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Abstract

Background: Clinical translation of promising therapeutic interventions for spinal cord injury (SCI)
remains poor, potentially due to discrepancies between rodent and human SCI pathophysiology. A
porcine model could serve as an intermediary model, given greater similarity to human

pathophysiology, thus potentially improving translation.

Gaps in knowledge: We have developed the first domestic porcine model of SCI within Australia.

However, tissue outcomes for graded SCI severities have not been characterised. This is required to
better understand the relationship between severity and outcomes and ultimately guide the
development of therapeutic interventions. Additionally, the microglial response to SCI needs to be

characterised to facilitate therapeutic research aiming to modulate neuroinflammation.

Methods: A porcine T10 contusion/compression SCI was induced via a weight drop injury device.
Drop height varied between 20cm (n=4) and 10cm (n=3) to induce graded SCI severities. Spinal cords
were extracted 14 days post-SCI, and processed for histological analysis using haematoxylin and
eosin and luxol fast blue (morphology and lesion volume) and IBA-1 (microglial expression)

immunohistochemistry.

Results: Lesion volume was significantly greater in the 20cm than 10cm SCI (p=0.029), suggesting
a greater injury severity was induced. Microglial expression was elevated compared to sham,
particularly at the injury epicentre (p<0.0001), but there were no significant differences between

severity groups.

Conclusion: We were successful in characterising the first porcine SCI model in Australia, and
characterised the extent of tissue damage at graded SCI severities. While microglial activity did not
differ between severity groups, we have provided significant groundwork for future characterisation

of the model.
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Introduction

Annually, 200-400 Australians are devastated by the debilitating motor, sensory and autonomic
functional loss caused by a traumatic spinal cord injury (SCI)!. The drastic consequences of SCI
significantly impinge on quality of life?, often leaving the individual with permanent disability due
to the lack of effective treatments®. Despite a significant number of human clinical trials, no treatment
to date has shown meaningful increases in functional outcomes or neurological recovery following
injury® °. This limited success may be due to discrepancies between rodents and human SCI
pathophysiology® ’. Hence, there is a critical need to develop alternative models for SCI research that

more accurately replicate human SCI conditions’.
SCI Pathophysiology

SCI pathophysiology is biphasic, consisting of the primary injury and a subsequent vascular, cellular
and inflammatory secondary injury cascade®. The most common characteristic of the primary injury
is an initial impact (contusion) followed by bony compression of the spinal cord®, resulting in
significant tissue damage through haemorrhaging and necrotic cell death'®. Unfortunately, this
primary injury occurs instantaneously and is not amenable to intervention. However, the initial injury
sets in motion the secondary injury cascade that occurs over a delayed timeframe and may be

treatable®.

A significant component of secondary injury is the neuroinflammatory response. As resident immune
cells of the spinal cord, microglia are among the first responders and become activated within minutes
following SCI. This activation causes a morphological change within the microglia (Figure 1),
which become phagocytic and rapidly migrate to the lesion site'?. There, microglia clear cellular
debris through phagocytosis, and contribute to the formation of a glial scar that surrounds the injury
site!®. Microglia can also release anti-inflammatory cytokines (IL-4, 1L-12) that are beneficial,
promoting neurogenesis and tissue repair'®. Taken together, these functions are vital for regaining

homeostasis and are considered necessary for recovery.
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Figure 1: Microglia initially exhibit a ramified morphology with many fine projections (A), which

become thicker and shorter as microglia become more reactive (B, C). Phagocytic microglia have an

amoeboid appearance with few processes remaining (D).%°

Despite these beneficial functions, activated microglia also release detrimental factors that can
damage spared tissue adjacent to the injury site and expand the lesion'®. For example, microglia
release nitric oxide and reactive oxygen species that can interact with neighbouring cells, causing
mitochondrial dysfunction, DNA damage, and cell death” '8, Additionally, microglia can release pro-
inflammatory cytokines (TNF-a, IL-1p, IL-6) that promote the influx of additional immune cells to
the injury site!®, enhancing production of oxidative metabolites and causing further non-specific
damage?’. Thus, there is clear therapeutic potential in limiting these detrimental functions and

modulating neuroinflammation towards a neurotrophic response?..
SCI Animal models

While our understanding of SCI pathophysiology has vastly improved, the majority of this
information has stemmed from rodents?2. Unfortunately, treatments proven efficacious in rodent
research have generally failed in human clinical trials — highlighting the possibility that rodent and
human pathophysiology may differ®. Indeed, inflammatory cytokine expression persists for a shorter
duration and peaks earlier in rodents, suggesting the rodent neuroinflammatory response may vary to
humans®-2°, Additionally, substantial differences in spinal cord length and calibre further limit

translatability?®.



