibited a higher number of
original platform zone crossings in comparison to the CCl injury groups, although the naive group (4.75
+ 1.4) visited the zone almost twice as much as the sham group (2.6 + 1.1). In the probe trial after the
second week of MWM testing, neither of the 1.5 mm or 2.0 mm injury groups demonstrated any

significant differences compared to the sham or naive groups.

3.4.3.4.3 Reverse Probe Trial -Reverse and Original Platform
The naive and sham groups exhibited different behaviours comparedtothe 1.5 mm and 2.0 mm injury

groups with regard to the original platform zone, during the day 26 probe trial. The naive and sham
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groups took longer to get to the original platform zone, but then visited the original platform more

often and spent more time in the quadrant in which the original platform was located (Fig. 3.14).

The two injured groups (1.5 mm and 2.0 mm) made statistically significantly (*p<0.05) fewer entries to
the original platform zone than the reverse platform zone in the day 26 probe trial. The 1.5 mm group
visited the reverseplatform 4.6+ 0.8 times and the original platform 1.0+ 0.6 times. The 2.0 mm
group visited the reverse platform 4.9+ 1.1 times and the original platform 1.2 + 0.7 times. This

suggeststhatthe injured groups had more difficulty recalling the location of the original platform.
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Figure 3.12 Effect of injury severity on reverse probe trial performance in the second week of Morris
water maze testing. (A) The percentage time the mice spent in the target quadrant (where the
platform usedto be situated). (B) The latency to the zone where the platform used to be situated. (C)
The number of crossings of the reverse platform zone. No statistical differences using one-ANOVA.
Mean *+ S.E.M. N = 4-8 animals pergroup.
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Reverse Probe Trial —Original Platform
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Figure 3.13. Effectof injury severity on original platform measures during the reverse probe trial.

(A) The percentage time the mice spentinthe original platform quadrant (wherethe original platform
used to be situated). (B) The latency to the original platform zone. (C) The number of crossings of the
original platform zone. No statistical differences using one-way ANOVA. Mean £ S.E.M. N =4-8 animals
pergroup.
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Reverse Probe Trial —Reverse and Original Platform
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Figure 3.14 Reverse probe trial. (A) The latency to the reverse and original platform zonesand (B) the
number of crossings of the reverse and original platform zones by all four groups during the day 26
probe trial. The 1.5 mm (*p<0.05) and 2.0 mm (*p<0.05) injury group made statistically significantly
fewer crossings of the original platform than the reverse platform. Two-way ANOVA with post-hoc
Bonferroni testing was used. Mean £S.E.M. N = 4-8 animals pergroup.
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3.4.4 Increase in injury severity

The 1.5 mm and 2.0 mm injury groups showed no significant differences to the naive and sham control
groupsin the probe trials, afterthe firstand second week of the acquisition trials. Asthe most severe
injury depth of 2.0 mm failed to show statistically significant and robust differences compared to the
sham craniotomy group, another optimisation study was conducted with anincreased impact depth of
2.2 mm, tested againsta group of shaminjured animals. This study also included open field testing and

the two-week MWM protocol including the reverse acquisition and probe trial (Fig. 3.15).

MWM MWM
Acquisiton MWM Acquisition MWM
Surgery 1 ProbeTrial ————1 ProbeTrial
0 1516 1718 19 22 2324 25 26
oy | | 11] | LIl ]
I I | | I
1 7 14 21 28
Open Field Open Field Open Field Open Field Open Field

Perfusion

Figure 3.15. Timeline forthe execution of the behavioural tests after surgery. The openfieldand the
first MWM acquisition (day 15-18) and probe trial (day 19), and the second week reversal MWM
acquisition (day 22-25) and reverse probe trial (day 26).

3.4.5 The effect of a 2.2 mm injury severity in the open field test

The open field test was conducted using the same protocol as in the previous study (Fig. 3.15). The
time spent in the outer and inner zones, the time spentimmobile, total distance travelled and the

number of line crossings were measured, as demonstrated in the occupancy plots (Fig. 3.16).
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Figure 3.16 Effectof a 2.2 mm injury on the openfield performance. Representative occupancy plots
fromopenfieldtestingon day 1 and day 28 from each experimental group.
There was no difference between the 2.2 mm injury and sham group in the time they spentin the
inneror outerzone (Fig. 3.17A - B). Both the sham and 2.2 mm group spentthe same amount of time
immobile on day 1 post-injury. Over the course of the study the sham group spent an increasing
amount of time immobile, while the time spent immobile by the 2.2 mm injury group remained
constant (Fig. 3.18C). On day 28 post-injury the sham group (52.6 + 7.6 s) spent almost twice as much

time immobileasthe 2.2 mm injury group (23.6 £ 5.6 s). Atthistime pointthe difference was foundto

be statistically different (*p<0.05), using atwo-way ANOVA with post-hoc Bonferroni test.

The total distance travelled (Fig. 3.18C) and the number of line crossings (Fig. 3.18D) made by mice in
the 2.2 mm injury group and sham group showed no statistically significant differences on any of
testing days. However, between day 1 and day 7 the 2.2 mm injury group increased the distance

travelled and the number of line crossings made (Fig. 3.18A - B). In contrast, the sham group decreased

the distance they travelled and the number of line crossings made between day 1 and day 7 (Fig. 3.18A
- B).
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Figure 3.17 Open field testing of a 2.2 mm injury versus a sham injury at day 1, 7, 14, 21 and 28 post-
injury. (A) The time spentinthe outerzone and (B) the time spentintheinnerzone. (C) The total time
spentimmobile; there is asignificant difference between the shamand 2.2 mminjury group at day 28
post-injury (*p<0.05), using atwo-way ANOVA with post-hoc Bonferroni testing. (D) The average speed
of the animals. Mean +S.E.M. N = 4-7 animals per group.
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Figure 3.18 Open field testing of a 2.2 mm injury versus a sham injury. (A) The total distance travelled
and (B) the number of line crossings made by the mice on day 1and 7 in the first week post—injury.
(C) Total distance travelled and (D) the numberof line crossings atday 1, 7, 14, 21 and 28 post-injury.
Mean + S.E.M. N = 4-7 animals pergroup.
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3.4.6 The effect of 2 2.2 mm injury in the Morris water maze

3.4.6.1 The effectofa 2.2 mm injury in the Morris water maze - acquisition and probe trial

As inthe previous study, the acquisition trial of the MWM is designed to test the capacity of the mice
to learn. The mice in the 2.2 mm injury group had a longer escape latency time on each of the
acquisition training days, compared to the sham group (Fig. 3.19A, B). The 2.2 mm group did reduce
their escape latency from the first day of training (day 15) to the last day of the acquisition trial (day
18), from 72.2 + 7.0 s to 41.5 + 6.0 s. Despite thisreduction in escape latency, the sham group was still
statistically significantly (***p<0.001) faster at locating the platform on all four days of the acquisition

trial.

Duringthe probe trial held on day 19 (Fig. 3.19C - D), the sham group firstentered the platform zone
significantly (*p<0.05) fasterthanthe 2.2 mm injury group. The sham group also entered the platform
zone more often than the 2.2 mm group, although there was no statistically significantdifference vs.

the 2.2 mm group.
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Figure 3.19. Effect of a 2.2 mm injury vs. sham control on acquisition training and probe trial in the
first week of the Morris water maze. (A) Representative traces from a trial on day 18 post-injury
duringthe acquisition trainingand probe trial. (B) The average escape latency of the 4 trials conducted
on days 15 — 18 post-injury during the acquisition training. On all days of the acquisition training the
2.2 mm injury groups had a slower escape latency when compared to the sham group (***p<0.001).
Statistical significance was determined using a two-way repeated measures ANOVA with post-hoc
Bonferronitest. On day 19 a probe trial was conducted. (C) The time to the platform zone.The 2.2 mm
injury group was slower than the sham group (*p<0.05). (D) The number of entries to the platform
zone during the probe trial on day 19 post-injury. Mean+S.E.M. N = 4-7 animals pergroup.
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3.4.6.2 The effectofa 2.2 mm injury severity in the Morris water maze - Reverse acquisition trial

As inthe previous study, areverse acquisition and probe trial was performed. The platform was moved
from its original location to the quadrant opposite (from north-east quadrant to the south-west
guadrant). The 2.2 mm injury group had a longer escape latency when compared tothe sham group,
on every day of the reverse acquisition training (Fig. 3.20A). The difference in escape latencies was not
as large as in the first week of acquisition training, but was still statistically significant (*p<0.05), when

using a two-way repeated measures ANOVA with post-hocBonferroni test.

3.4.6.3 The effectof a 2.2 mm injury severityin the Morris water maze - Probe trial

A second probe trial was conducted on day 26, 24 hours after the last training trial of the acquisition
phase. The platform was removed from the pool and outcome measures relating to the reverse
platform zone and the original platform location wererecorded during the 90second trial (Fig. 3.20B,

C, D &E).

3.4.6.3.1 Reverse Platform

In the probe trial the 2.2 mm injury group entered the reverse platform zone slower than the sham
group (*p<0.05) (Fig. 3.20B). The sham group first entered the reverse platform zone in 5.4+ 1.5 s,
whereas the 2.2 mm injury group first entered the zone in 27.0£ 8.0 s. The sham group also entered
the reverse platform zone more frequently than the 2.2 mm injury group (4.7 £ 0.7 vs. 3.0 £ 0.9

entries), although this difference was not statistically significant.

3.4.6.3.2 Original Platform

During the probe trial outcome measures relating to the original platform zone were also measured
(Fig. 3.20D, E). The time taken for the 2.2 mm injury group and the sham group to visit the original
platform zone was very similarand did not show any significant differences. This was also the case for

the number of visits to the original platform zone.
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Figure 3.20 Effect of a 2.2 mm injury vs sham control on the reverse acquisition training. The average
escape latency of the 4 trials conducted on days 22 — 25 post-injury in the reverse paradigm. On all
days of the reverse acquisition training the 2.2 mm injury groups had a slower escape latency when
compared to the sham group (*p<0.05). Statistical significant was determined using a two-way
repeated measures ANOVAwith post-hocBonferronitest. Mean+S.E.M. N =4-7.
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3.4.7 The effect of injury severity on the ipsilateral hemisphere - cortex and hippocampus

After perfusion of the mice on day 28, the braintissue was cut into coronal sections.Sections from 4
locations (-1.5, -2, -2.5 and -3 mm posteriorto bregma) spanning the area of the lesion were analysed
using a general histological stain (toluidine blue; a blue dye that has a high affinity for acidic cell

components, such as nucleicacids), to assess the extent of tissue lost afterinjury (Fig. 3.21).

Theincreasedinjury depth and severity resultedinanincreasedtissueloss at 28 day post-injury on the
ipsilateral side of the brain compared to the contralateral side (Fig. 3.22). The size of the ipsilateral
hemisphere, cortex and hippocampus were measured as a percentage of the equivalent contralateral
brain region, on selected sections. All three injury groups (1.5, 2.0, 2.2 mm) lost over 20 % of the

ipsilateral cortical area (Fig. 3.22B).

The 1.5 mm injury group had a 20 % loss in ipsilateral cortical tissue, but no loss in ipsilateral
hippocampal tissue. In contrast, the 2.0 mm and 2.2 mm injured groups lost over 50% of the
hippocampus onthe ipsilateral side (Fig. 3.22C). Qualitatively, the ipsilateral hippocampal tissue inthe
1.5 mm group maintained a normal structure, while the remaining hippocampaltissuein the 2.0 mm
and 2.2 mm injury groups had a much distorted structure, with some regions of the hippocampus

being compressed orabsententirely (Fig. 3.21).

The sham injury group showed nossignificant tissue loss in any of the three measurements, however
toluidine blue staining revealed damage to the surface of the cortex beneath the site of the

craniotomy (Fig 3.21).
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Bregma

-1.5 mm

-2.0 mm

-2.5 mm

-3.0 mm

Figure 3.21. Brain sections stained with toluidine blue. Coronal brain sections (20 um) posterior from the naive, sham, 1.5 mm, 2.0 mm and 2.2 mm injury groups.
The brain sections were taken from the following location posterior to bregma skull landmark: -1.5 mm, - 2.0 mm, -2.5 mm and - 3.0 mm. The red arrowheads
indicate the region of craniotomy and the red arrows indicate the location of the injury site.
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Figure 3.22. The effect of injury severity on the ipsilateral brain regions as compared to the
contralateral side. (A) hemisphere, (B) cortex and (C) hippocampus. Statistical significance was found
using one-way ANOVA and post-hoc Bonferroni testing (*p<0.05, **p<0.01, ***p<0.001). Mean *
S.E.M. N =3 animals pergroup.
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3.4.8 The effect of injury severity on astrocytes in the cortex and the hippocampus

Following TBI, the glial cells, such as astrocytes and microgliainthe area surrounding the lesion site,
can become ‘activated’ (section 1.2.2.7). When ‘activated’, theseglial cells change their morphology
and phenotype. In particular, when astrocytes become ‘activated’ they begin to undergo a process
called ‘reactive astrogliosis’, and become hypertrophic, highly ramified and upregulate the
intermediate filament protein GFAP (Sofroniew, 2009). Brain tissue collected from the mice was
immunolabelled with an anti-GFAP antibody, to assess the extent of reactive astrogliosis induced in
the differentinjury groups, within the cortex and the contralateral hippocampus. The amount of GFAP

staining was measured by the percentage increasein staining compared to the naive control group.

Four regions of interest (ROI) within the cortex were chosen for the analysis of the GFAP
immunofluorescence. Two ROl from the border of the lesion site (Fig. 3.24A; C3 - C4) intheipsilateral
cortex were analysed andtwo ROl in the equivalentlocations on the contralateral side (Fig. 3.24A;C1 -
C2). The amount of GFAP immunofluorescence was calculated as a percentage increase when

compared to the naive group GFAP staining within the same ROI.

Within the contralateral cortex (Fig. 3.24B), the sham, 1.5 mm and the 2.0 mm injury groups all
showedanincrease in GFAP staining compared tothe equivalentareainthe naive group.The 2.2 mm
injury group had a much higherincrease (486.5+ 155 %) inthe amount of GFAP stainingcompared to

the naive group. Despite thisincrease there was no statistically significant difference overall.

In the ipsilateral cortex (Fig. 3.24C) the sham group showed noincrease in GFAP labellingcomparedto
the naive group. The 1.5 mm and 2.0 mminjury groups both showed anincrease in GFAP staining by 3-
fold, while the 2.2 mm group showed an increase in GFAP staining of over 600 % compared to the
naive group. The 2.2 mm injury group showed a statistically significant (**p<0.01) difference

compared to the sham group.

Due to the destruction of the ipsilateral hippocampus, ROl in the contralateral hippocampus were
analysed for GFAP staining. Four ROl in the contralateral hippocampus, including the dentate gyrus
(DG), and areas CA1, CA2 and CA3 were analysed (Fig 3.24A). The four ROI showed a graded
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percentage increase in GFAP vs. the equivalentareasin the control group, correlating with the severity
of the injury (Fig. 3.24D), sham (121.6 + 39 %), 1.5 mm (152.3 + 19.1 %), 2.0 mm (192.9 + 19.1 %) and
the 2.2 mm injury group (270.4 + 73.8 %). The analysis of the DG ROl showed that the sham, 1.5 mm
and 2.0 mminjury groups all displayed asimilar percentageincreasein GFAP labelling compared to the
naive group (Fig. 3.24E). However, the 2.2 mm injury group, showed a much higher increase in GFAP

labelling compared to naive, of almost 400%, with increased astrogliosis nearer the lesion.

Glial Scar

Figure 3.23. The effect of injury severity on the GFAP expression. Immunolabelling of reactive
astrocytes with GFAP in the ipsilateral cortex in the (A) naive, (B) sham-injured, (C) 1.5 mm, (D) 2.0
mm, (E) 2.2 mminjury groupsintissue adjacenttothe lesion (top ofimage), (F) the glial scarin a 2.0
mm group and (G) astrocytesin the contralateral hippocampus. Scale bar=100 pm.
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Figure 3.24. The effect of injury severity on the reactive astrogliosisin the cortex and hippocampus.
(A) Schematicshowingthe ROlinthe cortex and hippocampus that were analysed for GFAP labelling
(GFAP+). The percentage increase in GFAP labelling compared to the naive group in (B) the
contralateral cortex, (C) the ipsilateral cortex, (D) the contralateral hippocampus and (E) the dentate
gyrus of the hippocampus. Statistical significance was determined using one -way ANOVA and post-hoc
Bonferroni test (*p<0.05, **p<0.01). Mean +S.E.M. N=4-6 animals pergroup.
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3.4.9 The effect of injury severity on the microglia in the cortex and the hippocampus

In the same ROI, the microgliacells were labelled using an anti-lbalantibody. Ibalis a calcium-binding
proteinthatis up-regulatedin microgliaafterinjury and indicates activation of these cells (lto et al.,
2001). However, Ibalalsolabelscells of monocyticlineageincludinginfiltrating macrophages, which
are more likelytobe presentininjured brain tissue due to the breakdown of the BBB. Differentiating
between the two cell types is difficult due to them both being labelled by Ibal, as well as sharing
similar morphology. Therefore, the number of Ibal-positive (Ibal+) cellsineach ROlwas counted as a

measure of the presence of microglia/macrophages post-injury (Fig. 3.25).

In the contralateral cortex (Fig. 3.26B) the number of Ibal+ cells was significantly increased in all of the
injury and sham groups compared to the naive group (naive vs sham **p<0.01; 1.5 mm, ***p<0.001;
2.0 mm, ***p<0.001; 2.2 mm, ***p<0.001). The 1.5 mm, 2.0 mm and 2.2 mm injury groups all showed
a significantly (sham vs. 1.5 mm, #p<0.05; 2.0 mm, # p<0.0.01; 2.2mm, # p<0.0.01) increased number
of Ibal+ cells compared to the sham group, with the 2.0 mm (61 % 4) and 2.2 mm (60 * 4) group

exhibitingdouble the number of Ibal+ cells than the sham group (31 +5) group.

In the ipsilateral cortex (Fig. 3.26C) the sham, 1.5 mm, 2.0 mm and the 2.2 mm injury groups all
showed a significant increase in the number of Ibal+ cells compared with the naive group (naive vs.
sham, ** p<0.01; 1.5 mm, *** p<0.001; 2.0 mm, *** p<0.001; 2.2 mm, *** p<0.001). The 2.2 mm
group had a significantly higher number of Ibal+ cells (122 + 13) than all of the otherinjury groups (2.2

mm vs sham, ## p<0.001; 1.5 mm, & p<0.01; 2.0 mm, ** p<0.01).

In the hippocampus, the naive group (57 * 8) again exhibited the lowest number of Ibal+cells, with all
of the other injury groups showing a statistically significant (naive vs. sham, ** p<0.01; 1.5 mm, **
p<0.01; 2.0mm, *** p<0.001; 2.2 mm, *** p<0.001) higher number of Ibal+ cells: sham (117 £2), 1.5
mm (114 + 8), 2.0 mm (131 + 9) and 2.2 mm group (184 £ 8). The 2.2 mm group had a significantly
higher number of Ibal+ cells compared to all of the other groups (2.2 mm vs. sham, # p<0.001; 1.5
mm, && p<0.001, 2.0 mm, ** p<0.01). Within the DG ROI, the naive group (22 * 3) had the lowest

number of Ibal+ cells and the 2.2 mm group (57 + 2) had the highest number, showing significance
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against the naive (2.2 mm vs. naive,*** p<0.001), sham (2.2 mm vs. sham, # p<0.05) and 2.0 mm

groups (2.2 mmvs. 2.0 mm, & p<0.05).

Figure 3.25. Microgliawith Ibal labelling at various injury severities. Ibalimmunolabellinginthe ipsilateral
cortexinthe (A) naive, (B) sham-injured, (C) 1.5mm, (D) 2.0 mm, (E) 2.2 mm injury groups and (F) microgliain
the contralateral hippocampus. Scale bar=100 um.
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Figure 3.26. The effect of injury severity on the number of microglia/macrophages in the cortex and
hippocampus. (A) The ROl inthe cortex and hippocampusthat were analysed forlbal+cell numbers.
The number of Ibal+ cellsinthe (B) contralateral cortex, (C) the ipsilateral cortex, (D) the contralateral
hippocampus and (E) the dentate gyrus of the hippocampus. Statistical significance was determined
using one-way ANOVA and post-hocBonferroni testing (* p<0.05, ** p<0.01, *** p<0.001 vs. the naive
group; * p<0.05, # p<0.01, ** p<0.001 vs. the sham group; & p<0.05, & p<0.01 vs. the 1.5 mm group; **
p<0.01 vs. the 2.0 mm group). Mean £ S.E.M. N=3 animals per group.
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3.5 Discussion

The primary aim of these studies presented in this section of the thesis was tooptimise a CCl mouse
model of TBI, with the aim to characterise a behavioural deficit that mirrors relevant human TBI
neurological consequences, specifically the cognitive deficit of memoryloss. Injury severity in patients
has been shown to correlate with theirlong-term neurobehavioural outcome (Rapoportet al., 2002).
For our model to be valid as a screening tool for potential TBI therapeutics, we expected the injury
severity to correlate with a significant and robust cognitive behavioural deficit. In our studies, the
injury severity was increased by increasing the impact depth, thereby increasing the extent of the
tissue damage. A variety of behavioural tests were used to identify neurobehavioural deficits. The
MWM test distinguished more clearly between the differentinjury severities. The injury severity which
caused a robust deficit in the MWM test was the 2.2 mm impact depth. The 2.2 mm group had a
significant deficit in the acquisition and probe trials of the MWM test when compared to the sham
group. Histologically, there was also a graded increase in the reactive astrogliosis and microglia

activationinthe cortex and hippocampus, which correlated with injury severity.

3.5.1 Functional outcomes

Three behavioural tests were conducted in orderto assess any severity dependent deficitsinthe gross
locomotorfunction, the anxiety and cognitive ability of mice after TBI. The testsused were the open

field, Y-Maze and the MWM test.

3.5.1.1 Openfield

The primary purpose for conducting the openfield test was to ensure that the locomotor function of
theinjury groups was comparable, therefore any deficits seenin the cognitivetests involving active
motor performance (i.e. the MWM test) were due to cognitive and not motor dysfunction. The
outcome measures ‘distance travelled’ and ‘number of line crossings’ confirmed that there was no
difference between injury groups over the course of the studies. We did note, however, that the
injured animals had a lower immobility score over time compared to naive or sham injured mice —

indicatingaslight hyperactivity. The overall lack of difference in the various parameters considered,
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between the injury groups within the open field test reflects similar results as those produced by
Washington and colleagues, which showed that the openfield testdemonstrated no deficitinmice at

21 days after moderate CCl, using similar parameters to our study (Washington etal., 2012).

As discussedinsection 1.8.3.1, the openfield testhas been used toassess otherbehaviours, such as
anxiety. Spendingalarge amount of time inthe outer zone of the openfield apparatus, aphenomenon
termed “thigmotaxis”, is suggested to be indicative of anxiety-like behaviour. There is conflicting data
in the literature as to whether the CCl model does in fact cause a deficit in anxiety behaviour. Some
groups suggest that CCl injury causes anxiety, a study performed by Yu and colleagues showed that
thigmotaxis is increased in mice following a CCl injury (Yu etal., 2012, Chauhan et al., 2010). Others
however, demonstrate no difference in anxiety (Sierra-Mercado et al., 2015), or suggestthat CCl mice
actually exhibit reduced anxiety behaviour (Washington et al., 2012) and may thus show disinhibition.
Due to the complexities of testing rodents for anxiety, the conflicting data may relate to the sensitivity
of the anxiety-based behavioural assay administered (Tuckeretal., 2016). Our data didnot show any
difference in anxiety behaviours as assessed using the open field test over the time scale of the

experiment.

3.5.1.2 Y-Maze

The Y-maze test was conducted onlyinthe first part of the study and not continued thereafter, due to
the lack of a sufficient behavioural deficit between control and injury groups. There was some non-
significant difference observed on day 3, when the naive and sham group spent more time inthe novel
arm than the 1.5 mm and 2.0 mm injury groups. However, this difference in trend was not maintained

on day 8 post-injury, suggesting that this deficit may be transientif at all significant.

The paradigm usedin this study (section 2.1.4.2) was to measure time spentwithinthe novel arm of
the mazein the retrieval trial. Time spentin the novel arm and the numberof entries into the novel
arm is interpreted in this paradigm asindicators that the mouse viewsthe novel armas ‘un-explored’

and therefore chooses to spend more time exploringit. However, this outcome measure may be prone
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to misinterpretation. As previously mentioned (section 1.6.3.2), differences between the groups’

locomotorfunction couldresultinaninvalidinterpretation of the resultsin this test.

One of the main benefits of this type of assessment is that it does not require food deprivation or
involves stress, as observedintests such as the dig task or the Porsoltforced swim test (Martensetal.,
2013, Can et al., 2012). The absence of any food reward or stress motivation may be affecting the
results of this test. In some TBI patients, it is reported that cognitive symptoms such as deficits in
decision making ormemory function are only obvious in stressful situations (Gouvier et al., 1992). This
could explainthe absence of notable differences between the injury groupsinthe Y-Maze test when
compared to the MWM results. The lack of any significant deficit mightalso be due to the earliertime
points at which this test was administered (day 3 and day 8). Due to the progressive nature of this
disease, asignificant deficit in cognitive function may not yet have been fully developed. However,
Smith and colleagues were able to see adeficit between CCl-injured mice comparedtosham-injured
mice inthe MWM test only 48 hours afterinjury (Smith etal., 1995). This provides furthersupport to

the notion that a stress-inducing motivator may be needed in order to reveal a cognitive deficit.

3.5.1.3 Early behavioural differences after TBI

It isworth noting that despite there beingan absence of differencesinthe Y-maze and openfield test
outcome measures over the course of the 4-week study, there isan indication that there may be some
transient differences within the first week afterinjury. As previously mentioned, the 1.5 mm and 2.0
mm injury groups failed to spend more time in the novel arm at day 3 post-injury compared to the
control groups. Correspondingly, within the open field test, the sham, 1.5mm and the 2.0 mm groups
travelled further and made more line crossings than the naive group at day 7 post-injury. However,
these differences disappeared after 7days postinjury. Transient deficits are notuncommoninrodent
models of neurotrauma; for example, in SCI models rodents spontaneously recover some motor
function early, followinginjury (Creed etal., 2011, Scherbel etal., 1999, Bareyre etal., 2004, You etal.,

2003). It is also possible that the changes in these behaviours over time may not be due to any
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transient component of the secondary injury pathology, or lag time in compensatory function, but

could be due to habituation of the mouse to the testing environment.

3.5.1.4 Morris water maze test

The MWM test is used to assess hippocampal-dependent spatial learning and memory function in
rodents. In the studies presented in this chapter, the MWM test revealed differences in memory
function betweenthe injury groups, and therebyhelped to determine aninjury severity level (2.2 mm
impactor depth) to use in subsequent studies. Initially, a 4-day acquisition paradigm followed by a
single probe trial was used (section 2.1.4.3). In the first study the acquisition trial revealed differences
between the naive group and the otherinjury groups (1.5 mm and 2.0 mm). However, in the first week
probe trial (day 19) the differencesin memory function between the injury groupswere less notable.
As previously mentioned, Washington et al. demonstrated clearer differences between the different
severity groups when employing asecond week reversal MWMtest (Washingtonetal., 2012). In the
study paradigm, this is where the acquisition and probe testing protocol remain the same, but the
location of the platform is changed. The data from our second week probe trial (day 26) supported
what was shown by Washington and colleagues: our 1.5 mm and 2.0 mm injury groups headed
towards the location of the original platform zone as opposed to the reverse platform zone
(Washington etal., 2012). This mightindicate that the cognitive function of the injured mice inthe first
week of acquisition trainingis superior to their cognitive functionin the secondweek. This could be
due to the progressive nature of the TBI pathology, whereby cognitive ability decline s as the impact of
the secondary injury pathology increases. With regards to the results of the second week acquisition
trial, the 2.0 mm group exhibited some deficit compared to the sham group, but this was not
significant throughout the acquisition trial. The fluctuation of the 2.0 mm injury group’s cognitive
ability may suggest thatthe injuryinthis paradigmistoo mild, to see a consistent deficit. This has been
seen in the clinic as well, where cognitive deficit in TBI patients categorised as mild or moderate is
fluctuating (Satzetal., 1998). In orderfor our CCl model to be robust, the injury group needsto havea

reproducible and significant cognitive deficit when comparedtothe shaminjurygroup. Considering
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this, itwas decided torepeat the study with anincreased impactordepth of 2.2 mm and compare its

effecttoa sham-injury group only.

