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ABSTRACT

Spinal cord injury (SCI) imparts permanent neurological deficits and devastates many
patients’ lives. The current management is not curative but focuses on blood pressure
optimization, spinal cord (SC) decompression, spinal column stabilization, and

rehabilitation.

Despite progress in our understanding of the pathophysiological events that occur after
the injury, there have been limitations in translating the success of preclinical animal
studies into clinical scenarios. Therefore, a deeper understanding of SCI mechanisms is
required. The initial impact on the SC results in parenchymal and vascular disruption
(primary SCI). A few minutes after the primary SCI, a complex series of biochemical
reactions (secondary injury) commence and may continue for several weeks and months.
These reactions are regulated by specific sets of genes accompanied by changes in micro-
Ribonucleic Acids (miRNAs) that inhibit and regulate gene translation. This thesis sought
to understand SCI mechanisms from the perspective of changes to miRNA expression,
subsequent impact on miRNA targets, and ultimately histological findings. For the first
time, a neuroprotective drug was used to modulate the miRNA changes following the
SCI. It was found that SCI results in extensive change in miRNA expression, primarily in
the acute stage. Furthermore, administration of minocycline resulted in a further
modulation of 81 miRNAs in the acute stage. The miRNAs most predicted to regulate
genes participating in survival and apoptotic pathways were pursued. The miR-21a-5p
and miR-15b-5p were upregulated by the injury and then downregulated following
administration of minocycline. These two miRNAs target Akt, Bcl2, and PI3K genes,
which are important for cell survival. An increased expression of these proteins was
observed following downregulation of miR-21 and miR-15b. These findings were then
correlated with enhanced neuronal survival in the injury penumbra. Modulation of
miRNA expression by a neuroprotective agent may highlight the importance of miRNAs
in this complex environment following SCI. Adopting such an approach may open novel
pathways to potential SCI therapeutics to improve the SC healing process and eventually

functional outcome.

Xi



3UTR
AGO
ALS
AMPA
ASIA
ATP
BBB
BP

Bp
BSA

C

CAM
cDNA
CNS
Co
COX2
CSF
CST
DAVID
ddPCR
DNA
dsRNA
ECM
EXP5
FIC
ICU
IHI
IL-1pB
IP
IFN-x
KEGG
L1

LPS
MAP2
MCPIP1
miRNA
MMP9
mRNASs

LIST OF ABBREVIATIONS USED

3’-untranslated region

Argonaut

Amyotrophic lateral sclerosis
Alpha-Amino-3-Hydroxy-5-Methyl-4-Isoxazole Propionic Acid
American Spinal Injury Association
Adenosine triphosphate

Basso, Beattie and Bresnahan

blood pressure

base pair

Bovine Serum Albumin

cervical

cell adhesion molecules

complementary DNA

central nervous system

coccygeal

cyclooxygenase-2

cerebrospinal fluid

corticospinal tract

Database for Annotation, Visualization, and Integrated Discovery
Droplet digital PCR

deoxyribonucleic acid

Double strand RNA

extracellular matrix

Exportin 5

Fluoro-Jade C

intensive care unit

Infinite Horizon Impactor

Interleukin 1 beta

Intraperitoneal

gamma interferon

Kyoto Encyclopedia of Genes and Genomes
first lumbar vertebra

lipopolysaccharide

microtubule-associated protein 2

monocyte chemotactic protein-induced protein 1
microRNA

metalloproteinase 9

messenger RNAs

Xii



NF-kB
Nm
NMDA
Nt

Nts

OSU

PBS

PCA
piRNA
PIWI

Pol IT
pre-RISC
pri-miRNA
PGE2

Pw

RIN
RISC
RNA
Rpm

RQI
RT-qPCR
SC

SCI
SCI+mino
SCI+SLN
SCs

SEM
siRNA
SNPs
sSCI

T

TFs
TNF-a
tSCI
TUT

v
4

nuclear factor kappa-light-chain-enhancer of activated B cells

nanometer

N-methyl-D-aspartate

nucleotide

nucleotides

Ohio State University

phosphate buffered saline

Principal component analysis

PIWI- interacting RNA

P-element Induced Wimpy testis in Drosophila
RNA polymerase II
pre-RNA-induced silencing complex
primary miRNA

Prostaglandin E2

pathway

RNA integrity number
RNA-induced silencing complex
ribonucleic acid

revolutions per minute

RNA quality indicator

Real time-quantitative polymerase chain reaction
Spinal Cord

Spinal Cord Injury

SCI+ minocycline

SCI+ saline

Spinal cords

standard error of mean

small interfering RNA

Single nucleotide polymorphisms
secondary SCI

Thoracic

transcription factors
Tumour Necrosis Factor alpha
Traumatic Spinal Cord Injury

Terminal uridylyl transferases
Volt
Watt

Xiii



ACKNOWLEDGEMENT

I will forever be thankful to the people who have supported me during this entire journey.

This work would not be accomplished without your help.

Dr. Sean Christie (Supervisor): first, I would like to thank you for all your support in
this endeavor. Navigating a Ph.D. project in a relatively new field is not a straightforward
mission. Things became more complicated when we were hit by the pandemic COVID-
19 at the beginning of March 2020. However, you were always there, guiding,
supporting, and encouraging me to keep going forward relentlessly. Outside the lab, you
have been helping me to balance between my Ph.D. work and maintaining the clinical
skills during all these years. I will continuously look back on these years with deep

fondness.

Dr. Kazue Semba (Chair of the advisory committee): I can’t find the words that
express my sincere appreciation for everything you have done for me. You were so
supportive, kind, and nurturing me since I started the classes in the 1st year of the
program. I will never forget when I was coming to you with a pile of issues, and then
leaving your office with a heap of hope, self-confidence, and happiness. Knowing you
and being one of your students is a milestone in my life. I will not keep this great
experience to myself only, I will pass it to the next generations of students, residents, and

researchers.

Dr. Sultan Darvesh (committee member): I enjoyed your classes and teaching style.
Whenever you ask a question, I learned from you that the correct answer could be two or
three words, and not necessarily to be a half-page. To be concise and complete in doing
tasks are skills not easy to emulate. I tried to learn this adroitness from you, and I have
been exercising them, but [ am not 100% sure that I am there yet. Thank you for all your

guidance and unforgettable support.

Xiv



Dr. Victor Rafuse (committee member): your comprehensive thinking and thoughtful
ideas have helped me a lot. Your suggestions have made the project more rounded. I am

grateful for all your support, particularly in histology slides production.

Dr. William Baldridge (the head of department of Medical Neuroscience): thank you,
Dr. Baldridge, for being around and listening to all graduate students in the department.
The departmental discussion platform that you created during the pandemic was really

supportive and inclusive.

Dr. Saranyan Pillai, our research associate. I cannot thank you enough for the many
things you have helped me with. Thank you for your help in my surgeries, presentations,
and preparation for all meetings. Your discussion about the chemistry of the compounds
in different stages of the project will not be forgotten. Last but not the least, you were

there during COVID closure discussing with me the project and the presentations.

Friends and colleagues: I would like to acknowledge the help of the network of the
graduate students and especially Olivier D. Laflamme who helped me to analyze the NGS
data. I want to thank other graduate students Gracious Kasheke from the Robertson lab
(who helped me count the cells), Jonathan Tjong from the Frampton lab (who helped me
with cell counting as well), Alexander Edgar from the Marshall lab, who taught me and
supervised my work in ddPCR and RT-qPCR experiments, and Aurelio Lobo from the
Robertson lab who taught me the principles of RT-qPCR.

To my parents, my wife Tahani Ahmad, and my three little daughters: Razan, Serene, and
Leen. Thank you for tolerating my absence. I had to be there for you. But you were there

supporting me and embracing me with love and passion.

XV



CHAPTER 1 : INTRODUCTION

Traumatic Spinal Cord Injury and The Role of miRNA

1.1 Overview

The spinal cord (SC) is a part of the central nervous system that is responsible for
transmitting neurological signals to and from the brain and peripheral organs. It also
carries on specific functions processed via different neuronal centers within the SC
parenchyma such as spinal reflexes and urogenital parasympathetic control. Therefore,
SCI can lead to extremely devastating consequences. The sequelae of an acute SCI were
first documented in ancient Egypt approximately 4000 years ago (1). However, to this
day, there remains no curative treatment for SCI. Current medical and surgical strategies
focus on minimizing or treating the ramifications of this injury such as: preventing
further SCI from potentially unstable vertebral column by spinal stabilization (1, 2),
managing spasticity, bowel and bladder training and rehabilitation, treating the symptoms
of sympathetic dysreflexia and lifestyle modifications due to motor and sensory loss.
Additionally, SCI results in cardiac, respiratory, psychological, and social consequences

that must be considered in the management plan.

In general, there are two main mechanisms implicated in SCI. Firstly, the primary injury
mechanism, which is also referred to as the initial impact. This transfer of kinetic energy
results in mechanical disruption of spinal cord tissue and its vascular network. The
primary impact can be a shearing force, compression and/or contusion (2). Following this
the spinal cord experiences a secondary injury mechanism, which is a progressive series
of cellular and biochemical events that start after the primary insult. It usually starts a few
minutes after the primary injury and may last for many weeks or months. It is also
usually responsible for the deterioration in neurological function beginning within 8§ to 12

hour of the injury(2).



Presently, research is moving towards finding a curative intervention for SCI (1). The
loss in neurological function in SCI patients is directly related to both the primary and
secondary insults. From a mechanistic point of view, the secondary injury mechanism is
responsible for further deterioration in function and there is more time to intervene to
prevent the deleterious pathophysiological changes that occur in this phase. Modulating
reactions in this phase may improve the outcome of SCI. In fact, there are several studies
that employed novel approaches such as gene therapies, cellular modulation and tissue
replacement or engineering to overcome the consequences that preclude re-innervation,
axonal reconnection, and neuronal cell regeneration to replace the injured/dead cells
following SCI (3). For the past two or three decades, laboratories interested in SCI have
extensively studied cytokines, chemokines, calcium, and sodium channel molecular
behavior following injury (1, 4, 5). These targets are the downstream products of genes
including apoptotic and inflammatory genes that respond to trauma. The translation of
messenger RNAs (mRNAs) of these molecules is likely controlled by microRNAs
(miRNA) (6). Understanding the miRNA response to injury can further elucidate the
molecular reactions that occur after the primary injury and potentially pave the road to
discovering therapeutic targets for the treatment of SCI. Thus, further understanding the
molecular mechanisms of the spinal cord’s response after trauma may facilitate new
avenues to explore and implement novel treatment modalities for SCI. Within this thesis |
will: first, demonstrate the effect of SCI injury on patients and communities. Secondly,
the basic spinal cord anatomy and SCI pathophysiology will be discussed. Lastly, the
response of miRNAs following SCI will be explored to demonstrate the importance of
studying changes in miRNA expression following SCI, in the hope of exploiting their

therapeutic potential in the future.