As such, porcine SCI models have been suggested, and exhibit numerous advantages that make it a
potential intermediary model to bridge rodent and human trials® 2’. Pigs are extensively used in
immunological research due to their similar immune structure to humans?, which suggests the
neuroinflammatory response to SCI may also be similar?®. Indeed, porcine microglial activation and
function closely resemble humans, with comparable amounts of oxygen free radicals, nitric oxide,
IL-1B, and TNF-a released after noxious immune stimulation via lippopolysaccharides®. Circulating
white blood cell counts are similar between pigs and humans, particularly for neutrophils®, which
are known to play a significant role post-SCI®2, The spinal anatomy of pigs closely resembles humans
— especially at the T6 to T10 regions®® — with spinal cord size and the organisation of white matter
tracts within the cord closely akin to humans?®:3+3%, Thus, the porcine SCI model an attractive option,

particularly for neuroinflammatory research.
Gaps in knowledge

While there are clear advantages, the porcine model remains underutilised. This was highlighted in a
2017 review of animal SCI research, which found that only 1.5% of studies were conducted in porcine
models®. Indeed, the usability of existing porcine SCI models is limited by the global availability of
the breeds of pigs®’. Despite well-characterised models existing for both Yucutan?’ and Gottingen-
Minnesota minipigs*®, these breeds are unavailable within Australia. Consequently, there is currently
no porcine SCI models available within Australia, limiting the ability for researchers to conduct
necessary translational research. We have developed a domestic porcine SCI model; however, the
model requires extensive characterisation. Notably, we are yet to characterise the extent of tissue
damage following graded SCI severities. It is vital that we understand the impact of SCI severity on
tissue outcomes, as there is immense variability in human SCI severity that must be considered when
developing potential treatments®. Thus, this knowledge gap must be addressed before our porcine
model is applied for therapeutic research. Additionally, the neuroinflammatory response both in our
model and existing porcine SCI models has received little attention, with changes in the expression

of microglia at various severities not characterised. Since there is clear therapeutic potential in
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modulating neuroinflammation towards a neuroprotective state, this response must be well

characterised within this potential pre-clinical model*°.
Hypothesis and Aims

To address these knowledge gaps, we investigated lesion volume and the neuroinflammatory response
at different SCI severities within our porcine T10 SCI model. We hypothesised that there would be a
greater neuroinflammatory response and subsequently greater tissue damage following a 20cm than

a 10cm contusion/compression SCI. The following aims were developed to analyse this hypothesis:

Aim 1: Characterise the extent of tissue sparing and lesion volume within the spinal cord after a 20cm

and 10cm contusion/compression SCI.

Aim 2: Characterise the impact of SCI severity on the microglia response within the spinal cord at 14

days post-SCI.



Methods

Animal procedures were approved by The University of Adelaide and South Australian Health and
Medical Research Institute ethics committees (SAM 243, 24/1/17), and were conducted according to
the NHMRC Australian Code for the Care and Use of Animals for Scientific Purposes (8" edition,

2013).

Female domestic pigs (n=7) weighing 20-30kg arrived 14 days before SCI induction. Animals were
individually housed and fed twice daily with access to water ad libitum, and were randomly allocated
into SCI severity groups (Table 1). Sham animals underwent all procedures but did not receive an
SCI. This tissue was archival and taken at 24 hours post-SCI induction surgery, and was used for

comparisons between severity groups for IBA-1 immunoreactivity.

Sham n=3
10cm n=3
20cm n=4

Table 1: Overview of SCI severity groups

Surgical Procedures

The study timeline (Figure 2) commenced with animal arrival 14 days pre-SCI. Central lines were
placed five days before SCI induction (day 0). Animals were then closely monitored for 14 days,

before being humanely killed via intracardial perfusion.

14 days 5 days Day 0 14 days

pre SCI pre SCI SCI post SCI

. Acclimatisation . Animal Recovery . Post-SCl recovery .
Animal Arrival Central Line placement SCl induction Intracardial perfusion

Figure 2: Timeline of study design, highlighting the major events.