It is important for the deficit to be significant against the sham group, as the sham group undergoes
the same surgical procedures and aftercare regimen asin the impacted groups, but without the actual
braininjury. Mice undergoing surgery receive anaesthesia such as ketamine, which hasbeenshown to
have neuroprotective and neuroregenerative properties that can cause beneficial outcomes in mice
following TBI (Himmelseher and Durieux, 2005). Therefore, itis important that any influence these
peri-operative compounds have on the baseline performance of the mice, is matched in the control
group. Conversely, acraniotomy can have a detrimental impact on the behavioural outcome of mice,
as seeninthe first weekacquisition trial in the first study (Fig. 3.9). Therefore, itisimportantthat any

baseline negative effect the craniotomy has on the mice is matched by the control group.

In the second study, during the first week of MWM testing the 2.2 mm injury group exhibited a
significant deficitinlearninginthe acquisition trial, as well as asignificant deficitin memory function
inthe firstweek probe trial, when compared to the sham group. The 2.2 mm group continuedto have
a significant deficit during the reversal MWM acquisition and probe trial. The outcomes of the MWM
test in this second study demonstrated that an impactor depth of 2.2 mm causes an injury level
sufficient enough to produce significant cognitive dysfunction in the mice and is therefore an

appropriate impactdepth forour CCl mouse model of TBI.

It was important for the continuation of this study and its relevance, that there was a deficitin the
MWM, as itisan established behavioural test for memory function. As mentioned inthe introduction
to this chapter, memory loss is one of the main complaints of TBI patients. It is also a common test
used when screening transgenics as amodel for neurodegenerative diseases, oras a screening tool for
therapeutics that may reverse or diminish memory loss (Bromley-Brits etal., 2011). Several labgroups
that employ the mouse CCl model of TBI, use the MWM as a behavioural test (Washington etal., 2012,

Xuan et al., 2014, Su et al., 2015, Kabadi et al., 2012, Zhang et al., 2012). Our MWM data shows that
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our CCl model reproduces the changes seen by other groups in the same field of research, using the

same model of injury.

3.5.2 Pathophysiological changes

It was hypothesised that the tissue loss would increase with the severity of the injury, astheimpactor
extends further into the brain tissue, thereby causing more damage. Studies have shown that the
lesionsize and tissue loss correlates with impactor depth and thereby injury severity (Saatman et al.,
2006). This correlation was also observed in the tissue from our studies. Neither the naive or sham
group exhibited any significant tissueloss. The 1.5 mm injury group exhibited some ipsilateral tissue
loss, however, itstillhad more tissue preservation when compared to the other2.0 mm and 2.2 mm
groups, particularly in ipsilateral the hippocampus region. This may explain why the 1.5 mm injury
group performed so well in the hippocampal-dependent MWM test. The 2.0 mm and 2.2 mm injury
groups did not show any statistical significance between each other in the percentage of tissue lost
within each of the locations (ipsilateral hemisphere, cortex and hippocampus). The 2.0 mm and 2.2
mm injury groups did exhibit a huge loss in ipsilateral hippocampal tissue, of almost 50 %, with any
remaining ipsilateral hippocampal tissue appearing misshapen or squashed. This loss, while
considerable, was not significant enough to cause complete failure in the MWM acquisitiontrial. The
data suggestthat the intact contralateral hippocampus and/orthe remainingipsilateral hippocampal
tissue are providing some compensatory effect. It is worth noting that the deficits in the MWM test
were observed several days beforethis tissue was collected and that the tissue loss at the time of the
testing may not be as great. In future studies it may be worth sacrificing earlierto establish a pattern
of pathophysiological changes across a time course. But the main focus of these studies was to

observe behavioural differences.

The literature does not accurately definespecificimpactor depths as mild, moderate or severe injuries.
Unlike human TBl where the GCS is used to define the severity of the injury, there is no universal score
or behavioural testthat defines the severity of the injury in animals. Due tothe differences between

laboratory set ups and protocols (e.g. impactor equipment, rodent species and strain, different
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outcome measures) the severity of the injury may pertain to the unique set up within individual
laboratories (Xiongetal., 2013). Therefore, ithasbeen up to the individual laboratoryto define a set
of outcomes as a mild, moderate orsevere injury, when optimising theirmodel,aswas carried out in
thisfirst chapter. Due to the inter-laboratory discrepancy, ourinjury (2.2 mm), which we have defined
as ‘moderate’, may not relate to the moderate severity of other research groups modelling TBI.
Furthermore, it may also not be the equivalent of amoderate human TBI as defined by the GCS. The
differences between humanandrodentbrains are discussedinthe general introduction of this thesis;
these differences may make the translation of TBI severity between mouse and human even more

difficult.

In addition to the tissue loss, we hypothesized that glial cell activation would show a positive
correlation with the injury severity. The extent of astrogliosis has been shown to correlate with TBI
severity (Sofroniew, 2009). One of the main indicators of reactive astrogliosis in an up-regulation of
the intermediatefilament GFAP, and this up-regulation was positively correlated with the severity of
the response. As hypothesised, therewas anincrease in the expression of GFAP with the increase in
injury severity. Unlike the tissue loss data, there was a marked difference between the 2.0mm and 2.2
mm injury group, with the 2.2 mm injury group eliciting more reactive astrogliosis within the cortex
(both ipsilateral and contralateral) and the hippocampus. This increase in reactive astrogliosis
correlated with the poorer MWM behavioural outcomes of the 2.2 mm group. The amount of reactive
astrogliosis may be more indicative of injury severity than the amount of tissue loss, as there is a

clearerstep-wiseincreasein GFAP expression.

Human TBI is characterised by astrogliosis, where increased GFAP immunostaining in post-mortem
brain tissue at the site of contusion is seen, with decreasing astrogliosis distally from the injury site
(Harish etal., 2015, van Landeghemetal., 2006). Due to the difficultyin obtaininghuman braintissue

for analysis of astrogliosis, GFAP has been looked at as a serum biomarker for determining injury
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severity. Several studies have shown an increase in GFAP serum levels that corresponds to clinical

outcome and severity of TBI (Pelinka et al., 2004, Nylén etal., 2006, Vos etal., 2010).

As with the astrocytes, the microglial response was increased in the injured groups. Activated
microgliaand infiltrating macrophages identified by the expression of Ibalwere counted within the
same ROI as the astrocyte analysis. The 2.2 mm group had the highest number of Ibal+ cells in the
ipsilateral cortex, as well asthe contralateral hippocampus. Unlikethe astrocyticresponse, the sham,
1.5 mm and 2.0 mm injury groups all had comparable increased numbers of Ibal+cells in all ROI. An
increase in microglia activation following a TBI has been seen in other CCl mouse models of TBI and
post-mortem human TBI brain tissue, which is reflected by our results (Loane et al., 2014, Chen et al.,
2014). Microgliaare known to migrate to the site of injury; thisisreflectedin ourdata by the increase
in the number of Ibal+ cells in the ipsilateral ROl (Hernandez-Ontiveros et al., 2013). However, we
should also consider that the increase in the number of Ibal+ cells could also be due to microglia
proliferation (Gomez-Nicolaetal., 2013). Interestingly, as with the astrocyticresponse, there was an

increase inthe number of Ibal+ cellsin the contralateral ROI.

3.5.3 Contralateral glial cell activation

An unexpected outcome that was observed in the glial analysis by immunohistochemistry was the
increase in immunostaining of the activated glial cells in the contralateral cortex. Originally, the
purpose of analysingthe homologous contralateral cortexareas wasto usethemas a control for the
impacted ipsilateral side. However, our study shows thatanipsilateral CClinjury can cause widespread
response throughout other brain regions. This phenomenon has been seen in the stroke literature,
where there is increased GFAP expression in the hemisphere contralateral to the focal occlusion
(Patience et al., 2015, Bidmon et al., 1998, Takatsuru et al., 2013). There could be several reasons for
thisincrease in contralateral glial response. Firstly, the contralateral cortex may experience injury due
to compression against the skull during the initial swelling of the ipsilateral side caused by the

impaction (Xiongetal., 2013, Cole etal., 2011). Secondly, the glial cells onthe contralateral side may
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have been activated through chemotaxic signalling (Domercqg et al., 2013, Ohsawa et al., 2007).
Thirdly, glial cell migration, asithas been shownthat populations of astrocytesfromvarious regions
such as the subventricularzone, migrate towards the site of the injury (Benneretal., 2013). Fourthly,
they may be due to the interhemispheric functional connectivity of large brain networks, whereby
damage caused to neuronesontheipsilateral side is communicated to the corresponding neurones on
the contralateral side, thereby inciting glial activation (Marquez de la Plata et al., 2011, Mayer et al.,
2011). Using diffusion MRI tractography, Crofts and colleaguesfound thatin stroke patients there was
a decrease in connectivity notonlyipsilaterally, butalso inthe contralateral regions homologous to
the lesioned ipsilateralside (Croftsetal., 2011). Furthermore, on both sides, there were also regions

with increased connectivity.

3.5.4 Impact of shaminjury

Interestingly, the sham group displayed deficits in behaviour and altered histologydespite not being
exposed to the direct impact of brain injury. The craniotomy that the sham group undergoes is an
invasive surgery that can result in a pathological response, including oedema, inflammation and
vascular disruption (Cole et al., 2011). The craniotomy surgery, despite appearing to cause no
disruption to the dura macroscopically, may have caused some microscopicstructural damage to the
underlying brain tissue, as seen in the histological analysis. This damage may be the result of
disruption of fine blood vessels and nerve fibres that connect the brain to the skull. Also, the hand held
drill usedin this method causes friction during drilling, so therefore heat could cause further damage
to the brain tissue. Furthermore, the drilling procedure can produce fine bone powder which may
cause irritation to the dura and provoke aninflammatory response. Another pointraisedinthe paper
published by Cole and colleagues, is that the swelling caused by the changed ICP due to the
craniotomy may cause the contralateral hemisphere to undergo compression, and this may account
for some of the contralateral glial cell activation (Cole et al., 2011). As witnessed in our model, the
sham-injured group in the study conducted by Cole and colleagues, displayed some behavioural
deficits compared to naive animals, howeverthese were not statistically significant. This suggeststhat

the sham injury is in itself a unique injury to the brain, distinct from the direct injury caused by the
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impactorto the brain tissue, which was worth notingand became the basis for usinga shamgroup as a

control group, rather than a naive group.

3.5.5 The CCl model

The CCl model as described in the general introduction is a widely used model for rodent TBI due to
the highreproducibility of the injury, low variabilityininjuries between samples and the relative ease
of administration. Italso mimics severalkey aspects of the human TBlincluding neurobehavioral and

pathophysiological consequences.

The data in this chapter provides evidence that this model causes cognitive dysfunction, as learning
impairment and memory loss was seen in the MWM test, thus being relevant to some of the human
cognitive symptoms of TBI. In our model the impact depth needed to produce a behavioural deficit
was largerthan we anticipated, as othersinthe literature have reported that shallowerimpact depths
had elicited behavioural deficits (Washington et al., 2012, Brody etal., 2007, Xiongetal., 2008, You et
al., 2003, Bermpohl etal., 2006, Fox et al., 1998). This difference could be due to differencesinimpact
parameters (such as dwell time orvelocity of impact) oras discussed earlier, could be due tothe inter-
laboratory variability in injury severity definitions. Furthermore, it could be due to the control group by
which the injured groups are compared to, in orderto assess deficit significance.

Our model was also able to replicate some of the secondary injury pathophysiology seen in other
animal models and in human TBI, including hallmark severity-dependent astrogliosis, increased

number of Ibal+ cellsandtissue loss at the contusion site.

3.5.6 Conclusion
The aim of this first chapter was to optimize and characterize a CCl mouse model of TBI that had

behavioural as well as histological endpoints that reflected aspects of the human pathology and was
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similarto the CCl mouse models of other groups. The datain this chapter has metthese criteria, which

allowsitto be used as a tool for exploration of novel therapeutics for neuroprotectionin TBI.

3.5.7 Main outcomes

e ACClinjuryof2.2 mm impactdepth causes a deficitin the learningand memory behaviour of
mice as test by the MWM test, but no deficitin grosslocomotorfunction.

o Thissameinjury causedsignificantipsilateral tissue loss, astrogliosis and microglia activation.

e Glial cell activation was observed in the contralateral cortex.

e Thesham-injury does produce some deficitin behaviourandglial cell activation.
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4 The effect of acute DHA administrationin a mouse CClI

model of TBI

4.1 Introduction

As discussedinthe general introduction, the omega-3 PUFAs have manyrolesin the CNS. They may be
potentially useful in the treatment of several CNS disorders and may confer neuroprotectionin TBI. In
our laboratory, the acute administration of the omega-3 PUFA DHA improved functional and
histological outcomes in a variety of SCI models in both mice and rats (Huang et al., 2007, Liu et al.,
2015, Paterniti et al., 2014, Ward et al., 2010, King et al., 2006, Lim et al., 2013b). The effect was seen
when DHA was administered intravenously 30 minutes postinjury and was furtherimprovedbya diet
enriched by DHA (Huang etal., 2007). In these studies, administration of DHA reducedinflammation,
astrogliosis and the microglial/macrophage activation, as well asimproved motorfunction after SCI. As
SCI and TBI pathophysiology have many similarities (Rowland et al., 2008, Anderson and Hall, 1993,
Kwon et al., 2004), we hypothesised that DHA may be efficacious in the treatment of TBI. In this
chapter we investigated the effect of an acute dose of DHA post-injury, on the performance of the

animalsinthe MWM, and on astrocyte and microglial activation in our model of mouse CCI.

The beneficial effect of DHA supplementation and DHA acute treatment in models of injury to the
central nervous system, suggest that DHA may have beneficial effects following TBI, which was the

hypothesis on which we based the work presented in this chapter.
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4.2 Methods

The animals usedin this chapter were CD1 male mice aged 10-12 weeks. The CClinjury model used to
cause a unilateral injury is described in section 2.1.2. An intravenous (i.v.) injection of DHA (500
nmol/kg) orvehicle (Veh)was givenin the tail vein 30 minutes afterthe injury. The behavioural tests in
this chapter include the open field test (section 2.1.4.1) and the MWM acquisition and probe trial
(section 2.1.4.3), including the reverse MWM paradigm. The protocol used forthe execution of these
behavioural testsis detailed in figure 4.1. After perfusion on day 28 post-injury, the brain tissue was
dissected out and cut into sections which were stained using the toluidine blue method and

immunostained for GFAP, Ibaland doublecortin (DCX) (as describedin section 1.1.6).

MWM MWM
Acquisition MWM Acquisition MWM
Surgery . [ ProbeTrial p=————— ProbeTrial
o 30mins 1516 1718 19 22232425 26
DHA LV
Day
1 7 14 21 28
Open Field Open Field Open Field Open Field Open Field

Perfusion

Figure 4.1. Timeline forthe i.v. administration of DHA and the behavioural tests after CCl. The open
field, Y-maze and the first MWM acquisition (day 15-18) and probe trial (day 19), and the second week
reversal MWM acquisition (day 22-25) and reverse probe trial (day 26).

4.3 Aims and Hypothesis

43.1 Aims
The aim of the chapterwas to investigate the effects of an acute treatmentwith DHAin a CCl mouse

model of TBI and assess long-term behavioural and histological correlates including:

e Learningand memory as assessed by the MWM acquisition and probe trials
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e Persistenttissue damage and alterations underthe site of the impact; tissue loss and

glial cell activation

e Effecton neurogenesis

4.3.2 Hypothesis
Based on the results reported after acute DHA administration in various models of injury, it was
expected that DHA treatment would reduce the lesion size, the astrogliosis and microglial activation,

and would enhance neurogenesis, in parallel with animprovementin cognitive behavioural outcome.
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4.4 Results

The work in this chapter documents the effect of an acute dose of DHA (500 nmol/kg,i.v.)30minutes
post-injury in a CCl mouse model. We assessed the effect DHA had on learning and memory in the

MWM. We also assessed the effect DHA had on astrogliosis, microglial activation, lesion size and

neurogenesisinthe braintissue of these mice at 28 days post- CCl.

4.4.1 Effect of DHA treatmentin the open field

The openfield paradigm was used to measure the locomotor function of the mice, to confirmthat any

differences seenin MWM test were not due to changesin motor function.

The total distance travelled and the number of line crossings made by the mice duringtheir5 minute
exposure to the test was measured as an indicator of their motor ability. All 3groups travelled over 20
metres and made over 200 line crossings during all of their tests, over the course of the study.
However, the sham group maintained the same distance travelled and number of line crossings
throughoutthe study, whereas the 2groups that received aninjury (with eithervehicle treatment or
DHA treatment) increased the distance travelled and the line crossings made over the course of the
study. Despite there being no statistically significant differences between the groups, there were still
differences seen between the groups. Onday 21, the DHA-treated group travelled 38.9 + 7.7 m, which
was 10 metres more than the sham group, which travelled 29.7 £ 1.9 m. However, the vehicle-treated
group travelled over 20 metres more than the sham group, at 53.6 + 11.6 m. In the model
development chapter, we had seen that the 2.2 mm injury group consistently had higher number of
line crossings and travelled further throughout the study compared to the sham group. Thus, overall,
the injury seemed to make animals hyperactive over time (a trend we had noticed before), and this

tendency was reduced by DHA treatment.

There was no significant difference seen inthe amount of time any of the groups spentin the middle
or outer zones during the study. However, on day 1 post-injury, the vehicle treated (273.0 + 3.0 s)
group spentmore time inthe outerzone and lesstime inthe innerzone when comparedto the DHA -
treated (246.1 +11.2 s) and sham (246.6 + 12.1 s) groups.
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Figure 4.2 Effect of DHA treatment after CCl injury on the open field performance.
Representative occupancy plots from open field testing on day 1 and day 28
from each experimental group.
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4.4.2 Effect of DHA treatment in the Morris water maze

4.4.2.1 The effect of treatment in the first week of Morris water maze — Acquisition trial

The two-week MWM protocol that was usedinthe model development chapterwasalsoused in this
study, to assesslearningand memory functionin these mice. The first week of acquisition testing took
place on days 15 — day 18 post-injury, with fourtrials perday (Fig. 4.4A; Fig. 4.5A). The sham group in
this study had the fastest escape latencies throughout the acquisition trial when compared to the 2
groups that received a CCl. The sham mice reduced their average escape latency from 42.8 +£3.4son
day 15 to 16.7 + 1.3 s on day 17, which was the third day of the acquisition trial. On the final day of the
acquisition training (day 18), the sham group still had the fastest escape latency at 20.1 +2.4 s.

Both of the CCl groups reduced their escape latencies over the 4 days of training, but showed no
differences between them. Both the CCl + Veh (CCl + Vehvs. Sham; day 16, #p<0.05; day 17, #p<0.00;
day 18, *P<0.05) and CCl + DHA (CCl + DHA vs. Sham; day 15, %p<0.05; day 16, ¥p<0.05; day 18,
&p<0.01) were significantly slower at locating the platform when compared to the sham group. The
CCl + Veh group had an average escape latency of 56.9 £ 6.9 s on day 15, that was reduced to 43.9 £
4.1 s on day 18. The CCl + DHA group reduced its escape latency from 60.9 +5.1s on day 15, to 40.5 £
5.7 s on day 18. Like the sham group, the CCI + DHA group had its quickest average escape latency on
day 17 (the third day of the acquisition training) at 31.6 + 4.6 s; due to thislatency the CCI + DHA group

showed no statistical difference when compared to sham.
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4.4.2.2 The effect of DHA treatment in the first week of the MWM - Probe trial

On day 19 post injury, 24 h after the last trial of the first week of acquisition training, the mice were

givena probe trial.

In this probe trial (Fig. 4.4B), the sham group had the shortest latency time to the platform zone of
11.2 + 2.9 s, followed by the CCl + DHA group 26.2 + 8.4 s and then the CCl + Veh 37.2 £ 10.5 s (Fig.

4.5B). The difference between the latter two was not statistically significant.

The sham group also made the most entries to the platform zone, on average 5.4 t 0.8 entries,
whereas the CCl + DHA group made only 3.9 + 0.5 entries and the CCl + Veh group made 2.5 + 0.6
entries (Fig. 4.5C). The number of entries made by the CCl + Veh group were statistically significantly
lower than the sham group (*p<0.05). The CCl + DHA group however did not show any statistically
significant difference eitherto the shamor CCl + Veh groups. In both of the probe trial measures, the
CCl + DHA group did not appearto performas poorly as the CCl + Veh group, butstill did not perform

as well as the sham group.

Morris water maze

Sham CCl+Veh CCI+DHA
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Figure 4.4 Effect of DHA treatment on acquisition training in the Morris water maze. Representative
traces from a trial on (A) day 18 post-injury during the acquisition training and the (B) day 19 probe
trial.
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Figure 4.5. Effect of DHA Treatment on Acquisition training and Probe trial Performance
In the first week of the Morris Water Maze. (A) The average escape latency of the 4
trials conducted on days 15 — 18 post-injury during the acquisition training. The CCl
+ Veh group had statistically significantly slower escape latencies compared to the
sham group on day 16 (* p<0.01), day 17 (" p<0.001) and day 18 (¥ p<0.05). The
CCl + DHA group were also statistically slower compared to the sham group on day
15 (% p<0.05), day 16 (¥ p<0.05) and day 18 (4% p<0.01). There was no statistically
significant difference on any day of the acquisition training between the CCI + Veh
group and the CCl + DHA group. Statistical significance was determined using a
two-way repeated measures ANOVA with post-hoc Bonferroni test. On day 19 the
probe trial was conducted; (B) the time taken to the platform zone and (C) the
number of entries to the platform zone, where the CCl + Veh group made fewer
entries compared to the sham group (* p<0.05). Mean+ S.E.M. N= 7-12 animals per

group.

165



4.4.2.3 The effect of DHA treatment inthe MWM — Reverse Acquisition trial

On day 22 post-injury, the MWM second week of reverse acquisition training was initiated. In the
second week of the MWM the platform was located in the opposite quadrant to the first week of
MWM training (from the north-east quadrantto the south-west quadrant). The mice were exposed to

a 4-day acquisition training phase and another probe trial 24 hours later (Fig. 4.1).

As seeninthe model development chapter, the second week of reverse acquisition training (Fig. 4.6;
day 22-25) did not show the same steep decrease in escape latency over the 4-days of training
comparedto that seeninthe first week of training (day 15-18). This may be due to the mice becoming

acclimatised tothe MWM paradigm.

During the reverse acquisition training the sham group had the statistically fastest escape latency
compared to the two CCl groups. At the start of the reverse acquisition training the sham group
located the platform in 25.1 + 2.5 s (day 22), which was reduced to 12.2 + 1.3 s by the end of the
training (day 25).

The CCI groups showed no significant differences to each other during the second week reverse
acquisition training. Both CCI + Veh group (CCI + Veh vs. Sham; day 22, # p<0.001; day 23, # p<0.01;
day 24, # p<0.01; day 25, # p<0.001) and the CClI + DHA group (CCl + DHA vs. Sham; day 22, &8
p<0.001; day 23, ®& p<0.001; day 24, #& p<0.001) had statistically significantly slower escape
latencies when compared to the sham group. However, on the final day of training the average escape
latency of the CCl + DHA group decreased from 42.0 + 3.5 s to 29.6 £ 3.9 s; this sizable decrease in
escape latency resulted in the CCl + DHA group no longer exhibiting a statisticallysignificant difference

to the sham group.
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4.4.2.4 The effect of DHA treatment in the Morris water maze — Reverse Probe trial

On day 26 post-injury and 24 hours afterthe last trial of the second week reverseacquisitiontraining,
a probe trial was performed. Outcome measures pertaining to the original location of the platform

zone (north-east quadrant) and the reverse platform location (south-west quadrant) were measured.

4.4.2.4.1 Reverse Platform

Duringthe probe trial on day 26, the time taken to enterthe reverse platform zone was measured (Fig.
4.7A), the sham group entered the reverse platform zone inthe quickesttime of 10.4 £+ 7.2 s. Both the
CCl +Vehand the CCI + DHA group took almost twice as longto enterthe reverse platformzone, 24.4
+ 7.4 sand27.5 1 8.8 s respectively. Despite these different values, there was no statistically significant

difference between the groups.

The number of entries to the reverse platform zone was also measured (Fig. 4.7B), with the sham
group making the most visits to the reverse platform zone, i.e. 5.9 + 1.0 entries. The CCl + Veh group
made on average 3.6 + 0.8 entriestothe reverse platform zone. The CCl + DHA group made the fewest
entriestothe reverse platformzone, 2.3+ 0.5, which was statistically significantly lower than the sham

group (% p<0.05), using the one-way ANOVA test with post-hoc Bonferroni testing.

4.4.2.4.2 Original Platform
The time taken to the original platform zone in the south-west quadrantand the numberof entries to

the original platform zone were also measured in the day 26 probe trial.

The three groups showed no statistical difference betweenthem, inthe time takento enter original
platform zone (Fig. 4.7C; Sham 35.8 £ 9.9 s; CCl + Veh 41.4 £ 8.7 s; CCl + DHA 29.9 £7.7s). The same
was true for the number of entries to the original platform zone (Fig. 4.7D; Sham 2.0 £ 0.5; CCl + Veh

2.2 +£0.5; CCl + DHA 3.4 £ 0.6).
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Figure 4.6. Effect of DHA Treatment on Acquisition training in the second week of the Morris
Water Maze. The average escape latency of the 4 trials conducted on days 22 —25 post-injury
during the acquisition training. The CCl + Veh group had statistically significantly lower escape
latencies compared to the sham group on day 22 (** p<0.001), day 23 (# p<0.01), day 24 (*
p<0.01) and day 25 (*p<0.001). The CClI + DHA group were also slower compared to the sham
group on day 22 (¥& p<0.001), day 23 (¥%& p<0.001) and day 24 (¥¥® p<0.001). There were no
statistically significant differences on any day of the acquisition training between the CCl +Veh
group and the CCl + DHA group. Statistical significance was determined usingatwo-way repeated
measures ANOVA with post-hoc Bonferroni test. Mean £S.E.M. N=7-12 animals per group.
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Figure 4.7. Effect of DHA Treatment on Probe trial Performance in the second week of the
Morris water maze. On day 26 the probe trial was conducted; (A) the time taken to the reverse
platform zone, (B) the number of entries to the reverse platform zone. The CCl + DHA group
visited the reverse platform statistically fewer times than the sham injured group (% p<0.05),
when using a one-way ANOVA with post-hoc Bonferroni test. (C) The time taken to the original
platform and (D) the number of entries to the original platform zone. Mean * S.E.M. N=7-12
animals pergroup.
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4.4.3 The effect of DHA treatment on the ipsilateral hemisphere -cortex and hippocampus

After perfusion of the mice on day 28, the brain tissue was cut into coronal sections; selected sections
from 4 locations (-1.5,-2.0, -2.5 and -3.0 mm posteriorfrom bregma) spanningthe areaofthe impact

lesion were analysed using toluidine blue staining.

The CCl + Veh and CCl + DHA group had substantial tissue loss in all three of the measurements,
including the ipsilateral hemisphere, ipsilateral cortex and hippocampus, when compared to the
contralateral side (Fig. 4.8; Fig. 4.9A, B, C). The Sham group did not show any tissue loss on the
ipsilateral side. Both the CCl + Veh and CCl + DHA showed a statistically significant loss of tissue
compared to the Sham group in the ipsilateral hemisphere (** p<0.01), the ipsilateral cortex
(***p<0.001) and the ipsilateral hippocampus (***p<0.001). The DHA treatment did not prevent any

tissue loss after CCl, and failed to show any statistically significant difference to the CCl + Veh group.

The ipsilateral hippocampus in both CCl groups was almost entirely absentatthe 1.5 mm, -2.0 mm and
-2.5 mm coronal levels, and was still only partially present at -3.0 mm level (Fig. 4.8). The CCl +Veh
group had 21.9 +7.5% of the ipsilateral hippocampus remaining at 28 days post-injury (Fig. 4.9C). The
CCl + DHA group had a similarly low percentage of ipsilateral hippocampus remaining, 25.6 +2.0%
(Fig. 4.9C). Overall, the analysis of the sections from injured animals revealed that the tissue was very
fragile, and at times it was difficult to assess whether some of the missing tissue was due to the
expansion ofthe injury ortothe loss of tissue due to the fragility of tissue sections placed on slides,

especially duringthe tissue processing and staining steps.

As observedinthe model development chapter, the Sham group did not lose any ipsilateraltissue, but
did display some damage to the surface of the cortex on the ipsilateral side, beneaththe craniotomy

site (Fig. 4.8).
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Figure 4.8. Lesion size after CCl and DHA treatment. Coronal brain sections from the sham,
CCl +Vehand CCl + DHA groups. The brain sections were taken from the followinglocations
posteriortobregma:-1.5mm, - 2.0 mm, -2.5 mm and- 3.0 mm. The red arrow headsindicate
the region of craniotomy.
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Figure 4.9. The effect of DHA treatment post-injury on the ipsilateral brain regions as
compared to the contralateral side. (A) hemisphere, (B) cortex and (C) hippocampus.
Statistical analysis using one-way ANOVA and post-hoc Bonferroni testing (**p<0.01,
***p<0.001). Mean +S.E.M. N = 3 animals pergroup.
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4.4.4 The effect of DHA treatment on astrocytes in the cortex and the hippocampus

Reactive astrogliosis is a hallmark of the secondary injury thatfollows TBI. Inthe model development
chapter of this thesis, the amount of reactive astrogliosis correlated with the injury severity. The
amount of astrogliosis was measured by the percentage increase in the immunolabelling for the
marker GFAP, within the ipsilateral and contralateral cortex, as well as the contralateral hippocampus

(Fig. 4.10).

