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Abstract
Traumatic brain injury (TBI) is a life-threatening injury that results from mechanical forces to the

brain. Such force damages axons within the white matter of the brain, driving death and disability
associated with TBI, for which there are no effective treatments. However, the lack of clinically-
translatable models means that understanding of white matter pathology is limited. To address this,
our laboratory has developed an impact-acceleration ovine model of TBI. Briefly, 14 male merino
wethers (18-24 months; 55-65kg) were randomised to receive TBI (n=8) or sham (n=6) surgeries. All
animals were further randomised to receive either normoxia (TBI n=4; sham n=3) or transient hypoxia
(65% pO: for 15 minutes; TBI n=4; sham n=3) after TBI or sham surgery. Following a 4-hour post-
injury monitoring period, animals were euthanised, and brain tissue extracted then analysed for
axonal injury and neuroinflammation within white matter tracts. Following TBI, significant calcium-
mediated axonal injury was observed via spectrin N-terminal fragments in the three white matter
regions of interest: corpus callosum (p<0.05), right internal capsule (p<0.01), and the left internal
capsule (p<0.05). However, no marked neuroinflammation was observed post-TBI as assessed via
levels of pro-inflammatory cytokines: TNF-a, IL-1B, and IL-6 (p>0.05). Calcium-mediated axonal
injury was not associated with these pro-inflammatory cytokines (p>0.05). Furthermore, post-
traumatic hypoxia had no effect on neuroinflammation, nor calcium-mediated axonal injury. Taken
together, this study found neuroinflammation does not appear to drive the axonal injury seen in the
initial stages of TBI. However, later time-points post-TBI are essential to characterise a temporal

profile of these changes.
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Introduction
Traumatic brain injury (TBI) is the leading cause of death and disability for individuals under 45

years of agel. Physical (40%), cognitive (62%), behavioural (55%), and social (49%) deficits are
common following TBI with widespread damage to axons, known as diffuse axonal injury (DAI),
believed to be a leading cause?“. DA is present in 40-50% of all TBI hospital admissions and occurs

in 80% of all motor vehicle-associated TBI cases®.

In DAL, proximal segments of axons swell and disconnect from their respective distal axon terminals,
resulting in reduced cortical connectivity and functional deficits®. The primary physical injury rarely
disconnects axons but disrupts their cytoskeletons and ionic homeostasis. This damage sets forth
progressive secondary pathophysiological mechanisms which evolve over weeks to years post-injury,

and hence are potentially amenable to treatment®”’.

The axonal cytoskeleton consists of microtubules, neurofilaments and actin, that not only maintain
the structure of the axon, but also facilitate movement of products to and from the synapse’. Fast
anterograde transport utilises microtubules to move products to the synapse, with a key mediator
being the amyloid precursor protein (APP)8. Ex-vivo models have revealed that axonal stretching
displaces microtubules, potentially impairing fast anterograde transport and leading to APP
accumulation®. This is seen clinically, with APP extensively used as a marker of axonal disruption
and injury®. However, APP accumulation alone may not reveal the full extent of axonal injury, with
clinical studies detecting different sub-populations of injured axons independent to APP
accumulation® 12, For example, axonal injury can also be mediated through increases of intracellular
Ca?", resultant from disruptions of ionic channels and stimulated releases of intracellular stores. This
excess calcium ultimately activates calpain and caspases-3 and -9°. The proteolytic enzyme calpain
is responsible for the breakdown of the axolemma anchoring protein spectrin, generating spectrin N-

terminal fragments (SNTF), which can be used as a marker for calcium-mediated axonal damage!’.



Caspase and calpain work together to impair mitochondrial function and breakdown the axonal

cytoskeleton, resulting in eventual bioenergetic failure and axonal disconnection® %2,

White matter consists of tracts of myelinated axons and represents a significant proportion of axons
in humans®. Research by Johnson et al (2013) indicated that human corpus callosum tissue showed
evidence of continued axonal injury for years after a single TBI®. In addition, diffusion tensor imaging
(DTI) studies have revealed white matter undergoing vast degrees of atrophy, structural changes, and
accelerated aging following injury® . As such, modelling white matter injury is pertinent to
understanding the pathology ultimately driving disability and death following TBI. Unfortunately,
rodent models fail to reproduce comparable pathologies as their brains only contain 10% white
matter, as opposed to the 60% white matter seen in humans®®. Interestingly, unmyelinated axons are
more susceptible to axonal injury compared with myelinated axons, and hence TBI pathologies in

rodent models may be exaggerated®.