Animals received medetomidine (0.02-0.04mg/kg), ketamine (11mg/kg) and propofol (2mg/kg) to
induce general anaesthesia. Anaesthesia was maintained via a constant intravenous ketamine (7.0-
8.0mg/kg/hr), propofol (3.5-4.5mg/kg/hr), midazolam (0.1-0.2mg/kg/hr) and fentanyl (6.0-
8.0ug/kg/hr) infusion. Following induction, the pigs were endotracheally intubated, and heart rate,

blood pressure, oxygen saturation and rectal temperature monitored throughout all procedures.
Central Line Placement

Catheters were inserted into the external jugular vein for intravenous medication delivery and venous
blood sampling, and into the internal carotid artery for blood pressure monitoring and blood gas

analysis (Figure 3).
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Figure 3: Schematic overview of central line placement surgery. Image adapted from Lombardo et

al. 2010*%. Created at BioRender.com

A 2cm incision was made on the left neck (Figure 4A), and two catheters were subcutaneously
tunnelled from this incision and externalised on the dorsal midline of the pig. Blunt dissection was
used to locate the external jugular vein, which was occluded with silk tie (2-0), incised, and a catheter
inserted 10cm into the vessel. The silk tie was then used to secure the catheter in the vessel (Figure
4B). This was repeated to catheterise the internal carotid artery, before suturing the wound closed by

anatomical layer.
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Figure 4. Central line placement surgery: (A) Guidance lines along jugular groove for incision to

locate jugular vein and carotid artery. (B) Catheter inserted into vessel and secured using silk tie.
CT Scan

Animals underwent a supine axial CT scan (Philips Brilliance 16 Slice CT scanner) to count the

number of thoracic vertebrae, which varies between 15 and 16 for domestic pigs*.

Spinal Cord Injury Induction (Figure 5)

Animals were placed in a prone position on the operating table, and T10 located via a C-arm
fluoroscopy scan by counting thoracic vertebrae. A dorsal midline incision was made from T9 to T14,
and the muscle retracted. The spinous processes from T9-T13 were removed, and a T10 laminectomy
performed to expose the spinal cord (Figure 6A). Pedicle screws were placed bilaterally at T12 and
T13 to mount a custom weight-drop injury device (Figure 6B). A contusion SCI was induced by
dropping a 50g impactor weight onto the exposed T10 spinal cord from 10cm or 20cm, as previously
recommended to induce a mild or moderate SCI respectively*3. An additional 100g weight was added
for 5 minutes to mimic bony compression seen clinically®. The injury device and pedicle screws were

then removed, and the wound sutured closed by anatomical layer.
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Figure 5: Schematic overview of SCI induction surgery.

T10-13 Processes Removed

Ti1 T12 T13 T4 T15

Impactor

"1 guide rail

Impactor
release

sensor solenoid

;’ ; ‘~, Impactor
| Exposed cord ok pac
. \ position
« JY ¥

High speed camera
markers

100 g static mass

50 g impactor

-

Figure 6: Injury device for SCI induction. A: Exposed spinal cord after T10 laminectomy and pedicle

screw placement B: Custom weight drop injury device for SCI induction.
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Histological Methods

14 days post-SCI, animals were humanely killed via a 1L intracardial saline perfusion and
subsequently fixed with a 2.5L 10% buffered formalin perfusion. The spinal cord was extracted and
post-fixed in 10% buffered formalin for two weeks. Afterwards, spinal cords were cut into 1cm

sections centred about the injury epicentre, before being processed and embedded in paraffin wax.

Paraffin blocks containing the injury site were serially sectioned; 5um thickness and 500um apart,
allowing for lesion volume calculations. Additional sections were cut at 3cm, 5cm and 10cm both

cranially and caudally to the injury epicentre (Figure 7).

Aim 2 Aim 1 and Aim 2 Aim 2
Individually sectioned Sectioned in series Individually sectioned
5pm thick 5um thick, 500um apart 5um thick
| | |
oot ||| QIS |
N Epicentre I
10cm 5em dcm 3cm 5cm 10cm

Figure 7: Spinal cord histological sectioning.