1.2 Demographic and economic effects

SCI impacts the lives of thousands of people around the world every year. The sequelae
of SCI are not limited to the affected individuals, these injuries also impact the quality of
life for the patients’ family and the economy of the whole society, as well as the
healthcare system (3, 7). Although disability is the major consequence, in some patients

SCI may result in death. Mortality rates depend on several factors such as patient age,



frailty, comorbidities, multisystem injuries, and level and completeness of injury
(cervical SCI results in the highest mortality compared to thoracic or lumbar injuries) (8).
The mortality rate for acute in-hospital admission is between 4-17% (8). Severity of SCI
also reduces the life expectancy, for example, a 40-year-old patient with an injury below
C5 is expected to live at least 23 years after injury, whereas a higher level, ventilator-
dependent patient may only be expected to live approximately 8.5 years only (8).
However, generalization is difficult due to the retrospective nature of data typically
reported in epidemiological manuscripts; as well there is variability in the incidence rates
among countries likely due to inherent societal differences (9). With reliable data from
Canada, USA, a few countries in Europe and Australia (9, 10), the yearly global
incidence of SCI approximates 130,000 cases and the worldwide prevalence approaches
2.5 million (2). In North America, SCI affects more than one million individuals (11) and
the yearly incidence in the USA is > 10,000 cases (1, 2), with the majority of them
younger than 30 years of age. A recent 2018 estimation by National Spinal Cord Injury
Statistical Center, University of Alabama at Birmingham, reported a national incidence >
17,000 cases per year (12). In other words, the global incidence varies between 8 and
246 cases per million individuals per year, while the global prevalence ranges between
236 and 1,298 per million individuals (13). The cost attributed to medical care for each
patient approximates US$1.1 to 4.6 million and is dependent upon level and severity of
injury (11). In general, SCI epidemiology demonstrates two peaks, the first in young
adults where the injuries result from motor vehicle accidents in 38% of all cases of SCI
(1, 11). Other causes of injury in this age group are sport-related and penetrating injuries.
The second peak is in the elderly group where SCI usually results from falls and typically
occurs in the presence of pre-existing spinal stenosis (11). Statistical analyses
demonstrate that falls are responsible for between one-fifth and one-third of SCI cases,
although there is again variability from country to country (1, 14, 15). Males are
commonly more affected by traumatic SCI (tSCI) (79.8%) than females (20.2%) (16).
Cervical level SCI (circa 60%) is more common than thoracic (32%) or lumbar (9%)
injuries (16). It is worth noting that during the 1990s the annual expense of surgical and
rehabilitation care for SCI in the USA approximated $4 billion and this figure is

significantly much higher today (2). This emphasizes the significant socioeconomic



impact that results from this condition, and the dire need to attain a efficacious

therapeutic intervention.

1.3 Minocycline as a neuroprotective agent

Neuroprotection is a broad term primarily referring to strategies that maintain the
structural integrity and/or function of neuronal tissue after an insult and may encompass
both medical and surgical measures. The insult can be physical, such as SCI, head injury
and stroke, or a progressive neurodegenerative disorder such as Huntington’s disease and
Parkinson’s disease(17). Although the span of disorders and insults to neural structures
are wide and vary from acute to chronic and from exogenous to endogenous, they share
some common pathways that lead to neuronal cell death, such as apoptosis,
excitotoxicity, inflammatory cascades, mitochondrial failure, and oxidative stress (17-
19). Neuroprotective agents are pharmaceuticals capable of preventing or slowing the rate
of neuronal death overtime (minimize secondary injury) or promoting regrowth and

function of the insulted neuronal tissues (20).

There are multiple classification schemes for neuroprotectants. Some have classified
them according to their role in mechanisms of secondary SCI, such as antioxidants, anti-
apoptotic (21), neuro-stimulants (17) or anti-inflammatory (2). Whereas others,
recognizing drugs often have multiple sites of action, have approached this more broadly:
1. Agents with protective activities-preserving SC cellular population 2. Medications
enhancing neuronal regrowth 3. Medications counteracting inhibitory molecules that
hinder spinal cord recovery (1). This understanding has led to a litany of pharmaceuticals,
each utilizing one of more mechanisms, employed to mitigate the impact of SCI. Despite
considerable effort, and notable laboratory successes, no drug thus far has gained
universal acceptance as a protective treatment following SCI (22-24). Minocycline is one
such agent known to modulate multiple pathways of secondary SCI (sSCI) (1, 25-27).
Therefore, it was thought that this drug could be a good option to modulate the

expression of miRNA in this thesis.



1.3.1 Minocycline chemical structure and history of development:

Minocycline hydrochloride is a semisynthetic, second-generation, derivative of
tetracycline (27). In essence, tetracyclines are a group of bacteriostatic antibiotics first
discovered in the 1940s as isolates from Streptomyces spp. bacteria. This name was
dubbed because all members of the group share four hexagonal hydrocarbon rings (27,
28). Minocycline, a lipid-soluble derivative of Tetracycline, has a broader spectrum of
action than doxycycline and tetracycline, better CNS penetration, longer half-life (16
hours) and 2-4 times serum levels in comparison to tetracycline. It was patented in 1961
and commercialized at the beginning of the 1970s. It has several biological activities:
antimicrobial, anti-inflammatory, antioxidant, anti-apoptotic properties (21, 27).

Moreover, it is an approved drug for other disorders such as skin acne (29).

1.3.2 Mechanisms of action:

The positive results of this medication were initially observed in animal models for stroke
(27). Subsequent experiments in vivo and in vitro were conducted by different
laboratories to investigate other neurological disorders such as SCI, head injury and
neurodegenerative diseases (21). Further observations elucidated its interference at

multitude levels of cellular cascades of sSCI.

1.3.2.1 Anti-apoptotic mechanisms:

Minocycline reduces the expression and activation of caspases following CNS insults
(27, 30). Broadly speaking, minocycline inhibits the release of pro-apoptotic mediators

and enhances the expression of anti-apoptotic molecules as follows:

1. Reduces the activity of caspase-3 in several CNS pathologies including SCI
(30-33).

2. Diminishes the swelling depolarization of mitochondria, as well as
cytochrome c release from the mitochondria whether Bid or Ca?* dependent
(27).

3. Reduction in apoptosis-inducing factor (AIF) release to the cytoplasm as well

as its nuclear translocation (34).



4. Increased expression of anti-apoptotic factors and up-regulates Bcl-12 protein
and mRNA (35).

5. Up-regulation of the expression of XIAP (X-linked inhibitor of apoptosis
protein) which suppresses caspase activation (36).

6. Downregulation of the expression of caspases 1, 3, 7, 8, 9 and 12 below

normal levels under normal cellular conditions (27).

1.3.2.2 Modulation of inflammatory processes:

Pro-inflammatory and anti-inflammatory cytokines are typically released following the
SCI. Minocycline decreases the production of the pro-inflammatory IL-1f by reducing
expression of caspase-1, which is required for IL-1p maturation (32, 33). It also
minimizes TNF-a mRNA expression by interfering with lipopolysaccharide, which is
needed in TNF-a processing (37). Minocycline can alter the expression of the
chemokines or their receptors. For instance, minocycline reduces the expression of
CXCR3 receptor (38) which is expressed in CD4+ T-helper 1 (Thl) cells, involved in
microglia and macrophage activation as well as demyelination (39). Furthermore,
minocycline inhibits phospholipase A2 (PLA2) and its multiple isoforms, including
cytosolic PLA2 (cPLA2), secretory PLA2 (sPLA2), lipoxygenases and cyclooxygenases
(21, 40). In vivo, minocycline inhibits PGE2 and COX2 levels in microglia and
monocytes (41-44).

Minocycline decreases resident microglia activation. Microglia release chemokines,
cytokines, lipid inflammatory compounds as well as different members of matrix
metalloproteases (27). Moreover, minocycline diminishes activation of macrophages (27)
and astrocytes after CNS insults including SCI (45, 46), which may reduce glial scar
formation. Inhibition of microglial pro-inflammatory cytokines reduces their interaction
with T-cells (47). Moreover, minocycline reduces microglial activation by inhibiting
nuclear translocation of NF-kappa B (43). Of note, this transcription factor is upregulated
within 24 hours post-injury and has been implicated in the expression of pro-

inflammatory factors and apoptosis (48, 49)



1.3.2.3 Matrix metalloproteases (MMP):

Minocycline has been shown to diminish MMP2 levels in animal models of multiple
sclerosis (50). In a cultured T-cell study, minocycline reduced MMP2 and 9 levels and
activities that impact T-cell migration (51). It also reduces the expression of MMP12
(52), which increases after mice SCI (53). Minocycline exerts its effect on MMPs via

direct interaction with Zn>" which is essential for MMP activities (21).

1.3.2.4 Antioxidant effects:

Minocycline diminishes the production of NO (nitric oxide) after hypoxia in a microglia
cell culture (54, 55) as well as macrophages (56). Moreover, it downregulates iNOS
(inducible Nitric oxide synthase-2), mRNA expression and protein activity after exposure
to pro-inflammatory cytokines (LPS, IFN-y and IL-1) (57). In microglia, minocycline
inhibits Zinc and thrombin-induced activation of NADPH oxidase (21). In animal SCI
model, it increases expression of glutathione (GSH an antioxidant) (58) and glutathione

peroxidase (GSH-Px) in addition to promoting superoxide dismutase (SOD) activity(59).

1.3.2.5 Anti-glutamate effect:

Minocycline acts as a neuroprotective agent by abrogating the toxic glutamate effects via:

1. Chelating metallic ions including Ca**, Fe?', Fe**, Zn* and Mg*"

2. Inhibit Calcium influx in via NMDA receptors (60).

1.3.2.6 Other neuroprotective mechanisms:

Minocycline inhibits poly (ADP-ribose) polymerase-1 (PARP-1) enzymatic activity. It is
a nuclear enzyme activated after SCI via DNA damage. PARP-1 activity leads to energy
consumption and mitochondrial failure and further cellular damage (21, 61).
Furthermore, minocycline inhibits blood-derived iron toxicity (lipid peroxidation) via
direct scavenging effect, Ferric and Ferrous ion chelation and increases expression of

ferritin which buffers local iron levels(21).



Given these multiple sites of action and promising early clinical results (62, 63)
minocycline remains a useful agent in the investigation and mitigation of secondary

injury, particularly when exploring upstream initiators of apoptosis and neuronal survival.

1.4 Anatomy and neurophysiology of the spinal cord

The human spinal cord (SC) is an approximately 30 g, semi-cylindrical, gray-white
neural continuation of the medulla oblongata. It starts at the level of the foramen magnum
and ends with a cone-shaped structure called conus medullaris at the lower border of the
first lumbar vertebra (L1) (64) in humans. In rats it terminates at the L3 vertebral body
(1) and at the L4 vertebral body in mice (65). The spinal cord length in human adults is
approximately 42 to 45 cm (66), with an average diameter of 1 to 1.5 cm (64). Although
it maintains its embryonic segmental organization histologically and functionally, the
exterior appearance of the spinal cord is smooth and uniform. It has two fusiform
enlargements, the upper one is the cervical enlargement where it gives off the brachial
plexus and the lower one is the lumbar enlargement where it gives off the lumbosacral
plexus. Along the spinal cord, two longitudinal furrows can be identified, a deep anterior

median fissure and a shallow posterior median sulcus.