In addition to low white matter proportions, the rodent brain is lissencephalic, meaning injury force
is distributed evenly across the surface of their smooth brains’. This strongly contrasts the human
gyrencephalic brain, whereby injury force is concentrated deep in the base of the sulci’. As such, the
rodent model is not optimal to study post-traumatic white matter pathology with large animals, such
as pigs and sheep, favoured as models for their rich white matter and gyrencephaly. Hence our
laboratory developed an impact-acceleration ovine model of TBI. Sheep are ideal models due to their
less developed neck musculature (compared to pigs) allowing for increased free head motion, akin to
clinical injury!’. Equivalent young adult male sheep were used in this study as they represent the
demographic with the highest incidence of clinical TBI. This model was established in our laboratory
20 years previously, showing evidence of APP related axonal injury 4 hours following severe TBI®
20 As such this study opted to replicate this early 4-hour time point with a modified injury device, to
reduce the risk of skull fracture as a pre-requisite by the ethics committee for working towards a

survival model of TBI. To assist with developing a clinically relevant model of injury, a subset of
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injured animals underwent a brief period of hypoxia following injury. Hypoxia occurs in 45% of
severe TBI patients and is associated with a trebled length of intensive care unit stay and worsened
long term outcomes?!. TBI with hypoxia occurs in situations where there are disruptions to brainstem
respiratory centres or concurrent chest injuries, ultimately resulting in impaired breathing?'. Rodent
studies modelling post-traumatic hypoxia have shown exacerbated neuroinflammation and axonal

injury?24,

What remains unclear is the capability of an ovine model of a mild-moderate TBI with or without
post-injury hypoxia in replicating clinically-relevant features of white matter damage. Our
preliminary investigations found minimal effects of the modified sheep TBI model on accumulation
of APP as a marker of axonal injury, irrespective of whether animals were exposed to hypoxia
following injury (Jessica Sharkey, personal communication). However, as outlined above, axonal
injury may not just be represented by accumulation of APP. Hence this study sought to characterise
different populations of vulnerable white matter axons exhibiting altered calcium homeostasis, using
SNTF in this novel ovine model. Additionally, the study evaluated how clinically relevant factors

such as post-traumatic hypoxia and neuroinflammation influenced this axonal injury.

Neuroinflammation is the inflammatory process within the brain and is mediated by resident immune
cells, including microglia®®. Neuroinflammation plays both a beneficial and detrimental role
following TBI, stimulating pro- and anti-inflammatory properties respectively?. TBI stimulates
microglial activation, resulting in the production and release of pro-inflammatory cytokines such as
tumour necrosis factor (TNF)-a, interleukin (IL)-1p, and IL-6, which have destructive actions on the
brain parenchyma?’. Both TNF-a and IL-1p peak in brain tissue within hours post-injury, with high
concentrations associated with poor patient outcomes?®. These cytokines are synthesised from the
nuclear factor-kappa B (NF-kB) signalling pathway and can potentially initiate neuronal apoptosis

and the destruction of myelin®. IL-6 utilises the Janus kinase-signal transducer an activator of



transcription pathway and as such its upregulation can be delayed compared with TNF-a and IL-18,

peaking in brain tissue concentration 6 hours post-injury?°.

Recent research has examined how neuroinflammation modulates axonal injury, with microglial
processes converging APP-positive injured axons within white matter tracts in large animal TBI
models®. Although, how neuroinflammation modulates calcium-related axonal pathology in white
matter tracts remains unknown, inhibiting calpain in rodent TBI models reduces NF-kB-related
inflammation 6 hours post-injury, suggesting that this form of axonal injury modulates the
neuroinflammatory process®t. However, this is yet to be replicated within white matter tracts of large

animal TBI models.

This study opted to further characterise white matter pathology by detecting different populations of
disrupted axons using SNTF and characterising neuroinflammation in white matter tracts of the novel
ovine TBI model. Three white matter regions of interest were selected for this study: the corpus
callosum and the bilateral internal capsules. The corpus callosum is a highly vulnerable white matter
tract following TBI, and thus it was anticipated to show the highest degree of evidence of axonal
injury®. The internal capsule houses axons critical for motor function and sensation, hence disrupting
these axons is likely to produce post-TBI disabilities®. A brief period of post-injury hypoxia was also

induced to determine how this modulates axonal injury and neuroinflammation in this model.

Aims and Hypothesis
Hypothesis: Neuroinflammation will influence the axonal injury found in the ovine TBI model.

Aim 1: Characterise changes to axonal integrity using SNTF following ovine TBI.

Aim 2: Characterise the expression of pro-inflammatory cytokines in the white matter in the ovine
TBI model using ELISA.

Aim 3: Determine any relationship between neuroinflammation and axonal injury through regression

analysis.



Ethical Considerations
Generation of TBI tissue (SAM 396.19) was approved by the SAHMRI (South Australian Health and

Medical Research Institute) animal ethics committee. All animals were anaesthetised for surgical and

perfusion procedures with extensive clinical and monitoring records kept.

Methods

Tissue Generation
This study utilised archival fresh and fixed brain tissue, which was generated using the ovine TBI

model. Male merino wethers (n=14; 55-65 kg; 18-24 months) were randomly allocated into 4 groups:
sham normoxia (n=3), sham hypoxia (n=3), TBI normoxia (n=4) and TBI hypoxia (n=4) groups (Fig.

1). Sham animals underwent all procedures, except for induction of injury.

Sham (n=6)

Normoxia (n=3) Hypoxia (n=3) Normoxia (n=4) Hypoxia (n=4)

Figure 1: A schematic overview of the experimental groups within the study

Anaesthetisation
Animals were induced with an intravenous mix of ketamine (0.05mg/kg; Troy Laboratories Australia)

and diazepam (0.04ml/kg; Ceva Australia), intubated and maintained with 3% isoflurane in a 70:30
nitrogen:oxygen mixture. Animals were then maintained under anaesthesia with a mix of 1.5-2%

isoflurane and intravenous ketamine (2ml/hr) during surgery.