The increase in contralateral GFAP staining was reported in the previous chapter on model
development. This phenomenon was also seen in the CCl groups in this chapter, but the DHA
treatment did not have any impact on the contralateral cortex GFAP staining when compared to the
vehicle-treated group (Fig. 4.11 B). The CCl + Veh group and the CCI + DHA group had an increase in
the amount of contralateral cortex GFAP staining of 549.4 +240.5 % and 554.0 + 80.9 % respectively,
when comparedto the Sham group. The Sham group did not show anyincrease in contralateral GFAP

staining compared to the naive group.

There was an increase inthe amount of GFAP labelling surrounding the impactsite onthe ipsilateral
cortex in the CCl groups. (Fig. 4.11B). The Sham group had a percentage increase compared to naive
animals of 343.7 £ 209.7 %. The increase in the percentage of GFAP staining in the CCl groups
compared to the Sham group was almost 7x fold higher (CCI + Veh, 2245.1 + 484 %; CCl + DHA, 2424.2
+ 836.3 %). The CCl + DHA group did not show any difference in ipsilateral cortical GFAP staining
compared to that seen in the CCl + Veh group. The GFAP staining in the CCl + DHA and CCl + Veh
groups, in both the ipsilateral and contralateral cortices showed increased levels, but also large

variability as evidenced by the large error bars.

In the total hippocampus ROI (Fig. 4.11C), the CCI +Veh group had an increase in GFAP compared to
the Sham group (266 + 55.3 %). Interestingly, in the hippocampus the CCl + DHA group showed an
increase in GFAP staining (709.3 + 220.6 %) that was over double that seen in the CCl + Veh group,

although this was not statistically significant.
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In the dentate gyrus ROI of the hippocampus (Fig. 4.11D) the CCI + DHA group (675.9 £ 135.0 %) had a
statistically significantly (*p<0.05) higher amount of GFAP immunolabelling compared to the Sham
group (130.3 £ 60.0 %). The CCI+DHA group had almost twice as much GFAP immunolabelling as the

CCl+Vehgroup (360.8 + 119.6 %), but this was not statistically significant.

The DHA treatment did not affect the GFAP immunolabelling in the cortical ROI; however, the DHA

treatmentappeared to cause an increase in the reactive astrogliosis in the contralateral hippocampus,

although thisincrease was not statistically significant.

CCl+Veh CCI+DHA

Hippocampus

Figure 4.10 The effect of DHA treatmenton GFAP expression. Immunolabelling of reactive

astrocytes with GFAP in the contralateral hippocampus in the sham, CCl + Veh and CCl + DHA
groups. Scale bar =100 um.
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Figure 4.11. The effect of DHA treatment on reactive astrogliosis post-injury in the
cortex and hippocampus. Schematic showing the ROl in the cortex and hippocampus
that were analysed for GFAP labelling (GFAP+). The percentage increase in GFAP
labelling compared to naive tissue in (A) the contralateral cortex, (B) the ipsilateral
cortex, (C) the contralateral hippocampus and (D) the dentate gyrus of the
hippocampus. The CCl + DHA group displayed a statistically significant increase in
GFAP+ compared to the sham group (*p<0.05) in the dentate gyrus. Statistical

significance was determined using one-way ANOVA and post-hoc Bonferroni test.
Mean + S.E.M. N=6 animals per group.
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4.4.5 The effect of DHA treatment on microglia/macrophagesin the cortex and the

hippocampus
The numbers of activated microglial/macrophage cells were counted within the same regions of

interest used to measure astrogliosis; these wereidentified usinglabelling for Ibal(Fig. 4.12).

In the contralateral cortex and the ipsilateral cortex there was no difference in the number of Ibal+
cellsbetween the CCl +Veh and CCl + DHA groups (Fig. 4.13A, B). In the contralateral cortex the CCl +
Veh (110 £ 11) and the CCI + DHA (108 + 11) groups had an increase in the number of Ibal+ cells
compared to the Sham group (77 £ 21), butthere was no statistical significance. Thiswas also the case
for the ipsilateral cortex; the CCl + Veh (163 £ 20) and the CCl + DHA (153 + 16) groups had a higher
number of Ibal+ cells than the Sham group (146 * 18), with no statistical significance seen between

groups.

As inthe cortical ROI, there were no statistically significant differences betweenthe Sham (197 £ 9),
CCl + Veh (261 £ 1) and CCI + DHA (236 £ 22) groups in the values measured in the total hippocampal

ROI (Fig. 4.13C, D).

Sham CCHVeh CCHDHA

Figure 4.12. The effect of DHA treatment post-injury on Ibal+ cells. Immunolabelling of
activated microglia/macrophages with lbal, identified with red arrows, in the contralateral
hippocampus (CA2 ROI) in the sham, CCl + Veh and CCI + DHA groups. Scale bar = 150 um.
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Figure 4.13. The effect of DHA treatment on the number of microglia/macrophages in the
cortex and hippocampus. The number of Ibal+ cells in (A) the contralateral cortex, (B)
the ipsilateral cortex, (C) the contralateral hippocampus and (D) the dentate gyrus of
the hippocampus. Mean S.E.M. N=6 animals per group.
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4.4.6 Effect of DHA on neurogenesis in the dentate gyrus of the contralateral hippocampus

The number of immature neurones were counted in the dentate gyrus region of the contralateral
hippocampus. These immature neurones wereidentified using co-labelling of the nuclear marker DAPI

and doublecortin (DCX) (Fig. 4.14), indicative of neurogenesis (Xuan etal., 2014).

There was no difference inthe number of DCX+cellsin the dentate gyrus between the CCl + Veh group
(210 + 50) and the CCl + DHA group (181 + 8). The groups that received a CCl injury did have an
increased number of DCX+ cells in the dentate gyrus, when compared to the Sham group (90 * 25).

There were no statistically significant differences between any of the groups.

CCI+DHA

Figure 4.14. The effect of DHA treatment on the number of DCX+ cellsin the Dentate Gyrus.

(A) Schematicof the contralateral hippocampus with the dentate gyrus highlightedinred, in each of
the four coronal slices analysed. Immunolabelling with DCX, identified with red arrowsinthe (B) sham
group, (C) CCl+Veh and the (D) CCI+DHA group. Scale bar =100 pum.
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4.5 Discussion

The results presented in this chapterdid not support the hypothesisformulatedin the introduction of
this part of the work. Acute treatment with DHA post-TBI failed to significantly improve outcome in the
MWM, reduce lesion size or prevent microglial activation. Instead of reducing reactive astrogliosis as
seen in the SCI models studied previously, acute DHA treatment appeared to increase GFAP
immunolabellingin the contralateral hippocampus. Although there was anincreaseinthe number of
immature neuronesinthe dentate gyrus of the contralateral hippocampusinthe DHA-treated group
compared the sham operated group, this increase was equal to that seen post-injury in the injured
control group, suggesting that there was no modulation by DHA of the increase in neurogenesis due to

the CClinjury.

4.5.1 Effect of DHA treatment on motor function and exploratory behaviour

The predominant aim of the open field testing was the same as it was in the previous chapter, to
highlight any significantlocomotor deficits that may confound the cognitive dysfunction assessed in
the MWM. The three groups did not show any statistically significant differences from each otherin
the distance travelled and the number of line crossings made over the course of the study. Despite
there being no statistical differences, there wasatrend for the groups that receivedaCClto increase
the distance they travelled and the number of line crossings made overthe course of the study. This
may be indicative of the CClinjury causing some form of hyperactive behaviour, which hasbeen seen
in rats following CCl injury (Lewén et al., 1999). It may also be a TBI consequence in human patients;
akathisia has been reported following TBI and a recent population study has linked paediatric TBI to
attention deficit hyperactivity disorder (ADHD) (Desai et al., 2010, Silverand Yablon, 1996, Yang et al.,
2016). Overall, the DHA treatment had no major impact on the behaviour of the CCl injured mice
within the openfield, thus any behaviours displayed in the MWM maze would not have been dueto a

deficitin grosslocomotor function.
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4.5.2 Effect of DHA on learning and memory

The same two-week MWM protocol that was used in the model development chapter was used to
assessthe effect of acute DHA treatment (Fig. 4.1). The acute DHA treatmentdid notinduce anylong-
term benefit in this test after CCl. DHA-treated mice failed to demonstrate any sustained increased
learning capabilityoverthe control injured inthe first week (day 15-18) or second week (day 22-25) of
acquisition training — although in the first week, the DHA-treated animals performed transiently
better. In the probe trials (day 19 and day 26), the CCl + DHA group did not show any improvement

overthe CCl + Veh group, although inthe first probe trial, there was a tendency to perform better.

Diets deficientin DHA cause animals with noinjury to become impairedin cognitive tests, such as the
Barnes maze (Fedorova et al., 2007, Desai et al., 2014). In a study performed by Moriguchi and
colleagues, rats fed on an omega-3 deficient diet had slower escape latencies and reduced memory
functioninthe MWM. In a subsequent study, the authors found that this dietary-induced impairment
could be rescued with omega-3 PUFA supplementation (Moriguchi et al., 2000, Moriguchiand Salem,
2003). Dietary deficiency in DHA also proved to worsen cognitive outcome assessed with the novel
object recognition test, 7 days following a CCl injury in mice (Desai et al., 2014). This suggests that
deficiency in DHA may be related to a worse cognitive outcome. However, these are studies which
assess dietary manipulations, whereas our study used the acute injection of a very small amount of
DHA, whichistransientinthe circulation, so should not affect phospholipid composition. Soon after
our studies with DHA in TBI were initiated, reports on the effect of the administration of DHA by
repeated injections in rats with TBl were published (Begum et al., 2014, Harvey et al., 2015). Both of
these recent studies failed to show any long-term (>7 days) behavioural benefits of DHA
administrationinratTBl. The only reported neurological benefit was observedinthe first week post-
injury in the performance on the animals on beam tasks, which reflect sensorimotor coordination

(Begumetal., 2014).
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4.5.3 Effect of DHA on the brain

The histology data from the model development chaptershowedthat withincreased severity there
was increased tissue loss and glial activation. This would suggest that treatments that reduced the

severity of the injury would also be linked to areduced tissue loss and/or reactive gliosis.

4.5.3.1 Tissue loss

The DHA treatment did not appear to reduce tissue loss following the CCl injury in the ipsilateral
hemisphere, cortex or hippocampus, as assessed 4 weeks post-injury. By this time post-injury, the
lesioninthe ipsilateral hemisphere has become extensive, and the fixed frozen tissue sections were
fragile, making very accurate determinations of lesion size difficult. Interestingly, inrecentworkdone
in our group, the analysis on tissue collected one week post-CCl and processed in thin paraffin-
embedded sections, which were more robust, showed asignificantreductioninthe lesion size after
treatment with DHA (Orli Thau-Zuzhman, personal communication). In a SCI model, we recently
showed thata DHA-enriched dietary preparation (also containing other nutrients) improved functional
outcome and protected the tissue (Pallier et al., 2015), and in a stroke model, DHA acute treatment
combined with afish oil-enriched diet preserved tissue (Pallieretal., 2015, Pu et al., 2016), suggesting
that longer-term or combined DHA treatments may be more beneficial at reducing tissue loss post-
injury. The effect of high chronic levels of omega-3 PUFAs are investigated in more detail in the

following chapter.

4.5.3.2 The effect of DHA on microglia and macrophage responses afterinjury

TBI is associated with a complex response of the microglia/macrophages, which has been studied in
various experimental models. As discussed in the general introduction (section 1.2.2.7) microglial
activation is a hallmark of TBI secondary injury and these glia can adopt different phenotypes that
exhibit both detrimental and beneficial effects. The heterogeneity of the microglia extends beyond the
‘M1-like’ and ‘M2-like’ phenotypes, and microglia can vary in their morphology and also tissue
distribution (Loane and Kumar, 2016, Loane and Byrnes, 2010, Lawson et al., 1990, Hanisch, 2013).
Harnessing the microgliaresponseto provide aneuroprotective effect (i.e. release of growth factors

such as BDNF, anti-inflammatory cytokines, IL-10 and reduce phagocytosis) or to reduce the
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detrimental effects (i.e. release of pro-inflammatory cytokines, TNFa and ROS) could provide a

potential treatment for TBI (Loane and Byrnes, 2010, Loane and Faden, 2010).

Treatment with DHA has been shown to alter the microglia response to injury; in our group DHA
reduced microglia activation 4-6 weeks following SCI (Lim et al., 2013b). In an organotypic
hippocampal culture DHA administration reduced the microglia activation following lipopolysacch aride

(LPS)-inducedinflammation (Changetal., 2015).

In our CCl model, DHA treatment did not appear to change the microglia/macrophage response,
measured by the Ibal staining 4 weeks post-injury. However, our late time point of 4 weeks may be
missing potential effects DHA may have on microglia following TBI in the acute phase, since the
microglia peak response has been suggested to be at 7 days post-injury (Loane and Byrnes, 2010).
However, Harvey and colleagues have recentlyfound that DHA treatment following CClinrats did not
lead to areductioninlbal+ stainingat 3, 7 or 21 days post-injury (Harvey etal., 2015). The difference
between the outcome of DHA treatment in SCI and TBI models on microglia, highlights the subtle
differences that may exist between the two disease pathologies interms of microgliaresponse and its

modulation by the fatty acid.

4.5.3.3 The effect of DHA on astrogliosis after injury

There was an increase inthe amount of reactive astrogliosis in the CClinjured mice, when compared
to the animals receiving craniotomy only. As mentioned in the first chapter, this latter group did
demonstrate some GFAP-labelling of reactive astrocytes in the ipsilateral cortex. The reasons for this
were discussedinthe previous chapter(section 1.5.4) and support the conceptthat a craniotomy is a

uniqueinjuryitself, separate from the directfocal injury to the brain parenchyma (Cole etal., 2011).

The CCl injured groups also demonstrated an increase in the reactivity of astrocytes in the
contralateral cortex, as reported in the previous chapter and similar to observations reported in the
stroke literature (Patience et al., 2015). There may be multiple explanations for this contralateral
activation. As discussed previously (section 1.5.3), this could be due to compression of the
contralateral cortex during impaction, chemotaxicsignalling and interhemisphericcommunication.
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The DHA treatment did not reduce the amount of reactive astrogliosisin the ipsilateral or contralateral
cortex. Thisisin contrastto results seen with DHAin SCI modelsinourlaboratoryand others, where
acute DHA treatmentreduced the amount of GFAP immunolabelling surrounding the lesionsitein the
injured cord (Paterniti et al., 2014). Figueroa and colleagues found that DHA pre-treatment in SCI
improved locomotor function, was associated with tissue sparing and promoted anti-apoptotic
pathways, without causingareductionin astrocyte or microgliaactivation (Figueroaetal., 2012). They

suggest thatthe neuroprotective effect of DHA is independent of its anti-inflammatory effects.

Interestingly, there was an increase in reactive astrogliosis in the contralateral hippocampus of the
DHA treated mice. The contralateral hippocampus was analysed due to the absence of the
hippocampus in the ipsilateral hemisphere in the CCl injured mice, but also because the main
behavioural outcomes measured in our studies are learning and memory, which is predominantly

controlled by the hippocampus region in the brain (Jarrard, 1993).

A reduction in reactive astrogliosis is traditionally believed to be indicative of neuroprotection.
However, more recently the idea that the role of astrocytes following neurotraumais exclusively a
detrimental one has been questioned. Astrocytes are involved in several processesin the CNS under
normal conditions, including maintenance of the BBB, ion homeostasis and synapticfunction. Under
pathological conditions astrocytes can cause further damage through the prevention of axonal
regeneration and inducing neuroinflammation, but they may also have a beneficialrole including BBB
repair and removal of damaged tissue (discussed further in chapter 6) (Sofroniew and Vinters, 2010,
Pekny and Pekna, 2016). Myer and colleagues suggested that astrocytes may have an essential
protective role in neurotrauma, after they found that mice which had all of their astrocytes ablated
immediately following TBI, had a poorer outcome (Myeret al., 2006). Also a study performed in a rat
model of stroke injury reported anincrease in reactive astrogliosis, cell survival and improved outcome
following treatment with DHA (Eady etal., 2012a), furthersuggestingthataDHA associated increase in

reactive astrogliosis may be potentially beneficial.
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Astrocytes of the hippocampus may have a different role than those in the cortex. In a study
performed by Estrada and colleagues in glucose deprived rats, reported an increase in reactive
astrogliosis in the hippocampus and this was correlated with an increase in the amount of
neurogenesis seen in the hippocampus (Estrada et al., 2009). As discussed in the introduction,
increased neurogenesis correlates with improved memory outcome (Kawakita etal., 2006, Drapeau et
al., 2003, Tanabe et al., 2004). However, in our MWM protocol the CCI+DHA group did not show an

improved learningormemory functioninthe MWM performance in the 4 weeks afterinjury.

4.5.4 DHA treatment does not increase neurogenesis in the dentate gyrus

The dentate gyrus (DG) is one of the only locations in the adult mammalian brain able to display
neurogenesis, apart from the subventricular zone (SVZ) (Drew et al., 2013). Neurogenesis in the
dentate gyrusis essential for memory function, as provenin studiesin which neurogenesisin mice has
been ablated usingirradiation, thereby worsening their performance inthe radial arm maze (a spatial
memory test) (Clelland et al., 2009). The CCl injured mice in our study showed an increase in the
number of immature neurones in the dentate gyrus of the contralateral hippocampus. Despite this
increase in neurogenesis, both CClinjured groups performed poorly inthe MWM, suggestingthat the
increased neurogenesis of the contralateral hippocampus did not compensate for the loss of

approximately 75% of the ipsilateral hippocampal tissue.

The increase in neurogenesis following injury isaphenomenon also seenin stroke models (Tlreyen et
al., 2004, Kuge etal., 2009). Following experimental stroke and TBI, neurogenesisisincreased in both
the subgranular zone (SGZ) of the dentate gyrus and the SVZ (Parent, 2003). The data from these
studiesand our own suggestthatincreased neurogenesisis acommonresponse toinsulttothe brain
tissue. Endogenous neural stem cells (NSCs) of the SGZ may differentiateinto neurons to replace those
lost or damaged following TBI and then incorporate themselves into existing neural circuits (Sun,
2014). This endogenous neurogenesis following TBI can be manipulated exogenously by

intraventricular infusion of various growth factors including bFGF, EGF and VEGF and may offer an
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avenue for potential neuroprotective therapies (Sun et al., 2009, Sun et al., 2010, Lee and Agoston,

2010).

The neurogenesis seen in the SGZ of the dentate gyrus in our CCl-injured mice, may indicate an
attempt of the NSCs of the DG to replace the hippocampal neurones lost as a result of the trauma
(Kernie and Parent, 2010, Sun, 2014). The hippocampal neurones are particularly vulnerable to cell
death following TBI and therefore their replacement by neurogenesis might explain the increased
number of DCX+ cells in the hippocampus in both of the CCl groups, in the absence of an improved

performance inthe MWM (Royo etal., 2006)

DHA treatmenthas been shown toincrease neurogenesis in both in vivo and in vitro studies (Kawakita
et al., 2006). In our study however, DHA failed to increase the number of immature neurones in the
contralateral hippocampus when compared to the vehicle treated group, suggesting thatin this dosing

regimen DHA did not promote further neurogenesis compared to the insult-induced neurogenesis.

4.5.5 Conclusion

The data produced in this chapter suggest that a single acute DHA treatment at the dose of 500
nmol/kg, at 30 min after TBI, does notimprove outcome following CClinjuryinmice.The treatment
does notreduce tissue loss, or exert anti-inflammatory effects as measured by microglial/macrophage
activation and reactive astrogliosis one month afterinjury. The CClinjury doesinduce neurogenesis in
the hippocampus, which reflects the braininsult-induced neurogenesis reportedin the literature, but
this is unaffected by DHA treatment (Parent, 2003). DHA appears to increase the reactive astrocyte
response induced by injury in the contralateral hippocampus. This indicates that the fatty acid had
some impact on injury —related events, and raises the issue of the regime/dose administered. We
hypothesisethat furtherstudies could explore arange of doses, to establishif at higherlevels of acute
exposure, the fatty acid displays more effects, in particular more impact on neurological outcome.
Subsequent studiesinthis thesis will investigate the effect of prolonged endogeno us production of
higher omega-3 PUFAs on outcome following CCl and the effect the DHA treatment has directly on

astrocytesinan in vitro model of focal mechanical injury.

185



4.,5.6 Main outcomes

e Acute DHA treatment does not confertissue protectionin moderate CCl injury
e Acute DHA treatment amplifies hippocampal reactive astrogliosis

e Acute DHA does not modulate the CCl-induced contralateral neurogenesis
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5 Controlled cortical impact injury in fat-1 mice

5.1 Introduction

As discussed in the main introduction (section 1.4), evidence obtained in various models and using
various paradigms of administration, suggests that omega-3 PUFAs may have a role in
neuroprotection. Asseeninthe previous chapter, an acute injection of the omega-3PUFA DHA post-
injury does not appear to improve outcome in mice following CCl. This suggests that the single i.v.
administration of DHA at the 500 nmol/kg dose is not efficacious as an acute treatment strategy. A
chronictreatment with DHA or mixtures of omega-3fatty acids containing DHA (such as fish oil) may
have beneficial effectsinthe treatment of TBI. This was suggested by the early studiescarried out by
Bailes and his collaborators; thus, they were the first show that oral supplementation for a month
post-injury with DHA at the dose of 10 mg/kg/day or 40 mg/kg/day, reduced the axonal dysfunction
after impact acceleration injury in rats (Bailes and Mills, 2010). In a subsequent publication, a
supplementation with asimilar dose of DHA contained in fish oil, also showed areductionin caspase -3
expression afterinjury (Mills etal, 2011). Our group has recently conducted studies usingatransgenic
mouse line, the fat-1 mice, which have high levels of endogenous omega-3 fatty acids in their body
tissues (Kangetal., 2004). Our previous studiesin spinal cord injury (SCI) and peripheral nerve injury
(PNI) models employing these fat-1 transgenic mice have shown that higher levels of endogenous
omega-3PUFAs conferred neuroprotection in these models of traumaticinjury (Gladmanetal., 2012,
Lim et al., 2013a). In this chapter, fat-1 transgenic mice were used in our CCl model of TBI, to
determine whether an endogenous high level of omega-3 PUFAs can confer neuroprotection and

improve neurobehavioral outcomes after TBI.

5.1.1 Diet and polyunsaturated patty acids

Diet composition hasanimportanteffectona person’s health, with fats being vital toabalanced diet.
Mammals are unable to make sufficient omega-3and omega-6 PUFAs de novo, therefore PUFAs must
be obtained from the diet and are referred to as essential fatty acids (as discussed in section 1.4.1)

(Leeetal., 2016). An essential omega-6 PUFAislinoleicacid (LA), and from this 18-carbon chain PUFA
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the longer chain n-6 PUFA arachidonicacid (AA) can be synthesised. An essential omega-3PUFAis the
18-carbon chain alpha-linolenic acid (ALA), from which the longer chain omega-3 PUFAs
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) can be synthesised (Fig. 1.4) (Gémez
Candela et al., 2011). In the past 150 years the ratio of omega-6/omega-3 fatty acids in our diets has
changed from 1:1 to a ratio of 20-25:1 (Simopoulos, 2006, Simopoulos, 2011). Thus, the western diet
contains an excessive amount of omega-6 PUFAs and is deficient in omega-3 PUFAs. Evolutionarily,
humans are notgenetically adaptedto convertthese excess omega-6 PUFAs to omega-3 PUFAs, due to
the absence of the appropriate fatty acid desaturase enzymes. This excessive amount of omega-6
PUFAs has been linked with several pathologies, including chronic cardiovascular disease, diabetes,
cancer and rheumatoid arthritis (Simopoulos, 2006). Concurrently, low intake of omega-3 PUFAs has
been correlated with many disorders and has been linked to cognitive decline in the elderly (Stangland
Thuret, 2009, Freemantleetal., 2006). Dietary supplementationisan effectiveapproachthatis used
to study the effects of different PUFAs on lipid profiles in vivo. There are several limitations to the
dietary supplementation approach that may lead to conflicting dataandinaccurate results. The aim of
dietary supplementationistoincrease the amount of PUFAs within the tissues of the animals. Inorder
to assess the effect of supplementation, a control group has to be put on adietwhichisidentical but
lacking the active ingredient. It is often difficult or impossible to match a control diet with the same
compositionand calorificcontent as the test diet. Therefore, variations seen between test and control
may notbe due to the active ingredientalone. This has been seen particularly in the testing of omega -
3 fatty acid diet supplementation (Kang, 2007). A further limitation pertaining particularly to the
testing of the effects of dietary PUFAsisthatthey are very unstable compoundsand canoxidise very

quickly.

5.1.2 The fat-1transgenic mouse

To solve the problems caused by omega-3 dietary supplementation, Kang and colleagues have
produced a transgenicmouse thatisable to produce high endogenous omega-3PUFAs fromomega-6

PUFAs (Kang et al., 2004). As previously mentioned, mammals do not have the capacity to convert

188



omega-6 PUFAs into omega-3 PUFAs. However, some lower species such as the round worm
Caenorhabditis elegans are able to carry out this process, because they express the fat-1 gene which
encodes the enzyme omega-3fatty acid desaturase (Lee etal., 2016). It is this fat-1gene that Kang and
colleagues have cloned into mice, resulting in the fat-1 transgenic mice (Kang et al., 2007). When
heterozygous fat-1 mice mate, litters born will contain both heterozygous/homozygous transgenic
mice and wild-type mice. Astheselittermates are housed togetherand fed onthe same diet, they will
generate different fatty acid profiles within their tissues. When fed on a diet containing a high
concentration of omega-6fatty acids, the fat-1 mice expressingthe omega-3fatty acid desaturase can
convertlarge amounts of the omega-6fatty acids to omega-3fatty acids and therefore will have high
concentration of omega-3 fatty acids and low concentrations of omega-6 fatty acids within their
tissues. In contrast, their wild-type littermatesthat do not expressthe fat-1gene, will express within
their tissues low levels of omega-3 fatty acids and high concentrations of omega-6 fatty acids, when

fed on the same omega-6rich diet (Kangetal., 2004, Kang, 2007).

This model of fat-1transgenicmice has been of great benefitinthe field of omega-3 PUFA research.
Firstly, iteliminates the several difficulties associated with dietary supplementation of omega-3PUFAs
such as diet manufacturing, control diet composition, inadequate diet storage and separate housin g of
mice. Secondly, this model shortens the length of feeding time that is usually required in dietary
supplementation to obtain a change in the fatty acid composition of the tissues. Conversion from
omega-6to omega-3fatty acids can occur as early as the embryonicstage and lasts for the duration of
the animal’slife. Thirdly, this model creates two distinctly different fatty acid profiles (high omega-3/6
and low omega-3/6 PUFA ratio) within the same litter. The high levels of omega-3fatty acids seen in
fat-Imice are similartothose seenin mice fed onan omega-3PUFA enriched diet (Kangetal., 2004).
Additionally, this model can be genetically crossed with othertransgeniclinestoevaluate the effect
omega-3PUFAs have in a variety of disease states, suchasinrecentstudiesinthe Swedish mutation
human amyloid precursor protein 695 isoform (APP695) mouse used to model Alzheimer’s disease

pathology (Kang, 2007, Wu etal., 2016a).
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Since the production of the fat-1transgenic mouse in 2004, several groups worldwide have utilised

this model to study the effect that high levels of endogenous omega-3 PUFAs have in a variety of

diseasesincluding skin and colon cancer, liver disease, rhe umatoid arthritis and traumatic injury and

more recently, stroke (Table 5.1).

Table 5.1 Disease models that have utilised the fat-1 mice.