The spinal cord substance is a soft gelatinous structure which is protected at multiple
levels. It is surrounded by a bony spinal canal from all directions. It is covered also by
three layers of the meninges (the dura mater, an arachnoid membrane and the pia mater
which is adherent to the cord itself). Moreover, the cerebrospinal fluid between the pia
and arachnoid layers functions as a cushion and shock absorber. Furthermore, the SC is
fixed to its surroundings by several structures which include 31 pairs of nerve roots, 21
pairs of dentate ligaments and the filum terminale. The epidural space between the dura
and vertebral periosteum is filled with loose fibrous and adipose connective tissues (67,

68); these act as another protective layer to the SC.

Functionally, the SC serves as a means of communication (a conduit) between the brain
and the peripheral nerves. It also contains local circuitry including the spinal reflexes.
Furthermore, the sacral segments of the SC (S2-S4) contain the parasympathetic centre

that supplies the urinary bladder, genitalia, and the distal colon below the left colonic



flexure. Sacral segments also contain Onuf’s nucleus which is a collection of motor
nuclei and the origin of pudendal nerve. Thus, it is directly involved in processes of

urination control, erection and sexual function as well as defecation regulation (66).

Histologically, the spinal cord substance is arranged such that the white matter surrounds
the centrally located gray matter. The gray matter is made up of cell bodies of lower
motor neurons, interneurons, and glial cells. It also includes the dendrites and synapses of
efferent and afferent neurons. The white matter is comprised of ascending and
descending bundles of fibers containing myelinated axons that relay the impulses in both

directions between the brain and the peripheral end organs (1).

Axons of the motor neurons (efferent fibers) exit ventrally to form ventral rootlets, whilst
the sensory (afferent) fibers that project from the dorsal root ganglia enter the SC via the
dorsal roots. Anatomically, the ventral and dorsal roots of the same spinal segment unite
within the spinal foramen to form the peripheral spinal nerve. In humans, there are
typically 8-cervical (C), 12-thoracic (T), 5-lumbar (L), 5-sacral (S) nerves and 1
coccygeal (Co) nerve, which innervates the skin over the coccyx. The C and L nerves
supply mainly the upper and lower limbs respectively, whereas the T nerves innervate the
trunk, and the S nerves supply the viscera below the left colonic flexure and the

genitourinary system.

Comparatively, the mouse (and rat) spinal cords are made up of 34 segments: 8-cervical
(C1 to C8), 13-thoracic (T1 to T13), 6-lumbar (L1 to L6), 4-sacral (S1 to S4), and 3-
coccygeal (Col to Co3). There are two enlargements, the cervical and lumbar

(lumbosacral) enlargements (69) and they exert similar functions to humans (1).

Of note, the presence and location of various spinal cord tracts, and their functional

relevance varies between species. For instance, the corticospinal tract (CST- the motor
tract) in rodents (1, 70) differs in position compared to humans. In humans, the CST is
located mainly in the lateral funiculus, while in rodents it runs in the ventral portion of
the dorsal column (Figure 1.1). Further details about the rodents’ spinal cord tracts are

discussed by Watson, Paxinos and Kayalioglu et al. (71-73).
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Figure 1.1 Comparative anatomy of the rodent and human spinal cord cross-section.

The drawing depicts the approximate locations of ascending and descending tracts in
each species. The descending cortico-spinal tract in the rodent is located in the ventral
portion of the dorsal column vs the dorsal part of the lateral funiculus in human. M=
motor; S=sensory. Modified with permission from Silva et al., Progress in Neurobiology
114 (2014); 25-27. (Appendix A)

1.5 Differences between the human SCI in clinical situations and the
animal models in research

Several aspects of SCI have been extensively studied in animal models for more than 40
years (74). There has been marked progress in understanding the pathophysiology of SCI
and preclinical experiments, yet the translation of the basic science success into clinical
trials has been difficult and remains disappointing. There are several caveats that should
be addressed to assess the gap between the clinical SCI and research models. These may

include but are not limited to the following points:
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1.

To begin, clinically there are several classifications for SCI based on functional or
anatomical assessment (75, 76). The scale most commonly used currently by
medical community is the International Standards for Neurological Classification
of Spinal Cord Injury (ISNCSCI). Developed by the American Spinal Injury
Association (ASIA), it includes a standardized assessment of key myotomes and
dermatomes enabling the calculation of a motor score, sensory score, and hence
an ASIA Impairment Scale grade (77). Conversely, various scales and methods
have been described to assess SCI and recovery in animal models. For example,
locomotor function tests (open-field locomotor assessment such as Basso, Beattie
and Bresnahan or BBB scale, Staircase test, digital systems and ladder-wire grid
test); limb strength (forelimb grip and inclined plane tests); Sensory function (the
Hargreaves assay, tail-flick test and Von Frey filaments) (8).

In experimental animal models, the SCI is produced in a controlled fashion and
typically exploit a single insult such as contusion, compression or transection.
Furthermore, there are different methods to produce each one of these three types
of injuries (78). In contrast, pre-operative neuro-imaging and surgical exploration
in humans suggests that SCI results from a combination of these mechanisms.
The true severity of trauma impact: in animal models, the force delivered to the
spinal cord is structured to generate solely SCI while avoiding other organ
damage. Additionally, the delivered force is precisely controlled and graded as a
mild, moderate or severe injury (79, 80). In contrast, a significant number of
clinical cases of SCI result from either motor vehicle accidents or falls from a
height. The energy of the impact from these injuries extends beyond the SC to
other body organs. Therefore, in the clinical scenario, the overall impact of the
traumatic forces resulting in SCI are more extensive than those observed in
research models.

Inconsistency within SCI clinical research: because of heterogeneity in the
mechanisms of injuries, underlying pathophysiology and patient population, the
discrepancies extend from methods of diagnostic tools to several elements of
management such as performing urgent MRI, administration of

methylprednisolone, the type and time of surgical decompression and stabilization

11



(11). All these variables influence the outcomes and consistency of clinical
research.

. Rodents have been the most common species used in SCI animal models (92% in
total, rats constitute 72.4% and mice 16%) (81). Cellular and molecular responses
to SCI, although they share some similarities, are different amongst human, non-
human primates and rodents. (82-84). In humans, the site of SCI is filled with
fibrous tissue, whereas in mice the lesion centre displays fibroblast-like cells that
express CD11b, CD13, CD45, collagen, and fibronectin. Additionally, the
inflammatory response lasts longer in primates than rodents. Pro-inflammatory
cytokines expression in the common marmoset, for instance, returns to basal level
after 14 days of SCI, whereas in mice these cytokines return to basal level at 1
week after SCI (84).

. Finally, from the results of clinical trials, the SCI response to neuroprotective
agents varies according to the anatomical level of injury namely, cervical vs
thoracic. This observation is under active research (25). This is relevant as the
majority of clinical cases of SCI are at the cervical level (60%) (8), whereas, most
experimental SCI have been conducted at thoracic level (81%) followed by

cervical area (12%) (81).

These factors have contributed to the limited progress in translating basic science

successes into viable clinical therapies. Therefore, studying SCI pathophysiology at the

molecular level namely, gene expression and miRNA changes, which are conserved

among species might bridge this gap and represent a shared intersection point. The next

section will further explore these concerns, including the pathophysiology of animal

models of SCI and the role of gene expression and miRNA in SCI.

1.6 Animal models of spinal cord injury in research

Various distinct methodologies that have been used to generate SCI in several species of

animal. These modalities were developed to create an injury for a specific purpose or to

emulate a specific clinical scenario. Regarding model species, the rat is the most popular,
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mainly due to their access at a reasonable cost, a size that is easy to handle pre and
postoperatively, and the presence of several validated functional and behavioral tests to
assess injury outcomes (1, 78). Mouse SCI model is the second most common in practice
(78, 81). Mice have been used to study the extensive molecular cascades and reactions of
secondary SCI (sSCI) because of the commercially available genetically modified mice
(transgenics) with reasonable costs (1, 85). Practically, the primary difficulty with using
mice is their small size, which requires more skill to create a reproducible model of SCI
compared to rats and larger sized animals. Additionally, their limited blood volume
mandates that researchers be meticulous with their surgical technique so as to minimize
blood loss that may precipitate global hypoxia or ischemia. These augmented effects can
complicate the sequence of secondary reactions and influence gene expression and may
confound the results of the study. Non-primate species such as pigs and dogs have also
been used and their neuroanatomy, physiology, and size are closer to human than rodents
(85). However, high cost, limited supply and requirement for specialized personnel and
facilities have hindered their utilization in SCI research. Notwithstanding, they constitute
a valid translational option to refine potential therapeutic results from rodents studies
prior to proceeding to human clinical trials (1, 85). Regardless of animal species used, all

studies employ one of a variety of SCI models:

1.6.1 Contusion models:

The contusion SCI model is currently the most widely used to study SCI (904 out of 2209
articles included in the analysis, or 41%) (81). The concept of this method is to produce a
contusion by applying a transient force or tissue displacement with an attempt to preserve
the covering membranes of the SC after removing some of the laminae. In the literature,
several methods to deliver a contusion SCI have been described:

A. The freefall of a fixed weight onto the SC in a rat model; this modality was
described by researchers at New York University (86). It consists of a 10 g weight
that falls freely by the effect of gravity from different heights to produce distinct
impact severity and various levels of SCI in the thoracic level. Ideally, the spinal
column is fixed by clamps for accurate impact delivery. The main downside of

this method is the potential for a rebound impact from the weight producing a
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second trauma to SC. Although the developers of this method have minimized the
importance of repetitive trauma to the SC, they suggest that the model does not
adequately simulate the clinical scenarios.

. Electromechanical tissue displacement model: this modality was described by
Behrmann et al. in 1992 using a solenoid device to exert mechanical SC tissue
displacement at various levels, 0.8 mm, 0.95 mm and 1.1 mm (87). The
phenotype and histological features were reproducible and accurate at the T9 level
in a rat model. Although this tissue displacement model may mimic some of the
clinical features of SCI, the major downside of this model is that the tissue
displacement is temporary, whereas in the clinical setting tissue
displacement/compression persists until surgical decompression is achieved. The
lack of sustained tissue displacement may explain why such an experimental SCI
demonstrates recovery rates that differ from those seen clinically.

. Computerized impactor: Currently, an impactor is one of the most popular devices
used in experimental SCI laboratories (81, 88). The Infinite Horizon Impactor
(IHI, Precision Systems and Instrumentation, Lexington, KY, USA) is one of
broadly available machines. It consists of two main parts: an impactor device
which is contained within the surgical field and a separate, but connected,
computer system which drives the impact. It delivers a measurable force that can
be pre-determined through the software prior to producing the injury. This device
also records all mechanical parameters and events that occur during the process of
SC impact, such as the actual force delivered, magnitude of tissue displacement
and impactor velocity (Figure 1.2). It has been used in mice and rats to create
cervical and thoracic SCI (88-90). These technical features render this device
capable of producing a reproducible and accurate SCI (1). It is thought that using
the THI device to create a SCI produces one of the closest models to the clinical

scenario.
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Figure 1.2 Data recorded by the Infinite Horizon Spinal Cord Impactor.

The device is designed to deliver repeatable and graded injury. The computer allows for
setting the desired parameters like force, duration of impact, and records the actual
delivered force (k dyne) and tissue displacement (in micrometer). The device also
displays the relationship between time, tissue displacement and delivered force. Nadi,

2019.

D. Air gun impactor: this device produces SCI by applying a high-pressure air

stream directed to the SC via a 2 mm hole through the lamina. Different severity
of SCI can be created by changing the air stream pressure and the duration.