Lesion volume Analysis

Lesioned spinal cord segments were stained with haematoxylin, eosin and luxol fast blue (H&E-LFB)
to observe grey and white matter morphology respectively. We defined grey matter lesion as absent
tissue, or tissue with haemorrhaging present (Figure 8A), and white matter lesion as absent tissue, or
as regions of severe myelin vacuolation (Figure 8B). Slides were scanned using a Hamamatsu
Nanozoomer (v2.0R) and damaged tissue manually segmented using the Nanozoomer Digital
Pathology program (Hamamatsu, v2.7.39) to determine lesion area. The percentage of tissue sparing

and lesion volume were then calculated using the following formulas:
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total spinal cord area — lesion area

Percentage Tissue Sparing = total spinal cord area X 100%

Lesion Volume (mm3) = Z lesion area (all segments) x 0.5mm (distance between segments)
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Figure 8: Morphological damage observed within injury site. (A) Arrows indicate absent or unnatural
grey matter tissue. CC=Central Canal. (B) Arrows indicate myelin vacuolation in white matter post-

SCI.

IBA-1 Immunohistochemistry

Injury epicentre spinal cord segments (Ocm) and segments 10cm, 5cm, 3cm, 1cm cranially and
caudally to the epicentre were routinely deparaffinised and endogenous peroxidases blocked (1.5%
hydrogen peroxide in methanol, 30 minutes). Antigen binding sites were revealed by heat-induced
epitope retrieval in a citrate buffer, and non-binding sites blocked with normal horse serum (Vector,
S-2000-20). The primary antibody — goat IBA-1 polyclonal antibody (Invitrogen, PA5-18039,
1:1000) — was applied overnight before washing slides three times (0.1% Triton-X in PBS) and
applying the secondary antibody horse anti-goat 1gG (Vector, BA-9500-1.5) for 30 minutes. Slides
were then washed and incubated with Streptavidin Peroxidase Conjugate (Vector, SA-5004-1,
1:1000) for one hour. 3,3'-diaminobenzidine (DAB) (Vector, SK-4100) was used for colouration, and

haematoxylin used as a counterstain.
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Slides were scanned and region of interests exported using a 20x lens (Figure 9). Images were
imported into ImageJ (v1.53c, National Institute of Health) and processed with a colour
deconvolution plugin to visualise DAB staining. An automated cell count was conducted by
thresholding the images (0-120) and running a particle analysis (size 125-2000). Due to the intensity
of staining and tissue disruption, epicentre regions were manually counted using QuPath (v0.2,

University of Edinburgh?4).

50

Figure 9: Regions of interest for IBA-1 analysis. 1: Lateral Columns, 2: Dorsal Horns, 3: Ventral

Horns, 4: Dorsal Columns, 5: Central Canal, 6: Ventral Columns.
Statistical analysis

Statistical analysis was conducted using the GraphPad Prism software (v8.0.0). Non-parametric
Mann-Whitney U tests were used to compare SCI severities for tissue sparing and total lesion volume,
as data were not normally distributed. Due to the lack of a non-parametric test to compare two
independent variables, a repeated measures two-way ANOVA with severity as a between-groups
factor and region as a within-groups factor was used to compare lesion volume and IBA-1
immunoreactivity. To compare grey and white matter lesion percentage, a repeated measures two-
way ANOVA with both region and grey/white matter as within-group factors was used. Sidak’s
multiple comparisons were used for all analysis. Significance was defined as p<0.05, and data are

represented as mean + SD.
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Results

All surgical procedures were conducted with no major complications, and all animals were included

in our analysis.
Tissue Sparing Analysis

H&E-LFB staining demonstrated marked damage (disruption of tissue architecture) to the injury
epicentre and adjacent regions for both injury severities (Figure 10). Notably, damage within the
20cm group persisted at 9mm cranially and caudally, whereas the lesion appeared contained at 6mm

for the 10cm SCI.