Disease Model

Key Findings

Reference

Skin cancer —

Malignant melanoma

Fat-1 mice had a reduction in the growth rate of

melanoma

(Yinet al., 2016)

Colon cancer - colitis-

associated cancer

Increased apoptosis of tumour cells, reduced

colonic inflammation and decreased ulceration

(Han etal., 2016,
Jia et al., 2008)

Alcohol-induced liver

disease

Down-regulation of: hepatic lipogenesis,

inflammatory response and oxidative stress

(Huang et al.,

2015)

Rheumatoid arthritis

Decrease in: inflammation, ankle swelling, bone

erosion and cartilage degradation

(Woo et al., 2015)

Stroke

Improved long-term behaviour outcomes.
Reduced infarct volume. Increased
revascularization and angiogenesis and

neurogenesis following stroke

(Wang et al.,
2014b, Hu et al.,

2013)

Alzheimer’s disease

Less severe cognitive deficits and sensorimotor

dysfunction and a reduction in astrogliosis

(Wu et al., 2016a)

Parkinson’s disease

Positive correlation between higher tissue levels

of DHA and dopaminergic markers

(Bousquet et al

2011)

Peripheral nerve injury

Accelerated functional recovery, reduced muscle

atrophy and increased axonal survival

(Gladman et al.,

2012)

Spinal cord injury

Improved locomotor function. Increased
neuronal survival and a reduction in microglia

activation

(Lim et al., 2013a)
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5.1.3 The fat-1 mouse in CNS disease

Fat-1mice have recently been studiedin several models of CNS disease (Table5.1) with results that
indicate that high levels of endogenous omega-3 PUFAs confer neuroprotection and improved
behavioural outcomes (Wangetal., 2014b, Hu et al., 2013, Wu etal., 2016a, Gladmanet al., 2012, Lim

et al., 2013a).

In models of stroke, Alzheimer’s disease and SCl, fat-1 mice showed a better outcome compared to
theirwild-type littermates. In stroke models, the fat-1 mice had increased revascularisation following
cerebral ischemia caused by occlusion of the left middle cerebral artery, as well as improved motor
function as measured by the rotarod and cylinder behavioural tests (Wang et al., 2014b). In an
Alzheimer’s disease model, where the Swedish mutation APP transgenic mouse linewas crossed with
the fat-1 mouse, the APP/fat-1 had improved cognitive function, reduced amyloid aggregation,
reduced neuronal cell death and a decrease in reactive astrogliosis (Wu et al., 2016a). Recently, our
group conducted compression SClin fat-1 mice. Following SCl, the fat-1 mice had improved locomotor
function, decreased microglia activationand areductionin pro-inflammatory cytokines (e.g. IL-6) (Lim
et al., 2013a). These beneficial outcomes seenin the fat-1 mouse suggested that the fat-1mice might
have an improved neurological outcome aftera CClI. If so, this would indicate that prophylactically high

omega-3PUFAs may confer neuroprotection in TBI.

5.1.4 Aging and TBI

In western populations, there has been ashiftin the epidemiology of TBI. Generally, the most common
TBI population are younger men aged < 45 years old. However, due to the increasing aging population,
a large majority of TBI patients are now much older, with patients over 75years old having the highest
incidence of TBI-related hospitalisations (Roozenbeek et al., 2013). Elderly TBI patients are more likely
to die as aresult of their TBI, are more likely to have pre-trauma co-morbidities, and take a range of
medications which may increase risk of haematomas (Parekh and Barton, 2010, Roozenbeek et al.,

2013). For example, many elderly patients take the anti-coagulant drug warfarin, which has been
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linked tosevere TBI, aworse outcome and a higherincidence of death (Lavoie etal., 2004). In elderly
patients, the risk of worse outcome following TBI is also increased due to cerebrovascular
atherosclerosis, reduced free radical clearance and moderate cerebral atrophy, associated with aging
braintissue (Thompson et al., 2006). Despite some controversyinthe literature, there is also evidence
to suggest that there is a link between TBI and the risk of developing dementia and specifically

Alzheimer’s disease (Gardneretal., 2014, Flemingeretal., 2003, Helmesetal., 2011).

Cognitive decline correlates with aging and can therefore slow recovery after TBI (Mahncke et al.,
2006). Elderly patients with pre-trauma dementia or age-related cognitive decline can have additional
complications for outcome measures, such as the GOS following TBI (Thompson et al., 2006).
Interestingly, there is evidence to suggest that those individuals whose diets have contained high
levels of omega-3PUFAs throughouttheirlife,have reduced cognitivedecline in olderage (Pusceddu
et al., 2016, Cederholmetal., 2013). Giventhat an olderage at the time of injuryisa factor that leads
to a worse outcome following TBI, we have also included a study in this chapter to investigate the

impact of a CClinjuryinold fat-1 mice and their wild-type littermates.

5.2 Aims and Hypothesis

5.2.1 Aims
e Toinvestigate the effect of high endogenous omega-3PUFAsinyoungandaged mice following
a CCl injury. The behavioural outcome was measured using the MWM and histological
outcomesincluded tissue loss, microglial activation and reactive astrogliosis.
e Toinvestigate the changesinthe brainlipid profile of fat-1mice inthe acute phase following

CClinjury.

5.2.2 Hypothesis

Based on the positive data produced in our group in fat-1 mice in PNI and SCI models, it was
hypothesised thatthere would be animproved outcomein fat-1 mice following CClinjury, including

reducedtissue loss, microglial activation, reactive astrogliosis and improved cognitive function.

192



5.3 Methods

5.3.1 Young and aged male fat-1 mice

The animalsinthis chapter were produced by mating heterozygous fat-1mice with wild type C57BL/6
mice. Heterozygous male mice 10-12 weeks old (young adult) and 49-53 weeks old (aged) were fed on
a highomega-6 PUFA enriched dietin orderto maintainthe high omega-3: omega-6ratioof the fat-1
mice and the high omega-6: omega-3 ratio of the wild-type littermates. The same CCl injury was
administered tothese mice as describedin the model development chapterandin methods section
2.1.2. A one week MWM protocol was used, with a 4-day acquisition trial (day 15 —18) and a probe
trial administered 24 hours following the last acquisition trial (day 19) (Fig. 5.1). After perfusion on day
21 post-injury, brain tissue was stained using toluidine blueand immunostained for GFAP (astrocytic
marker) and Ibal (microglia/macrophage marker). Age-matched naive C57BL/6 male mice were used

as controls for behavioural and histological testing.

AV
Acquisition  MWM
surgery [ Probe Trial
0 1516 1718 19
Day | [I] |
21
Perfusion

Figure 5.1 Timeline for the testingin the Morris water maze following CClin the fat-1 mice.

5.3.2 Lipid analysis of brain tissue from young adult female mice

The animals usedforlipid analysis werefemale mice aged 10-12 weeks old, their wild-typelittermates
and naive controls. CClinjury was conducted and then 24 hours later, the brain tissue was collected for
lipid analysis. The analysis was carried out using thin layer chromatography and gas liquid

chromatography (methods 2.1.1).
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5.4 Results

Fat-Imice were usedto investigatethe potential neuroprotective effect high levels of endogenous
omega-3PUFAin tissues had onthe outcome followinga CCl injury. Young adult (10 -12 weeks) male
fat-1 mice and their wild type (WT) littermates were matched with naive C57BL/6 controls. We
assessed the effect of the fat-1gene on cognitive function usingthe Morris water maze (MWM) and
on histological markers, i.e. tissue loss, microglial activation and reactive astrogliosis, using to luidine
blue stainingand immunolabelling. The same outcome measures were alsousedtoassess the effect

the fat-1gene had inaged (49 — 53 weeks) male mice following CCI.

In this chapter we alsoinvestigated the effect the fat-1gene had onthe lipid profile of the brain tissue
following CCI injury in young female mice 24 hours following injury. We used thin layer
chromatography and gas liquid chromatography to establish the changesin fatty acids, with emphasis
on the omega-6fatty acids linoleicacid (LA 18:2n-6) and arachidonicacid (AA), andthe omega-3 fatty

acids docosapentaenoicacid (DPA) and docosahexaenoicacid (DHA).

5.4.1 Behavioural response after CClinjury in young adult male fat-1 mice

The male mice in this study which were considered youngadults were 12-13 weeksold atthe time of
theinjury. CClinjury was conducted on mice that expressed the fat-1gene (termed fat-1+CCl group)
and theirwild-type (WT) litter mates (termed WT+ CCl group) , which were all fedona high omega-6
PUFA diet. For behavioural and histological testing, they were matched with naive 12 week-old

C57BL/6 male mice, to act as the control naive group.

5.4.1.1 Morris water maze — Acquisition and Probe trial

During the one-week acquisition training protocol (Fig. 5.1), that began on day 15 post-injury, all
groups demonstrated a decrease in their escape latency (Fig. 5.2; Fig. 5.3A). The naive group, which
acted as our control group for this study, had the steepest learning curve. On day 15 the naive group
took an average of 53.9 + 9.6 s tofind the platform overthe 4 trials, whichwasreducedto18.8 + 7.6 s

on the final day of the acquisition training on day 18.
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The fat-1 transgenicand WT groups that received a CCl injury also reduced their escape latenciesover
the acquisition training. The WT + CCl group had an average escape latency of 74.0 £ 4.3 s on day 15,
which decreasedto40.7 £5.4 s on day 18. The fat-1+ CCl group had an average escape latency of 64.3
+ 3.2 sonday 15, which decreasedto 36.1 +4.9 s on day 18. Despite this decreasein escape latencies
over the acquisition training, the WT + CCl and fat-1 + CCl animals were still statistically significantly
slower than the naive group (day 15: Naive vs. WT + CCl, ***p<0.001; day 16: Naive vs. WT + CCl,
*p<0.05; day 17: Naive vs. WT + CCl,***p<0.001; Naive vs. fat-1 + CCl,***p<0.001; day 18: Naive vs.
WT + CCl,***p<0.001; Naive vs. fat-1+ CCl,***p<0.001 -statistical significance was determined using a

two-way repeated measures ANOVA with post-hoc Bonferroni tests).

The probe trial was conducted on day 19, 24 hours after the last acquisition training day trial. The
outcome measures from the probe trial were the same as in previous chapters, in which the time
takento the platform zone and the number of entriesto the platform zone were analysed (Fig. 5.3B,
C).The fat-1gene did not appearto affectlocomotor performance as assessed by the analysis of the

average swim speed of the young mice in the day 19 MWM probe trial (see appendix 1.1).

As expected, the naive control group was the quickest to enter the platform zone during the probe
trial (18.5 £ 5.9 s). The WT + CCl group (43.8 £9.9s) and the fat-1+ CCl group (32.0+ 6.3 s) were both
slower. However, the fat-1 group had over a 10s improvement in the latency to enter the platform
zone — but this difference compared to the WT + CCl group was not statistically significant (Fig. 5.3B).
Comparedto naive control animals, the WT + CCl animals had a decreased numberof entriesinto the
platform zone. The fat-1group had a performance which was similar to the naive control animals, but

overall the effect was not statistically significant (Fig. 5.3C).
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Figure 5.2. Effect of the fat-1 gene in young males on the performance inthe Morris water maze.
Representative traces fromthe day 18 post-injury during the acquisition training and the day 19 probe
trial.
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Figure 5.3. Effect of the fat-1 gene in young males on the performance in the Morris water maze
Acquisition and Probe trial. (A) The average escape latency of the 4 trials conducted on days 15- 18
post injury during the acquisition training. The WT+CCl had significantly slower escape latencies
compared to the naive group on day 15 (¥¥p<0.001), day 16 (*p<0.05), day 17 (**p<0.001) and day
18 (*¥p<0.01). The fat-1 + CCl were also statistically slower than the naive group on day 17
(4%%p<0.001) and day 18 (%4%p<0.001). There were no statistical differences between the WT + CCl
and the fat-1+ CCl groups during the acquisition training. On day 19 the probe trial was conducted;
(B) the time taken to the platform zone and (C) the number of entries to the platform zone. There
were no statistical differences between any of the groups in the probe trial measures. Statistical
analysis of the acquisition training was conducted using atwo-way repeated measures ANOVA with
post-hocBonferroni tests. Mean +SEM. Naive, N=6; WT+CCl, N=10; Fat-1+CCl, N=19.
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5.4.1.2 Gross tissue loss after CCl injuryin young adult male fat-1mice

After perfusion of the mice on day 21, the brain tissue was collected and cut into coronal sections.
Sections from 4 locations (-1.5, -2.0, -2.5 and -3.0 mm posterior to bregma) spanning the area of the

lesion were analysed using toluidine blue staining.

The WT + CClI and fat-1 + CCl groups had substantial tissue loss in all three of the measurements
carried out; the ipsilateral hemisphere, ipsilateral cortex and hippocampus, when compared to the
contralateral side (Fig. 5.4; Fig. 5.5A-C). The naive group represented the baseline. The WT + CCl and
fat-1 + CCl groups had a statistically significant loss of tissue compared to the naive group in the
ipsilateral hemisphere (*p<0.05), the ipsilateral cortex (**p<0.01) and the ipsilateral hippocampus
(***p<0.001). The presence of the fat-1gene did not preventthe tissue loss after CCl as there were no

statistically significant differencesin comparison to the WT + CCl group.

The ipsilateral hippocampus in both of the CCl groups had the biggest reduction in size, when
compared to the contralateral hippocampus. The WT + CCl group only had 26.3 £ 3.2 % ipsilateral

hippocampal tissue intact compared to the fat-1+ CCl group, with 28.3 + 3.2 % remaining (Fig. 5.5C).
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Figure 5.4. Brain sections from young wild type and fat-1 mice stained with
toluidine blue. 20 um coronal brain sections from WT + CCl and fat-1+ CClgroups,
taken fromthe followinglocations posteriorto bregma: -1.5 mm, -2.0 mm, -2.5 mm
and -3.0 mm. Thered arrows indicate the region of the injury site.
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Figure 5.5. The effect the fat-1 gene has in young males on tissue loss after CCl. (A)
hemisphere, (B) cortex and (C) hippocampus. Statistical significance determined using one -
way ANOVA and post-hoc Bonferroni testing (*p<0.05, **p<0.01, ***p<0.001). Mean *
S.E.M. N=3 animals pergroup.
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5.4.1.3 Reactive astrogliosis after CCl injury in young adult male fat-1 mice

The percentage areacovered by GFAP immunolabelling was measured inthe same ROlas in previous
chapters, to determine the level of reactive astrocytosis (Fig. 5.6; Fig. 5.7). The CCl injured groups
showed increased GFAP immunolabelling when compared to the naive controls. The WT + CCl
(***p<0.001) andthe fat-1+ CCI (***p<0.001) showed astatistically significantincreaseinthe amount
of GFAPimmunolabellinginthe ipsilateral cortex when compared to the naive group (Fig. 5.7B). There
was alsoan increase inthe GFAP immunolabellinginthe fat-1+ CCl group (*p<0.05) compared to the
WT + CCl in the ipsilateral cortex. In the contralateral cortex, the fat-1 + CCl mice (**p<0.01) had
increased GFAP immunolabelling when compared to the naive group (Fig. 5.7A). The WT + CCl group
had a higher percentage of GFAP immunolabelling compared to the naive control, but this was not

statistically significant.

There wasincreased GFAP immunolabellingin the hippocampusinthe fat-1+ CClgroup compared to
the naive (*p<0.05) and WT + CCl (*p<0.05) groups (Fig. 5.7C). There were no significant differences
between the naive and the WT + CCl groups. There were no differences between the three groupsin

the GFAP immunolabellingin the dentate gyrus (Fig. 5.7D).

Naive WT + CClI Fat-1 + CCl

Hippocampus

Figure 5.6. The effect of the fat-1 gene on GFAP expression in young males. Immunolabelling of
reactive astrocytes with GFAP in the ipsilateral cortex in the naive, WT + CCl and fat-1 + CCl groups.
Red arrows indicate a GFAP+ cell. Scale bar= 100 um.
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Figure 5.7 The effect the fat-1 gene has in on reactive astrogliosis in the cortex and hippocampus
in young males. Schematicshowingthe ROl inthe cortex and hippocampusthatwere analysed for
GFAP labelling (GFAP+). The percentage increase in GFAP labelling in the WT + CCl and fat-1 + CCl
groups was compared to young naive tissue. (A) Inthe contralateral cortex the fat-1+ CCl (**p<0.01)
group had an increased amount of GFAP+ labelling compared to the naive group. (B) In the
ipsilateral cortex there was increased GFAP+ labelling in the CCI groups (WT + CCl vs. Naive,
**¥*p<0.001; fat-1 + CClI vs. Naive, ***p<0.001; fat-1 + CCl vs. WT + CCl, *p<0.05). (C) In the
contralateral hippocampus the Fat-1+CCl showedincreased GFAP+labellingcompared to the naive
group (*p<0.05) the WT+CCl group also had increased GFAP+labelling vs. the naive group (*p<0.05).
(D) There was no difference in GFAP+ labelling between groups in the dentate gyrus of the

hippocampus. Statistical significance was determined using one-way ANOVA and post-hoc
Bonferronitest. Mean + S.E.M. N=4-5 animals pergroup.
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5.4.1.4 Activated microglia/macrophages after CCl injury in young adult male fat-1 mice

The same ROl used to analyse reactive astrogliosis in the cortex and contralateral hippocampus, were
used to analyse the number of activated microglia/macrophages in these mice (Fig. 5.8). The lowest
number of Ibal+ cells was found in the naive group, in all ROLI. In the contralateral cortex the naive
group had 20 £ 5 Ibal+ cells, which was statistically fewer than the WT + CCl group 60 + 12 (*p<0.05)
and the fat-1 + CCl group 57 + 6 (*p<0.05) (Fig. 5.9A). In the ipsilateral cortex the fat-1+ CCl (80+ 17)
and the WT + CCI (65 £ 7) groups had a higher number of Ibal+ cells compared to the naive group (29
+ 4) (Fig. 5.9B). Only the WT + CClI group showed a statistically significant increase in the number of

Ibal+ cellvs. the naive group (*p<0.05).

In the contralateral hippocampus, the twoinjury groups had a higher number of Ibal+ cells than the
naive group (Fig. 5.9C). The WT + CCl group had 201 + 14 Ibal+ cellsandthe fat-1+ CClgroup had 224
1 26 Ibal+ cells, both of these had a statistically significantincreased number of Ibal+cells compared

to the naive group which had 125 + 8 (WT + CCl vs naive, *p<0.05; fat-1+ CCl vs naive,**p<0.01).

Naive WT + CClI Fat-1 + CCl

Hippocampus

Figure 5.8. The effect of fat-1 gene on the Ibal expression in young males. Immunolabelling of
activated microglia/macrophages with Ibal, in the contralateral cortex in the naive, WT + CCl and fat-1
+ CCl groups. Red arrows indicate Ibal+cells. Scale bar =100 um.
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Figure 5.9. The effect the fat-1 gene has on the number of Ibal+ cells in the cortex and
hippocampus in young males. The numbers of activated microglia/macrophages were
identified with Ibal+ immunolabelling in the WT + CCl and Fat-1 + CCl groups and was
compared to young male naive tissue. (A) In the contralateral cortex the fat-1 + CCl group
(*p<0.05) and the WT + CCl group (*p<0.05) had an increased no. of Ibal+ cells compared to
the naive group. (B) In the ipsilateral cortex there wasincreased no. of Ibal+cells in WT + CCl
group (*p<0.05) vs naive group. (C) In the contralateral hippocampus the CCl injured groups
had increased no. of Ibal+ cells, fat-1 + CCl vs naive, **p<0.01; WT + CCl vs naive,*p<0.05). (D)
In the dentate gyrus of the hippocampus, there was no statistically significant difference
between the groups. Statistical significance was determined usingone-way ANOVA and post-
hoc Bonferroni test. Mean £ S.E.M. N=4- 5 animals pergroup.
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5.4.2 The effect of CCl in aged male fat-1 mice

The malesinthis study were 49-53 weeks old atthe time of the injury. Mice that expressed the fat-1
gene and their WT littermates received a CCl injury and were fed on a high omega-6 PUFA diet. For
behavioural and histological testing, they were matched with naive 52 week-old C57BL/6 male mice,

which acted as the control group.

5.4.2.1 Morris water maze — Acquisition and Probe trial

The acquisition training protocol (Fig. 5.1; Fig.5.10) began on day 15 post-injury. The naive group was
the only group that demonstrated learning ability (Fig. 5.11A). The naive group on day 15 had an
average escape latency of 81.3 £ 5.3 s on day 15, that was reduced to 22.4 + 4.6 s on day 18. The aged
WT + CCl group and the aged Fat-1+ CCl group failed to show a significant reductionin escape latency
overthe 4 days of the acquisition training. On day 15 the WT + CCl group had an escape latency of 66.6
1+ 6.5 s and on day 18 it had an escape latency of 54.2 + 3.7 s. The Fat-1+ CCl group on day 15 had an

escape latency of 68.4 £ 6.3 s and on day 18 it had an escape latency of 55.9 + 13.2 s.

The probe trial was conducted on day 19 post-injury, 24 hours after the last acquisition training trial
(Fig.5.10; Fig5.11B, C). The fat-1gene did not appear to affect locomotor performance as assessed by
the analysis of the average swim speed of the aged mice in the day 19 MWM probe trial (see appendix
1.1). The naive group was able to reach the platform zone quickest with a latency of 29.9 + 16.2 s,
whereas the two CClinjured groups took on average overa minute toreach the platform zone (WT +

CCl,63.0 £16.7 s; Fat-1+ CCl,75.9 + 14.1 s).

The number of entries made to the platform zone during the probe trial was higherinthe naive mice
than inthe mice that received a CClinjury (Fig. 5.11C). There was no difference betweenthe WT + CCl
and Fat-1+ CCl groupsinthe number of visits to the platform zone, which forboth groups was fewer
than 1visit, meaningthatsome mice inthose groups did not enterthe platformzone at all during the

90 s probe trial.
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Figure 5.10. Effect of the fat-1 gene in aged males on the performance in the Morris water maze.
Representative traces from the day 18 post-injury during the acquisition trainingand the day 19 probe

trial.
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Figure 5.11 Effect of the fat-1 gene in aged males on the performance in the Morris water maze
Acquisition and Probe trial. (A) The average escape latency of the 4 trials conducted on days 15- 18
post injury during the acquisition training. The WT + CCl and the Fat-1 + CCl groups had slower
escape latencies than the naive group, but it was not statistically significant. On day 19 the probe
trial was conducted; (B) the time taken to the platform zone and (C) the number of entries to the
platform zone. There were no statistical differences between any of the groups in the probe trial
measures. Mean + SEM. Naive, n=5; WT + CCl, n=5; Fat-1 + CCl, n=4.
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5.4.2.2 Tissue loss after CClinjury in aged male fat-1 mice

After perfusion of the aged mice on day 21, the brain tissue was cut into 20 um thick sections (Fig.
5.12). Coronal brain slices from 4 locations (-1.5, -2.0, -2.5 and -3.0 mm in reference to bregma)

spanningthe areaof the impactlesion and were analysed using toluidine blue staining.

The aged WT + CCl and aged fat-1 + CCl group had substantial tissue loss in all three of the
measurements, the ipsilateral hemisphere, ipsilateral cortex and hippocampus, when compared to the
contralateral side (Fig. 5.13A-C). The aged naive group did not show any tissue loss onthe ipsilateral
side. The aged WT + CClI and aged fat-1 + CCl groups had a statistically significant loss of tissue
compared to the naive group in the ipsilateral hemisphere (**p<0.01), the ipsilateral cortex (**p<0.01)
and the ipsilateral hippocampus (**p<0.01). The presence of the fat-1gene did not preventanytissue

loss after CCl, and therefore failed to show any statistical difference to the aged WT + CCl group.

The ipsilateral hippocampusin both of the aged CCl groups had the biggestreductionin hippocampal
size when compared to the contralateral hippocampus. The aged WT+ CCl group onlyhad 16.7 £3.8 %
ipsilateral hippocampal tissue remaining and the aged fat-1 + CCl group only had 31.5 £ 10.5 %

remaining (Fig. 5.13C).
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Figure 5.12 Brain sections from aged wild type and fat-1 mice stained with Toluidine
blue. 20 um coronal brain sections from WT + CCl and Fat-1 + CCl groups. The brain
sections were taken from the following location back from the bregma reference: -1.5
mm, - 2.0 mm, -2.5 mm and- 3.0 mm. The red arrow heads indicate the location of the
injurysite.
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Figure 5.13. The effectthe fat-1gene has in aged males on tissue loss after CCI.
(A) Hemisphere, (B) cortex and (C) hippocampus. Statistical significance was
found using one-way ANOVA and post-hoc Bonferroni testing (**p<0.01). Mean

+ SEM. N=3 animals pergroup.
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5.4.2.3 Reactive astrogliosis after CCl injury in aged male fat-1 mice

The percentage areacovered by GFAP labelling was measured in the same ROl as in previous chapters,
to determine the reactive astrocytosis (Fig. 5.14). The aged naive group had very little GFAP labellingin
the contralateral and ipsilateral cortices when compared to the two aged CCl injury groups
(Fig.5.15A,B). The WT + CCl (*p<0.05) and fat-1 + CCl groups (**p<0.01) showed a statistically
significant increase in GFAP immunolabelling in the ipsilateral cortex when compared to the naive
group. The two aged CCl injury groups did not show any statistically significant differences to each
other, although the aged fat-1+ CCl mice had almost 1.5 times as much GFAP labelling (1454.1 + 268.2

%) compared to the aged WT + CCI (880.1 £+ 44.7 %) GFAP labellingin the ipsilateral cortex.

The contralateral cortex had a smallerincrease in GFAP immunolabellingthan the ipsilateral cortex. In
the contralateral cortex (Fig. 5.15A) the aged fat-1 + CCl group had statistically increased GFAP
immunolabelling compared to both the naive (***p<0.001) and aged WT + CCl group (**p<0.01). The
aged WT + CCl group also had increased GFAP immunolabelling when compared to the naive group

(***p<0.001).

There was increased GFAP immunolabelling in the hippocampus (Fig. 5.15C) in the aged fat-1 + CCl
injured group compared to the aged naive (*p<0.05) and the aged WT + CCl (*p<0.05) groups. There
were no significant differences between the aged naive and the aged WT + CCl groups. There were no
differences between the three groupsinthe GFAP immunolabelling within the dentate gyrusregion of

the hippocampus (Fig. 5.15D).
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Naive

aged WT + CCI aged fat-1 + CCl

P T

Hippocampus

Figure 5.14 The effect of fat-1 gene on GFAP expression. Immunolabelling of reactive astrocytes with
GFAP in the ipsilateral cortex in the naive, aged WT+CCl and aged fat-1+CCl groups. Red arrows
indicate a GFAP+ cell. Scale bar= 100 um.
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Figure 5.15. The effect the fat-1gene had on reactive astrogliosis in the cortex and hippocampus
of aged males. Schematicshowingthe ROlinthe cortex and hippocampusthatwere analysed for
GFAP labelling (GFAP+). The percentageincrease in GFAP labellinginthe aged WT+ CCl and aged
fat-1+ CClgroups was compared to aged naive tissue. (A) Inthe contralateral cortex the aged WT+
CCl (***p<0.001) and the aged fat-1+ CCI (***p<0.001) groups had an increased amount of GFAP+
labelling compared to the naive group. The aged fat-1+ CCl group (**p<0.01) also had increased
GFAP+ vs naive group. (B) In the ipsilateral cortex there was increased GFAP+ labelling in the CCl
groups (aged WT + CCl vs naive, *p<0.05; aged fat-1 + CCl vs naive, **p<0.01). (C) In the
contralateral hippocampus the aged fat-1+ CCl showed increased GFAP+labelling compared to the
naive group (*p<0.05) and the aged WT + CCl group (*p<0.05). (D) There was no difference in
GFAP+ labelling between groupsinthe dentate gyrus of the hippocampus. Statistical significance

was determined using one-way ANOVA and post-hoc Bonferroni test. Mean + S.E.M. Naive, n=5;
aged WT + CCl, n=5; aged Fat-1+ CCl, n=4.
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5.4.2.4 The effect of CCl in aged fat-1 males —Microglia/macrophage activation

The same regions of interest (ROI) were used to analyse the number of microglia/macrophages in
these mice (Fig. 5.16). The lowest number of Ibal+cells were foundin the Naive groupinall ROI. Inthe
contralateral cortex (Fig. 5.17A) the naive group had 27 £ 5 Ibal+ cells, which was statistically fewer
than the aged WT + CCl group 45 + 4 (*p<0.05) and the aged fat-1 + CCl group 49 £ 3 (*p<0.05). In the
ipsilateral cortex (Fig. 5.17B) the aged fat-1 + CCl had the highest number of Ibal+ cells 57 + 1, which

was statisticallymore than the naive group (*p<0.05).

In the contralateral hippocampus the two injury groups had a higher number of Ibal+ cells than the
naive group (Fig. 5.17C). The aged WT + CCl group had 195 + 12 Ibal+ cells and the aged fat-1 + CCl
group had 210 + 14 cells, both of these had statistically increased number of Ibal+ cells compared to

the naive group (aged WT + CCl vs naive, ¥*p<0.01; aged fat-1+ CCl vs naive, **p<0.01).