Further work is still required to validate this device (88, 91).

. Ohio State University (OSU) impactor : it is a computer-controlled device that has
been upgraded and modified since it is first developed in the late 1980s (92). It
requires laminectomy at the intended SC level. The impactor probe touches the

SC tissue to set up the start point and then deliver a predetermined displacement
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distance over a period of time. The instrument records the displacement distance

as well as the force delivered to the SC (88).

1.6.2 Compression model:

This model has been utilized in 19.4% of experiments (428 out of 2209 SCI model
studies) (81). In this model, a crush or a compression is applied to SC by using different
methods. The most common are:

a. Aneurysm clip application: a cerebrovascular aneurysm clip is utilized to
deliver a compression force on the SC to create local injury. Originally, the
clips were modified by altering the closing strength of the clip to deliver
compression force measured by grams, such 2, 5 and 10 grams, and the force
was left for a measurable period of time. By altering the time and strength of
the clip distinct levels of SCI severity were created (93). This was developed
in 1978 by Rivlin and Tator (74) and a significant number of papers have
been published since then by using this method.

b. Balloon compression model: the balloon is affixed to the tip of a catheter that
can be inserted in the spinal canal after performing laminectomy caudal to the
intended site of the lesion. Air or saline can be used to inflate the balloon to
create SC compression (88). The severity of compression can be altered by
varying the volume and/or the duration of inflation. Although it is an easy
and inexpensive method to create an injury, it has limitations. The amount of
applied compression and the velocity of force application on the SC cannot
be precisely evaluated. Therefore, it can be difficult to reproduce the same
severity of SCI each time making this technique less popular than clip
compression method. It was first used in 1953 and has been applied to
different animal models (88, 94-96).

c. Forceps compression: this model employs a pair of surgical forceps equipped
with a spacer, to calibrate the force of the compression (88). Following
laminectomy, the forceps are applied around the SC. The severity of an injury

can be determined by changing the applied force and the duration of
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compression. The advantage of this model is that it is simple and
inexpensive. However, the lack of acute compression application on the SC
and inability to record the force during compression makes this method
incomparable and less common than clip application. It was described in
1991 and used in several animal models (97, 98).

d. Strapping technique: in this method, the injury is created by using a suture
wrapped around the SC. For this purpose, a curved surgical needle with a
suture is inserted directly through the skin from the back without
laminectomy (99). While one end of the suture is attached to a fixed point,
the other end is passed around a pulley and connected to a mass. The freefall
of the mass creates compression around the SC, and it is usually left for one
minute to produce circumferential injury. Different grades of SCI severity
can be created by changing the mass weight (88). Although it is relatively
less invasive than the previously mentioned methods above, the certainty
around its reproducibility is undetermined rendering this technique less

popular than the clip compression methods.

1.6.3 Transection model:

The transection model is the second most common method (32.5%) reported in SCI
experiments (718 studies in an analysis of 2209 papers) (81). The injury can be delivered
by using a small blade. The transection can be a complete or partial transection (88).
Although this technique does not exactly simulate the clinical situation, it has unique
experimental benefits. It is easy to perform and inexpensive. This approach can be used
to study axonal regrowth and functions of certain SC circuits. A complete transection is
easy to reproduce and somatosensory evoked potential or retrograde labeling can be used
as an index for partial transection consistency (100). It is a popular technique and has

been validated on several species of animals (88).
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1.6.4 Distraction models:

In this model, the SC is exposed to a stretching process similar to what might happen
during a flexion mechanism causing human SCI. Several animal species have been used
in this model including cats, dogs and pigs (88). A number of devices have been
developed:

A. Harrington distractor: this model was described in 2004 in the rat thoracic
spine (101). It involves target level laminectomy and insertion of two
Harrington hooks under the rostral and the caudal laminae. The hooks are
attached to a motorized spacer that controls the speed, duration, and span of
the distraction via a computer software. The facet capsules and ligaments are
generally dissected free. Distraction by 3, 5, or 7 mm usually results in graded
levels of SCI. There are limitations to this method which include:

1. Variability within each grade

2. Slow distraction speed (1cm/s), while in human clinical scenario the speed
is thought to be 100 cm/s

3. Lack of validation

B. University of Texas distractor: This device produces distraction in two
directions - rostral and caudal to the target level (102). No laminectomy is
required, rather clamps are fixed to the vertebral body and a computer
controlled rostral-caudal distraction by 3, 5, or 7 mm produces mild,
moderated, and severe SCI, respectively. Limitations of this technique
include:

1. Inconsistency of behavioral assessment for the injury
2. Slow and does not mimic the human SCI speed
3. Requires validation

C. University of British Columbia (UBC) multi-mechanism device: This device
delivers SCI by contusion, distraction and dislocation at different stages (103).
It was developed to create cervical SCI in rats. It requires laminectomy of the
target level and bilateral facetectomy for the realignment after dislocation. It is

reported to be as fast as the human SCI may happen. Thus, the extension of
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injury is the farthest amongst other models. Graded injuries can be produced.

Limitations of this include:

1. Itrequires a longer surgical time than contusion injury alone, which may
introduce confounders

2. A greater degree of surgical skill is required

3. Locomotor tests are required to validate this method

1.6.5 Chemical models:

Chemical models of SCI entail injection of chemical reagents into the SC substance to
study specific reaction pathways of SCI (88). There are many reagents that have been
used for this purpose. In broad terms, chemicals causing demyelination, ischemia (104),
inflammation (105) and excitotoxicity(106) have been applied to understand these
specific elements of secondary SCI mechanisms and to evaluate the efficacy of therapies
directed towards SCI healing processes. It is apparent that these models do not simulate
clinical SCI, nor can the exact location and the extent of the injury be tightly controlled.
Notwithstanding, these approaches may continue to serve a role in the understanding of

discrete secondary injury mechanisms.

1.7 Spinal cord injury pathophysiology

Spinal cord injury refers to SC tissue destruction following exposure to an insult. In
trauma this involves the transfer of kinetic energy. Within a few minutes after the initial
insult, SC physiological and biochemical responses are initiated (48). Both the nature of
the initial injury and the pathophysiological responses secondary to the insult determine
the ultimate histological damage and the phenotypic neurological deficits. To understand
the complex histological, cellular and molecular processes that influence the neural,
vascular and immune components of SCI (48), these events can be divided into primary
injury and secondary injury. The latter is subdivided temporally into acute, subacute, and
chronic stages. Some of the reactions start in the acute stage and persist to the subacute

stage ( Table 1.1 and Figure 1.3) (107).

19



Stage

Descriptions (Rodents) (85, 107-109)

Acute

0 - 48 hr — vascular and endothelial cell injury, hemorrhage, edema,
ischemia, ionic imbalance, necrotic and apoptotic cell death, calcium
influx, excitotoxicity, oxidative stress reactions, lipid peroxidation,
inflammatory cell infiltration.

Subacute

48 hr - 6 wks — demyelination of surviving axons, axonal dieback,
apoptosis, inflammatory cell infiltration, Wallerian degeneration, matrix
remodeling, evolution of glial scar.

Chronic

> 4-6 wks — Mature glial scar formation, more axonal die-back, cystic
cavity formation.

hr = hour; wks = weeks. Different authors refer to different durations to determine these
temporal stages. There is no consensus on these periods. The above-mentioned durations
are most common.

Table 1.1 Stages of secondary spinal cord injury
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Figure 1.3 Summary of traumatic spinal cord injury phases.

a. The initial mechanical trauma to the spinal cord initiates the secondary injury cascade
that is characterized in the acute phase by vascular disruption, haemorrhage, ischemia,
inflammatory cell infiltration, the release of cytotoxic products and cell death. This
secondary injury leads to necrosis and/or apoptosis of neurons and oligodendrocytes.

b. In the subacute phase further ischemia occurs owing to vessel thrombosis and
vasospasm. Persistent inflammatory cell infiltration causes further cell death. Astrocytes
proliferate and deposit extracellular matrix molecules into the perilesional area.

¢. In the chronic phase an astro-glial scar matures to become a potent inhibitor of axonal
regeneration. Cystic cavities can coalesce to further restrict axonal regrowth. Nadi, 2020.

1.7.1 Primary injury

1.7.1.1 Phase description:

SCI occurs when the force of the impact exceeds SC tissue resistance and/or the
impact displaces the tissue beyond its resilience. Causes other than trauma, such
as tumors (48) can result in SCI with different mechanisms taking into
consideration the gradual progress that allows for SC adaptation. This
neurological adaptation, with the long-standing presence of an insult, eventually
fails to preserve the structural and functional integrity of the SC.
Pathophysiology of chronic SC insults is beyond the scope of this thesis and

discussed in detail in several reviews (110-112).

The primary injury starts from the moment of SC exposure to the insult, which
could be either an open/penetrating or closed/blunt injury, the latter the most
common. The type of initial force ultimately dictates the nature of the injury and
that might be either contusion (from impact and momentary compression),
compression, transection or laceration, distraction or any combination of these (1,
107). Contusion-compression mechanisms are the most frequently observed
clinical mechanism. Displaced fragment(s) of the spinal column can exert
persistent compression on the SC parenchyma (113). The initial forces delivered

to the SC also impacts the severity of the injury. Practically, there is no treatment
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for the primary injury (yet there are precautions to avoid its occurrence) and its

time span is short.

1.7.1.2 Dissemination of primary effects and transition to the secondary phase:

Traumatic SCI initiates immediate local and systemic responses that may
synergize each other to shape the reactions at the injury epicenter. At the
systemic level, the impact causes a sudden and temporary surge in systemic
blood pressure (BP). This is followed by a prolonged period of a drop in body BP
(48). The drop in BP subjects the SC to hypoxia. At the injury site, vascular
damage, in particular the small vessels in the gray matter zone, causes
hemorrhage, blood-SC-barrier disruption, vasospasm, thrombosis, SC edema, and
further local hypoxia and cellular death (48, 114). In addition to axonal
disruption, neurons, astrocytes, oligodendrocytes, and endothelial cells die due to
cellular membrane shear and hypoxia. This results in local ionic imbalance.
Moreover, the local surviving neurons fire action potentials complicating the ion
imbalance and causing neurotransmitters to accumulate. The toxic ionic
concentrations induce death in nearby cells; as well, the abnormal levels of
neurotransmitters cause prolonged neuronal stimulation, cellular edema, and
excitotoxicity. This cascade induces further neuronal and glial cell loss (48).
Moreover, the damage to small vessels and blood-SC barrier leads to
extravasation of RBCs and plasma-borne molecules into the injury site (115).
Given the gray matter has a richer capillary network than white matter, it
demonstrates more dramatic hemorrhagic events. Hemorrhage and swelling
cause further mechanical damage and may extend beyond the injury epicenter
(116). Hemorrhage, ischemia and cell death lead to the release of pro-
inflammatory cytokines and recruit peripheral immune cells and stimulate the
resident microglia (117). All these events, within minutes after the injury, initiate

a series of cellular reactions which is known as secondary injury (48).
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1.7.2 Secondary spinal cord injury (sSCI)

sSCl is the cascade of reactions that evolve within a few minutes following the primary
injury and continue for several weeks to months. Given the time span and because of the
significant insult that occurs during this phase, it is proposed that this stage of injury is
the period whereby a therapeutic intervention can have a significant impact on the
eventual course of disease and improve the ultimate clinical outcome of the SCI. Cells
and molecules from nervous, immunological, and circulatory systems participate in these
reactions at different stages of secondary reactions. sSCI can be further classified into

acute, sub-acute and chronic stages (Figure 1.3, Table 1.1).