TBI
Animals were placed in the prone position with the head suspended by a cervical sling, allowing free

head motion in the sagittal plane. A mounted modified captive bolt animal stunner gun (Karl-
Schermer; Ettlingen, Germany; Cat No. MKL) with a concave silicon tip, was set perpendicular to

the head between the right supraorbital process and the right external auditory meatus®?. A 21-calibre



round was fired, propelling the 385g captive bolt to impact the head. Following delivery of injury,

any localised superficial haemorrhaging was treated with pressure and sutured closed if necessary.

Post-traumatic Hypoxia
Immediately post-injury, hypoxic animals had ventilation parameters altered to induce hypoxia.

Specifically, the ventilated gas mixture was changed to 90:10 nitrogen:oxygen, with femoral arterial
blood gas analysis performed every 5 minutes. Oxygen saturation levels below 65% were maintained
for 15 minutes before normal ventilation was restored, allowing oxygen saturation to return to
baseline conditions. The normoxic animals had no alteration of ventilation parameters and thus no

change in oxygen saturation.

Perfusion
Animals were subject to physiological monitoring under anaesthesia for 4 hours post-injury *

hypoxia, before being humanely killed under anaesthesia. Heparinised saline was administered 10
minutes before the perfusion and the animal placed in a supine position. The bilateral common carotid
arteries were exposed, catheters were inserted proximally, and 5 litres of cold tris-buffered saline was
pumped through these arteries at a pressure of approximately 120mmHg to perfuse the brain. The

jugular veins were incised to drain the perfusate.

Post-mortem Processing
Following perfusion, anaesthesia was discontinued, the head decapitated, and the brain extracted. The

brain was then placed in a custom matrix on ice to mitigate degradation of small proteins and had
alternating 10mm coronal sections cut. Sections were either post-fixed in 10% formalin, processed
and embedded in paraffin wax blocks or had the corpus callosum and bilateral internal capsules (Fig.

2) dissected 4cm anteroposterior and snap-frozen in liquid nitrogen before being stored at -80°C.
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Immunohistochemistry for Axonal Injury
Embedded brain tissue sections containing the corpus callosum and internal capsule were cut into

5um sections using a microtome (Leica) and mounted onto glass slides. Tissue was dewaxed and
immersed in methanol and 1.5% hydrogen peroxide to block endogenous peroxidase activity. Heat-
induced epitope retrieval was done with an EDTA buffer to recover antigen reactivity. Blocking was
done using normal horse serum (NHS; Vector laboratories; Cat No. S-2000-20) for 30 minutes, and
the primary antibody for SNTF (1:4000; Merek; Cat No. ABN-2264) was applied and incubated
overnight at room temperature. Negative control tissue received NHS only. Biotinylated horse anti-
rabbit 1gG (1:250; Vector laboratories; Cat No. BA-1100) was applied for 30 minutes following a
tertiary of horseradish peroxidase streptavidin (1:1000; Vector laboratories; Cat No. SA-5004) for
1hr. Antigen visualisation was done through the application of 3,3’-diaminobenzidine (DAB; Vector
Laboratories; Cat No. SK-4100), before counterstaining in haematoxylin. Slides were coverslipped
and scanned using a Hamamatsu NanoZoomer 2.0RS (Hamamatsu, Japan) to obtain high-resolution

images.

The sheep brain atlas was then used to confirm the specific size and location of regions of interest for
each animal, maintaining consistency in regions across the dataset regardless of anteroposterior
location®. Regions of interest were then outlined with area recorded using Hamamatsu NDP.view 2

(v2.7.52). A blinded investigator then manually counted SNTF-positive axons at 40x magnification.
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Counting selection criteria (Fig. 3) was kept consistent with pre-existing calcium-mediated axonal
injury papers®. Briefly, distinct segments of SNTF counted as a single injured axon (Fig. 3B), smaller
segments travelling in the same plane were also counted as one axon (Fig. 3C). Small dots alluded to
a cross-section of an injured axon and hence were counted (Fig. 3A). These counts were then

standardised against region of interest area and was reported as SNTF-positive axons per mm?,
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Figure 3: Representative 40x rﬁicrographs of SNTF-positive tissue. Thié\’represents tﬁé three types
of injured axon counted: A) A cross section of an injured axon (circled); B) Segments of SNTF-
positive tissue indicating continuous damage along the axon; C) Two segments of SNTF-positive

tissue in the same plane, likely indicating discontinuous injury from the same axon.

ELISA Analysis for Neuroinflammation
Frozen corpus callosum and bilateral internal capsule samples were partially defrosted and cut into

50mg (~2mm?) sections. Radioimmunoprecipitation assay buffer, phosphatase inhibitor (Sigma
Aldrich; Cat No. 04906845001) and a Roche mini EDTA-free protease inhibitor tablet (Sigma
Aldrich; Cat No. 04693159001) were added to the tissue and homogenised with a pellet pestle.
Samples were sonicated and centrifuged at 14,000rpm at 4°C for 15 minutes, with supernatant
aliquoted in 3x100puL samples to avoid excess freeze-thaw cycles and stored at -80°C. Protein

concentrations were then estimated using a Pierce BCA protein assay kit (Thermo-scientific; Cat No.
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23227) as per the manufacturer’s instructions. One ELISA kit from MyBiosource (San Diego, CA)
was used for each cytokine of interest: TNF-a (#MBS778330), IL-1B (#MBS778369), and IL-6
(#MBS778334). Neat supernatant was loaded in duplicate and the assay was completed as per the
manufacturer’s instructions with plates read using a Synergy HTX Multi-Mode Microplate Reader
(Biotek Instruments). Absorbance readings (450nm) were calibrated as standard curves and cytokine
concentrations were interpolated. These concentrations were standardised against the total protein in

each sample and were expressed as pg/ml.