Naive aged WT + CCI aged fat-1 + CCl

Hippocampus

Figure 5.16. The effect of fat-1 gene on the no. of Ibal+ cellsin aged fat-1males. Immunolabelling of
activated microglia/macrophages within the ipsilateral cortex in the aged naive, aged WT + CCl and
aged fat-1+ CCl groups. Red arrows indicate Ibal+cells. Scale bar= 100 um.
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microglia/macrophages in the cortex and hippocampus. Schematic showing the ROl in the
cortex and hippocampus that were analysed for Ibal+labelling. The numberof Ibal+cells were
analysedinthe (A) contralateral cortex, where the aged WT + CCl (*p<0.05) and the aged fat-1 +
CCl group (*p<0.05) had an increased number of Ibal+ cells compared to the naive group. (B) In
the ipsilateral cortex the aged fat-1+ CCl (*p<0.05) had a higher number of Ibal+ cells compared
to the naive group. (C) In the hippocampus the aged WT + CCl (**p<0.01) and the aged fat-1+
CCl (**p<0.01) had a higher number of Ibal+ cells compared to the naive group. (D) There was no
difference between the number of Ibal+ cells in the dentate gyrus of the hippocampus.
Statistical significance was determined using one-way ANOVA and post-hoc Bonferroni test.
Mean * S.E.M. Naive, n=5; aged WT + CCl, n=5; aged Fat-1+ CCl, n=4.
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5.4.3 The effect of CCl on the brain lipid profile in young adult fat-1 females

Using thin layerchromatography followed by gas chromatography (section 2.1.8), the fatty acid profile
of the brain tissue from young adult female fat-1 mice and their wild-type littermates was analysed
following CCl injury. A naive group of age- and strain-matched mice were included as the control
group. The changesintwo selected omega-6fatty acids (LA and AA) and two omega-3fatty acids (DPA
and DHA) were expressed as a percentage of the total fatty acidsin tissue. We considered separately
the effect of the diet, of the sham injury (craniotomy) and of the CCl. Figure 5.18 shows a

representative chromatogram, annotated for the various fatty acids detected.

Back Signal (RUTHFAME MIX 31.10 2014-10-31 11-28-35D

5256

Figure 5.18 Representative gas chromatogram.
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5.4.3.1 Effect of the omega-6 enriched diet on the brain lipid profile

The effect of a high omega-6diet on the lipid composition of the brain wasanalysed. A group of age
matched C57BL/6 females was compared to WT females fed on the high omega-6 PUFA diet (Fig. 5.19).
The percentage of omega-6free fatty acids inthe brains of these mice were very similar; both groups
had less than 1 % LA and both had between 8 — 9 % of AA in their tissue. It may appear that the
percentage of AAwas higherinthe WT group; however, due to an early death of a female WTmouse,

there are only 2 femalesin thistestgroup and therefore the N numberwas not high enough to apply

statistical analysis.

In the omega-3 fatty acid analysis, a higher percentage of DPA and a lower percentage of DHA was
observedinthe WT dietfed group when compared to the naive group fed on a normalmurine chow.

However, due to the low number of animalsinthe WT group, statistical analysis was not performed.
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Figure 5.19. The effecta high omega-6 PUFA diet has on the lipid profile of the brain tissue.
The fatty acids from naive and WT mice, fed on a control or a high omega-6 PUFA diet,
respectively, were compared. The omega-6 PUFAs LA (18:2n-6) and AA, and the omega-3
PUFAs DPA and DHA, were expressed as percentage of total fatty acids. Mean + SEM. Naive,
n=3; WT (noinjury), n=2.
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5.4.3.2 Effectof the fat-1 gene on brain lipid profile

In this section, we presentthe data obtained from the two groups of animalsfed onthe omega-6rich
diet. Since the fat-1 group expressed the fat-1 gene, these mice will convert exogenous omega-6

PUFAsintoomega-3PUFAs, resultinginahigherlevel of endogenous omega-3PUFAsin theirtissues.

The WT and fat-1 groups both expressed similar levels of the omega-6 PUFAs LA and AA (Fig. 5.20).
However, there did appearto be differencesin the percentage of the omega-3PUFAs, DPA and DHA,
betweenthe WTand fat-1groups. The WT mice had higherlevels of the omega-3fatty acid DPA (2 %)
compared to the mice expressing the fat-1 gene (<1 % of total brain fatty acids). In contrast, the
omega-3fatty acid DHA was found at higher concentrationsin the fat-1mice (12 %), compared to the

WT mice (8 %).
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Figure 5.20. The effect of the fat-1 gene has on the lipid profile of the brain tissue. The
fatty acids from WT mice and Fat-1 mice, fed onthe same high omega-6 PUFA diet, were
compared. The omega-6 PUFAs LA (18:2n-6) and AA, and the omega-3 PUFAs DPA and
DHA, were expressed as percentage of total fatty acids. Mean + SEM. Fat-1 (no injury),
n=3; WT (noinjury), n=2.
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5.4.3.3 Effectof the fat-1gene on the lipid profile in the brain following a sham injury

To determine if the CClinjury had any effect on the fatty acid composition of the brain, brain tissue

from animals with a shaminjury (craniotomy) was analysed (Fig. 5.21).

The sham injured mice showed no difference in the amount of the omega-6 fatty acid LA in
comparisontothe naive group, regardless of whetherthey expressed the fat-1gene. However, some
differences were observed in the percentage of the omega-6fattyacid AA. Inthe sham injured mice,
there was a decrease in the percentage of AA in both the fat-1 + sham group and the WT + sham

group, when comparedto the uninjured groups, but no statistical difference was observed.

There were some otherdifferences noted between the percentage brain composition of the omega-3
fatty acids. The WT + no injury group had the highest percentage of DPA among all the 4 groups, at 2
%. No statistically significant differencein the percentage of DHA, between the groupswas observed.
Interestingly, the fat-1+ noinjury group had the highest percentage of DHA; it was statistically higher
than the fat-1with a sham injury (fat-1+no injury vs. WT + sham, **p<0.01; fat-1+ no injuryvs. fat-1
+ sham, *p<0.05). Thus, the sham injury appears to have caused a reduction in the amount of the

omega-3PUFADHA in the braintissue.
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Figure 5.21 The effect the sham injury has on the lipid profile of the brain tissue. The fatty
acids from WT mice and Fat-1 mice, fed on the same high omega-6 PUFA diet, and with or
without a sham injury, were compared. The omega-6 PUFAs LA (18:2n-6) and AA, and the
omega-3 PUFAs DPA and DHA, were expressed as percentage of total fatty acids. The
percentage of the omega-3 PUFA DHA was statistically significantly differentbetween groups.
The fat-1 with no injury group had an increased percentage of DHA compared to fat-1 with
sham group (*p<0.05) and the WT with sham group (**p<0.01). The fat-1 with sham group had
an increased percentage of DHA compared to the WT with sham group (*p<0.05). Statistical
analysis was performed using atwo-way ANOVA with post-hoc Bonferroni tests. Mean + SEM.
WT (noinjury), n=2; Fat-1(no injury), n=3; WT (Sham), n=3; Fat-1 (Sham), n=3.
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5.4.3.4 Effectof the fat-1 gene had on the lipid profile in the brain following a CCl injury

To assess the effect of the CClinjury on the fatty acid composition, tissue was collected and analysed
from WT + CCl and fat-1 + CCl mice 24 hours after injury, and analysed alongside sham injured brain

tissue.

The percentage of the omega-6fatty acid AAincreasedin mice thatreceivedaCClinjury whether or

not the fat-1gene was present, although this was not statistically significant.

From the omega-3fatty acids analysed, the percentage of DHAwasincreasedinthe CClgroups when
compared to the WT + sham group. Of the total fatty acids in the brain tissue, the WT+ CClhad 12.1 *
0.5% DHA, which was significantly (**p<0.01) more than in the WT + sham group, which had 8.4
1.4%. The fat-1+ CCl(12.6+0.7 %) group also had a significantly higher (***p<0.001) percentage of
DHA than the WT + sham group. Despite not showing any statistical significance, both CCl injured
groups had an increased percentage of DHA than the fat-1 + sham group. The CCl injury appeared to
increase the percentage of DHA (>3 %), compared to a sham injury. The WT + CCl group and the fat-1+

CCl group have the highest total percentage of DHA amongall the groups tested in this chapter.

The lipid analysis of the brain tissue suggests that there is an increased amount of DHA in the fat-1
mice, thatthe shaminjury causesa reductioninthe percentage of DHA and that a CCl injuryincreases

the percentage of DHA.
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Figure 5.22. The effect the CCl injury has on the lipid profile of the brain tissue. The
brain lipids from wild type mice with Sham injury, wild type mice with CClinjury, fat-1
mice with Shaminjury and fat-1 mice with CClinjury, were compared. The percentage
of the omega-3 PUFA DHA was statistically significantly different between groups. The
fat-1CCl injury group had an increased percentage of DHA compared tothe WT sham
injury group (***p<0.001). The WT CCl injury group also had an increased percentage
of DHA compared to the WT sham group (**p<0.01). Statistical analysis was
performed using atwo-way ANOVA with post-hoc Bonferronitests. Mean+SEM. WT
(Sham), n=3; fat-1(Sham), n=3; WT (CCl), n=3; fat-1(CCl), n=5.
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5.5 Discussion

The studiesinthis chapterinvestigated whether high endogenous levels of omega-3fatty acidsdue to
the presence of the fat-1 gene and consumption of an omega-6 enriched diet, conferred
neuroprotection in mice following CCl injury, in comparison to the impact of injury in wild-type
littermates with high endogenous levels of omega-6fatty acids. Furthermore, this aspectof response
to CCl was investigated in both young and aged fat-1 transgenic male mice. The measure used to
assess cognitive outcome was the MWM test, which was performed using a one-week protocol (Fig.
5.1). To assess the effect of the fat-1gene onthe brain following CCl, the amount of grosstissue loss,
reactive astrogliosis and activated microgliawere measured. Furthermore, in a pilot study focused on
the acute changesinthe brain fatty acid composition 24 h post-injury, we investigated the impact of

the fat-1gene and of the CCl on the lipid composition of the braintissue.

5.5.1 The fat-1gene did not improve cognitive function following a CCl injury

Recent experimental and clinical studies have shown that omega-3 PUFA supplementation is
correlated withimproved cognitive outcome (Janssen et al., 2015, Abdel-Wahab etal., 2015, Bauer et
al., 2014). The group that created the fat-1transgenic mice have also tested theminthe MWM, where
the adult fat-1 mice exhibited improved acquisition when compared to the WT control mice (He et al .,
2009). However, the study that He and colleagues reported used a protocol that included a five -day
acquisition training phase, which was one day longer than in our study, and the improvement
observed in their study was only seen on the final day of the acquisition training, therefore rather
limited. Therefore, it may be suggested that we might have missed any significantimprovement due to
a shorter acquisition phase protocol. Interestingly, the Kang group also performed a probe trial
followingthe acquisition training, and failed to see any difference between the fat-1and WT groups,
as was also observedin ourstudy. Anotherstudy by Wu and colleagues also showed that the presence
of the fat-1 gene failed to improve performance in the MWM probe trial (He et al., 2009, Wu et al.,

2016a). The data we show in this chapter suggest thatthe presence of the fat-1gene doesnotlead to
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a robustly improved performance in the MWM, either in the acquisition training or the probe trial,

followinga CClinjury, whichisinaccordance with the data reportedin uninjured fat-1mice.

In the young adult male mice of both CCl-injured groups, animals were able to reduce their escape
latency over the acquisition training, although as expected, not as quickly as the naive group. This
reductionin escape latency overthe acquisition trial regardless of the moderate CClinjury, has been
observed in both of the previous chapters. In the young male mice, the fat-1 gene did not improve
their performance in the acquisition training phase or the probe trial when compared to their WT
littermates with CClinjury. However, we noted thatin the probe trial, when the numberof entries in
the platform zone was considered, young adult fat-1 mice appeared to perform after CCl at the level of

the naive mice —albeit with lack of statistical significance forthis difference.

Aginghasbeenlinkedto a decline in cognitive function, such asimpaired memory, in both humans and
animals (Harada et al., 2013, Rosenzweig and Barnes, 2003). Various diets and dietary supplements
have beeninvestigated and suggested to have animpact upon cognitive abilityin the elderly (Allen et
al., 2013, Oleson et al., 2016, Singh et al., 2011, Pan et al., 2010), in particular supplementation with
omega-3 PUFAs preparations (Kiso, 2011, Strike et al., 2016, Pusceddu et al., 2016). However, in a
study in aged mice that were fed on an omega-3 rich diet, the authors failed to demonstrate any
increased cognitive ability in the MWM test, but reported some improvement in the spatial Y-maze
cognitive test, when compared to age matched controls (Cutuli et al., 2014). In our study, aged mice
that expressed the fat-1gene failed to show animproved behavioural performancefollowing the CClI
in the MWM. The aged naive group did demonstrate some learning ability by reducing their average
escape latency overthe acquisition training days. However, unlike the young males thatreceived the
CCl injury, the aged CCl injured males failed to demonstrate any learning capability over the
acquisition training phase. This datasupports the literature that documents a worse outcome after TBI

inaged patients (Roozenbeek et al., 2013, Thompson etal., 2006).
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5.5.2 The fat-1gene did not prevent gross tissue loss

The presence of the fat-1 gene failed to reduce the brain tissue loss in the ipsilateral hemisphere,
cortex or hippocampus following CClinjury, whether the mice were youngor aged. Interestingly, the
aged animals did not show any more tissue loss than the young CCl injured mice, although the
literature would suggest that aged mice would sufferalargerlesionsize following TBI (Kumar et al.,

2013).

5.5.3 The fat-1gene did not change the microglial/macrophage activation

The presence of the fat-1gene did not change the amount of activated microglial/macrophage cells in
the braintissue detected several weeks following CClinjury. The CClinjury causedanincrease in the
number of activated microglia/macrophage cells, as was observedin the brain tissue of the CClinjured
mice in the previous chapters. In the aged mice there was an increase in activated
microglia/macrophagesin both the ipsilateral and contralateral cortices, as well asin the contralateral
hippocampus. In a recent study by Kumar and colleagues, aged mice were more likely to have
activated microglia of the detrimental ‘M1-like’ phenotype followinga CClinjury when compared to
young mice (Kumar et al., 2013). They suggested that the increased ‘M1-like’ microglia created an
increased inflammatory response and contributed to a poorer outcome (Kumar et al., 2013).
Reductioninthe activated ‘M1-like’ microgliain mice has been shownto correlate with an improved
performance following CCl injury in the MWM (Bedi et al., 2013). In our aged mice, the activated
microglia in the CCI brain tissue may have had a higher proportion of the ‘M1-like’ phenotype
compared to the ‘M2-like’ phenotype —this remains to be analysed further, with specificmarkers (e.g.
arginase 1 or CD11b) (Cherryetal., 2014, Loane and Byrnes, 2010). This would make the detrimental,
pro-inflammatory ‘M1-like’ microglia the predominant phenotype in the brain and may have
contributedtothe poor outcome ouraged mice had inthe MWM test. Recent literature suggests that
categorising the microglia phenotypes may be more complex than just the ‘M1-like” and ‘M2-like’
phenotypes (Loane and Kumar, 2016). Future studies could establish the predominant microglial

phenotype inthe aged mice atdifferent stages following CCl, in the wild-type and also transgenic mice.
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5.5.4 The fat-1gene causes increased reactive astrogliosis following CCl injury

In the previous chapter, an acute injection of the omega-3fatty acid DHA correlated withan increase
inthe amount of reactive astrogliosisin the brains of mice 28 days after TBI, despite not exhibiting any
beneficial (or detrimental) effect on the behaviour of the mice inthe MWM task. In this chapter, we
show that the mice expressing the fat-1 gene also exhibited an increase in reactive astrogliosis in
selective brain regions, but with no correlation in cognition when compared to the wild-type

littermates.

Thisincrease inreactive astrogliosis was seen predominantly in the aged mice, but wasalsoobserved
inthe young male mice (onlyinthe ipsilateral ROI). This dataisin total contrast with previous studies
that show that omega-3 PUFAs reduce astrogliosis and neuroinflammation, including studies in our
group and others that have shown a reductionin astrogliosis following SCI, with acute DHA treatment

(Zendedel etal., 2015, Paterniti etal., 2014).

The aged fat-1mice had increased reactive astrogliosis in both the ipsilateral and contralateral cortex,
and in the contralateral hippocampus. Increased neuroinflammation, including increased reactive
astrogliosis, has been associated with the aging brain particularly in the hippocampal region which
correlates with decreased cognitive function (Lynch etal., 2010, Cowleyetal., 2012). This increase in
reactive astrogliosisin the hippocampus has also beenseeninrats followinga CClinjury (Sandhiretal,,
2008). The age-relatedincrease in astrogliosisin these fat-1aged mice appearsto be exacerbated by

the CCl injury and the presence of the fat-1gene.

A direct link between omega-3 administration, either via an acute injection of DHA (chapter 4) or
increased endogenous levels of omega-3 PUFAs as caused by the presence of the fat-1gene following
CCl, and the increased reactive astrogliosis has yetto be analysedin detail and thisisthe primary aim

of the following chapter.
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5.5.5 CCl injury altered the lipid profile of the brain tissue

To characterise the changesin lipids after TBl and in the presence of the fat-1gene, we investigatedin
a pilotstudy the brain lipid profiles of the fat-1mice and their wild-type littermatesin response to CCl
injury. The analysis explored changes following shaminjury and CClinjury, atan acute time point, i.e.

24 hours post-injury.

Although we had samples from a limited number of animals, and overall the analysis was
underpowered, we noted a few trends. The percentage of the omega-3 fatty acid DHA appeared to
have changed the most with genotype and CCl injury. The wild-type mice fed an omega-6 enriched
diet,inthe absence of the fat-1gene could not convertthis excess omega-6 PUFAs endogenouslyinto
omega-3 PUFAs, resulting in a lower percentage of DHA when compared to naive controls. The fat-1
mice, as expected, had a higher percentage of DHA in theirbrainlipid profile comparedtotheir wild-

type littermates (Bousquetetal., 2011, Wu etal., 2016a)..

Interestingly, inthe sham animals, the fatty acid profile of the fat-1mice also changed, and a decrease
inthe percentage of DHA was observed. However, following a CClinjury the fat-1 mice had an increase
inthe percentage of DHA measuredintissue. Ourdatasupports observationsin the experimental and
clinical literature, whereby TBl has been shown to decrease the amount of phospholipids containing
DHA around the injury site and induce an increase in the amount of DHA as a free fatty acid in
cerebrospinal fluid (CSF) (Roux et al., 2016, Pilitsis et al., 2003a). In a study employing mass
spectrometry in the brain of CCl injured rats, there were early changes (24 hours afterinjury, i.e. the
same analysistime we present here) invarious lipid classes, including the membrane phospholipids,
and notably there was a significant reduction in the phospholipid phosphatidylethanolamine (PE)
containing DHA (Roux et al., 2016). This reduction is a likely consequence of the activation of
phospholipases after injury, such as phospholipase C (Wei et al, 1982, Dhillon et al, 1999). The
activation is extremely rapid, with positive detection at 5 min after injury. This activation of lipases and
in particular phospholipases, following excessive stimulation in the CNS, was described initially by
Bazan (1970), and has come to be known as the “Bazan effect” —it reflects the very rapid deterioration

of the structure of membranes followinginjury.Inaclinical study on TBI patients, afive-fold increase
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in the amount of DHA detected as a free fatty acid in their CSF when compared to control patients,
was reported (Pilitsis et al., 2003a). This study also reported an increase in the amount of AA
measured as a free fatty acid in the CSF, which although not significant was alsoincreased in our mice
following CClinjury, irrespectively of WT or fat-1background. Furthermore, the studies by Pilitsis and
collaborators correlated moderately favourable GOS scores (>3) with significantly lower levels of free
fatty acids inthe CSF (Pilitsis etal., 2003a, Pilitsis etal., 2003b). This data suggests that free fatty acids
would be a useful indicator of TBl severity. Lowerlevels of PEwere also reported 3 months post-injury
in mouse CCl, in brain tissue and plasma (Abdullah et al, 2014). A very recent study in a closed head
model of TBI supports these findings and shows that abnormalities in lipids (i.e. decrease in plasma
phospholipids) are long-lasting and can still be detected 3 months afterinjury (Emmerich et al, 2016).
In our studies, the CClinjury may cause such large destruction of the brain parenchyma and complex
changes in the fatty acid and phospholipid dynamics, that any neuroprotection conferred by the
presence of the fat-1 gene and the increased omega-3 PUFAs incorporated into the phospholipid

membranes, may be insufficient.

5.5.6 Conclusion

The data produced in this chapter suggests that the fat-1 gene does not confer neuroprotection
followinga CClinjury. However, the fat-1gene did appearto cause an increase in reactive astrogliosis
particularlyinthe aged mice. As expected, the aged mice fared worse inthe MWM protocol than the
young males. The fat-1 mice were shown to have an increased amount of DHA in their brain tissue
compared to theirwild-type littermates, as expected. The CClinjury elicited afurtherincrease in the

DHA detectedinthe tissue, early afterinjury.

The lack of efficacy of the fat-1 genetic manipulation in providing tissue protection after TBI or in
improving neurological outcome is markedly different from what we previously re ported after SCl or
PNI, and different from observations reported in stroke models (Hu et al, 2013), butreminiscent of the
negative results reported in a mouse model of Parkinson’s disease (Bousquet et al., 2011). In this
study, using adult mice treated with the toxin methyl-phenyl-tetra-hydropyridine (MPTP), althoughthe

fat-1 manipulation induced an increase in the tissue omega-3: omega-6 ratio (around 28%), this was
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not sufficientto conferany neuroprotection. Thisisin contrast with what the authors had previously
reportedinthe same disease model, using chronicoral supplementation with omega-3 PUFA (starting
before the injury, from 2to 12 months of age, after which the MPTP exposure occurred) (Bousquet et
al, 2008). Inthe latterstudy, this supplementation regime led toa much largerincreaseintheomega-
3: omega-6ratio (92%) and the authors reported neuroprotectionin terms of higher dopamine levels
detected afterinjury, although no datawere provided to show whetherthis was correlated with any
beneficial neurological outcome. However, itis temptingto conclude that certain forms of injury inthe
CNS may require much largerincreasesinthe omega-3fatty acid levels than those provided by the fat-
1 background, in orderto confer neuroprotection. This hypothesis remains to be tested by carrying out

future DHA chronicsupplementation studies in our CCl model.

The observations reported in this chapter and the previous chapter also suggest that there is a link
between DHA and increased reactive astrogliosis following a CCl injury. The following chapter
investigates the effect DHA has directly on astrocytes in a novel in vitro model of focal mechanical

injury.

5.5.7 Main outcomes

e CClinjuryinagedmice leadstoa worse outcome inthe MWM
e Thefat-1gene doesnotconferneuroprotectionfollowing CClinjury
e Thefat-1geneleadstoan increased astrogliosisfollowing CClinjury

e CClinjuryelicitschangesinbraintissue DHA levels
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6 A novel in vitro model of focal mechanical injury in a 3D

astrocytic cell culture

6.1 Introduction

In this chapterwe set-up and optimized an in vitro model of mechanical TBl. We decided to move to an
in vitro model so that we could focus on the reactions of astrocytes alone following a mechanical
lesion. Inanin vivo model, itishardto seeif the lesion directly causes astrogliosis orwhetherinjury to
othercells (otherglial cells, the BBB or neurones) causes the increasein GFAP expression following CCl

injury. Also usinganinvitro model allowed us to study the morphology of the astrocytesin detail.

6.1.1 Glial cells

Glial cells and neurones are the two largest cell populations within the brain and spinal cord. It was
previously thought that forevery neurone inthe human brain there were 10-50 supportingglial cells.
However, in 2009 this ratio was queried and, using a novel cell counting technique, the ratio of glial to
neuronal cells in the human brain was found to be closer to 1:1, therefore representing a scaled-up

primate brain (Azevedo etal., 2009).

Glial cells are responsible for many functions within the brain, which include maintaininghomeostasis
of the brain environment through neurotransmitter regulation and synapse support, providingmyelin

sheathsforneuronal signalling, and involvement in the immune response during disease.

There are several subtypes of glial cellsinthe CNS, namely astrocytes, microglia, oligodendrocytes, and
ependymal cells. Microglia and astrocytes have already been mentioned in the previous chaptersin
this thesis, with astrocytes displaying a reactive phenotype after injury and an increased GFAP
expression in the fat-1 mice and mice treated with DHA. Due to this change which was linked to
treatmentwith an omega-3PUFA or a higherlevel of endogenous omega-3PUFA, astrocytes are the

cell type thatwas chosen forfurtherinvestigation in vitro.
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6.1.2 Astrocytes
6.1.2.1 Morphology
Astrocytes have been divided into two subgroups based on their morphology and location, since they
were firstdescribedin the 1870s (Parpuraand Verkhratsky, 2012). These two subtypes are referred to

as either protoplasmicorfibrous astrocytes (Kettenmann and Verkhratsky, 2011).

Fibrous Astrocyte Protoplasmic Astrocyte

Figure 6.1. Schematic representation of protoplasmicand fibrous astrocyte morphology.
(A) Fibrous astrocytes found in the white matter have long bi-directional processes. B) Protoplasmic
astrocytes fromthe grey matterare highly ramified, with several branches and finer processes.

Protoplasmicastrocytes are foundin the grey matterand have several thin processes, whereas fibrous
astrocytes are located in the white matter and have fewer but much longer processes than the
protoplasmic astrocytes. These two major subtypes are still valid today, and, in addition, there are
several smaller populations of otherastrocyticsubtypesidentified since the late 19" century. These

are summarisedintable 6.1 below:
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Table 6.1. Subtypes of astrocytes based on their location, morphology and structural characteristics.
(Kettenmann and Verkhratsky, 2011, Sovrea and Bosca, 2013, Sofroniew and Vinters, 2010).

Subtype

Location

Morphology

Structural components

Protoplasmic

Grey matter

High numbers of complex

-Perivascularendfeet

astrocytes rocesses
Y P -Subpial endfeet
Fibrous White matter— Long, thinand straight -Perivascularendfeet
astrocytes Orientated processes )
N -Subpial endfeet
longitudinally
alongside nerves -Perinodal endfeet
Radial glia Embryonicbrain Bipolar—ovoid cell body -One processforms
(differentiated into with two main processes periventricularendfoot
Mdallercellsand
Bergmann glia) -One process forms
8 8 subpial endfoot
Millercells Retina—In the sixth Elongated cells with long -Form limiting

layer

processesthatextend along
the rod and cone cells

membranesthatact as
barriers

Bergmannglia

Cerebellum—Purkinje-
celland granular layers

Small bodies with 3—-6 long
processes, thatextend
towards the molecularlayer
of the cerebellar cortex

-Perivascularendfeet

-Subpial endfeet

Interlaminar Cerebral cortex— Spherical body with one -Subpial endfeet
astrocytes Layer |, adjacent to the long process (up to Imm)

pial surface

(inhigherPrimates)
Pituicytes Posteriorpituitary Irregularshapeswith many | -Surround neuro-

gland

cytoplasmicprocesses

secretory axons

These subtypes of astrocytes can be identified based on their location, morphology and structural

characteristics. The endfeet of astrocytes are specialized foot-processes that make contact with other

structures in the brain or ensheath distinct neuronal elements, in order to mediate exchange of

molecules and neurotransmitters (Parpura and Verkhratsky, 2012). Astrocytic endfeet make contact

with the brain vasculature (perivascular endfeet), the pia mater of the brain (subpial endfeet), the

ventricles of the brain (periventricular endfeet) and the nodes of Ranvier of axons (perinodal endfeet).

232



6.1.2.2 Molecularmarkers

The most frequently used immunohistological marker for astrocytes is glial fibrillary acidic protein
(GFAP). This protein is an intermediate filament thatis present in the cytoskeleton of astrocytes. A
recent study published by agroupinthe Netherlands hasidentified 10isoforms of the GFAP protein,
that are expressed differentially in different brain regions and impose different properties onto the
intermediate filament network (Kamphuis et al., 2014). The expression of this proteinisincreased by
astrocytesindiseasedtissueandis often not present at detectable levelsin healthy tissue. Astrocytes
that display an increased GFAP expression are referred to as ‘reactive astrocytes’ or as undergoing

‘reactive astrogliosis’.

Despite GFAP beingthe ‘gold standard’ immunohistochemical markerfor astrocytes, GFAP staining has
its limitations. As mentioned above, GFAP is often not expressed at detectable levels by astrocytes
unless they have become ‘reactive’ in response to disease or injury (Sofroniew and Vinters, 2010).
Furthermore, GFAP does not label all of the astrocyte, asit is not present consistently throughout the
astrocytic cytoplasm and is often not detectable in the cell body. This means that only the thicker
branchesand notthe finer processes of the astrocyte are labelled with the GFAP marker. Therefore,
GFAP labelling may only represent a small amount of the branching, and this can greatly
underestimate the total astrocytic processes and cell volume (Sofroniew and Vinters, 2010). In
addition, GFAP is not exclusively expressed by CNS astrocytes; it is also expressed in the brain by
ependymal cells from the subventricular zone (SVZ) (Wang and Bordey, 2008). There are several
peripheral cells that also express GFAP, including keratinocytes, Leydig cells, osteocytes and

chondrocytes and cells within the pancreas and liver (Wang and Bordey, 2008).