1.7.2.1 Acute sSCI cellular and molecular events:

The notion of sequential reactions that occur after the initial injury was first suggested in
1911 by Dr. Allen during his research in the canine SCI model (1). His findings were
then supported by the work of many other researchers who came later. During secondary
injury, further cellular damage occurs and lesion size expands, worsening the clinical
outcome (48). Therefore, manipulation of these cellular and molecular reactions has the
ability to minimize the extent of the lesion, preserve the cellular population, improve
axonal regeneration, and eventually improve the neurological outcome. The major events

during acute stage of sSCI encompass:

1. Vascular events: the initial trauma disrupts the blood vessels, particularly the
small blood vessels in the gray matter, which leads to hemorrhage (1, 48). This is
followed by vasospasm and local thrombosis leading to loss of vascular
autoregulation and loss of the integrity of blood-SC-barrier that extends beyond
the injury site for several weeks. These events lead to ischemia, local tissue
necrosis, SC edema. The hypoperfusion status will be followed by reperfusion,
which enhances free radical production and induces further cytokine production,
increasing blood vessel permeability to SC parenchyma. These vascular events

stimulate endothelial cell production of selectins and cell adhesion molecules
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(CAM). Cumulatively these factors induce inflammatory and immune cells

infiltration to the site of injury (1, 48).

Inflammatory reactions: Inflammation is a homeostatic response to an insult
causing tissue damage by trauma, invading microorganisms or toxic chemical
agents. This response entails activation of immune body systems, both humoral
and cell-mediated pathways (118). The first cells that get activated after SCI are
resident microglia (microglia are the local source of central nervous system, CNS,
macrophages; circulating monocytes are the external origin migrating
macrophages) (27, 119). These cells are the initial source of pro-inflammatory
factors that include IL-6, IL-1B, TNF-a. This stage is followed by neutrophil
infiltration, which reaches its highest level between day 1 and day 3 post injury,
although their activity can persist for several weeks (27, 120). Neutrophils release
proteases, nitrogen and oxygen radicals which cause protein nitration and
peroxidation of lipids that can negatively impact neurological outcome (4). Hence
interfering with neutrophils reactions can inhibit their early detrimental
consequences. The circulating macrophages then invade the lesion site.
Popovich et al. 1997, reported that leukocyte infiltration to the site of injury
results in more cytokines and cytotoxic factor release which can be destructive
and also attract more leukocytes to the injured area (1, 121, 122). Several groups
have demonstrated in different experimental animal models that depletion of
peripheral macrophages reduces activated macrophages at the trauma epicenter,
preserves myelinated axons, reduces cavitation and improves functional outcome
(123, 124). In conclusion, resident microglia are activated first. Their cytokines
attract neutrophils and macrophages are attracted later. Moreover, the
inflammatory response has two different effects: a deleterious effect in the first
few days of injury that causes further tissue damage (125) and a beneficial effect
as it participates in the repair of SC tissue that occurs at later stages (27, 126).
Hence, the mitigation of inflammation in acute stages can be beneficial. Klusman
et al 1997, for instance, showed that modulation of the inflammatory process at

different time points can have effects on tissue damage or repair (127). This group
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used pro-inflammatory cytokines at day 1 and day 4 post-SCI. They observed

more tissue loss in day 1 compared to day 4.

Programmed cell death: Programmed cell death which is also known as
apoptosis is a tightly- controlled and active process of cell death. It differs from
necrosis in that the apoptotic cells are cleared by phagocytosis and there is no
inflammatory reaction (27). There are two main pathways, the intrinsic or
mitochondrial pathway and extrinsic or death receptor pathway that mainly
recruits caspases in downstream reactions. Apoptosis can affect neurons,
oligodendrocytes and other cells in the SC. Apoptosis, in addition to necrosis can
expand the lesion area after SCI (128). Far from the injury site, pontine and
corticospinal neurons may undergo apoptosis following SCI (129, 130).
Apoptosis in oligodendrocytes can happen within 24-hours after trauma at the
injury epicenter. It can also occur several weeks after SCI outside the epicenter of
the injury with a maximal loss of oligodendrocytes observed 6 weeks after injury.
This period of time is the longest duration after which the oligodendrocyte
population in a SCI model was examined (131). Hence, this type of cellular loss
suggests that apoptosis participates in demyelination of axons by affecting
oligodendrocytes (132). While microglia after SCI undergo apoptosis, astrocytes
usually do not go through this pathway (30). Finally, there is a relationship
between microglia activation and oligodendrocyte apoptosis (128). After SCI,
activated microglia are found accumulated rostral and caudal to the injury

epicenter, along white matter tracts concomitant with apoptotic oligodendrocytes.

Generation and release of free radicals: The initial local vascular changes and
systemic hypotension contribute to local hypoperfusion and ischemia. These
events are followed by the improvement of local perfusion and oxygen delivery
that leads to the generation of free radicals such as peroxynitrite, superoxide and
nitric oxide (48). In fact, the generation of free radicals starts during the ischemic
stage and increases during reperfusion periods (133). This leads to several other

downstream oxidative reactions that cause further cell death. For instance, these
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radicals can disrupt cellular membranes and other cellular organelles by reacting
with the membranous polyunsaturated fatty acids through the process of
peroxidation. Moreover, fatty acid peroxidation leads to the production of
malondialdehyde that disrupts neuronal Na-K ATPase enzymes and eventually

leads to further cellular ionic imbalance and neuronal cell loss (1, 134).

Cellular excitotoxicity: SCI leads to release of an excessive amount of
glutamate (the primary excitatory neurotransmitter in the CNS) to the
extracellular space within and around the injury epicenter (for the mechanisms of
glutamate accumulation see Box 1) (21, 85, 107). Glutamate levels rise rapidly
and can be detected within 30 minutes following injury, returning to normal levels
within 60 minutes (85). This surge leads to a prolonged activation (135) of
glutamate receptors on neurons, oligodendrocytes, and other glial cells (85, 136,
137). Glutamate stimulates metabotropic receptors for Ca** intracellular influx
and the 1onotropic AMPA, NMDA, and kainate receptors (138). Binding of
glutamate molecules to their receptors activates potassium and calcium gated
receptors. Glutamate also enhances nitrogen and oxygen radical production which
causes microcirculatory constriction and augments local ischemia (133).
Moreover, the prolonged Ca®" influx eventually leads to cell swelling and death
by necrosis or apoptosis (139). Neuronal cells and oligodendrocytes express
glutamate receptors on their cell membrane and as such both are vulnerable to
excitotoxity. This leads to loss of neuronal cell populations and demyelination,

resulting in conduction block and loss of sensorimotor function.

Box 1.

—

Mechanisms that increase glutamate level in SC parenchyma after the injury:

Direct local cellular damage

Indirect cellular damage by hypoxia and ischemia

Decrease in the efficiency of activated astrocytes to re-uptake the excess
glutamate locally. Phospholipase A2 and NO play key role in preventing re-
uptake by astrocytes.

High intra-astrocyte Ca”* levels induce these cells to release the glutamate into
the interstitial space.
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6. Cellular ionic imbalance: Failure of Na”K" ATPase function and alterations in
cellular membrane depolarization result in Na*, K™ and Ca*? ion imbalance and
accumulation of intracellular Ca*™. This damages mitochondria and facilitates

neuron and oligodendrocyte apoptotic and necrotic death.

The excess glutamate levels alter cellular membrane depolarization and ionic flux which
further complicates the secondary reactions. These changes result in an increase in Ca>"
and Na" intracellular levels and depletion of intracellular K™ concentration (140). Free
Ca?" levels during normal conditions in cytoplasm range between 50-100 nM versus 0.5-
1.0 nM within the endoplasmic reticulum (141). An abnormal increase in Ca>*
concentration in cytosol, mitochondria and endoplasmic reticulum results in serious
ramifications (142, 143). In fact, mitochondrial-Ca** dependent cell death plays a key
role in neuronal loss in gray matter as well as oligodendrocytes, astrocytes and myelin
sheath in the injured white matter (85). In gray matter, the excess glutamate leads to the
prolonged activity of neuronal NMDA receptors which in turn leads to cellular Ca**
overload (144). High levels of Ca** in turn enter the mitochondria via the calcium
uniporter and induce mitochondrial failure which results in oxidative damage. Calcium
overload also induces phospholipases, protein kinases and calpains which are calcium-
dependent proteolytic enzymes that degrade proteins such as microtubule-associated
protein 2 (MAP2) and neurofilament (140). Likewise, glutamate and Ca®* overload
activate caspase-3 and stimulate intrinsic (145) apoptosis which starts within a few hours
after injury and resolves within the first week in rats. Furthermore, mitochondrial
respiration failure along with local anoxia leads to ATP depletion. ATP depletion inhibits
the activity of Na'/K" ATPase which increases intracellular Na* levels (146). High
intracellular Na" interferes with other cellular reactions. It reverses the action of Na*/Ca**
exchanger and leads to an increase in Ca®" influx (147). It also reverses the activity of the
Na'-dependent glutamate transport mechanism (146, 148). This mechanism requires a
preserved Na" gradient to transport glutamate into the intracellular compartment. Cell
membrane depolarization stimulates voltage-gated Na* channels, which are highly

condensed at the nodes of Ranvier. The resultant Na" influx and passive intracellular
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movement of CI" and water culminates in cellular edema (149). Therefore, axons are
more vulnerable to ionic imbalance damage compared to the neuronal body. Excess
intracellular Na* stimulates the Na"/H" exchange pump leading to increased intracellular
proton levels and axonal acidosis which by itself enhances membrane permeability

allowing for further Ca*" influx (140, 146, 150).