Statistical Analysis
All statistical analysis was done in GraphPad prism (v8.4.3) and presented as mean + SEM. All data

was tested for normality using the Shapiro-Wilk test and returned as parametric. SNTF counts and
ELISA data was analysed using a two-way analysis of variance (ANOVA), testing for the effects of
TBI and hypoxia as factors. Where relevant, Sidak’s multiple comparisons were used as a post-hoc
analysis. A simple regression analysis was used to determine any correlation between cytokine

concentrations and SNTF-positive axons. Statistical significance was determined as p<0.05.

Results
All animals underwent their respective TBI/sham and hypoxia/normoxia procedures without any

adverse complications. 1x normoxic TBI and 1x hypoxic TBI corpus callosum sample was not

included due to limited availability of ELISA kit supplies.

Assessment of Axonal Injury using SNTF
Assessment of calcium-mediated axonal injury revealed a significant group effect for TBI in all three

regions of interest following TBI (Fig. 4). Specifically, the corpus callosum showed a significant
main group effect for TBI (p<0.05), however post-hoc analysis revealed no significant differences
for both normoxic sham vs TBI (p=0.14) and hypoxic sham vs TBI (p=0.18). The right (injured
hemisphere) internal capsule showed a main effect for TBI (p<0.01) with post-hoc showing no

significance for normoxic sham vs TBI groups (p=0.30) but revealed a significant increase (p<0.01)
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from the hypoxic sham group (3.73 + 0.23/mm?; n=3) to the hypoxic TBI group (30.06 + 6.44/mm?;
n=4). Finally, despite a significant main effect of TBI in the left (uninjured hemisphere) internal
capsule (p<0.05), post-hoc analysis revealed no significant differences between normoxic (p=0.13)
or hypoxic (p=0.18) sham vs. TBI.

No main effect of hypoxia on SNTF axonal injury was observed in this cohort for any of the white
matter regions examined (corpus callosum: p=0.68; right internal capsule: p=0.09; left internal

capsule: p=0.97).
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Figure 4: Number of SNTF-positive axons within white matter regions following TBI. All three
regions showed a significant main effect of TBI on SNTF+ve axons (n=8) compared to shams (n=6):
corpus callosum (p<0.05), right (p<0.01) and left (p<0.05) internal capsule. Specifically, post-hoc
analysis found significant increases in the hypoxic TBI group compared to the hypoxic sham group
in the right internal capsule (p<0.01). Data mean + SEM; 2-way ANOVA and Sidak’s multiple

comparisons; ** p<0.01.

Assessment of Pro-inflammatory Cytokines in White Matter Homogenate
Analysis of white matter cytokine concentrations revealed a significant main effect for hypoxia in the

left internal capsule for TNF-a (p<0.01) and IL-1p (p<0.01), and a trend in IL-6 (p=0.07). Post-hoc
analysis showed a significant reduction of TNF-o between sham normoxic and hypoxic animals (1193
+ 19 vs 838 = 75 pg/ml; p<0.05) groups, with a trend between TBI normoxic and TBI hypoxic groups

(p=0.09).
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Trends were observed in both sham (p=0.08) and TBI (p=0.05) animals for decreased IL-1p
concentrations following hypoxia in the left internal capsule (Fig. 5). In contrast, there was no main
effect of hypoxia observed in the corpus callosum (TNF-a: p=0.09, IL-1p: p=0.56 and I1L-6: p=0.46)
or the right internal capsule (TNF-a: p=0.40, IL-1B: p=0.43 and IL-6: p=0.76). Furthermore, no main
effect of TBI was noted on the levels of inflammatory cytokines within the right internal capsule
(TNF-a: p=0.14; IL-1B: p=0.93; IL-6: p=0.63), left internal capsule (TNF-a: p=0.41; IL-1pB: p=0.40;

IL-6: p=0.36), or corpus callosum (TNF-a: p=0.16; IL-1p: p=0.110; IL-6: p=0.51)
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Figure 5: Cytokine concentrations for TNF-a IL-1f and IL-6 in the internal capsule and corpus
callosum. A main effect of hypoxia was noted for TNF-a (p<0.05) and IL-15 (p<0.05). Sidak’s
multiple comparisons revealed a significant decrease in TNF-o concentrations following hypoxia in
sham animals (p<0.05). Data mean + SEM; 2-way ANOVA and Sidak’s multiple comparisons,; *

p<0.05; Corpus callosum: n=12, Bilateral internal capsules: n=14.
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Regression Analysis Between Axonal Injury and Neuroinflammation
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Figure 6: Simple linear regression analysis between pro-inflammatory cytokines and SNTF+
axons. No correlations were observed between TNF-o, IL-1§ and IL-6 levels and number of SNTF-

positive axons/mm? in white matter tracts following TBI; Corpus callosum: n=6, Bilateral internal

capsules: n=8.