There are other immunohistochemical markers that have been used to identify astrocytes, which
include vimentin, S100B, GLT-1, human EAAT2, glutamine synthase, the potassiumKir4.1channel and

the aquaporin 4 channel. These markers are summarisedinthe table below.
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Table 6.2. Molecular markers for the identification of astrocytes and astrocytic subtypes.

The specificity of the molecular marker, the location of the moleculartargetand the limitations that
targeting these markers pose forthe identification of astrocytes (Sovreaand Bosca, 2013, Nagelhus et
al., 2004, Kalsietal., 2004, Yang etal., 2011, Benneretal., 2013).

Astrocytic Marker

Specificity

Location within
Astrocytes

Limitations

GFAP — Glialfibrillary
acidicprotein

Intermediatefilament,
part of the
cytoskeleton

Standard marker for
astrocytes—Up-
regulatedinresponse
to CNSinjury

Also presentin
ependymal cells of the
CNS

Vimentin Intermediatefilament, | Up-regulatedin Alsopresentin
part of the response toCNSinjury | ependymalcells
cytoskeleton
S100B Calciumbinding Presentonthe cell Expressed by mature
protein membrane astrocytesand NG2-
expressing astrocytes
Aquaporin4 Water-selective Presentonthe Also presentin
channels astrocyte cell ependymal cellsand
membrane atthe endothelial cells
endfeetof astrocytic
processes—Up-
regulatedinresponse
to CNSinjury
Kird.1 Inwardly rectifying K* Presentonthe Also presentonthe

channels

perivascularendfeet of
astrocytes

cell bodies of
oligodendrocytes

GLT-1 and GLAST (rats)
or EAAT1 and EAAT2
(humans)

Glutamate transporters

Distributed alongthe
cell membrane

Otherisoforms are
presentinneurons

Glutamine synthase

Enzyme that catalyses
the conversion of
glutamate and
ammoniato glutamine

Presentinthe
cytoplasm of astrocytes

Also expressed by
oligodendrocytes

Aldehyde
dehydrogenase 1
family, member 1
(AldhL1)

Enzyme that catalyses
the oxygenation of
aldehydes

Presentinthe branches
rather than cell body

Low expression levels
in mature spinal cord

Thrombospondin4

Thrombospondin
family of glycoproteins

Presentin astrocytes
generatedinthe SVZ

Low expressionlevels

234



Transgenic mice that express a fluorescent reporter protein under promoters of astrocytic markers
such as GFAP or GLT-1 can also be a useful tool to identify astrocytes in vivo (Nolte et al., 2001, de Vivo
et al., 2010). They can be used toidentify astrocytes using fluorescence microscopywithinlivingbrain
slices and fixed tissue preparations. As an investigative tool, these mice can be extremely valuable;
however, it is important to confirm the staining with additional immunolabelling with another

astrocyte marker (Wang and Bordey, 2008).

6.1.3 The physiological roles of astrocytes

Astrocytes have many functions which contribute to general homeostatic mechanisms in the CNS.
They play key roles within the blood-brain barrier (BBB), the maintenance of the extracellular

environment, synapseformation and function, metabolicsupport and the regulation of blood flow.

6.1.3.1 Blood-brain barrier and blood flow

Astrocyte Endfeet

Basement
Membrane

Neuron

Figure 6.2. Schematic of the blood brain-barrier (BBB). Detailing the microvasculature of the BBB,
including the basement membrane, endothelial cells, pericytes, astrocyte endfeetand neurons.

The blood-brain barrier (BBB) refers to the specialized structure of the brain’s microvasculature, which

comprises endothelial cells, basement membrane, pericytes and astrocyte endfeet (Fig. 6.2) (Zlokovic,
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2008). The function of the BBB is to help maintain the brain microenvironment by preventing
potentially harmful substances fromthe blood entering the brain tissue. The endfeet of astrocytes can
ensheath the brain microvasculature, make contact with the neuronal cell membrane orencapsulate
the synaptic cleft. In this way, the astrocytes act as a bridge between the neurones and the
vasculature. Astrocytes help mediate the permeability of the BBB as well as the vasodilation or
vasoconstriction of the neurovasculature through the release of mediators such as prostaglandins (e.g.

PGE,) and nitricoxide (Alvarez etal., 2013, Sofroniew and Vinters, 2010).

6.1.3.2 K+ homeostasis

Astrocytes help maintainion homeostasisinthe extracellularspace, particularly the K* concentration.
Neurotransmission leads to K*ions building up in the extracellular space, which, if not rectified, can
lead to depolarization and hyperexcitability of neurones (Wangand Bordey, 2008). Inwardly rectifying
K+ channels (Kir) and sodium potassium pumps (Na*/K*ATPases) on the astrocyte cell membrane help
to bufferthisincrease in extracellular K*(Wangand Bordey, 2008). Mice with a conditional knock-out
of the Kir4.1 channel show motorimpairment, body tremor and anincreased mortality rate (Neusch et

al., 2001).

6.1.3.3 Neurotransmitter uptake

A key function that astrocytes are responsible for is the uptake of the excitatory neurotransmitter
glutamate from the synaptic cleft. After neurotransmission glutamate needs to be cleared, as an
excess can lead to excitotoxicity and trigger neuronal cell death. Astrocytes remove the extracellular
glutamate through uptake viathe excitatory amino acid transporters (EAAT). There are currently five
types of EAAT identified in the human brain, and the EAAT1 and EAAT2 types are expressed by
astrocytes (the rodent equivalents are GLAST and GLT-1, respectively)(Bak et al., 2006, Palacin et al.,
1998). GLAST transporters are found in both astrocytes and oligodendrocytes, whereas GLT-1 are
foundinmuch higherlevelsin astrocytes as opposed to any othertypes of brain cells (Rothsteinetal.,
1994, Robinson and Jackson, 2016). The GLT-1 transporters are responsible for the bulk of the

glutamate clearance in the brain and the deletion of these transporters results in seizures and
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premature death (Tanaka et al., 1997). The deletion of the GLAST transporter causes minimal

abnormalitiesinthe motor coordination (Watase etal., 1998).

The glutamate accumulated by astrocytes is converted to glutamine by the enzyme glutamine
synthase, and thentransported back to the pre-synapticterminal in a process known as the glutamate-
glutamine shuttle (Bak etal., 2006). This uptake of glutamate by the astrocytes prevents excitotoxicity
and improves synaptic transmission through the reduction of background noise (Wang and Bordey,

2008).

Presynaptic Neuron

Astrocyte

Postsynaptic Neuron

Figure 6.3. Schematic representation of the glutamate-glutamine shuttle ata glutamatergic synapse.
Glutamate (Glu, blue filled circles) is released from the presynaptic terminal into the synaptic cleft.
Glutamate diffuses across the cleft and binds to receptors of the postsynaptic membrane. Excess
glutamate in the cleft is taken up by the astrocytes through the excitatory amino acid transporters
(EAAT) and converted to glutamine (GlIn) using free ammonia (NH,*). This conversion is catalysed by
the enzyme glutamine synthase (GS). The glutamineis then returned to the presynapticneuron, where
it is converted back to glutamate by phosphate-activated glutaminase (PAG), with the release of
ammonia (NH,*).

6.1.3.4 Synaptic function

Astrocytes are involved in both the formation and maintenance of synapses. Around 60% of synapses
are ensheathed by astrocytic processes (Bernardinellietal., 2014). Astrocytes play an importantrolein

synaptictransmission, and have been suggested to be as integral to the synapse asthe pre-and post-
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synapticneuronterminals; thisisreferredtoasthe ‘tripartite synapse’ (Bernardinellietal.,2014). As
part of the ‘tripartite synapse’, astrocytes can regulate synapticfunction, plasticityandtransmission.
Astrocytes canrespond to the release of neurotransmitters fromthe neurones, and can, themselves,
release ‘gliotransmitters' into the synapse (Harada et al., 2015). Astrocytes exhibit several types of
receptors including glutamatergic, GABAergic, adrenergic, purinergic, serotonergic, muscarinic and

peptidergicreceptors (Porterand McCarthy, 1997).

It has been shown that neuronal activity can evoke risesinintracellular calcium (Ca?*) within astrocytes
and that these increasesinintracellular calcium can propagate toadjacent astrocytes and even back to
neurons (Parpura et al., 1994, Hamilton and Attwell, 2010, Charles et al., 1991, Cornell-Bell et al.,
1990). The term ‘gliotransmission’ has been used to describe this phenomenon, whereby these
astrocytes and neurones can communicate with each other. These Ca?*waves can provoke the release
of gliotransmitters, such as glutamate (Bernardinelli et al., 2014). The release of astrocytic glutamat
can alter neuronal excitability (Hamilton and Attwell, 2010). Other gliotransmitters include several
neuroactive molecules that can bind to receptors on neurones, including D-serine,adenosine, GABA

and the cytokine tumournecrosis factor-a (TNF-a) (Pereaetal., 2009).

Astrocytes can promote synaptogenesis through the release of otherfactors such as cholesterol, which
has been hypothesised to aid synaptogenesis by increasing the number of lipoproteins in neurones
which are used to create synapticvesicles (Mauch etal., 2001, Goritz etal., 2002). Astrocytescan also
control neurotransmission by altering the density of post-synaptic receptors, including the up-
regulation of AMPA receptors and down-regulation of GABA,receptors, throughtherelease of TNFa

(Stellwagen and Malenka, 2006, Kettenmann and Verkhratsky, 2011, Chunget al., 2015).

6.1.3.5 Metabolicsupport

Astrocytes provide metabolic support to the neurones by acting as a glycogen store, which provides
energy during periods of high neuronal activity or hypoglycemicconditions (Brown and Ransom, 2007).
Astrocytes also provide neurones with the glutamate precursor glutamine, as neurones do not have

the ability to synthesise glutamate. As previously mentioned, glutamate released into the synaptic
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cleftisuptakenintothe astrocytes through EAAT1and EAAT2 transporters and converted to glutamine
via the glutamate-glutamine shuttle (Fig. 6.3). This glutamine is non-toxic and can be released back
close to the pre-synapticterminal. The pre-synapticterminal can then convert this glutamine backinto

glutamate (Bak etal., 2006).

6.1.4 Brain pathology

6.1.4.1 Reactive astrogliosis

Under pathological conditions, astrocytes undergo a noticeable change in their morphology and a
corresponding increase in the expression of the intermediate filament GFAP (Baldwin and Scheff,
1996). This astrocyticresponse is known as “reactive astrogliosis” (Sofroniewand Vinters, 2010). The
main morphological changes include hypertrophy, increase in number, thickness and length of the
cytoplasmiccell processes, overlapping of the processes and proliferation. The term ‘reactive gliosis’
(or astrogliosis) has been used asan umbrellaterm to describe any evidence of these changesseen in
astrocytes. Recently however, Sofroniewand colleagues have suggested thatthere are categories or

gradations of reactive astrogliosis, which are detailed below (Anderson et al., 2014).
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A) Astrocytes undernormal conditions

e Low levels of GFAP expression
e No overlapping
e Little or noproliferation

B)

Mild to moderate astrogliosis
Higherlevels of GFAP expression
No overlapping

Little or no proliferation

C) Severe diffuse reactive astrogliosis
e Highlevels of GFAP expression
e Overlappingof processes
e Proliferation
e Extensionof processes

Severe astrogliosis and the glial scar

High levels of GFAP expression
Substantial overlapping

Proliferation

Reorganisation of the tissue
architecture — Formation of a compact
glial scar surrounding an area of CNS
tissue damage

Figure 6.4. Schematic representations of the gradations of reactive astrogliosis.

(A) The characteristics of astrocytes under normal physiological conditions are the expression of low
levels of GFAP and the maintenance of individual domains. (B) Mild to moderate astrogliosis is
associated with higherexpression levels of GFAP and maintenance of individual domains. Thistype of
reactive astrogliosis can occur after mild TBI or in areas distal tothe lesion, and it can also occur i n mild
infections. (C) Severe diffusereactive astrogliosis occurs afteramore severe TBl,inwhich astrocytes
proliferate, become highly ramified, and overlap, losing individual domains. (D) Severe astrogliosis with
glial scar surrounds a focal lesion after TBI. The glial scar forms a compact barrier preventing axonal
regeneration. It contains highly ramified astrocytes and newly proliferated astrocytes. This type of
reactive astrogliosis causes reorganisation of the tissue architecture, with the glial scar persistingfor a
longtime. Adapted from (Anderson et al., 2014, Sofroniew and Vinters, 2010).
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6.1.4.2 Glial scar formation

The glial scar as depictedinfigure 6.4D, is a barrier of primarily newly proliferated astrocytes, which
have elongated processes thatintertwine with adjacent astrocytes at the lesion edge. This thick glial
scar acts to protect the remaining healthy tissue from the damaged tissue of the primary injury site,
mediates inflammatory responses and instructs wound healing (Burda et al., 2016). The glial scar
contributesto the tissue reorganization that occurs following severe TBI. Originally thought to protect
healthy tissue by providing a physical barrier against the injured tissue, the glial scar has now been
shown to produce inhibitory molecules to provide amolecularbarrieras well (Fitch and Silver, 2008).
Heavily glycosylated proteins, known as proteoglycans, are released by astrocytes and have an
inhibitory effect on axonal growth. The biggest group of proteoglycans up-regulated and released by
astrocytes of the glial scar are the chondroitin-sulphate proteoglycans (CSPGs), which are extremely
inhibitory to axonal growth (Silver and Miller, 2004). In spinal cord injury (SCI), the physical and
molecularbarrier of the glial scar prevents axonal regeneration across the lesion, thus making the glial

scar and CSPGs a majortarget for SCl treatment.

There may be a specific molecular trigger for the formation of the inhibitory glial scar structure. The
candidates forthisfunctioninclude the cytokines transforming growth factor B (TGFB) and interferon-y
(Silver and Miller, 2004). In an experiment in rats with a brain lesion, TGFB-1 and TGFB-2 were
attenuated with antibodies, which caused glial scar formation to be significantlyreduced (Moon and
Fawcett, 2001). The introduction of interferon-y caused an increase in proliferation of human

astrocytesin vitro andincreased glial scarringin brain lesioned adult mice (Yongetal., 1991).

6.1.4.3 Moleculartriggers of astrogliosis

The molecular triggers for reactive astrogliosis are numerous and include: large polypeptide growth
factors, cytokines, neurotransmitters and reactive oxygen species (Sofroniew and Vinters, 2010).
Reactive astrogliosis can also be induced through deprivation of glucose, hypoxia, and the exposure to
molecules linked with neurodegenerative diseases such as B-amyloid, which is associated with
Alzheimer’s disease (Sofroniew, 2009). Molecular triggers can be released by a number of CNS cell

types including neurons, microglia, oligodendrocytes, endothelial cells, leukocytes and other
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astrocytes. These triggers may be released by cells at the primary lesion site and trigger a chain

reaction of reactive astrogliosis in the tissue surrounding the lesion and in more distal locations.

Molecular Triggers Mechanical Triggers
Cytokines

08 TNFa\

Growth Factors

@ egTGFB g ™~

Neurotransmitters
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Environmental Triggers

Figure 6.5. Examples of main triggers of reactive astrogliosis.

There are numerous molecular triggers (e.g. cytokines, growth factors, neurotransmitters, small
molecules released at the time of a TBI, molecules released during oxidative stress and molecules
associated with neurodegenerative diseases). Environmental changes that can trigger reactive
astrogliosis include hypoxia and glucose deprivation, and the action of mechanical forces. Adapted
from (Burda etal., 2016, Sofroniew and Vinters, 2010).

6.1.4.4 Mechanical triggers of astrogliosis

Moleculartriggers are not the only mechanisms by which reactive astrogliosis canbeinitiated, since
the force of the injury can also induce a phenotypic change in astrocytes. The processes and
mechanisms by which a mechanical force exerted during aTBI can have a harmful effecton CNS cells
are still largely unknown. There have been in vitro studies in co-cultures that showed reactive
astrogliosis and glial scar formation after a mechanical stretch (Wanner et al., 2008). Some
mechanisms have been proposed, including mechanical forces prompting plasmalemmal instability,
which causes disruption to the cytoskeleton (Singleton and Povlishock, 2004). Another mechanical
triggerworth consideringis that plasmalemmal instability may activate mechanosensitive ion channels
on the astrocyte cell membrane and trigger the phenotypic changes associated with reactive
astrogliosis (Burda et al., 2016). Candidates for these mechanosensitive ion channels include the

transientreceptor potential cation channels, TRPV4 and TRPC1 (Maneshi etal., 2015).
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6.1.4.5 Time course of reactive astrogliosis

The time course of reactive astrogliosis following TBlis dependent on numerousfactors, such as the
severity of TBI, location of TBI and the type of injury. Afterfocal lesions, astrocytesin the immediate
tissue surrounding the injury site display a fast response to the TBI. Studies in vivo have shown that
following TBI, astrocytes up-regulate GFAP expression and some populations have already begun to
proliferate by 24 hours post-injury (Susarla et al., 2014). The same study by Susarla et al., reported
further proliferation of astrocytes at 7 days post-impact and maintenance of high levels of GFAP
expression and proliferation in astrocytes at 28 days post injury (Susarlaetal., 2014). Several patient
studies have shown continued high levels of GFAP immunoreactivity in the brains of TBl patients from

6 monthsto 22 years post-injury (Levinetal., 2014).

6.1.4.6 The role of astrocytes following traumatic brain injury

Many central nervous system (CNS) disorders are associated with reactive astrogliosis, including
Alzheimer’s disease, encephalitis, epile psy, multiple sclerosis, Parkinson’s disease,amyotrophiclateral
sclerosis, Huntington’s disease, several psychiatric disorders, brain tumours, stroke and
cerebrovascular disease, as well as CNS trauma including TBI. For the purpose of this thesis the

astrocyticresponse in TBl will be the main focus of discussion.

TBI triggers reactive astrogliosis and at the site of impactina focal lesion aglial scar will form. Intissue
distal tothe lesion and throughoutthe braintissue, there may be mild to moderate astrogliosis; this is
dependent uponthe severity of the TBI. Thisis demonstratedinthe first results chapterinthisthesis.
Itisalso worth noting thatthe level of the GFAP-breakdown product (GFAP-BDP) inthe serum of TBI

patients correlates with the severity of their TBI, as measured by GCSand CT scans (Papaet al., 2012).

Whetherreactive astrogliosis contributes to the damaging secondary injury sequelae following TBI, or
offers some beneficial and protective supportto the remaining healthy tissue, is a matterthat is still
largely unresolved. It has been common knowledge foralmost a century that reactive astrogliossis
inhibits axonal regeneration, since it was first reported by Ramon y Cajal (Ramo\ny Cajal, 1928).

Therefore, targeting astrogliosis has been explored as atherapeuticstrategy for CNS trauma treatment
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(McGraw et al.,2001). Moon etal., showed that removal of glial cells with ethidium bromide following
transection of the nigrostriatal tract, allowed axons to regenerate by up to4 mm (Moon et al., 2000).
This rapid growth was lost at day 7 post-lesion, when glial cells returned to the site of the lesion to
forma glial scar. Anotherstudy employed transgenic mice that expressed herpes simplex virus
thymidine kinase (HSV-TK) specifically in astrocytes, so that newly divided reactive astrocytes could be
ablated usingthe anti-viral drug ganciclovir (Bush etal., 1999). Ablation of these astrocytesresultedin
the increased axonal growth following aforebrain stabinjury. Itis worth noting thatalongside the
axonal growth, ablation of astrocytes also resulted in prolonged increased leukocyteinfiltrationand a
sustained BBBleakage (Bush etal., 1999).0n the otherhand, a study employing this same transgenic
mouse model by Myerand colleagues, showed thata moderate CClinjuryin these transgenicmice led
to significantly more cortical tissue loss (60%), than the CClin wild-type mice (18% cortical tissue loss)
(Myeret al., 2006).These examples demonstrate that reactive astrogliosis may exhibit both damaging

and protective effects following a TBI.

Table 6.3. A summary of the potentially beneficial or damaging roles of astrocytes following TBI.

Beneficial Roles of Astrocytes following TBI Damaging Roles of Astrocytes following TBI

- Glial scar restricts the area of tissue
damage and death

- Exacerbates glutamate excitoxicity by
downregulation of the GLAST and GLT-1
- Astrocytes help repair the BBB - Astrocytic swelling and brain edema

- Astrocytes may help remove the
damaged tissue

- Prevents axonal regeneration across
the glial scar

- Inflammation | - Inflammation

In table 6.3, inflammation is listed as being both a potentially beneficial and damaging role for
astrocytes following a TBI. It has been shown that astrocytes can secrete several moleculeswith both
pro- or anti-inflammatory properties (Farina et al., 2007). Pro-inflammatory mediators released by
astrocytesinclude cytokines (e.g. TNF-a), ROS and nitricoxide (NO), all of which elicitaninflammatory

response from other astrocytes (Avila-Muioz and Arias, 2014, Sofroniew, 2014). Anti-inflammatory
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interleukins released from astrocytes include IL-6 and IL-10 (Sofroniew, 2015). These conflicting

actions may not happen simultaneously butinstead may occur at different phases following a TBI.

6.1.5 3D modellingin vitro

Various in vitro models have been summarised in the general introduction (section 1.7). In vivo
modelling allows for the analysis of awhole systemresponsetoa TBI, i.e. both the tissue response and
the pathophysiological changes, and the neurobehavioural consequences. The complexity of the
pathophysiological response can make it difficult to distinguish the individual roles of various
molecular mechanisms or cell types following a TBI. In vitro models of TBI have been developed to
address this problem as well as to provide a model in which many factors can be tightly controlled,
including the extracellular environment, and the administration of various agents (Morrison et al.,

1998).

Traditional in vitro models utilise cell cultures that are grown on flat plastic or glass surfaces in a 2D
monolayer. Undersuch conditions, cells adhere to the surface and only contact adjacentcells at their
border (Antonietal., 2015). This 2D arrangement in vitro is very differentto the arrangement of cells
in vivo;they are unable tolie on top of each other, to make multiple contacts with othercells or, inthe
case of astrocytes, extend their processes in a third dimension. Three-dimensional (3D) cell culture
systems have been developed to address these limitations and to make the in vitro environment more

relevanttothe in vivo situation.

Typically, 3D culture systems comprise of a hydrogel matrix in which the chosen cell population (from
immortalised cell lines to primary cells) are placed (Fig. 6.6). The cells within these gels are able to
make contacts with other cells, proliferate, migrate, respond to stimuliand change morphology, which

isrelevanttotheirbehaviourinathree dimensional space, in vivo (Abbott, 2003, Antoni et al., 2015).
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Figure 6.6. Schematic representation of cellsin invitro cultures.
(A) Conventional 2D monolayer culture and (B) a 3D cell culture system.

6.1.5.1 Astrocytesina 3D cell culture

Astrocyte cell cultures have been used in in vitro studies to investigate astrogliosis and glial scar
formation. These studies have been predominantly conducted in 2D monolayercultures (Wanner et
al., 2008, Polikovetal., 2006). Within a 2D culture system astrocytes exhibit a high level of astrogliosis
without stimulus (East et al., 2009, Wang et al., 2015). This high baseline astrogliosis does not
accurately reflectthe invivo situation and therefore makes it difficult to use GFAP up-regulation as an

endpoint measurementinan in vitro model that would attempt to mimicTBI.

Astrocytes have been putintoa3D culture system, where the environmentiscloserto that of the in
vivo situation; such studies revealed that when grownina 3D collagen gel, astrocytes exhibitafarless
reactive phenotype when compared to a 2D monolayer culture. They exhibit a less reactive
morphology and a lower levelof activation markers (East etal., 2009). This 3D cell culture system was
also exposedto the cytokine TGFB1, whichis known to triggerastrogliosis in vivo. Astrogliosis was thus
simulatedinthe 3D gels and, by day 15 post-stimulation, astrocytes exhibited high GFAP, vimentin and
aquaporin 4 (AQP4) expression (East etal., 2009). This astrocyte cell culture system offersanovel way
to investigatetherapeuticstrategies targeted at astrogliosis, and could be usedtodevelop a novel in
vitro model mechanical injury relevant to TBI. This 3D astrocyte culture developedinthe group led by
Dr Philipsis the system employed in this chapterto explore anovel in vitro model of focal mechanical

injury.
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6.2 Methods

Primary astrocyte cultures were prepared from P2 GFP+ rat cortices. Astrocytes were dissociated and
expanded for 2 weeks beforebeing placedin 3D collagen gels (Fig. 6.7). The GFP gene was expressed
ubiquitously in the culture, which had been established as 95% astrocytes (East et al., 2009). The
induction of the lesion was carried out using the computer-controlled pneumatic Hatteras PinPoint
Precision Cortical Impactor™ and then cultures were fixed at 24 hours, 5 days and 10 days post-impact.
DHA (1 uM) or vehicle treatment was applied to cultures at the time of the impact. Cells were then
labelled with GFAP, as an index of reactive astrogliosis within the cultures. The volume of GFP and
GFAP per cell was measured in the peri-lesion ROl and in ROI distal to the lesion, using confocal
microscopy and 3D image analysis software (Volocity), to assess the amount of reactive astrogliosis.
The number of astrocytes in the peri-lesion and distal from the lesion ROl was also measured.

Furthermore, the number of processes perastrocyte was analysed in the different ROI.

Impact
0+ (DHA Treatment)
Day | | |
- 10-14 Days -1 Day 24 hour 5 Day 10 Day
Astrocytes Astrocytes Fix Fix Fix
Extracted into Gels

Figure 6.7 Timeline of the in vitro studies. Astrocytes were extracted 10-14 days prior to lesion and
were placedina 3D collagen gel 24 hours before lesion. DHA orvehicle was added tothe gel directly
afterthe lesion. Astrocytesin 3D gels were fixed 1day, 5 days and 10 days post lesion.
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perilesion site

unlesioned
site

Figure 6.8. Experimental setup for the 3D astrocytic culture. (A-A’) 3D astrocytic gel cultures were
generated in 12-well plates. (B-B’) Using a computer-controlled mechanical device, a mechanical
impactwas induced onto the gel. (C) Animage of the gel postlesion (arrow indicates region of lesion).
(D) A diagrammaticrepresentation of the different regions of the lesioned 3D gel analysed.

248



6.3 Aims and hypothesis

6.3.1 Aims

The primary aim of this chapter is to develop and optimise a novel model of focal mechanical injury
using the 3D astrocyte cell culture system. The pneumatically driven rigid impactor used in previous
chapters to cause a CCl injury in vivo, was employed in this study to cause an impact injury to the 3D
collagen gels. The mainaim of thisinjury was to induce reactive astrogliosisin the astrocytes, as was

seeninthe astrocytes in vivo after CCI TBI.

Alongside the development of a novel in vitro model of TBI, the omega-3 PUFA DHA was tested, to
identify any direct effects it had on astrocytes in culture after injury. In previous chapters, mice that
received a CCl injury with DHA treatment or transgenic mice with the fat-1 gene, exhibited reactive

astrocytes with higherlevels of GFAP expression.

In summary, the aims of work of in this chapterwere:

-To optimise amodel of focal mechanical impactinjury in vitro.

-To assess any direct effect DHA had on astrocytes aftera mechanical impact.

6.3.2 Hypothesis

The hypothesis of this chapteristhat a mechanical impactto a 3D astrocyte culture systemwill trigger
reactive astrogliosis within the astrocytes atthe lesion site and those furtheraway from the lesion site.
We hypothesised that the reactive astrogliosis will be evident by a distinct change inthe morphology

of the astrocytes and an increase in the expression of the intermediatefilament GFAP.
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6.4 Results

6.4.1 Effect of a mechanical injury on the cellular volume of astrocytes in the perilesional

regions of interest

Astrocytes in the perilesional region of interest (Peri-ROI) showed no significant differences in the
levels of GFP expression between the lesion-only, lesion +Veh and lesion + DHA (1 uM) compared to
the control group in the 3D cultures, at 24 h post lesion (Fig. 6.9E). Furthermore, there was no
difference within the 4 groups in GFP expression at 5 days and 10 days post-impact (Fig. 6.9E).
However, the level of GFAP stainingin the peri-ROIl was significantly higherpercellinthe lesion-only
(*p<0.05) andthe lesion +Veh groups (*p<0.05), compared to the control group, on day 5 post-injury
(Fig.6.9F). Interestingly, the lesion + DHA group also had higherlevels of GFAP staining, butit was not

statistically significant when compared to the control group on day 5.