Omm Cranial  6mm Cranial  3mm Cranial Epicentre 3mm Caudal 6mm Caudal 9mm Caudal

Figure 10: H&E-LFB staining demonstrating the extent of lesion. Arrows indicate the segment with

the last visible lesion present for each severity.
Percentage Tissue Sparing

The percentage of tissue sparing (Figure 11) followed a similar pattern for both severities, exhibiting
minimal tissue sparing at the epicentre (20cm: 0+0mm?, 10cm: 3.67+6.35mm?3) which increased in
distal segments. Significantly greater tissue sparing was observed for the 10cm SCI cranially (5mm,
9mm) and caudally (2-7mm) (p<0.05), indicative of reduced tissue damage. Notably, the lower area

under the curve for the 20cm SCI suggests an overall reduction in tissue sparing.
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Percentage tissue sparing across injury site
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Figure 11: Tissue sparing analysis. Significant differences (p<0.05) between severities were

observed at 9mm and 5mm cranially, and at 2-7mm caudally (denoted by *).
Lesion Volume Analysis

The 20cm SCI resulted in significantly greater total lesion volume (250.1 + 56.66mm?, p=0.03) than
the 10cm SCI (133.9 + 17.27mm?), further indicating a greater extent of injury (Figure 12A). Despite
a significant main effect for SCI severity (p=0.02), there were no significant differences between
severities in the cranial (p=0.10), epicentre (p=0.30), or caudal (p=0.09) regions (Figure 12B). For
the 10cm SCI, the epicentre was significantly elevated compared to adjacent regions (cranial: p=0.02,
caudal: p=0.04), while the epicentre was significantly greater than the cranial region (p=0.02) for the

20cm SCI.
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Figure 12: Lesion volume comparisons between severities. (A) A Mann-Whitney U test revealed a
significantly greater total lesion volume for the 20cm SCI than the 10cm (p=0.03). (B) While a
repeated-measures two-way ANOVA revealed a significant main effect between severities (p=0.02),
pairwise comparisons revealed no significant differences between severities cranially (p=0.10), at the
epicentre (p=0.30) or caudally (p=0.09). There was a significant main effect for region (p=0.0003),
which was between the epicentre and cranial region for the 20cm SCI (p=0.016), and epicentre

compared to cranial (p=0.02) and caudal (p=0.04) regions for the 10cm SCI (denoted by #).

Grey and White Matter Lesion Volume

There was a significant main effect for region in both the 10cm (Figure 13A) and 20cm groups (Figure
13B) (p<0.0001), with the percentage of lesion volume significantly greater in the epicentre than
adjacent regions for both grey and white matter (p<0.0001). There were no significant differences
between grey and white matter for the 10cm SCI (main effect p=0.08). However, there was a
significant main effect between tissues for the 20cm SCI (p=0.047), with the percentage of grey

matter lesion volume significantly higher than white matter caudally (p=0.011).
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Figure 13: Grey and white matter percentage lesion volume. (A) For the 10cm SCI, a significant
main effect for regions was observed (p<0.0001), with the epicentre significantly greater than cranial
and caudal regions (p<0.0001) for grey and white matter (denoted by #). Grey and white matter were
not significantly different in any region (p=0.08). (B) For the 20cm SCl, a significant main effect for
region was observed (p<0.0001), with the epicentre significantly elevated to cranial and caudal
regions for both grey and white matter (p<0.0001) (denoted by #). There was a significant main effect

between grey and white matter (p=0.047), which was in the caudal region (p=0.01).

IBA-1 Immunoreactivity

When examining IBA-1 immunoreactivity at varying spinal cord locations (Figure 14), there was a
significant main effect between severity groups (p<0.0001). For the 20cm SCI, microglial expression
greater than sham at 5cm (p=0.02) and 1cm (p=0.03) cranially, and at the epicentre (p=0.003). The
10cm SCI was significantly greater than sham at the epicentre (p<0.0001) and 1cm caudally (p=0.03).

No significant differences were observed between 10cm and 20cm drop heights at any location.
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IBA-1 Immunoreactivity by Location and Severity
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Figure 14: IBA-1 immunoreactivity at varying spinal cord locations. A repeated-measures two-way
ANOVA revealed a significant main effect of SCI severity (p<0.0001), with the 20cm SCI
significantly greater than sham at 5cm (p=0.02) and 1cm (p=0.03) cranially and at the epicentre
(p=0.003). The 10cm SCI was significantly greater than sham at the epicentre (p<0.0001) and 1cm
caudally (p=0.001). There were no significant differences between 20cm and 10cm drop heights at

any region. * denotes significant difference to sham.
Grey and White Matter IBA-1 Immunoreactivity