Following a simple linear regression analysis between SNTF-positive axons per mm? and pro-
inflammatory cytokine concentrations in injured animals, there were no significant correlations
observed (Fig. 6). Corpus callosum SNTF-positive axons per mm? showed no significant correlations

to concentrations of TNF-o (p=0.29; R?=0.27), IL-1B (p=0.71; R?=0.04), or IL-6 (p=0.81; R?=0.02).
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Similarly, the right internal capsule showed no significant correlations between neuroinflammation
and SNTF: TNF-a (p=0.76; R?=0.02), IL-1B (p=0.91; R?<0.01), or IL-6 (p=0.82; R?<0.01). Finally,
the left internal capsule showed no relationship either: TNF-a (p=0.39; R?=0.12), IL-1p (p=0.63;

R2=0.04), or IL-6 (p=0.69; R2=0.03).

Discussion
This study was one of the first large animal TBI studies to examine neuroinflammation and calcium-

mediated axonal injury within white matter tracts post-TBI. Our ovine model demonstrated evidence
of this SNTF-positive axonal injury within white matter tracts, a form of injury previously not

classified in sheep post-trauma.

Calcium-mediated Axonal Injury
We have demonstrated that SNTF immunostaining detects a subpopulation of injured axons within

the white matter following ovine TBI, which was not observed with APP staining. To our knowledge,
this is the first time SNTF staining has been successfully used to assess axonal injury in an ovine TBI
model. Not only does this confirm that SNTF-related axonal injury is a common feature of injury
post-trauma across various species, but also reaffirms the translational merit of the ovine model in
producing clinically relevant axonal injury. Indeed, SNTF is seen clinically across all TBI severities,
with its abundance indicative of disruptions of axons via the activation of proteolytic enzymes'?.
Additionally, elevated serum concentrations of SNTF have been linked with a decline in cognitive
performance and abnormal DTI scans following TBI, highlighting its clinical relevance in assessing
disability post-TBI®*. SNTF detected axonal injury in all regions of interest in our study, suggesting
that all white matter tracts are susceptible to this form of injury. Following manual counting, we
observed that the right internal capsule showed the highest concentration of SNTF-positive axons,
likely due to it being closest to the impact site. However, the corpus callosum is thought to be the

most susceptible white matter region to axonal injury and hence intuitively should have the highest

16



degree of axonal injury following TBI®. This was not observed in our study however differing axonal

densities between these two white matter tracts may be key*>.

APP staining is dependent on a high degree of impaired axonal transport before positive staining is
observed and hence is less sensitive to subtle injury compared to SNTFY 12, To further this, calcium
can impair mitochondrial functioning and is thought to impair fast anterograde transport before it
accumulates at sites of impaired microtubules via bioenergetic failure, hence leading to a population
of SNTF-positive, APP-negative axons!!. This may indicate why SNTF pathology was observed
where APP pathology was not and reinforces the use of multiple markers for axonal injury to get a

complete picture post-TBI.

There was no significant effect of hypoxia on the number of SNTF-positive axons following TBI. To
date, no studies have explored the relationship between calcium-mediated axonal injury and hypoxia.
Research suggests that calcium homeostasis is altered by hypoxia, with intracellular increases
expected following post-traumatic hypoxia®®. Hypoxia reduces ATP production and impedes the cells
ability to efflux calcium following TBI®. This may result in prolonged high intracellular calcium
concentrations, sustaining the activation of destructive proteolytic enzymes, ultimately exacerbating
axonal injury over an extended timeframe. Hence the survival time-point used in our study may have
been too acute to see the effects of this potentially persistent heightened intracellular calcium and

subsequent exacerbated damage.

One major limitation of these results is variations in the coronal section analysed within this tissue.
The sheep brain atlas reveals coronal anatomical structures every 20mm33, Comparing anatomical
structures seen within our tissue with the structures found in the atlas highlighted a potential variance
of up to 40mm?®. This discrepancy could result in variation in the amount of axonal injury detected

due to varying proximity to the impact site.
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Pro-Inflammatory Cytokines
Many large animal experimental models of TBI have found microglial activation, an indicator of

neuroinflammation, to be observed as early as 15 minutes and up to 6 hours post-injury*t-3%37.38 Qyr
study utilised pro-inflammatory cytokines as a measure of neuroinflammation, as they are a known
product of activated microglia®. Hence, based on previous studies, our 4-hour time-point was within
reasonable time frames to detect post-traumatic neuroinflammation, however, we did not observe
marked neuroinflammation. The paucity of pro-inflammatory cytokine expression could be
attributable to several factors, such as the severity of the injury or the use of ketamine during surgical
procedures. Research suggests that the severity of injury plays a role in the development of
neuroinflammation post-injury, with a TBI rodent model of increasing injury severity noting
increased expression of NF-kB 24 hours post-injury via western blots*’. Low APP-positive axons and
the paucity of neuroinflammation may suggest that the level of injury achieved in this model may not
be great enough to induce significant neuroinflammation. Ketamine has well documented
neuroprotective properties, suppressing the release of pro-inflammatory cytokines within the rodent
brain®!, such that a similar effect could potentially drive the effects seen in our study. Continuous
ketamine infusion has not been used in previous ovine or other large animal models of TBI and hence

may explain why those studies showed evidence of neuroinflammation®.