1.7.2.2 Subacute stage:

The subacute stage occurs between day 2 and 4 weeks post-SCI in rodents (8, 140).
Some suggest that it may extend to 6 weeks (Table 1.1) (151). As the acute stage is
characterized by vascular and inflammatory events, the prominence of cellular death,
demyelination, the continuation of these already initiated inflammatory process and
initiation of fibroglial (glial) scar formation are the main features of this stage (140, 152).
The glial scar is composed of two main regions, the periphery, and the core. At the
periphery of the injury epicenter, to protect the healthy tissue of SC from the secondary
reactions, astrocytes alter their gene expression, morphology and become hypertrophic
(153). The core is composed of phagocytic macrophages, pericytes, vascular and/or
meningeal fibroblasts, oligodendrocyte precursor (NG2+ glia/cells), ependymal cells as
well as extracellular matrix (ECM) that is formed by fibroblasts within and around the
injury epicenter (140, 154). Pericytes migrate from blood vessels’ periphery and occupy
the core of the lesion. They are surrounded by astrocytes and their number is double the
number of astrocytes (in the normal situation the ratio is 1:10 pericytes: astrocytes) (155).
These pericytes are the source of the connective tissue and ECM molecules that form the
scar. They begin to express fibronectin which is a fibroblast marker (155). Meningeal
fibroblasts also participate in laying down inhibitory molecules, fibrosis and spinal cord
tethering (156, 157). Moreover, in addition to apoptosis, necroptosis, which is
programmed necrotic cell death, plays an active role in neuronal cell loss during this
phase (158). Necroptosis can occur even in the presence of apoptosis inhibitors and can
be inhibited by a specific blocker necrostatin-1 (159). The latter showed a

neuroprotective effect via preserving mitochondrial function (160).
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1.7.2.3 Chronic stage:

The chronic stage starts several weeks (Table 1.1) to years after the injury and determines
the ultimate structural SC damage and severity of neurological deficits. The structural
and functional damage seen can affect regions beyond the point of initial injury and even
in areas within the brain (1, 161). The main structural characteristics of this phase are
mature glial scar formation, demyelination of the white matter as well as a significant
reduction in gray matter substance. In addition to the cellular components (astrocytes and
microglia), the glial scar contains inhibitory molecules such as chondroitin sulfate
proteoglycans (162, 163). The glial scar has been traditionally considered the major
barrier for axonal regrowth. Yet, there are reports suggesting it enhances axonal
regeneration, minimizes further cell infiltration, closes blood-SC barriers, and reduces
potential infections (164, 165). Thus, it may have a positive influence in restoring the
chemical and physical integrity of the injured SC segment (166). This scar typically
surrounds a cystic cavity that can expand up and down from the site of the injury within
SC parenchyma. This expansion, termed post-traumatic syringomyelia, can lead to
progressive functional loss above the level of injury and/or other unpleasant sequelae
such as autonomic dysreflexia and worsening spasticity. One of the main functional
disorders during late stages of injury is a chronic neuropathic pain syndrome, which is a
debilitating condition that disturbs patients’ lives (167, 168). The exact mechanism of this
syndrome is not completely understood and few explanations from animal models of SCI
have been documented. Loss of inhibitory inputs from the thalamus has been suggested
by Masri et al 2012 (168) and dorsal horn sensory neurons hyperexcitability due to lack
of inhibition has been observed (169, 170). Unfortunately, this unrelenting chronic pain is

frequently resistant to treatment.

1.8 Gene expression following SCI

The cellular phenotypical and functional changes after SCI are guided by activation and
inhibition of many transcriptional pathways (171). Alterations in gene expression after

SCI have been shown in several studies that entailed various species and strains (48).
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Several clusters of genes that are responsible for specific molecular reactions have been
reported. Upregulation of transcription factor NF-xB (nuclear factor kappa-light-chain-
enhancer of activated B cells), for instance, occurs early after SCI. It promotes pro-
inflammatory gene expression and persists for 24 hours after injury (49). Upregulation of
inflammatory genes, such as IL-1f, TNF-a, and IL-6, persist for a week before returning
to normal levels approximately two weeks following injury. Likewise, alterations in
genes coding for pro-apoptotic and anti-apoptotic mechanisms, proteins of calcium
channels and sodium and potassium pumps in neurons and astrocytes have also been
reported (48). The alteration in expression of several genes is likely regulated by micro-

RNAs (miRNA) at the post-transcriptional level.

1.9 MicroRNAs (miRNAs)

miRNAs are small endogenous non-coding RNAs that downregulate gene expression.
They are composed of 18-24 nucleotides (approximately 22) (172, 173). They function
by inhibiting targeted mRNAs translation through binding to the 3’-untranslated region
(BUTR) of their specific mRNAs.

1.9.1 Ribonucleic Acid (RNA) Classification

RNA is an essential polymeric molecule essential for many cellular processes including
coding, non-coding and regulating gene expression. There are several types of RNA that
are different in their nucleotide length and function. Regarding function, RNA can be
classified into coding and non-coding RNA. According to their size (174), more than one
definition of large or long RNA versus small types is found in the literature. The cut-off
point adopted is arbitrary and solely for the sake of differentiation. Several authors refer
to RNAs that are larger than 200 nucleotides (nts) as large RNAs, while those composed
of less than 200 nucleotides are small RNAs (175-178). Notwithstanding, others have
defined small RNAs as those between 20-30 nts in length (172). Small RNAs are often
associated with protein families such as Argonaute (AGO) or P-element Induced Wimpy
testis (PIWI) in Drosophila and are highly conserved. Some of these small RNAs have

specific silencing functions and mainly include: microRNA (miRNA), small interfering
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RNA (siRNA) and PIWI- interacting RNA (piRNA) (172). Table 1.2 summarizes
different types of RNAs. In somatic cells, miRNAs dominate the rest of the small RNAs.

RNA type Acronym Size Function

Messenger RNA | mRNA Variable (179) Coding protein sequence

Ribosomal RNA | rRNA Variable (179) Together with specific proteins
constitute ribosomes: the principal
machinery system for protein
synthesis

Transfer RNA tRNA <100 nts (180) Amino acid transportation to

ribosomes
MicroRNA miRNA | 18-24 nts (172) Regulating gene expression
Small interfering | siRNA ~21 nts (172) Regulating gene expression and
RNA transposons

PIWlI-interacting | piRNA | 24-30 nts (172) Not well-understood, yet share in
RNA silencing of transposons

Table 1.2 The size and function of different types of RNAs

miRNAs are highly conserved across species (173). The first miRNAs were described in
1993 in Caenorhabditis elegans development, namely /in-4 and let-7 (181). There are
several families of miRNAs. Mature miRNAs with similar sequences between
nucleotides 2 - 8 are considered in the same family (172). They regulate gene expression
by base pairing with targeted mRNAs that leads to mRNA decay or translation
repression. The region between nts 2 and 7 at the 5 end of miRNA is called the miRNA
seed because it recognizes the bases located in the 3’ untranslated region of mRNA
(182). miRNAs need AGO proteins that facilitate mRNAs deadenylation and decay
(183). Therefore, miRNAs are essential in all cellular and biological activities
encompassing cell growth, differentiation, metabolism, and preserving cellular identity
(184). Hence, they are also involved in all pathological processes. Due to their influential
role at the cellular and subcellular levels, they are under strict control spatially and

temporally. Over the last few years, it has been demonstrated that their dysregulation can
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result in serious diseases in humans (172). miRNAs are regulated at several stages of
their synthesis starting from their transcription and ending with their decay (185, 186).
The cellular conditions dictate how the cell should facilitate production and turnover of

these miRNAs by activating transcription factors, RNAs and protein modifying enzymes.

1.9.2 Biogenesis of miRNA

There are canonical (which is the dominant) and non-canonical pathways of miRNA
synthesis. The first step of miRNAs synthesis is the initiation of miRNA gene
transcription. The miRNA genes are widely distributed in humans, numbering in excess
0f 2500 (172). Furthermore, in mammals there are 196 families of miRNAs conserved
(172, 187). In humans, miRNA sequences are mainly encoded by coding or non-coding
introns, yet some of them are encoded by exons (172). Although co-transcription of
several miRNAs from one cluster is the usual pattern, some of the transcribed miRNAs
are individually suppressed post-transcriptionally. The transcription process is regulated
by transcription factors (TFs) as well as by epigenetic regulators. TFs such as MYC,
ZEB1&2, and p53 interfere with the regulation process as well as histone modification
and methylation of the DNA. It’s worth mentioning that miRNA promoters can be found
in more than one location. The promoter of the host gene can be the same for miRNAs
when the miRNA gene is located in an intron of the protein-coding gene. Yet, the
miRNA promoter can be different when the miRNA gene is located at a different site
(188). To proceed, the process requires RNA polymerase II (Pol IT) which is regulated by
RNA Pol-II TFs and epigenetic factors (189). In certain situations, RNA Pol III
transcribes miRNAs (172). The miRNA sequence is included in the primary transcript,
or pri-miRNA, which is usually more than 1000 bases long. Therefore, several stages of

processing are required to get mature miRNAs. The first stage begins in the nucleus.

1.9.2.1 Nuclear stage:

Pri-miRNA consists of a stem (which is a dSRNA(double-stranded)), terminal loop and

both 5’ end and 3’ end of the stem is attached to a single-stranded RNA segment (Figure

33



1.4). RNase III (Drosha) and it’s cofactor DGCRS cleave the stem at ~ 22 nts from the
loop (apical junction) which is ~ 11 nts away from the basal junction to release stem-loop
of a hairpin shape with ~ 65 nts, thus referred to as pre-miRNA (172, 190). Although this
step is performed precisely, as it dictates the ultimate specificity of miRNA, the
mechanism of how Drosha and its cofactor recognize the site of cleavage on the pri-

miRNA is not known.

The pre-miRNAs are then transported to the cytosol and further processed by Dicer.
Exportin 5 (EXPS5) binds to pre-miRNA and nuclear protein RAN.GTP to form a
transport complex that passes through the nuclear pore complex (191). EXPS5 exports pre-
miRNA and protects it inside the nucleus (172).
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Figure 1.4 Biogenesis and fade of miRNA-nuclear and cytoplasmic events.

1. Transcription from DNA 2. Cropping. 3. Export from nucleus to cytosol 4. Dicing 5.
AGO protein loading and unwinding and RISC formation. The guide miRNA strand is
uploaded to the AGO protein. The passenger miRNA strand is not shown in the drawing.
6. RISC base pairing with 3’ UTR of target mRNA 7. Decay of the RISC and the target

mRNA. Nadi, 2021.

1.9.2.2 Cytosolic Stage:

In the cytosol, the complex breaks up and pre-miRNA is released via GTP hydrolysis.
Dicer then crops pre-miRNA near the terminal loop to release small dSRNA (Figure 1.4)
(192). Dicer binds to the pre-miRNA at 5’ end and cleaves it ~ 22 nts from 5’ end. As the
57 and 3’ ends of pre-miRNA bind Dicer at PAZ domain simultaneously, a similar
process starts from the 3 terminus (193, 194). Afterward, the generated duplex of RNA
is loaded onto AGO to form pre-RNA-induced silencing complex (pre-RISC), which is
an ATP-dependent process (172, 195). Immediately after pre-RISC assembly, the
miRNA duplex unwinds and the passenger strand is released by ATP-independent
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mechanisms (172, 196, 197). This process results in the formation of a mature RISC and
the passenger strand decays quickly. The A-shape conformation of the guide miRNA
seed area enhances its efficiency in detecting the sequence of the target mRNA.
Additionally, there is an area within the AGO protein’s structure called PIWI domain
which is able to recognize and actively cleave the target mRNA (198, 199). While in
Drosophila and C. elegans the structure of the small RNAs dictates their loading to the
type of AGO protein (200, 201), in humans different groups of miRNAs can bind to
different AGO1-4 proteins (202). Dicer is not required for asymmetric RISC formation in
humans (203). Moreover, in humans, the main mechanism of passenger miRNA strand
unwinding is the release without cleavage due to central mismatches of both stands (at nts
2-8 and 12-15 on the guide strand), furthermore AGO1, AGO3 and AGO4 have no
cleavage features (172, 195). The second mechanism requires the cut of the passenger
strand by AGO?2, provided both the guide and passenger strands match (172, 204). An
endonuclease enzyme, C3PO, assists in the removal of the cleaved passenger strand

(205).