On day 10 post-injury, the lesioned only and the lesion +Veh group, had higherlevels of GFAP labelling
percell when compared to the control group, although the effect was not statistically significant (Fig.
6.9F). In regards to the lesion + DHA group, a similarlevel of GFAP labelling to thatin the control group

was observed.
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Figure 6.9 The effect of lesion and DHA treatment on GFP expression and GFAP immunostaining in
the perilesional ROI. (A, A’& A’”’) Control non-lesioned group, (B, B’& B’) lesion-only gels, (C, C'& C’’)
lesion+Vehgroup, (D, D’& D’) lesion + DHA group, at 1d, 5 d and 10 days post lesion, respectively. (E)
GFP expression per cell and (F) GFAP expression by cell, the lesion +Veh and lesion-only groups at day
5 had statistically higher (*p<0.05) GFAP expression compared to the control group. Repeated
measures two-way ANOVA with post-hoc Bonferroni testing used for statistical testing. Scale bar= 300
pm. Means £ S.E.M. N=4-5 separate gels from 2-3 separate independent experiments.
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6.4.2 Effect of a mechanical injury on the cellular volume of astrocytes in the distal lesion

regions of interest

Astrocytes in our in vivo studies showed an increase in GFAP immunolabelling in areas distal to the
lesionsite, termed the unlesioned site in figure 6.10. To determine if this novel in vitro model reflected
this distal increase of astrogliosis observed in vivo, astrocytes in ROl distal to the lesion (Distal-ROl) site

were also analysed for GFP and GFAP volume per cell.

The GFP defined volume per cell showed no statistically significant differences between the groups or
the time points post-lesion. The GFAP defined volume per cell analysis also showed no statistically
significant differences between the groups ortime points. However, there wasa trend that showed
that at each time point post-injury, the lesioned groups had an increased volume of GFAP per cell, in

particularly atday 5.
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Figure 6.10. The effect of lesion and DHA treatment on GFP expression and GFAP immunostaining in
the ROI distal to the lesion. (A, A’& A’’) Control non-lesioned group, (B, B’& B’’) lesion-only gels, (C,
C'& C”) lesion-Veh group, (D, D’& D) lesion+ DHA group, at 1d, 5 d and 10 days post lesion,
respectively. (E) GFP expression percell and (F) GFAP expression by cell. Scale bar =300 um. Means *

S.E.M. N=4-5 separate gels from 2-3 separate independent experiments.
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6.4.3 The number of astrocytes in the perilesional regions of interest

Overthe course of the study, all of the groups saw an increase inthe number of astrocytesin the Peri -
ROI. Despite seeing increasing numbers of astrocytes over the study, the control group still had the
lowest number on day 10 (day 10; Control, 25 £ 3; lesion-only, 41 £ 9; lesion + Veh, 28 + 2; lesion +

DHA, 34 +2).

Despite being no statistically significant differences observed between any of the groups, there was a
higher number of astrocytes at day 5 and day 10in the lesion +only (Fig. 6.11) (day 5, 37 £ 7; day 10,

41 £ 9) group when compared to the control non-lesioned group (day 5, 25 + 3; day 10, 41 £9).

6.4.4 The number of astrocytesin the regions distal from the lesion site

The number of astrocytes in the Distal-ROl in the lesion-only and the lesion + Veh group increased
almost two-fold between day 1 post-lesion (day 1; lesion-only, 43+ 9; lesion +Veh, 43 £ 8) and 10 days
(day 10; lesion-only, 22 + 3; lesion +Veh, 21 + 3) post-lesion. The lesion + DHA group had an increase in
the number of astrocytes between 24 hours (15 + 3) and day 5 (30 % 3) post-lesion, butthen decreased

again by day 10 (25 + 4) post-lesion (Fig. 6.12).

The lesion-only group, as well as the lesion + Veh group, displayed significantly (*p<0.05) higher
numbers of astrocytes at day 10 when compared with the control group (Fig. 6.12). There was also a
significantly higher (*p<0.05) number of astrocytes at day 10in the lesion-only group as well as the

lesion+Veh group, when compared tothe lesion + DHA group (Fig. 6.12).
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Figure 6.11. Effect of Impact and DHA treatment on the number of astrocytes in the perilesional ROI
at 1 day, 5 days and 10 days post-lesion. (A-D) Representative images from all 4 groups. (E)
Quantitative analysis of the number of astrocytes in the perilesion area, fromall 4 groups. The graphs
were reducedto 2 group comparison for clearer comparison; (F) Control vs. lesion-only, (G) Control vs.
lesion + Veh (H) Control vs. lesion + DHA (I) lesion vs. lesion + Veh (J) lesion vs. lesion + DHA and (K)
lesion + Veh vs. lesion + DHA. Data are represented as mean + S.E.M. N=4 -5 separate gels from 2-3
independent experiments.
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Figure 6.12. Effect of Impact and DHA treatment on the number of astrocytes in the distal to the
lesion ROI at 1 day, 5 days and 10 days post lesion. (A-D) Representative images fromall 4 groups. (E)
Quantitative analysis of the number of astrocytes distal to the lesion, from all 4 groups. The graphs
were reduced to 2 group comparison for clarity; (F) Controlvs. lesion (day 10, *p<0.05), (G) Control vs.
lesion+Veh (day 10, *p<0.05) (H) Control vs. lesion+ DHA (1) lesionvs. lesion+Veh (J) lesion-only vs.
lesion + DHA (day 10, *p<0.05)and (K) lesion + Veh vs. lesion + DHA (day 10, *p<0.05). Repeated
measures two-way ANOVA with post-hoc Bonferroni testing used for statistical testing. Data are
represented as mean £S.E.M. N=4 —5 separate gels from 2-3 independent experiments.
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6.4.4.1 A summary of the impact injury in 3D gels as an in vitro model of astrogliosis after a

mechanical focal injury

Thisis a novel in vitro model to model the reactive astrogliosis that occurs similarly to thatfollowing a
focal TBI. The ability of this model toinduce reactive astrogliosis in response to a mechanical injury can

be seen when comparingthe control and lesion-only group data (Fig. 6.13).

The analysis of cell counts shows thatthe number of astrocytesinthe Peri-ROI (Peri-ROl; Control, 19 +
2; lesion-only, 23 + 3) and the distal-ROI (distal-ROl; Control, 17 + 2; lesion-only, 22+ 3) at day 1 post-
lesion is not significantly different between control non-lesioned group and the lesion-only group.
However, by day 5 post-lesion the lesion-only group had a much higher number of astrocytes,
although non statistically significant, inthe Peri-ROI (Peri-ROl; Control, 25+ 3; lesion-only, 37+ 7) and
distal-ROI (distal ROI; Control, 25 + 4; lesion-only, 35 * 5) vs. the control group. The number of
astrocytes continued to increase in the distal-ROI until day 10, when the difference reached
significance (*p<0.05; Control, 25 * 3; lesion-only, 43 £ 9) when compared to the control group (Fig.

6.13B).

The GFP volume per cell did not show any significant difference between the control group and the
lesion group at day 1 and 5 days post-lesion. At day 10 post-lesion, there was a more obvious, but non-
significant, increase in the GFP volume percellinthe lesion-only group compared tothe control group,

in both the Peri-ROland distal ROI (Fig. 6.13C, D).

The difference in GFAP volume per cell was more apparent. Inthe Peri-ROI the GFAP volume per cell
was considerably higher in the lesion-only group compared to the control group, with a significant
difference (*p<0.05) observed at 5 days post-lesion. In the distal-ROI the GFAP volume per cell is
largest in the lesion group at day 5 post-lesion (Fig. 6.13F). At day 5, in the lesion group there was a
significant (*p<0.05) increase, which represented almost 3-fold more GFAP per cell than that in the
control group. Atthe 1day and 10 day time points, the lesion group had a higher volume of GFAP than

the control group, butthisincrease was not statisticallysignificant.
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Figure 6.13. Effect of impact on a 3D astrocyte culture in the perilesional and away from lesion ROI,
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+ S.E.M. N=4 — 5 separate gels from 2-3 independent experiments.
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6.4.5 Effect of a mechanical injury on the morphology of astrocytes

The astrocytesin the lesion group displayed a much more ramified morphology, compared to those in
the control group. Nevertheless, within each region of interest there are astrocytes that exhibit severe
astrogliosisthat are highly ramified, as well as astrocytes that display mild astrogliosisthat have very
few processes. Inorderto assess the percentage of astrocytes that displayed a highly ramified or less
reactive phenotype, we used a quantitative analysis which showed that the distribution of astrocyte

process numberwas altered afterlesion (Fig. 6.14).

The control group showed a narrower range in the number of astrocytic processes, at every time
point, inboth the Peri-ROIl and distal-ROIl, when compared to the lesion only group. Furthermore, for

the majority of astrocytes assessed, there werefewerthan 5 processes per an astrocyte (>50%).

Interestingly, the lesion only group showed afargreaterrange of astrocyte process number, especially
at day 5; in both the Peri-ROI and distal-ROIl astrocytes have the greatest range, with a small
percentage of astrocytes having over 30 processes (Fig. 6.14). At all time points and ROI, the lesion

group had over40 % of astrocytes with 5 or more processes (Fig. 6.14).
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Figure 6.14. Population analysis of the effect of impact on the number of processes per astrocyte in
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6.4.6 Effect of the lesion on astrocytes at the lesion site

In the in vivo CCl model, astrocytes atthe edge of the lesion site formed athickand complex barrier,
i.e.aglial scar (chapter3, Fig3.23F). Interestingly, in this in vitro model of mechanically induced injury,
astrocytesimmediately adjacenttothe lesionsite also appeared toforma structure similarto that of
the glial scar (Fig. 6.15). The processes of the astrocytes at 1 day post-lesion in the lesion only group
appeared to align themselves along the lesion edge. By day 5 post-impact, astrocytes at the lesion
edge were highly ramified and establishing several contacts with processes from surrounding
astrocytes. By day 10 post-impact the astrocytes were highly ramified, aligned with the lesion edge,

and had several contacts, overlappingtoforma barriersimilarto the glial scarobserved in vivo.

control lesion only

10 days 5 days

Figure 6.15. Glial scar formation in 3D astrocytic culture. (A) GFP- expressing cells express low GFAP
immunostaining in astrocytic 3D cultures in the absence of lesion at 10 days in culture. (B-D) GFP-
expressing cells express increasing levels of GFAP immunostaining in astrocytic 3D cultures after a
lesion atvarious timesin culture.
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6.5 Discussion

6.5.1 A 3D culture asan in vitro model of focal mechanical injury

6.5.1.1 Astrogliosis

The primary aim of this study was to develop a novel in vitro model of a focal mechanical injuryina 3D
astrocyte cell culture system. Reactive astrogliosis was used as an outcome measure toevaluate the
efficacy of this model in inducing a quantifiable response after impact. To determine reactive
astrogliosis, the level of GFAP immunolabelling was measured and the changes in the astrocyte

morphology were observed.

6.5.1.2 GFAP expression

A hallmark of reactive astrogliosis is an up-regulation of the intermediate filament GFAP. Inthis study,
the astrocytesinthe control group had low GFAP immunolabelling. Due to the astrocytes beingina 3D
collagen gel the baseline immunoreactivity was similar to that observed in healthy brain tissue. The
impacted group had an increased amount of GFAP volume per cell when compared to the control
group at all 3 time points after injury. This increase in GFAP indicates that the astrocytes in the
lesioned gels had changed to a reactive phenotype. Therefore, this suggests that amechanical injury at
the chosen setting induced by the Hatteras™ impactor to the 3D gel was sufficient to elicit reactive

astrogliosisandis therefore avalid in vitro model of focal mechanical injury.

The increase in GFAP volume per cell was seeninboth the Peri-ROl and the distal-ROl. In the previous
in vivo studies reported here, reactive astrogliosis was seen very distal to the lesion as well as
perilesionally after injury. The astrocytes within this cell culture model appeared to have a similar
response to the in vivo response after injury. The astrocytes in the distal-ROI displayed the greatest
GFAP volume per cell at 5 days after injury. This delayed reaction could possibly be indicative of
astrocyte-astrocyte communication through release of molecular mediators such as growth factors
(e.g. TGFB) and cytokines (e.g. IL-6 and TNFa) (Sofroniew and Vinters, 2010, Sofroniew, 2009).
Interestingly, the significant increase in GFAP was diminished by day 10. As astrocytes are able to

move through the collagen gel, those that become reactive may have migrated towards the lesion site.
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It has been previously reported that astrocytesare able to migrate from differentareasinthe brainto

the lesionsite, 2-4weeks afterinjury in vivo (Benneretal., 2013).

6.5.1.3 Changesin morphology

In combination with an increase in GFAP immunostaining, marked morphological changes were
observed during development of reactive astrogliosisin this cell culture study. These changesincluded
hypertrophy of the cell body, increase in the number of processes, thickening of the processes and
elongation of the processes. Qualitatively, the astrocytes in the lesioned group exhibited these
changes and also displayed several process-process contacts between astrocytes. The astrocytes in the
control non-lesioned group maintained aless ramified morphology and kept theirindividual domains,

non-over-lapping with othercells.

Changes in morphology proved difficult to quantify in detail, due to astrocytes within each ROI
displaying a range of different morphologies, which may be representative of diffe rent astrocyte
subtypes present in the 3D culture. However, it was possible to analyse the number of processes
detected perastrocyte, to determineachange in astrocytic overall morphology. The datashowed that
within the control groups, a large percentage of astrocytes had fewer than 5 processes, while
astrocytes in the lesioned group had a higher percentage of astrocytes, with over 5 processes, and
some displaying upwards of 30 processes. This highly ramified phenotype would be described as
severe astrogliosis according to Sofroniew and Vinters (Sofroniew and Vinters, 2010). The marked
change in the morphology of the astrocytesinthe lesioned gels provides further evidence to support

this in vitro model as a viable modelof afocal mechanical injury, relevantto focal TBI.

6.5.1.4 Change in astrocyte number

It has been observed that astrocytes migrate and proliferatein responseto TBI in vivo (Sofroniew and
Vinters, 2010, Wang and Bordey, 2008, Susarla et al., 2014). In this in vitro study the number of
astrocytes also changed according to the group, ROI and time point after injury. The control group
showed noincrease in astrocyte numbers overthe time course of 1-10 days. In contrast, the number

of astrocytes in the lesioned group was higher than in the control group at 5 days and 10 days post
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lesion. The lesion group may be displaying an increase in astrocyte number due to astrocyte
proliferation. If proliferation was occurring in the Peri-ROI, this would suggest this was a severe
reactive astrogliosis (Fig. 6.3), and it may be that this was driven by the need to produce more
astrocytes to contribute tothe formation of the glial scar. It is worth mentioning that the cell number
in the Peri-ROI plateaued after day 5; this could be due to a limited capacity of proliferation being
reached, or maintenance of the rate of proliferation with anincreased amount of migration out of the
ROI and towards the lesion edge. The cell number in the distal-ROI of the lesion group continued to
increase up until day 10. This again may indicate proliferation. In a study conducted by Susarla and
colleagues, proliferation of GFAP+immunopositive cells wasseenatday 1, 3, and 7 post-injury, with
the highestrate of proliferation at 3 days post-injury, inamouse model of CCl (Susarlaetal.,2014). If
the increase in our cell count data was due to proliferation, it would correlate with the in vivo data
published by Susarlaetal.,and may explain the plateauin cell number,asseenatday 10 in our Peri-

ROL.

Astrocytes could also be migrating from the outer areas of the gel towards the centre of the gel,
towards the lesionsite, and this could explain the increased cell numbers seeninthe ROI. If migration
occurred towards the lesion site this would indicate that the astrocytes cansense thelocation of the
lesion site, possibly via release of chemicals such as cytokines fromthe lesionssite, although there s
limited datainthe literature to suggest a particular mediator. Interestingly, blocking ATP signalling via
the P2Y nucleotide receptor on astrocytes has been shown to reduce migration of astrocytes in vitro

(Wanget al., 2005).

6.5.1.5 Topography of the reactive astrocytes

Astrocytesin the Peri-ROl and distal-ROl exhibited reactive astrogliosis, and this suggeststhatthere is
some form of communication between the astrocytes at different locations with reference to the
impact zone. The main focus of many biological investigations is the identification of a molecular
mediator or mediators that may be released from a reactive astrocyte, that could elicit a reactive
phenotype in another astrocyte. This list of potential mediators is long and includes cytokines,

neurotransmitters, growth factors and ROS (Sofroniew, 2009, Sofroniew and Vinters, 2010). Although
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these mediators can be released by numerous CNS cell types, the high purity of ourastrocyte culture
suggests such mediators identified within this cell culture system would be attributed to astrocytes
(East et al., 2009). A further study that could be carried out to implicate a molecular mediator as the
propagator of reactive astrogliosis would be to take the media from a lesioned gel exhibiting high
levels of reactive astrogliosis and introduce itto a non-lesioned gel to see if areactive phenotype could
be induced. If reactive astrogliosis was primarily propagated by molecular mediators, it could be
hypothesised thatin this in vitro model the astrocytes within the lesion site may be damaged and their
cellmembranes are leaky orruptured, therefore release of the initial wave of mediators would start
the chain reaction of reactive astrogliosis in the surrounding astrocytes. Mediators of reactive
astrogliosis may also be released by astrocytes under stress in a controlled manner, via exocytosis
(Hamilton and Attwell, 2010, Singh et al., 2015). In this model, at the earliest time point of 24 hours,
the gel at the lesion site was destroyed, creating a void similar to that observed in the in vivo tissue

after CCl injury.

The astrocytesin the gel could also be changingto a reactive phenotype inresponse to the mechanical
force exerted by the impact. This has beenreferred to as mechanopathogenesisinarecentreview by
Burda et al. on astrocytes and TBI (Burda et al., 2016). The benefit of the 3D collagen cell culture
system is the creation of a structure in which the impactor can penetrate. It also allows the inertial
forces caused by the impaction to radiate out from the impaction site to be experienced by cells within
the gel, similar to the cells distal to the impact in the brain after TBl. How astrocytes convert this
mechanical stress into a change in phenotype is still widely unknown, although some mechanisms
have been described, which include disturbing the cytoskeletalintermediate filaments or activation of
mechanosensitive ion channels, such as TRPV4 or TRPC1 (Burda et al., 2016, Bowman et al., 1992,
Maneshi et al., 2015). This force-induced reactive astrogliosis could be working in tandem with

molecular mediators to propagate aglobal increase in reactive astrogliosis across the gel.
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6.5.1.6 Glial scar formation

An important outcome from this study is the evidence of a glial scar-like structure formation at the
lesion-edge of the gels. By day 5 inthe lesioned gels, astrocytes at the edge of the lesionsite became
highly ramified and their domains began to overlap. By day 10 post lesion, the processes of the
astrocytes intertwined and formed a thick barrier, similar to the glial scar described by Sofroniew
(Sofroniewand Vinters, 2010). The formation of this scar-like structure providesfurther evidence to
supportthis model asa good in vitro model of focal mechanical injury, with directrelevance to TBI. If
the time course of this study were longer, adenserand more complex scar may form and this could be

a useful in vitro model to investigate the glial scar formation aftertraumaticimpact.

6.5.2 DHA had no effect on GFAP expression or the morphology of astrocytes after impact

The groups that received a lesion and vehicle or DHA treatment failed to show any significant
differences between each otherorthe impactonly group, with regards to GFAP volume per cell. This
failure to see any change in astrocyte reactivity after exposure to DHA was a somewhat unexpected
finding. The datainthe previous thesis chapters showed an apparentincreaseinreactive astrogliosis
after DHA treatmentor inthe fat-1gene. Thisin vitro study suggests that any effect DHAmay have on
astrogliosis may be through anindirect mechanismthat mayinvolve other CNS cell types. Despite not
showingany significant differences, there is anoticeable decrease inthe GFAP volume percell 10days
postlesioninthe DHA group comparedto the otherlesioned groups, inboth the Peri-ROl and distal-
ROI. This decrease conflicts with the in vivo data and contributes to the concept that the effect DHA
has on astrocytes in vivo may be viaan indirect mechanismand that were not be reproduced in vitro.
Triggers of astrogliosis can be released by all CNS cell types, including microglia, oligodendrocytes,
neurones, pericytes and endothelia cell of the BBB. These molecular mediators of astrogliosis include
growth factors (e.g. TGFB), cytokines (e.g. IL-6), Toll-like receptor ligands, glutamate, ATP and ROS

(Sofroniewand Vinters, 2010).
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6.5.2.1 DHA treatment and astrocyte numbers

The day 10 post lesion observation that the DHA treated group had a decrease in the GFAP volume per
cell coincides with the observation thatat day 10 there was a decrease inthe cell numberin the distal -
ROI. There was a significantly lower number of astrocytes in the distal-ROl when compared to the
lesion with vehicle group, orthe lesion only group. The number of astrocytes at day 10 was similar to
the control group. This data appears to suggest that DHA may be preventing astrocyte proliferation in
these ROI, assumingthat proliferation was the reason forthe cell numberincrease seenin the lesion

group.

It isworth noting thatthe administration of DHA to the cultureswas directlyintothe mediaandat the
time of the lesion. The addition of DHA to the culture mediacould affect cell signallingas DHA can act
as aligandto retinoid X receptors (RXR) as well as acting on ion channels such as TREK-1 (de Urquiza et
al., 2000, Wu et al., 2013, Begum et al., 2012). However, as DHA was only administered once, it may
have been oxidised or metabolised soon after administration without eliciting an effect. Given thatthe
media of the cultures was changed every third day, we would presume thatat 10 days post-lesion, if
degraded DHA is absent from the media. The DHA group at 1 day and 5 days post-lesion behaved
similarly to the lesion only group in the number of cells present, whereas at 1 day it had the highest
GFAP volume per cell. The data may show that the DHA had a delayed effect that was not seen until
day 10, indicatingalonger mechanism of action of DHA. Thisis notsurprisingsince asingle bolusi.v.
injection of DHA can induce neuroplasticity in an in vivo model of SCI (Liu et al., 2015). Another
considerationisthatthe cellsinthe DHA group were not being protected fromthe lesion, but i n fact
were dyingordead. In either case, further in vitro studies are required to elucidatethe effect DHA is

having onastrocytes.

6.5.3 Limitations

The many benefits of the 3D collagen cell culture system are detailed in the introduction of this
chapter. The 3D system does have some limitations that are worth considering. Firstly, the tension
created in the collagen gel at the boundaries of the system causes a high level of baseline reactive

astrogliosis, similar to that seen in the 2D astrocyte cultures. Recording this baseline reactive
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astrogliosisas animpactelicited response can be avoided by establishing the ROl farfrom the edge of
the culture dish and by starting the z-stack analysis at 30 um fromthe top of the gel, as was carried out

inthis study.

The 3D gel culture system eradicates for the most part the baseline reactive astrogliosis which is
presentin 2D astrocyte cultures, butthe 3D nature of the gels makesthe imaging of these astrocytes
difficult (East et al., 2009). A confocal microscope was used in this study for imaging these gels after
fixation. As revealed by the cell count data, there is an increase in the number of astrocytes after
impact at day 5 and day 10. Astrocyte migration could be a reason forthisincrease. Live cellimagingis
atechnique commonly used to monitor cell migration, howeverin 3D culture systems cellsare able to

travel in multiple directions and thereforein and out of focus, makingindividual cells difficult to track.

Limitations of GFAP stainingare coveredinthe introduction and need to be considered when looking
at the GFAP data from this study. GFAP immunolabelling does not labelall of the branching and finer
processes, therefore the true extent of the ramification of the reactive astrocytes may notbe visible in

the images.

The astrocytesin this culture came from the cortex of rat pups, so there may be potential differences
between astrocytes derived from animmature versus an adult brain. However, the behaviour of the
astrocytes in these cultures has exhibited similarity with the astrocytic behaviour observed in the
previous chapters in in vivo experiments performed in mice. The species difference may have
interfered with the DHA experiment outcomes. Cortical astrocytes are only a subpopulation of the
astrocytes from the brain and therefore only partially representative of the behaviour of the total

brain astrocytes afterinjury.
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6.5.4 Conclusion

In summary, this novel in vitro model of focal mechanical injury within a 3D astrocyte culture systemis
a viable model, with clear endpoints that reflect the in vivo reactive astrogliosis seen following TBI.
This novel model can be used as an investigativetool forthe analysis of reactive astrogliosis and the

screening of potential therapies targeted at astrocytes orthe glial scar.

6.5.5 Main outcomes

e Astrocytesinlesioned gels had higherlevels of GFAP volume percell compared to control
e Astrocytesinlesioned gels displayed a much more ramified morphology compared to control

e Inthelesionedgelsthere wasanincrease inastrocyte numbersonday 5 and day 10 post
lesion compared to control non-lesioned cultures

e Atday10 postlesion, astrocytesformed aglial scar-like structure atthe edge of the lesion site
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7 General discussion

Traumatic brain injury (TBI) is one of the leading causes of death and disability worldwide, in
particular in men aged below 50 year-old (Maas et al., 2008). TBI is a condition with substantial
heterogeneity and cansignificantly impact upon a patient’s quality of life because of long-term motor,
sensory and cognitive dysfunction. Currentlythere are no effective treatmentsforTBI, and there is a
worldwide effortto understand better what can be improved in terms of diagnosis and of definition of
relevant outcomes, through initiatives such as TRACK-TBI (Yue et al., 2013) and CENTRE-TBI (Maas et
al., 2015). Although several experimental neuroprotective therapies have been takentoclinical trials,
they have been unsuccessful. In this thesis, an animal model of TBI was optimised in mice, and then
used to assess omega-3 PUFAs as a potential neuroprotective treatment. Omega-3 PUFAs (and in
particular the long-chain DHA) are a class of compounds which have elicited much interest and
research overthe last decade in a variety of models of disease. Previous to the beginning of thiswork,
data from our group and others, showed a clear therapeutic or prophylactic potential of DHA in
traumatic injury in the PNS and CNS (for SCI) (King et al., 2006, Huang et al., 2007, Ward et al., 2010,
Lim et al., 2013b, Lim et al., 20133, Liu et al., 2015, Paterniti et al., 2014, Figueroa et al., 2012). The
results reported in this thesis in a specific animal model of TBI, however, did not provide strong
evidence to support omega-3 PUFAs as an effective treatment for TBI or protection against TBl. We
will conclude this thesis with final comments on various issues raised by this work, in the general

context of neurotraumaand neuroprotection.

7.1 Modelling TBl in vivo

The first results chapter of this thesis details the characterization and optimisation of a CCl injury in
mice, with outcome measures thatreflect the cognitive dysfunction and pathophysiological changes
seen in human TBI. The CCl injury caused severity-dependent deficits in the MWM test, gross brain
tissue loss, and reactive astrogliosis and activated microglia withinthe injured brain. The main aim of
the first chapter was to establish the parameters of the injury that would provide reproducible

outcomes. A unilateral injury above the parietal lobe at the velocity of 3m/s, dwell time of 100 ms, tip
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diameter of 3 mm, set at 20°, with an impact depth of 2.2 mm, was finally chosen as an injury severe
enough to cause behavioural deficits and histological changes, but not to lead to major behavioural
disruption and impairment in mice. This injury paradigm was then used in the following chapters to
investigatethe efficacy of an acute single bolus DHA treatment and the neuroprotective potential of

the fat-1gene.

The work in the model development chapter did reveal some interesting consequences of the CCl
injury. Firstly, we noted the activation of glial cells on the contralateral side of the brain. Originally, the
contralateral cortex was to be used as a control for the injured ipsilateral side. This phenomenon
highlights the global impacta CCl injury has on the brain, despite the model being traditionally used to
replicate afocal localized injury. This extended pathology has beenreportedinthe stroke literature,
i.e.increased reactivegliosisis observed onthe contralateral sideto the occlusionside (Patienceetal.,
2015). While our studies were proceeding, a report was published by Niesman, showing
neuroinflammatory responses both ipsilaterally and contralaterally after CCl in mice, at 7 days post-
injury, supporting the concept of a bilateral response to unilateral trauma. Furthermore, a
contralateral response afterinjury interms of tau pathology, has also been reportedin the 3xTg model
of Alzheimer’s disease (Tranetal., 2011, Niesmanetal., 2014). Inagreement, this phenomenon was
also observed throughout the rest of the in vivo chapters in this thesis, regardless of treatment or
geneticmanipulation. Possible explanations forthis contralateral increase in glial cell activation were
discussedinthe firstresults chapter, which include: contralateral compression against the skull at the
time of injury, chemotaxicsignalling, migration of activated glial cells, orcommunication of damage to
the contralateral side through interhemispheric functional connectivity of large brain networks such as
the cortico-cortical connections. This concept of global dysfunction seen in animals is supported by

observationsin humans after TBI, showing global network dysfunction (Sharp et al., 2014).