Pro-inflammatory cytokine expression showed a significant decrease following hypoxia for both
TNF-o and IL-1, but this was limited to the left internal capsule. Ketamine has been shown to
influence the NF-kB pathway and hence may explain why TNF-a and IL-1p were affected but IL-6
was not*2. Interestingly, when ketamine is paired with transient hypoxia in foetal sheep tissue, there
is an attenuation of the neuroinflammatory response with a reduction in pro-inflammatory cytokines
and microglial activation*®. Hence, the interaction of anaesthetics coupled with hypoxia may have led

to the further downregulation of neuroinflammation observed in this region. However, why this effect
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was only observed in the left internal capsule remains unclear. Variation between animals may have

exacerbated group effects, a limitation of a low sample size in both sham groups (n=3/group).

Calcium-mediated Axonal Injury and Neuroinflammation
To date the relationship between calcium-mediated axonal injury and neuroinflammation has not been

studied in large animal models. Regression analysis revealed no correlations between calcium-
mediated axonal injury and pro-inflammatory cytokine levels in injured animals. Given that no
increase in pro-inflammatory cytokine expression was noted following TBI, it suggests that this class
of axonal injury does not drive neuroinflammation within white matter tracts at this early post-injury
time-point. This contrasts research suggesting that calpain-mediated axonal injury which suggested
that this form of injury exacerbated neuroinflammation 6 hours post-injury®:. However, our study

may have been too acute to fully see the effects of this relationship.

Study Limitations
One major limitation was the early 4-hour time-point following TBI, which may have been premature

to observe significant neuroinflammation and APP-positive axonal injury development within the
white matter. Hence extending the study to incorporate longer time-points (i.e., 24 hours) may give
further insight into how neuroinflammation and axonal injury interact. However, in this study we
were limited to the 4-hour time-point in the first instance to adhere to ethical requirements. Another
limitation was the use of animals from a single age range and sex. It has been well documented that
ageing exacerbates neuroinflammation following TBI*. The elderly represent the second-largest
demographic for TBI patients, hence extending the study to include older sheep may improve the
clinical relevance of this model®. In addition, sex also modulates neuroinflammation, hence including

female sheep may also improve its relevance to the clinical TBI population®.

The sample sizes used in the study were low, with only n=6 sham animals and n=8 TBI animals used,
and these were further sub-divided into normoxia and hypoxia groups, further reducing the statistical

power. Such low sample sizes make establishing clear relationships difficult due to variations
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between animals and injury severities, hence a larger sample size may yield different results. In
addition, the two corpus callosum samples not analysed in the cohort may have influenced the
conclusions drawn on the neuroinflammation present within the cohort. White matter analysis was

limited to 3 regions due to time and supply constraints.

However, analysing more regions, such as the corona radiata, may provide a more robust spatial
profile of both axonal injury and neuroinflammation following ovine TBI. Also, analysis of
microglial activation and levels of anti-inflammatory cytokines, such as IL-10 and IL-4, within these
regions was not performed but is essential in understanding the nature of the neuroinflammatory
process following TBI. Finally, analysing peripheral serum and cerebrospinal fluid levels of both
inflammatory cytokines and SNTF, alongside brain tissue, may give further insight into how white

matter pathologies translate into clinically-measurable biomarkers®:.

Conclusion
Our study sought to characterise white matter pathology in the novel ovine model of TBI. Our results

found that SNTF pathology occurs independently of both neuroinflammation and hypoxia, suggesting
that axonal injury drives neuroinflammation in white matter tracts® *. Hence ameliorating axonal
injury with novel therapeutics could indeed assist in mitigating the neuroinflammatory response seen
following TBI. However, an extension to later post-TBI time-points is required to maximise insight
into these injury processes. Nevertheless, we have shown that our novel ovine model was successful
in producing some clinically-relevant TBI pathology, providing further insight into axonal injury and

therefore warrants use in future pre-clinical TBI studies.

Word count: 4499

20



Acknowledgments
This study was supported by funding provided by the NHMRC. TBI tissue was generated by PhD

candidate Jessica Sharkey with research assistance provided by Lola Kaukas. Thank you to my

supervisors, Associate Professor Renée Turner, Dr. Frances Corrigan, PhD candidates Isabella

Bilecki and Shannon Stuckey and honours candidates Ryan Dorrian and Fenella Hall, all of whom

have been instrumental to this study.

References

1.

10.

11.

12.

13.

De Silva MJ, Roberts I, Perel P, Edwards P, Kenward MG, Fernandes J, Shakur H, Patel V
& Collaborators CT (2009). Patient outcome after traumatic brain injury in high-, middle-
and low-income countries: analysis of data on 8927 patients in 46 countries. Int J Epidemiol
38, 452-8.

Frati A, Cerretani D, Fiaschi Al, Frati P, Gatto V, La Russa R, Pesce A, Pinchi E, Santurro
A, Fraschetti F & Fineschi V (2017). Diffuse Axonal Injury and Oxidative Stress: A
Comprehensive Review. International journal of molecular sciences 18, 2600.