We further examined IBA-1 immunoreactivity in grey and white matter regions to elucidate any
differences between these tissues. The epicentre region was excluded from this analysis as the tissue
disruption made it impossible to accurately identify specific regions. SCI severities were significantly
elevated compared to sham in the grey matter (20cm: p<0.0001, 10cm: p=0.004) and white matter
(20cm: p=0.009, 10cm: p=0.049) (Figure 15). There were no significant differences between severity
groups; however, grey matter microglial expression for the 20cm SCI was significantly greater than
white matter (p=0.002). There were no significant differences between grey matter anatomical

regions (p=0.08) (Figure 16A). However, within white matter regions, the dorsal white matter column
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was significantly greater than the lateral (p=0.048) and ventral columns (p=0.04) in the 10cm SCI

(Figure 16B).
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Figure 15: IBA-1 immunoreactivity in grey and white matter. A repeated measures two way ANOVA
revealed a significant main effect of severity (p=0.002), with the 20cm (p<0.0001) and 10cm
(p=0.004) groups significantly elevated compared to sham. There was a significant main effect for
grey and white matter (p=0.0008), with grey matter significantly elevated for the 20cm SCI (p=0.002),
but not for the 10cm (p=0.07) or sham (p=0.62) groups. * denotes significant differences to sham,

# denotes significant difference between grey and white matter.
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Figure 16: IBA-1 immunoreactivity in grey and white matter anatomical regions: (A) Within the grey
matter, a repeated-measures two-way ANOVA revealed a significant main effect of severity (p=0.03),
with the 20cm SCI significantly greater than sham at all regions (Dorsal horns: p=0.011, Central
canal: p=0.02, Ventral horns: p=0.03). There were no significant differences between anatomical
region (p=0.08). (B) In the white matter, there was a significant main effect of severity (p=0.003),
which was between the 20cm and sham groups (Dorsal columns: p=0.009, lateral columns: p=0.007,
ventral columns: p=0.02). There was a significant main effect of anatomical region (p=0.001), which
was within the 10cm group between the dorsal column and the lateral (p=0.048) and ventral (p=0.04)

columns.
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Discussion

The present study examined tissue damage and microglial expression within our domestic porcine
SCI model. We observed a significantly greater lesion volume after a 20cm SCI than a 10cm SClI,
suggesting we successfully induced graded SCI severities that differed in total tissue damage. IBA-1
immunoreactivity for both severities was significantly greater than sham, but microglial expression
did not differ between severities, refuting our hypothesis. Nonetheless, we successfully established
the first porcine SCI model within Australia and characterised outcomes for varying SCI severities,

demonstrating that our model is a viable research option.

We examined the extent of injury through tissue sparing and lesion volume analysis. Although lesion
volume did not differ between severities in specific regions (cranial, epicentre, caudal), the 20cm SCI
had a significantly greater total lesion volume than the 10cm. In line with this, a 10cm drop height
had greater tissue sparing than a 20cm SCI in the University of British Columbia’s (UBC) Yucatan
miniature pig model?’. Additionally, tissue damage appeared contained within 6.4mm cranially and
caudally to the epicentre for the 10cm SCI in the UBC model, closely mirroring our findings*:. This
suggests that the relationship between impact force and tissue damage behaves similarly between

both models, and indicates that our model may be a practical alternative.

Interestingly, comparisons of tissue damage within the UBC model have largely examined the
cumulative percentage of tissue sparing, rather than lesion volume measurements®” %3, While this is
a valid way to compare severities, there are several advantages to examining lesion volume*. Notably,
the volumetric analysis facilitates comparisons to other stereological measurements*: 46, For example,
our histological outcomes are directly comparable to in-vivo MRI measurements of lesion volume,
which may directly translate to clinical practice*’. Thus, our method of characterising injury severity

is a strength of our study.

We then examined lesion volume to elucidate any differences between grey and white matter. Notably,
grey matter lesion was significantly greater than white matter caudally for the 20cm SCI. As grey

21



matter has a considerably denser vasculature supply*®, we considered whether this finding was due to
blood-spinal cord barrier (BSCB) permeability following injury. The BSCB is quickly compromised
following SCI, causing an influx of proteins from the blood into the spinal cord and the formation of
vasogenic oedema*®. Interestingly, a rodent SCI study observed significant BSCB permeability up to
14 days post-SCI caudally to the injury site, but only up to 7 days post-SCI cranially®®. Thus, the
greater caudal grey matter lesion we observed may be due to the longer-lasting BSCB permeability
in this region. We plan to investigate this possibility by examining BSCB integrity through albumin

immunoreactivity.