Anotherfindingfromthe first results chapter was the detrimental effect the shaminjury had on mice,
particularly on their performance inthe MWM test. A shaminjury control could be expected to have
an outcome more comparable to a naive control. However, due to the invasive nature of the sham

injury in the case of an open skull model of TBI (craniotomy), there were behavioural and
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pathophysiological consequences. This observation suggests that comparison of CClinjured groups to
naive groups alone may confoundresults and theirinterpretation, especially inthe earlier period after
injury, asthe pathology seenintheinjured animals may be a cumulative resultof both the negative
consequences of the surgical sham-injury and the direct brain impact-linked injury. Therefore, in order
to elucidate the effect a treatment has on the focal brain injury alone, CCl injured animals using an
open-skull approach, should be whenever possible compared to asham-operated group, especially for
the analysis of the early events afterinjury. The importance of usinga sham control in studies with the
CCl modelisreiteratedinapaper published by Cole and colleagues (Coleetal., 2011). Itisinteresting
to note that there is evidence that different mouse strains respond differently tosham surgery, with
some strains (e.g. FVB/N and 129/SVEMS) presentinga persistentimpairmentin cognitioninduced by a
sham operation (Fox et al, 1999). Interestingly, in this study the authors also show that somewhat
paradoxically, the resilience to CClinthe FVB/N strainis higherthanin 129/SVEMS or C57BL/6 mice. In
all three of the in vivo chapters of this thesis, our CCl injury paradigm was robust enough to cause a
deficitinlearning and trigger secondary injury mechanisms, which was independent of the age of the
mice or their strain (CD1 and C57/BL6). The possible strain-dependent variation in the response to
injury was mentioned above, andithas been documentedin mice andalsoinrats (Foxetal., 1999, Tan
et al., 2009). However, the use of this CCl model also revealed some of its limitations. Firstly, there
was the extensive tissue loss at the site of the lesion. Intime, the injury resulted most commonly in
destruction of almost half of the ipsilateralhemisphere beneath the site of the injuryand almost the
entire ipsilateral hippocampus. This level of tissue loss is not comparable to the tissue pathology of
human TBI patients, orat least those that survive the injury (Marklund and Hillered, 2011). Secondly,
inour model we replaced the skull bone flap afterthe injury. Although we did not secure the bone flap
inits place, this may not be sufficient enough to overcome the damaging effects from secondary brain
swelling. The model is notreflecting well the surgical decompressive craniectomy whichisusedinthe
clinicto reduce ICPin TBI patients (De Bonis etal., 2010). In conjunction with this, anaesthetics have
been shown to confer neuroprotection, or in the case of the anaesthetic drug used in our studies,

ketamine, can cause increased neuronal cell deathinthe hippocampus of rats following TBI (Statler et
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al., 2006). However, since ketamine is provided in prehospital care as a safe and effective option, we

tried to relate ouranimal model to the clinical setting (Porter, 2004).

In additionto the limitations of the actual CCl surgery, the outcome measuresusedin thisstudy have
their disadvantages. The MWM, despite it being commonplace in the TBI literature, has limitations,
such as the sensitivity of the test to the surrounding environment (D'Hooge and De Deyn, 2001).
Despite keeping the experimenter, testing room and extra maze cues consistent in all the studies,
environmental factors (such as noise, olfactory cues and housing details), which are sometimes beyond
the experimenter’s control, might have affected in some instances the performance of the micein the
MWM test — and affected differently the different groups. In our MWM protocol, the acquisition
training was the most sensitive part of the protocol, since it could differentiate between the severities
of the injuries, as shown in the first results chapter. However, in the probe trial, one of the two
measures used to assess memory function was the number of visits to the platform zone. This measure
may not have been robustenough to differentiate between test groups, due tothe low frequency of
visitsto the zone. It isimportant to note that we chose a cognition test because of the importance of
cognition and memory impairment after TBI, but this is only one of the possible choices; further
studies could explore otherequally relevant aspects, such as fatigue or depression, which could reflect

for example damage to the pituitary (Zaben etal., 2013).

7.2 Effect of DHA and of the fat-1 genotype in CCI

In order to assess the effect of the injury severity, treatment with DHA or genotype on the outcome
and secondary injury mechanisms following CCl injury, we measured behaviours and also chose to
focus in the tissue on the amount of activation detected within the astrocytes and microglia cell
populations, bilaterally. Datafrom previous SCl studies, whetherinjury was induced by hemisection or
compression, carried in our group and others, showed that acute i.v. treatment with DHA or the
presence of the fat-1 gene caused a significant reduction in the reactivity of these glial cell types
(Paterniti et al., 2014, Lim et al., 2013a). The results we present in this thesis do not show such

reduction afteracute treatment with DHA in contusion TBI. One potential explanationmay be due to
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the timing of the examination of the tissue post-injury, as there are complex polyphasic temporal
cellularchanges which are linked to the neuroinflammatory response after CNSinjury (Bowes and Yip,
2014). The braintissues fromthe studies presented in this thesis onthe model optimisation/severity
variation and the DHA treatment were obtained at 28 days, and the tissue fromthe mice in the fat-1
studies was obtained at 21 days post-injury. This means that the immunohistochemical datagathered
inthisthesis were from relatively delayed time points afterinjury (comparablethoughtothe SCI time
line examined previously). However, the general levels of activation in both astrocytes and microglia
can vary at different time points following TBI, and the predominant microglial phenotype also
changes at different time points post-TBI (Loane and Byrnes, 2010, Woodcock and Morganti-
Kossmann, 2013). Any relevanttransient changesin glial cells at earliertime pointspost-injury were
missed, as we focused on a late evaluation of the brain tissue. In particular, DHA treatment or the fat-1
background may have influenced earlier events affecting the glial populations. Interestingly, in a
recent studyinour group usingacute DHA afterthoracic SClinduced by contusion, itwas alsonoticed
that there was a time-dependent response of microglia (analysed using the Ibal marker): DHA
increased the microglia response to injury by 7 days, but in the tissue collected 28 days after injury,
there was no difference between control injured and DHA-treated animals (Dr Ping Yip, personal
communication). Finally, in the months preceding submission of this thesis, our group completed
another DHA study in this CCl model, atthe same dose of DHA shown in thisthesis, and examined the
tissue both 7 days after injury and 28 days after injury, to have a better grasp of the time line of
events. In this latter study, there was a very significant decrease in the Ibal perilesional post-injury
reactivity at 7 days, aftertreatment with DHA, but this effect was not seen any more at 28 days (Dr Odli
Thau-Zuchman, personal communication), which confirms the observations in contusion SCI. These
time-dependent changes in the impact of DHA on the Ibal positive cellswere seenin parallel with a
significant improvement in sensorimotor neurological dysfunction after injury (as assessed by a
modified neurological score), which was already significant by 7 days and maintained at 28 days.
Therefore, it is difficult using this general marker for microglia/macrophages, to establish a simple

correlation between neurological outcome and the microglia/macrophages detected in tissue.
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Microgliaare cellsthatactively reshape circuitsin developmentand disease, and itis necessary to be
able to differentiate the various subtypes (Wakeetal., 2013). Future work using histological markers
for the different subtypes of microglia, and also markers which allow the assessment of the functional
activity of the microglia (e.g. phagocytic activity), will help elucidate these post-injury changes. For
example,inarecent PET imagingstudy in ourgroup, using the 18-kDa translocator protein (TSPO) as a
marker of activated microglia, we showed that acute DHA post-injury decreases the activation of this

specificmicroglia population, at 7 days post-SCl (Tremoleda et al., 2016).

Concerning the astrocytes, in the model development chapter we showed that there was increased
reactive astrogliosis with increasinginjury severity, and this correlated with apoorerperformance in
the MWM. An amplified reactive astrogliosis was also seen in CCl injured mice after DHA treatment
and in those possessing the fat-1 gene, compared to their respective control groups. However, the
further increase in reactive astrogliosis seen in these latter mice did not correlate with poorer
performance in the MWM. These results suggest that increased astrogliosis may not always and
necessarily correlate with decreased cognitive function. Thisisin direct conflict with the literature that
suggests that the beneficial effects of omega-3 PUFAs are causally linked to a reduction in the glial
inflammatory reaction (Zendedel et al., 2015, Orr et al., 2013). Astrogliosis has been associated with
poor recoveryinSCl, butin the context of injuryin the brain, Harris and colleagues, have shown that
the reduction of the glial scar by administration of chondroitinase ABC, and the subsequentincrease in
peri-contusional axonal sprouting, do not lead to robust neurological improvement (Harris et al.,
2010). However, our observations do suggestalink between DHA and reactive astrogliosis following a
CCl injury. The nature of this link remains elusive. In a manner similar to what we saw in terms of
microgliaactivation, itis likely thatthe astrocyticresponse evolvesinacomplex manner post-injury. At
very early times afterinjury, the glial scarmay limitthe injury but then become aneutral by-standeror
even play a beneficial role. Indeed, inthe recentrepeat studyin our group on acute DHA treatment in
CCl, which is mentioned above, it was seen that DHA reduced markedly the ipsilateral perilesional
GFAP reactivity at 7 days — but this effect was no longer seen at 28 days (Dr Orli-Thau-Zuchman,

personal communication). Amplification of the astrocyticresponse contralaterally may have a positive
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impact on the reported plasticity of the contralateral hemisphere afterafocal TBI, which may lead to
at least a partial recovery of function (Axelson etal., 2013). There is clearrecognition of the positive
role of astrocytesin the active remodelling of synapses and consequent brain plasticity (Jones et al.,
1996). Astrocytes have gradually emergedinthe last decade as key regulators of behaviour (Oliveira et
al., 2015), which confirmstheirimportantrolesinthe “tripartite synapse” (Pereaetal., 2009). They are
alsothe only brain cells capable of synthesizing DHA (Moore, 1993). Disruption of intracellular calcium
signalling in astrocytes (Petravicz et al., 2014) or disruption of the “lactate shuttle” (which provides
lactate formed through anaerobicglycolysisin astrocytes and delivered to neurons) (Newman et al .,
2011) can lead to significant spatial memory disruption. The ablation of astrocytes in the prefrontal
cortex leads to significant cognitive impairment (Lima et al., 2014), while the engraftment of larger,
human astrocytes into the murine hippocampus, enhances hippocampal LTP and hippocampal -
dependentlearning (Hanetal., 2013). Interestingly, in contrast with atendency to amplify astrogliosis,
no amplification of the strong neurogenesis seen post-CCl was detected at 28 days after treatment

with DHA, as reflected through use of a marker of immature neurones.

Due to the complexity of the secondary injury mechanisms following TBI, characterizingin detailalink
between omega-3 PUFAs and reactive astrogliosis in vivo could be difficult. In order to simplify this

investigation, anovel in vitro model of reactive astrogliosisin a 3D culture was developed.

7.3 Invitro model of TBI

Our novel in vitro model of TBI was able to reproduce reactive astrogliosis and even a “glial scar”
formation usingonly asingle mechanical insult, within a 3D culture of astrocytes. The main benefits of
a 3D culture systemare described in the introduction of the final results chapter. Astrocytes are highly
reactive andina 2D culture system they exhibitanincreased baseline level of GFAP expression, due to
the stress of beingrestricted to growinginonly one plane (Eastetal., 2009). In contrast, astrocytes in
a 3D cell culture system exhibit much lower levels of GFAP and a reduced ramified morphology,
therefore reflecting the unreactive astrocytes seenin normal uninjured brain tissue (Eastetal., 2009).

To replicate the CClinjury in an in vitro model, after we optimized the in vivo model in mice, the same
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impactorused to create the lesion in vivo was also used to create a focal mechanical lesion in the 3D
cell culture. The 3D structure of the culture system was more similarto braintissue architecture thana
2D system, and allowed for mechanical destruction by impaction. At the start of this work we were
uncertainasto whethera mechanical insult would elicit reactive astrogliosisin astrocytes in culture.
Reactive astrogliosis has been elicited in in vitro models through hypoglycaemia, hypoxia, or
inflammation - through the introduction of lipopolysaccharide (LPS)(East et al., 2009). Surprisingly, our
in vitro impaction model not only elicited reactive astrogliosis at the site of the lesion, butalso distal to
the lesionsite. The reactive astrogliosis increased over the time course of the study. One of the most
exciting observations followingthe injury was the appearance of aglial scar-like structure atthe edge
of the lesion. The development of this model allowed us to investigate the direct effect DHA had on
astrocytes following an injury. In this study, the DHA-treated cultures did not have a significantly
different response post-impact compared to injured vehicle-treated cultures. Therefore, it was not
possible to further study the correlation between DHA and the modulation of increased reactive
astrogliosis post-CCl. One possible explanation forthe lack of significant effect may be linked to the
DHA concentration used or the protocol of administration. DHA used at a higher concentration (10
UM) has been shownin acute experimentstoinhibitthe endoplasmicreticulumstress response and
subsequentcelldeathina2D astrocyte culture submitted to oxygen-glucosedeprivation (ischaemia
model) (Begum et al., 2012). The authors also showed that a similar protective effect was obtained
with a metabolite of DHA which was an isomer of neuroprotectin D1. Interestingly, DHA hasalsobeen
shown to increase the gap junction coupling in astrocytes and also decrease aspartate uptake

(Champeil-Potokaretal., 2006, Grintal et al., 2009).

An obvious questionthat arises from this in vitro data is whetherthe increase in astrocyte numberin
the lesioned gelsis due to migration of astrocytes from distal regions or proliferation of the astrocytes
at the site of the lesion. The datafrom the in vivo studies shows increased reactive astrogliosis on the
contralateral side 4weeks afterinjury. Utilizing this novel in vitro model and labelling the astrocytes
for proliferation markers or by employing time lapse microscopy, will allow in future to better

characterize the mechanisms underlying the response of astrocytes toinjury. The exact composition of
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the scar formation, and its similarities with the scar formedin vivo—in particularenrichmentin axon-
inhibiting chondroitin sulfate proteoglycans such as NG2 (Chen et al., 2002), also remains to be

determined.

This 3D astrocyte model could also be usedin combination with other CNS cell types such as neurones,

microgliaand oligodendrocytes, to see how the focal mechanical injury affects mixed cultures.

7.4 Omega-3 PUFAs and their potential in the treatment of TBI

Several therapies have shown promise in animal modelsin terms of neuroprotectionin TBI. However,
no treatment has been successfully translated into the clinic. Therefore, there is a significant
translational block in the development of new neuroprotective treatments in TBI. Despite using a
similar dosing regimen of DHA to the regimen that conferred neuroprotection in models of SCl and
employing the fat-1 transgenic mice as an investigative tool, the data in this thesis did not point
towards omega-3 PUFAs being a viable neuroprotective treatment for TBI — at least for the type of

injury and mode of administration considered.

Evidence has accumulated which allows us to compare the data reported so far with DHA in three
models of acute injury to the CNS: SCI, TBI and stroke, which have strong similarities in the
pathophysiology of secondary injury. While our group has carried out numerous studiesin models of
SCl, where we have shown the significant neuroprotective potential of DHA, the group led by Bazan
has published extensive data supporting the neuroprotective potential of acute single administration
of DHA in stroke models, in adult or aged rats (Belayev et al., 2005, Belayev et al., 2009, Eady et al.,
2012b). In these various studies, the i.v. fatty acid bolus was either administered at the onset of
reperfusion or up to 3 h post-ischaemia onset. Interestingly, in one of their studies, the authors
showed an increased astrocyte density in the lesioned hemisphere at 7 days compared to controls
(Eadyetal.,2012a). In a subsequent study, in which the authors used aformulation of DHA bound to
albumin, the post-injury administration time window was extended up to 7 h post-ischaemia (Eady et

al., 2012b). However, in this study asin previous studies, the neurological score improvement was only
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monitored inthe first 7 days, raising the question whetherthe improvement was long-lasting. Albumin
has the potential to mobilize PUFAs and facilitates the delivery of DHA to the injured brain tissue
(Rodriguez de Turco et al., 2002). It is interesting to note that in their most recent studies this group
show that while the sensorimotorimprovementinduced by DHA post-ischaemiacanstillbe seen at 3
weeks afterinjury, the cognitive improvementis transientand lost by 3 weeks (Hongetal., 2014). The
group led by Bazan have suggested that the improvement seen afterabolus of DHA in stroke models is
due to the formation of the metabolite neuroprotectin D1 (Mukherjeeetal., 2007, Bazan, 2005, Eady
et al., 2012a). However, it cannot be ruled out that other metabolites of DHA —and there is a wide
array of possibilities of such pro-resolving and potentially protective mediators (Serhan and Chiang,
2008), could also playa role inthe observed effect; thus, Harrison and colleagues, have shown that an
aspirin-triggered epimer of neuroprotectin D1 (Harrison et al., 2015), AT-resolvinD1, reduced motor
and cognitive deficit (Rotarod and novel object recognition test) at 7 days after a fluid percussion
injury in mice; it is important to note though that the administration of the resolvin was initiated
beforethe injury and continued daily during the 7 days post-TBI. Underthese conditions, AT-resolvin

D1 had not effect on microglial immunoreactivity post-injury.

The neuroprotective effect of an intraperitoneal administration of the long chain omega-3 PUFAs in
models of neonate hypoxia-ischaemia was first reported by Williams, using the post-natal P10 mouse
Rice-Vannucci model of hypoxia-ischaemia, with atime window for efficacy of 2 h post-ischaemia; the
authors reported that this protective effect was seen after a DHA-containing emulsion and not EPA
emulsion (Williamsetal., 2013). Ina veryrecent follow-up study, the group showed that 8 weeks after
the intraperitoneal administration of a DHA-emulsion, first immediately after injury, and then a
repeatedinjectionat 1 h, the animals had a tendency toshow betterlearninginthe MWM and also a
partially improved performance in the memory trial, in parallel with a reduced tissue loss
(Mayurasakornetal., 2016). Overall, all these observations suggest that there may be some potential

for DHA administration in stroke/hypoxia-ischaemia, in the adult, aged and also immature brain.

Concerningthe prophylactic potential of omega-3 PUFAs: the datareported by Desai and colleagues,

suggest that deficiency in the PUFAs can worsen outcome, but to this date, no clear indication has
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emerged that DHA has a significant long-lasting efficacy in TBI (Desai et al., 2014). While this
dissertation was completed, Shi and colleagues published data which showed that the fat-1 cortical
neurones in culture had a better response to the stress of oxygen-glucose deprivation and that pre-
treatment of cultures from wild-type animals with DHA, also improves resiliencein thismodel (Shi et
al., 2015). Furthermore, in the same study, the authors induced very limited focal cortical ischaemia
and reported protection of the tissue and improved sensorimotor outcome 2weeks post-injury in fat-1
mice. Very recently, the authors showed inamodel of more extensive damage, induced by transient
middle cerebral artery occlusion in mice, that only acombination of intraperitoneal injections of DHA
and sustained oral supplementation, leads to significant tissue protection, increased angiogenesis and

improved spatial memoryinthe MWM (Puetal., 2016).

7.5 Conclusion

To date, there has been much promise raised by positive experimental observationsusing DHA or its
metabolites and strikingimprovement reported on asingle TBl case history basis, aftertreatment with
very large doses of omega-3 PUFAs added to enteral feeding (Lewis etal., 2013). However, much more
research workis necessary to establish whethersignificant and sustained efficacycan be induced by
treatmentwith this type of compound post-TBI. Although there is some indicationin the literature of
secondaryinjury TBI mechanisms which could be alleviated by omega-3 PUFAs, itis still not clear which
critical cellulartargets, i.e. specificreceptors, are the key drivers of the effects observed, and whether
DHA would act more as a parentdrug (therefore the efficacyis linked to specificmetabolites) orasthe
intrinsicactive compound. Furthermore, thereisaneed totry more varied regimes of admini stration
(e.g. time window, duration and dose) which remain clinically relevant, and explore the long-term
outcome, in several models of TBIl. Considering that omega-3 PUFAs have a major potential to
contribute to the resolution of persistent inflammation post-trauma, it will be important to design
studies to understand better the impact of the treatment with these compounds on the systemic

response toinjury, e.g. the changesinthe immune system which occur aftertrauma in general and TBI
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in particular, and which are also long-lasting (Schwulst et al., 2013, Hazeldine et al., 2015). Finally,
thereisalso much promise inthe conceptof usingomega-3PUFAin combination withrehabilitation

after TBI (Wu etal., 2011, 2014), and thisideaof support of neuroplasticity

281



Appendix 1.1-The average swim speed during the MWM probe trial for the young and

aged fat-1 mice
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Rat and Mouse No.l Maintenance

Appendix 1.2 - Standard RM1 chow diet for WT mice with normal diet

-

Calculated Analysis

NUTRIENTS Toul  Supp (9) NUTRIENTS Toal  Sup )
IPredimessAnaysis Y. Glutamic Add % 317

Moisture (1) % 10.00 Pmllme % 1.20

Crude Ol % 271 Serine ‘ % 0.56

Crude Protein % 14.38 Hydmxyprphne %

Crude Fibre % 465 Hyd@xﬁyswne %

Ash % 6.00 Alanine % 0.16

Nitrogen Free Extract % 61.73

Digestible Crude Gil % 247
Digestible Crude Protein % 1292

Total Dietary Fibre % 17.05
Pectin % 1.52
Hemicellulose % 10.17
Cellulose % 432
Lignin % |.68
Starch % 44,97
Sugar % 4.05

Gross Energy M)ikg 14.74
Digestible Energy (15) Mlikg 11.50
Metabolisable Energy (15) MJikg 10.74
Atwater Fuel Energy (AFE)(8) Mlkg 13.75

AFE from Oil % 742
AFE from Protein % 1749
AFE from Carbohydrate % 75.09

Saturated Fatty Acids

C12:0 Lauric % 002
C14:0 Myristic % 0.14
C16:0 Palmitic % 031
CI18:0 Stearic % 0.04
Monounsaturated Fatty Acids

Cl4:] Myristoleic % 0.02
Clé:1 Palmitoleic % 0.09
Cl18:1 Oleic % 077
Polyunsaturated Fatty Acids

C18:2(wé) Lincleic % 0.69
C18:3(w3) Linolenic % 0.06
C20:4(w6) Arachidonic % 0.13
C22:5(w3) Clupanodenic %

Avrginine % 091

Lysine (6) % 0.66 007
Methionine % 0.22 0.04
Cystine % 0.24

Tryptophan % 0.18

Histidine % 035

Threonine % 0.49

Iscleucine % 0.54

Leucine % 058

Phenylalanine % 0.66

Valine % 0.69

Tyrosine % 0.4

Taurine %

Glycine % I.11

Aspartic Acid % 0.67

Calcium % 073 063
Total Phosphorus % Q.52 0.04
Phytate Phosphorus % 024
Available Phosphaorus % 0.28 0.04
Sodium % 025 Q.19
Chloride % 0.38 032
Potassium % 0.67
Magnesium % 023

Iron mglkg  159.30 82.50
Copper mglkg I1.50 1.94
Manganese mglkg 7244 19.22
Zinc mglkg 3575

Cobalt uglkg 63410 550,00
lodine uglkg 120269 1085.00
Selenium nglkg 258.99 100.00
Fluorine mglkg 10.49

p-Carotene (2) mglkg o.lé

Retinol (2) nghg 2566.38 240000
Vitamin A (2) iukg  B554.27 8000.00
Cholecalciferol (3) ngkg 15.54 15.00
Vitamin D (3) iufkg 621.70 600.00
a-Tocopherol (4) mglkg 7645 56.82
Vitamin E (4) iufkg 84.10 62.50
Vitamin B, (Thiamine) mg/kg 8.58 1.96
Vitamin B; (Riboflavin) mg/kg 433 294
Vitamin By (Pyridoxine) mglkg 481 098
Vitamin B,; (Cyanocobalamine) pglkg 749 6.00
Vitamin C (Ascorbic Acid) mglkg 259

Vitamin K (Menadione) mglkg 10.17 9.36
Folic Acid (Vitamin B;) mglkg Q.79

Nicotinic Acid (Vitamin PP) (6) mglkg 61.32 245
Pantothenic Acid (Vitamin Bxs) mglkg 20.17 5.80
Choline (Vitamin B.;) mglkg  1080.14 366.60
Inositol mglkg 236959

Biotin (Vitamin H) (6) ughkg 27713

Notes

1. All values are calculated using a moisture basis of [0%.
Typical moisture levels will range between 95 - |1.5%.

2. a. Vitamin A includes Retinol and the Retinol equivalents of f-carotene
b. Retinol includes the Retinal equivalents of B-Carotene.
€. 048 pg Retinol = | pg B-carotene = 1.6 iuVitamin A activity
d. | pg Retinel = 3.33* iuVitamin A activity
e. | iuVitamin A = 0.3 pg Retinol = 0.6 pg B-carctene
f. The standard analysis forVitamin A does not detect p-carotene

3. |ug Cholecalciferal (D,) = 40.0 iu Vitamin D

4. | mg all-rac-a-tocophercl = 1.1 uVitamin E activity
| mg all-rac-c-tocopherol acetate = 1.0 iuVitamin E activity

5.1 M| =239.23 Kealories = 23%.23 Calories = 239,230 calories

6. These nutrients coming from natural raw materials such as cereals may have
low availabilities due to the interactions with other compounds.

7. Based on in-vitro digestibility analysis.

8. AF Energy = Atwater Fuel Energy = ((CO%/100)*9000)+
((CP3/100)*4000)+((NFE/ | 00)*4000)/239.23

9. Supplemented nutrients from manufactured and mined sources.

15. Caleulated.
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Appendix 1.3 - A modified AIN-76A diet containing 10% corn oil (high omega-6 PUFAs diet)

AIN-76A Western Diet

5342

DESCRIPTION

AIN-76A Western Diet. Originally manufactured as

D12079B.

Storage conditions are particularly critical to
TestDiet® products, due to the absence of
antioxidants or preservative agents. To provide
maximum protection against possible changes
during storage, store in a dry, cool location.

Storage under refrigeration (2° C) is

recommended. Maximum shelf life is six months.
(If long term studies are involved, storing the diet
at -20° C or colder may prolong shelf life.) Be

certain to keep in air tight containers.

Product Forms Available*
1/2" Pellet

1/2" Pellet, Irradiated

3/16" Crumble

3/16" Short Cut Nugget, Irradiated

*Other Forms Available On Request
INGREDIENTS (%)

Sucrose

Milk Fat

Casein - Vitamin Tested
Maltodextrin

Corn Starch

Powdered Cellulose
AIN-76 Mineral Mix
AIN-76A Vitamin Mix
Corn Oil

Calcium Carbonate
DL-Methionine

Choline Bitartrate
Cholesterol

Ethoxyquin (a preservative)

Catalog #
1810060
1810081
1811553
1811554

34.0476
19.9692
19.4700
9.9846
4.9923
4.9923
3.4946
0.9985
0.9985
0.3994
0.2995
0.1997
0.1498
0.0040

FEEDING DIRECTIONS
Feed ad libitum. Plenty of fresh, clean water

should be available at all times.

CAUTION:

Perishable - store properly upon receipt.
For laboratory animal use only; NOT for human

consumption.

4/15/2013

NUTRITIONAL PROFILE

Protein, %
Arginine, %
Histidine, %
Isoleucine, %
Leucine, %
Lysine, %
Methionine, %
Cystine, %
Phenylalanine, %
Tyrosine, %
Threonine, %
Tryptophan, %
Valine, %
Alanine, %
Aspartic Acid, %
Glutamic Acid, %
Glycine, %
Proline, %
Serine, %
Taurine, %

Fat, %
Cholesterol, ppm
Linoleic Acid, %
Linolenic Acid, %
Arachidonic Acid, %
Omega-3 Fatty Acids, %
Total Saturated Fatty A

Total Monounsaturated
Fatty Acids, %

Polyunsaturated Fatty Acids, %

Fiber (max), %
Carbohydrates, %

Energy (kcal/g) ?
From:
Protein
Fat (ether extract)
Carbohydrates

kecal
0.697
1.804
1.995

17.4
0.68
0.50
0.93
1.68
1.42
0.80
0.07
0.93
0.99
0.75
0.21
1.1
0.54
1.25
3.98
0.38
2.29
1.07
0.00

20.0
2,027
1.07
0.10
0.03
0.21
12.09

4.61
0.58

5.0
49.9

4.49
%
155
401
444

1

Minerals

Calcium, % 0.69
Phosphorus, % 0.56
Potassium, % 0.36
Magnesium, % 0.05
Sodium, % 0.12
Chiloride, % 0.21
Fluorine, ppm 0.0
Iron, ppm 39
Zinc, ppm 35
Manganese, ppm 58
Copper, ppm 6.0
Cobalt, ppm 0.0
lodine, ppm 0.21
Chromium, ppm 2.0
Molybdenum, ppm 0.00
Selenium, ppm 0.17
Vitamins

Vitamin A, IU/g 10.2
Vitamin D-3 (added), IU/g 10
Vitamin E, IU/kg 49.9
Vitamin K, ppm 0.50
Thiamin Hydrochloride, ppm 6.0
Ribeflavin, ppm 6.7
Niacin, ppm 30

Pantothenic Acid, ppm 16

Folic Acid, ppm 21
Pyridoxine, ppm 5.8
Biotin, ppm 0.2
Vitamin B-12, mcg/kg 14

Choline Chloride, ppm 999

Ascorbic Acid, ppm 0.0

1. Formulation based on calculated values
from the latest ingredient analysis
information. Since nutrient composition of
natural ingredients varies and some
nutrient loss will occur due to
manufacturing processes, analysis will
differ accordingly. Nutrients expressed as
percent of ration on an As-Fed basis
except where otherwise indicated.

2. Energy (kcal/gm) - Sum of decimal
fractions of protein, fat and carbohydrate x
4,9,4 kcal/gm respectively.

lestDiet

www.testdiet. com
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