McDonald S, Dalton KI, Rushby JA & Landin-Romero R (2019). Loss of white matter
connections after severe traumatic brain injury (TBI) and its relationship to social cognition.
Brain Imaging Behav 13, 819-829.

Benedictus MR, Spikman JM & van der Naalt J (2010). Cognitive and Behavioral
Impairment in Traumatic Brain Injury Related to Outcome and Return to Work. Archives of
Physical Medicine and Rehabilitation 91, 1436-1441.

Buki A & Povlishock JT (2006). All roads lead to disconnection?--Traumatic axonal injury
revisited. Acta Neurochir (Wien) 148, 181-93; discussion 193-4.

Johnson VE, Stewart JE, Begbie FD, Trojanowski JQ, Smith DH & Stewart W (2013).
Inflammation and white matter degeneration persist for years after a single traumatic brain
injury. Brain 136, 28-42.

Johnson VE, Stewart W & Smith DH (2013). Axonal pathology in traumatic brain injury.
Experimental Neurology 246, 35-43.

Chiba K, Araseki M, Nozawa K, Furukori K, Araki Y, Matsushima T, Nakaya T, Hata S,
Saito Y, Uchida S, Okada Y, Nairn AC, Davis RJ, Yamamoto T, Kinjo M, Taru H & Suzuki
T (2014). Quantitative analysis of APP axonal transport in neurons: role of JIP1 in enhanced
APP anterograde transport. Molecular biology of the cell 25, 3569-3580.

Tang-Schomer MD, Patel AR, Baas PW & Smith DH (2010). Mechanical breaking of
microtubules in axons during dynamic stretch injury underlies delayed elasticity,
microtubule disassembly, and axon degeneration. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology 24, 1401-1410.

Hill CS, Coleman MP & Menon DK (2016). Traumatic Axonal Injury: Mechanisms and
Translational Opportunities. Trends Neurosci 39, 311-324.

Johnson VE, Stewart W, Weber MT, Cullen DK, Siman R & Smith DH (2016). SNTF
immunostaining reveals previously undetected axonal pathology in traumatic brain injury.
Acta Neuropathol 131, 115-35.

Stone JR, Singleton RH & Povlishock JT (2001). Intra-axonal Neurofilament Compaction
Does Not Evoke Local Axonal Swelling in all Traumatically Injured Axons. Experimental
Neurology 172, 320-331.

Laskowitz D & Grant G (2015). Translational Research in Traumatic Brain Injury. Taylor
& Francis Group, Baton Rouge, UNITED STATES.

21



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Cole JH, Leech R, Sharp DJ & Alzheimer's Disease Neuroimaging I (2015). Prediction of
brain age suggests accelerated atrophy after traumatic brain injury. Ann Neurol 77, 571-81.
Chiu CC, Liao YE, Yang LY, Wang JY, Tweedie D, Karnati HK, Greig NH & Wang JY
(2016). Neuroinflammation in animal models of traumatic brain injury. J Neurosci Methods
272, 38-49.

Armstrong RC, Mierzwa AJ, Marion CM & Sullivan GM (2016). White matter involvement
after TBI: Clues to axon and myelin repair capacity. Experimental Neurology 275, 328-333.
Vink R (2018). Large animal models of traumatic brain injury. J Neurosci Res 96, 527-535.
Finnie J, Lewis S, Manavis J, Blumbergs P, Van Den Heuvel C & Jones N (1999).
Traumatic axonal injury in lambs: a model for paediatric axonal damage. J Clin Neurosci 6,
38-42.

Finnie JW, Manavis J, Blumbergs PC & Summersides GE (2002). Brain damage in sheep
from penetrating captive bolt stunning. Aust Vet J 80, 67-9.

Van den Heuvel C, Blumbergs PC, Finnie JW, Manavis J, Jones NR, Reilly PL & Pereira
RA (1999). Upregulation of amyloid precursor protein messenger RNA in response to
traumatic brain injury: an ovine head impact model. Exp Neurol 159, 441-50.

Jeremitsky E, Omert L, Dunham CM, Protetch J & Rodriguez A (2003). Harbingers of poor
outcome the day after severe brain injury: hypothermia, hypoxia, and hypoperfusion. J
Trauma 54, 312-9.

Hellewell S, Yan E, Agyapomaa D, Bye N & Morganti-Kossmann C (2010). Post-
Traumatic Hypoxia Exacerbates Brain Tissue Damage: Analysis of Axonal Injury and Glial
Responses. Journal of Neurotrauma 27, 1997-2010.

Yan EB, Satgunaseelan L, Paul E, Bye N, Nguyen P, Agyapomaa D, Kossmann T,
Rosenfeld JV & Morganti-Kossmann MC (2014). Post-traumatic hypoxia is associated with
prolonged cerebral cytokine production, higher serum biomarker levels, and poor outcome
in patients with severe traumatic brain injury. J Neurotrauma 31, 618-29.

Yang SH, Gangidine M, Pritts TA, Goodman MD & Lentsch AB (2013). Interleukin 6
mediates neuroinflammation and motor coordination deficits after mild traumatic brain
injury and brief hypoxia in mice. Shock 40, 471-5.