1.9.3 MicroRNA biogenesis regulation:

During the process of miRNA production, there are several molecular events that
influence the structure, and hence the stability of miRNAs, and modulate their

concentrations:

A. Single nucleotide polymorphisms (SNPs): this event occurs within the genes of
miRNAs. It may result in changes in their target specificity or may affect their
production (206).

B. miRNA tailing: refers to an addition of a nucleotide to the 3° end of the miRNA
by either uridylation or adenylation. Nucleotides can be added to pre-miRNA and
to mature miRNA. This can either stabilize and enhance their production or
destabilize them (184). An example of tailing is the uridylation of pre-let7
through the effect of LIN28 proteins, which attach to the terminal loop of pri- and
pre-let7 (207). This binding enhances decay of let-7 miRNA by blocking Dicer

activity (208). On the other hand, mono-uridylation facilitates let-7 production in
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LIN28 deficient cells (209). Similar to uridylation, adenylation can either stabilize
or facilitate miRNAs decay (172).

C. miRNA editing: editing is a process of changing a nucleotide sequence within an
RNA structure after its generation. The changes can be either conversion,
substitution, insertion, or deletion. This manifests in the stem region of a certain
subset of pri-miRNA. For instance, adenosine is converted to inosine and
facilitated by adenosine deaminases (ADARs) (172, 210).

D. miRNA methylation: methylation of pre-miRNA 145 by BCDIN3D at 5’
monophosphate interferes with Dicer activity. Of note, miRNA-145 has anti-
tumorigenesis activity while BCDIN3D plays a role in breast cancer formation
(172, 211).

E. miRNA stability alteration via miscellaneous mechanisms/turnover mechanisms:
miRNA can be degraded either early during the production process or once they
are mature miRNAs after conducting their specific function (172). Several aspects
of miRNA turnover and selection principles are not well understood.
Conceptually, miRNAs are stable when they bind to RISC because AGO proteins
protect both ends of miRNAs (212, 213). Some examples of stability modifying
mechanisms are:

1. Endoribonucleases can cleave pre-miRNAs which stop the production
of miRNAs (214, 215).

2. Active decay of miRNA by the action of exoribonucleases (216).

3. Destabilization and decay by the effect of target mRNA. Yet this may
contradict the concept of miRNA stability within RISC (217) and hence,
further studies are necessary to uncover the selectivity of miRNA fate.

4. Viral RNAs can degrade miRNAs of the infected host via a base pairing
process (218).

Of note, in miRNA nomenclature, 5p and 3p means the position of the strand in the pre-

miRNA hairpin (219).
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1.9.4 Non-canonical miRNA producing pathways

Cells can use alternative mechanisms to generate miRNAs which are different from the
canonical pathway. These alternatives produce only ~ 1% of miRNA levels, thus the
canonical pathway remains the essential machinery. The alternative pathways were

initially described in 2007 (220, 221). There are basically three different pathways:

A. Drosha-independent: miRNA can be produced via a mRNA splicing process
when the intron is removed from mRNA. The removed base sequence enfolds to
form loop-stem pre-miRNA and this is known as mirtron (221). Similarly, a
category of RNAs is known as short hairpin RNAs such as mir-320 (222). In this
category, the miRNA is transcribed by either pol-II or pol-III and then the pre-
miRNA is capped by 7-methylguanosine at 5’ end and then will be exported to
cytosol by exportinl to get processed by Dicer. Furthermore, small nucleolar
RNAs and tRNAs can be sources for miRNAs that bypass Drosha, yet require
Dicer to reach maturity (223).

B. Dicer-independent: An erythropoietic miRNA-451 is an example of this pathway.
The pri-miR-451 is processed by Drosha and then transported to the cytosol by
exportin5 (172, 224). The pre-miR-451 stem is short ~ 18 bp and cannot be
recognized by Dicer. Instead, it is cleaved by AGO2 which produces AGO-
cleaved-pre-miR-451. The latter is further processed by poly (A)-specific
ribonuclease to generate mature miR-451 (225).

C. Terminal uridylyl transferase (TUT)-dependent: Drosha and Dicer are required in
this pathway. Group II pre-miRNAs that encompass let-7 members are examples

of this pathway (209).
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1.10 Alteration of miRNA following tSCI

1.10.1 The role of miRNA in the normal SC and nervous system pathologies

To understand the role of miRNA in the pathophysiology of spinal cord injury, it is
crucial to understand the function of miRNAs in the normal spinal cord. miRNAs are
highly expressed in the spinal cord of mice, rats and other mammals (6, 48, 226). The
expression is conserved across species (227). As one of their several functions, miRNAs
determine a specific cell’s identity, hence, some miRNAs (commonly denoted miR-###)
are expressed exclusively in certain cell types. For instance, miR-219 is specific to
oligodendrocytes, miR-23 is expressed in astrocytes, while miR-128 and miR-124 are
expressed by neuronal cells (228, 229). In addition to cell identity determination,
miRNAs play a significant role in cell type differentiation and SC development. For
example, miR-381 and miR-219 are involved in neuron and oligodendrocyte
differentiation, respectively (230). In fact, it is estimated that more than 30% to 60 % of
human genes are controlled by miRNAs (48, 231). Outside the normal SC condition and
tSCI, miRNA upregulation or downregulation have been observed in several pathological
conditions of CNS such as Huntington, Alzheimer and Parkinson’s diseases (232).
Furthermore, dysregulation of miRNA has been noticed in psychiatric disorders such as
Schizophrenia as well as developmental disorders such as Fragile X syndromes (233,

234)

1.10.2 The role of miRNAs in tSCI

Evidence from different laboratories reveal the role of miRNAs in cellular reactions of
several CNS pathological disorders. They participate in apoptosis and inflammatory
processes. The role of miRNAs in similar cellular responses and other reactions after SCI
have also been observed (235). As post-transcriptional gene expression regulators,
miRNAs are the upstream molecules that could be altered after acute SCI. The first paper
published in this field was in 2009 by Liu et al. (6). They used a contusion SCI model in
rats to examine the changes in SC miRNAs at three different time points: 4 hours, 24

hours, and 7 days. They reported changes in 60 miRNAs with three different patterns of
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alteration: 30 miRNAs were upregulated, 16 were downregulated and 14 were initially
upregulated at 4 hours after SCI and then downregulated. Several other papers were
published later and examined miRNA changes at different and longer timepoints such as
12 hours, 3 days, 14 days, and after 30 days (236). The pattern and the number of
miRNAs were different among these studies. These differences may be due to the
variation in the experimental paradigms utilized within these studies, such as different
species, methods of producing SCI, SC specimen collection timings, RNA extraction and
miRNA sequencing techniques. Yet, the general theme was that many of these miRNAs
were upregulated and downregulated along the course of secondary reactions after the

injury (227, 235, 237).

Several miRNAs participate in inflammatory and oxidative reactions by targeting the
mRNA of mediators involved in these processes (238, 239). Initially, there is an increase
in intracellular adhesion molecules (ICAM), this facilitates the extravasation process and
immune cell infiltration into the injury site (48). Subsequently, this results in alterations
in several miRNA levels. For instance, miR-30a-5p is downregulated after SCI and
Neurod1 (a protein expressed in nervous system and crucial for maturation and survival
of adult-born neurons) is its target. Its overexpression enhances oxygen radical
scavenging and overexpression of glutathione peroxidasel (GPX1), selenoprotein Type
N1 and thioredoxin-like 1 (TXNL1) (240). Moreover, this miRNA suppresses iNOS
expression (induced nitric oxide synthase) in microglia. It also reduces inflammation by
decreasing the levels of IL-1p, and TNF-a. Therefore, miR-30a-5p regulates oxidative
and inflammatory reactions MAPK/ERK signaling pathway. Observations also showed
that C1gb (a complement protein which participates in antigen-antibody reactions to
activate the immune response) knockout mice had a better outcome. Although the Clgb
protein promotes cellular debris removal, it contributes to demyelination and further cell
death (48). miR-103 downregulation after SCI could have harmful effects as it releases

Clqgb protein expression.

Additionally, miRNAs participate in apoptosis, which is one of the hallmarks of sSCI
(235). There has been discrepancy in the alteration patterns of miRNA reports related to

the temporal and spatial expression of both anti-apoptotic and pro-apoptotic signals after

40



SCI (48). However, it has been generally observed that several miRNAs regulate
apoptosis by inhibiting pro-apoptotic and anti-apoptotic gene expression. miR-9 is
downregulated following SCI and has been associated with an overexpression of
MCPIPI protein resulting in an induction of neuronal apoptosis (241). In contrast, miR-
223 is upregulated for two weeks after SCI and its suppression reduces apoptosis (242).
Shen et al demonstrated that miR-137 is upregulated after SCI and inhibits neuronal
apoptosis by targeting Calpain 2 (235). A further illustration of the varied effects of
miRNAs on the intricate apoptotic pathway is through modulation of Bcl-2. While miR-
15b upregulation decreases Bcl-2 expression and induces apoptosis (48), simultaneous
downregulation of miR-138 and miR-148b enhances Bcl-2 expression in the first three
days after SCI. Yet, by the end of the first week after SCI the Bcl-2 expression decreases

progressively.

Considering demyelination, miR-219 minimizes demyelination by regulating
monocarboxylate transporter] expression, which is critical for the maturation of
oligodendrocytes (243) and it targets ELOVL7 which induces lipid component in myelin-
rich areas and disrupts the stability of the myelin sheath (244). According to Liu et al
2009 and Yunta et al 2012, miR-219 is downregulated after SCI (6, 227).

Furthermore, miRNA can regulate astrogliosis and scar formation after SCI. miR-145
upregulation targets GFAP and c-myc gene and regulates/decreases astrocyte density and
size (235). Additionally, there is evidence of miRNA involvement in neuropathic pain
(245). Following SCI, miR-23b is downregulated in GABAergic neurons resulting in an
increase of its target expression, NADPH oxidase 4 (NOX4), which is involved in the
generation of pain perception. Examination of blood samples from SCI patients with
neuropathic pain, Wang et al. 2018 were able to identify the following miRNAs as
biomarkers: miR-204-5p, miR-519d-3p, miR-20b-5p, miR-6838-5p. Yet, the role of these
miRNAs has not been verified clinically and their molecular targets have yet to be
determined (246).

Lastly, miRNA has a role in axonal regeneration. For instance, miR-133b inhibition

hinders axonal regeneration by modulating RhoA expression. In mammals, this miRNA
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has been shown to be downregulated during the first 7 days after SCI and this may reflect
the limited regenerative capacity of the SC (6, 227).

1.11 The practical role of miRNA in clinical situations:

1.11.1 miRNA as diagnostic biomarkers for SCI:

Several studies have demonstrated that miRNAs are stable in body CSF and serum, share
phylogenetic characteristics and tissue-specificity (235, 247, 248). These molecules have
been used as biomarkers in traumatic brain injury and other central pathologies such as
Alzheimer’s disease (249, 250). There have been two animal studies showing the
relationship of SCI severity with miRNAs (247, 248). Most recently, a study of 44 human
SCI patients, the largest study to date, revealed a severity-dependent pattern of miRNAs

in relation to SCI. However, further studies are warranted to validate these findings (247).