An alternative explanation is that white matter damage may extend beyond 14-days post-SCI. Indeed,
delayed Wallerian degeneration of neuronal axons in the white matter commencing as late as 24 days
following a human SCIP. Thus, this significant difference may not be present at later time-points.
Unfortunately, we only utilised a single time-point for tissue histology, meaning we are unable to
confirm this possibility. Thus, a future direction is to examine lesion volume across multiple time
points (24 hours, 3, 7, 14 and 21 days post-SCI) to discover temporal differences in grey and white

matter lesion progression and elucidate potential mechanisms.

A limitation of our lesion volume analysis is that H&E-LFB staining reflects gross parenchymal
damage rather than specific cell loss. Thus, further analysis may be warranted to provide a more
detailed insight into the pattern of tissue damage?’. For example, previous SCI research has examined
the number of active neurons remaining through NeuN expression®? , the extent of axonal injury
through amyloid precursor protein®®, and the extent of apoptotic cell death through caspase-3
activity®*. Combined, these markers would better characterise the impact of SCI severity on specific
neuronal and cellular events. As such, we plan to utilise these markers in future analysis to

comprehensively describe tissue damage within our model.

Next, we characterised the microglial response at 14-days post-SCI via IBA-1 immunoreactivity. As

expected, IBA-1 immunoreactivity was significantly increased for both injury severities compared to
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sham, particularly at the injury epicentre. This likely reflects an increased migration of microglia
towards the injury epicentre, combined with a greater influx of circulating macrophages at this
region®. Interestingly, IBA-1 immunoreactivity was not significantly different between severity
groups as we had hypothesised. This was surprising, as microglia activation has previously been
suggested to be severity-dependent?!. However, as the spatial distribution of microglia appears to
correlate with areas of necrotic or cystic damage®> %, it is possible that the locations we analysed
were not ideal to distinguish between severity groups. Indeed, despite differing in total lesion volume,
our percentage of tissue sparing analysis did not observe significant differences between drop heights
at the injury epicentre. Thus, it may not be unexpected that both severity groups have a similar IBA-
1 immunoreactivity within this region of similar tissue damage. We plan to further analyse microglial
activity within the lesion site in a serialised manner similar to our lesion volume analysis, which may
reveal a severity-depending IBA-1 immunoreactivity — particularly in the caudal region (2-7mm)

where tissue sparing differs between groups.

Our further analysis of IBA-1 immunoreactivity revealed no significant differences between grey and
white matter for sham or 10cm groups, but a significantly elevated IBA-1 immunoreactivity in the
grey matter for the 20cm SCI. This may reflect the greater lesion volume observed in the grey matter
caudally in the 20cm SCI group. When examining anatomical regions within the spinal cord, we
observed a significantly elevated microglial response within the dorsal column of white matter for
the 10cm SCI. This is potentially due to the dorsal direction of our SCI contusion that may cause
more severe damage to this region and thus, a greater neuroinflammatory response. Indeed, a
pronounced microglial expression in the dorsal columns was also observed following a dorsal

contusion SCI in a rodent model®’, supporting this possible explanation.
Strengths and Limitations

The use of a porcine model of SCI was a major strength of this study. Due to the similarities in spinal

anatomy and pathophysiology between pigs and humans, our results are highly translatable and

23



relevant to clinical practice. Despite this, our study was notably limited by the small sample size used.
It has previously been recommended that porcine studies should utilise sample sizes of a minimum
of 4-5 to have sufficient power?’, which was not achieved by our 10cm SCI group. Thus, we are
limited in our ability to make any conclusive findings, particularly for this lower drop height group.
While we acknowledge that this is a current limitation, this pilot study is ongoing and will address
this in future analysis. Finally, our histological measures cannot be conducted in-vivo, which limits
the translatability of our current findings. Despite this, we have also conducted in-vivo analysis
through MRI imaging, functional assessments and blood serum analysis that will address this

limitation in future studies.
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Conclusion

This study demonstrated that graded SCI severities that differ in histological outcomes can be induced
within our domestic pig model, and that the tissue outcomes within our model closely resembles pre-
existing porcine literature at similar SCI drop heights. While we did not observe differences in
microglial expression between severity groups, we have successfully established Australia’s first

porcine model of SCI, and have provided a robust foundation for future studies to utilise our model.
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