DiSabato DJ, Quan N & Godbout JP (2016). Neuroinflammation: the devil is in the details.
J Neurochem 139 Suppl 2, 136-153.

Jassam YN, Izzy S, Whalen M, McGavern DB & El Khoury J (2017). Neuroimmunology of
Traumatic Brain Injury: Time for a Paradigm Shift. Neuron 95, 1246-1265.

Casault C, Al Sultan AS, Banoei M, Couillard P, Kramer A & Winston BW (2019).
Cytokine Responses in Severe Traumatic Brain Injury: Where There Is Smoke, Is There
Fire? Neurocrit Care 30, 22-32.

Constantine G, Buligas M, Miz Q, Constantine F, Abboud A, Zamora R, Puccio A,
Okonkwo D & Vodovotz Y (2016). Dynamic Profiling: Modeling the Dynamics of
Inflammation and Predicting Outcomes in Traumatic Brain Injury Patients. Frontiers in
Pharmacology 7,

Simon DW, McGeachy MJ, Bayir H, Clark RS, Loane DJ & Kochanek PM (2017). The far-
reaching scope of neuroinflammation after traumatic brain injury. Nat Rev Neurol 13, 171-
191.

Lafrenaye AD, Todani M, Walker SA & Povlishock JT (2015). Microglia processes
associate with diffusely injured axons following mild traumatic brain injury in the micro
pig. Journal of neuroinflammation 12, 186-186.

Tao X-G, Shi J-H, Hao S-Y, Chen X-T & Liu B-Y (2017). Protective Effects of Calpain
Inhibition on Neurovascular Unit Injury through Downregulating Nuclear Factor-«B-related
Inflammation during Traumatic Brain Injury in Mice. Chinese medical journal 130, 187-
198.

SCHERMER-STUNNERS, Manual K Series. 2013.

22



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Johnson JI, Sudheimer KD, Davis KK, Kerndt GM & Winn BM (2020). The Sheep Brain
Atlas. http://brains.anatomy.msu.edu/brains/sheep/scans/0839/imagel.html.

Siman R, Giovannone N, Hanten G, Wilde EA, McCauley SR, Hunter JV, Li X, Levin HS
& Smith DH (2013). Evidence That the Blood Biomarker SNTF Predicts Brain Imaging
Changes and Persistent Cognitive Dysfunction in Mild TBI Patients. Frontiers in neurology
4, 190-190.

Axer H, Beck S, Axer M, Schuchardt F, Heepe J, Fliicken A, Axer M, Prescher A & Witte
O (2011). Microstructural Analysis of Human White Matter Architecture Using Polarized
Light Imaging: Views from Neuroanatomy. Frontiers in Neuroinformatics 5,

Weber JT (2012). Altered calcium signaling following traumatic brain injury. Front
Pharmacol 3, 60.

Wofford KL, Harris JP, Browne KD, Brown DP, Grovola MR, Mietus CJ, Wolf JA, Duda
JE, Putt ME, Spiller KL & Cullen DK (2017). Rapid neuroinflammatory response localized
to injured neurons after diffuse traumatic brain injury in swine. Experimental Neurology
290, 85-94.

Browne KD, Chen X-H, Meaney DF & Smith DH (2011). Mild Traumatic Brain Injury and
Diffuse Axonal Injury in Swine. Journal of Neurotrauma 28, 1747-1755.

Frugier T, Morganti-Kossmann MC, O'Reilly D & McLean CA (2010). In Situ Detection of
Inflammatory Mediators in Post Mortem Human Brain Tissue after Traumatic Injury.
Journal of Neurotrauma 27, 497-507.

Bhowmick S, D’Mello V & Abdul-Muneer PM (2019). Synergistic Inhibition of ERK1/2
and JNK, Not p38, Phosphorylation Ameliorates Neuronal Damages After Traumatic Brain
Injury. Molecular Neurobiology 56, 1124-1136.

Bell JD (2017). In vogue: ketamine for neuroprotection in acute neurologic injury.
Anesthesia & Analgesia 124, 1237-1243.

Sakai T, Ichiyama T, Whitten CW, Giesecke AH & Lipton JM (2000). Ketamine suppresses
endotoxin-induced NF-kappaB expression. Can J Anaesth 47, 1019-24.

Chang El, Zarate MA, Arndt TJ, Richards EM, Rabaglino MB, Keller-Wood M & Wood
CE (2019). Ketamine Reduces Inflammation Pathways in the Hypothalamus and
Hippocampus Following Transient Hypoxia in the Late-Gestation Fetal Sheep. Frontiers in
physiology 9, 1858-1858.

Ritzel RM, Doran SJ, Glaser EP, Meadows VE, Faden Al, Stoica BA & Loane DJ (2019).
Old age increases microglial senescence, exacerbates secondary neuroinflammation, and
worsens neurological outcomes after acute traumatic brain injury in mice. Neurobiol Aging
77, 194-206.

Ma C, Wu X, Shen X, Yang Y, Chen Z, Sun X & Wang Z (2019). Sex differences in
traumatic brain injury: a multi-dimensional exploration in genes, hormones, cells,
individuals, and society. Chinese Neurosurgical Journal 5, 24.

23


http://brains.anatomy.msu.edu/brains/sheep/scans/0839/image1.html