1.11.2 Potential therapeutic application:

Given the alterations of miRNA expression after SCI, theoretically, increasing the
expression of useful miRNAs and suppressing the levels of deleterious miRNAs may
modify the pathophysiological changes following SCI and improve neurological
outcomes. At the clinical level, the future outlook is that miRNAs could be used for
therapeutic purposes (48, 251). Yet, due to limited knowledge of their exact role(s) in
pathological pathway(s), the ideal method(s) of delivering or altering these molecules,
and the effect on other organ systems in vivo, much is needed to be elucidated before

practical clinical applications could be explored.

SCI pathophysiology entails many cellular and molecular pathways that interconnect
neural tissue, vascular and immune systems. The cascades of reactions are intertwined in
a self-propagating pattern. Once a biochemical reaction is induced through trauma, it
provokes and initiates several other pathways. Several animal models and species have
been used to understand these mechanisms toward finding therapeutic solutions to

mitigate the destructive effects of the secondary injury and to promote neural and axonal
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regeneration and re-integration. I have discussed several limitations in these experiments
at multiple levels. Re-visiting this subject from its genetic basis may facilitate a better
understanding and potentially uncover a meaningful therapeutic intervention. miRNAs
regulate gene expression. Dysregulation of miRNA may alter the course of events
following SCI. Therefore, as regulators of mRNA translation, miRNAs could be viewed
as (promising) therapeutic molecules to mitigate secondary injury at multiple stages

following SCI, with the intent to ultimately improve neurological outcome.

1.12 Aims of the study

Currently, there is no effective pharmacological agent to mitigate the effects of sSCI.
Moreover, multiple pharmaceutical agents that were experimentally promising in animal
models have failed to demonstrate similar success in clinical settings. Therefore, the
overall goal of this research is to better understand the molecular mechanisms of sSCI.
More specifically, to determine whether further study of the alterations in miRNA
expression following SCI is warranted as we pursue alternative approaches to understand

the underlying mechanisms of sSCI and uncover potential future therapies.

The main hypothesis of this thesis is that modulation of miRNA expression by a

neuroprotectant after SCI may attenuate the effects of sSCI.
The specific aims of this study are:
1. To examine how SCI affects miRNA expression in an animal model (Chapter 2).

2. To examine whether a neuroprotectant administered after SCI influences miRNA

expression (Chapter 2).

3. To examine whether the target proteins of the effectively modulated miRNA have a

role in neuronal survival (Chapters 3 and 4).
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CHAPTER 2 : MICRO RNA EXPRESSION FOLLOWING
SCI AND AFTER MINOCYCLINE ADMINISTRATION

2.1 Introduction

The primary cellular and vascular disruption following SCI triggers an array of complex
biochemical reactions within the neuronal, immune, and vascular systems. These
secondary reactions are responsible for progressive tissue damage leading to an increase
in the lesion size, and ultimately have a significant impact on the final neurological
outcome. Apoptosis, inflammatory and oxidative reactions are major events that further
expand the lesion size. Such secondary reactions are controlled by sets of genes that are
activated or inhibited following SCI (48). Furthermore, studies suggest that miRNAs are
one of the major molecules that interfere with gene expression under normal (252) as
well as disease conditions (227, 253). They are the upstream controllers of genes and
regulate the apoptotic and inflammatory responses of sSCI (6, 237). Our molecular
understanding of the multiple levels of events of sSCI remains limited. Molecular
therapeutic approaches for sSCI to mitigate further damage requires further research as it
is yet to be clearly addressed in the literature. Identifying pathways that can be
therapeutically targeted to minimize neuronal loss might represent novel and promising

approaches to enhance functional recovery.

Previously, several scientists examined the changes in miRNAs following SCI in rodents
(6, 227). Microarray was the primary technique employed to study the expression of
miRNA in these studies. Newly developed RNA deep sequencing technology, or what is
commonly referred to as second generation sequencing, could represent an efficient
method to explore a wider range of changes in miRNA expression (254). In this study,
deep sequencing was used to explore changes in miRNA expression in a murine model of
SCI. Furthermore, treatment with a known neuroprotective agent sought to examine

whether modulation of miRNA expression after SCI is achievable. This approach may
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facilitate identification of pertinent miRNAs critical to post-injury neuroprotection.
Additionally, it might uncover therapeutic pathways to preserve neuronal tissues and

improve functional outcome.

2.2 Materials and Methods

To achieve the above mentioned goals, the Infinite Horizon impactor was used to produce
contusion SCI (see section 1.6.1.C) (81, 88). This device delivers a graded and
reproducible SCI in rodents. To modulate miRNA expression following the SCI,
minocycline was utilized as a neuroprotective agent. It is a known anti-microbial and
anti-inflammatory drug in clinical use. In addition, it has several benefits such as anti-
apoptotic and antioxidant properties (21, 27, 33, 37, 44). It has demonstrated efficacy in
pre-clinical experiments and has been in SCI clinical trials for the last 5-10 years (62,

63).

2.2.1 Animals and ethical approval

In this study, C57BL/6 YFP transgenic mice were obtained from Jackson Laboratories
(Charles River, PQ) and then bred in house to maintain a colony. Female mice between
10 to 20 weeks of age were used in the experiments. Mice weights range between 20 and
25 gm. Animal care, procedures and post-operative care were performed in accordance
with the policies of Dalhousie University & the Canadian Council on Animal Care
guidelines. Animal ethics approval was granted by the Dalhousie University Committee

on Laboratory Animals_(protocols #17-136, #20-060).

2.2.2 Experimental Design

The study was designed to examine the changes of miRNA following SCI during the
acute and subacute stages of sSCI (Figure 2.1). Regarding the acute stage, the animals

were sacrificed 1 day (1d) following the injury. For the subacute stage, the mice were
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sacrificed 7 days after SCI. In the 1d group, the mice were divided into three

experimental conditions:

1. The no SCI, or sham (S) group, where T10 laminectomy was performed but no SCI

was delivered.

2. The SCI + saline (SCI+SLN) or control (C) group. This group underwent T10
laminectomy followed by impact SCI. Mice in conditions 1 and 2 were given 0.5 ml [P

buffered saline (vehicle).

3. The SCI + minocycline (SCI+mino) or treatment (R) group, where T10 laminectomy
was performed, SCI was delivered and IP minocycline (90 mg/Kg in 0.5 ml buffered

saline) was administered as a single dose for the 1d group.

In the 1d group, the mice were euthanized 1d after SCI and SCs were harvested for RNA

extraction.
In 7d group there were two experimental conditions:

1. The SCI+SLN or (D7C = day 7 control): after T10 laminectomy and SCI, 0.5 ml IP

buffered saline was given daily for seven days.

2. The SCI+mino (D7R = day 7 treatment): following the laminectomy and SCI,
minocycline (90 mg/kg in 0.5 ml buffered saline) was administered as single IP dose

daily for 7 days.

In the 7d group, the mice were euthanized 7 days after SCI and SCs were harvested for

RNA extraction.
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Figure 2.1 Experimental Design including Next Generation Sequencing, protein
expression testing (western blot) and histology experiments. Nadi, 2020.

2.2.3 Surgical procedures and setup

The surgery performed T10 laminectomy to expose the lower thoracic SC (65). General
inhalational anesthesia was used for all surgeries. Inhalational isoflurane (Isoflurane

USP- Fresenius Kabi Canada) was delivered at a rate of 4% for anesthesia induction and
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at a rate of 1.5% as a maintenance dose during the surgery with medical oxygen as carrier

gas at a flow of 1.0 L/min.

At the time of surgery, a mouse was transferred from their cage to the anesthesia
chamber. Once the animal was anesthetized, the fur in the surgical area was removed by
using an electric clipper, centered around the dorsal midline starting from the area of the
spinal column arch up to the neck. The weight of the mouse was recorded and then the
mouse was transferred to the surgical platform. To prevent corneal abrasion, eye lubricant
(Lacrilube) was applied to both eyes and the animal’s nose was inserted into the nose
cone to maintain anesthesia. The depth of anesthesia was monitored by observing the

respiratory pattern and applying pressure on the nailbed of the forefoot.

The animal was kept in a prone position. To keep the mouse’s nose within the nose cone
that delivers the anesthesia and to restrict mouse movement during the surgery, the
forefeet were gently taped to the surgical platform. The rear feet remained free. The
procedure was performed under strict sterile conditions and with the aid of a binocular
microscope (Leica M 651). The shaved area was wiped first with soap (GERMI-STAT
GEL antiseptic soap, Chlorhexidine Gluconate 4%), then 70% alcohol (Isopropyl alcohol
70% USP) and finally by propidine microbicidal solution (Poloxamer-Iodine Complex
1%) (three times each). A subcutaneous injection of 0.1 mg/kg buprenorphine SR (slow
release) was administered just before scoring the skin. A scalpel with a #11 blade was
used during the procedure. An approximately 10 mm skin incision was created between
the scapulae and the back bow. Upon identification of the T10 spinous process (65), the
paraspinal muscles were dissected from midline spinous processes and interspinous
ligaments in a lateral direction. The dissection was kept close to the bone (subperiosteal
muscle elevation) to minimize the bleeding from the muscle belly. After identification of
T10 lamina, a micro rongeur was used for the laminectomy. The laminectomy started
from the caudal inter-laminar space and proceeded rostrally. This helped removing the
inter-laminar ligaments and provided a clear visualization of the SC and minimized
iatrogenic SC injury. Ligamentum flavum was identified, gently dissected, and removed.
A sterile cotton swab was used to control minor bleedings by exerting some pressure for

approximately 20 to 30 seconds, in addition to saline irrigation.
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Upon completing the laminectomy, the spinal column was stabilized by using custom
surgical platform stabilizing forceps, first placing the rostral stabilizer then the caudal
one. To facilitate equal force distribution during the impact injury to the SC, the spinal
column was kept straight and parallel to the surface of the surgical platform. During the
spinal column stabilization, normal spinal cord pulsation was observed and maintained.
Care was taken to avoid overtightening the stabilizing forceps to prevent inadvertent
compression of the spinal column and obstruct venous drainage which could initiate

unnecessary new bleeding.

Delivering impact injury to the SC: The Infinite Horizon Spinal Cord Impactor (Precision

Systems and Instrumentation V5.0, Lexington, KY, USA) was utilized for this purpose.

The surgical platform was moved on to the impactor. The sterile impactor tip was
centered over the exposed part of the SC. A moderate injury was delivered by pre-setting
the impact force to 50 kilodynes, which was the desired force (255, 256). The actual
delivered force to the SC as well as tissue displacement was recorded by the device
sensors. After the injury, the paraspinal muscles were reapproximated by applying two
silk 6-0 sutures. The skin was closed in one layer using 6-0 silk or Prolene sutures. The

surgical room setup is illustrated in appendix B (Figure B.1).

Immediately following the surgical procedure, while the animal was still asleep, an IP
(intraperitoneal) injection of 0.5 mL sterile buffered saline (pH 7.4-7.6) (for the sham and
control groups) or 90 mg/kg minocycline dissolved in 0.5 mL same buffered saline

(treatment group) were administered immediately after surgery.

2.2.4 Recovery and post-operative care:

Upon recovery, the mouse was placed in a new clean cage containing autoclaved hay,
bedding, and a shallow container of mash style food. Water and food were provided
continuously. The cage was placed on a heating pad in the recovery room with controlled
dark-light time every 12 hour. Mice were weighed daily. Mice experiencing weight loss
greater than 20% of pre-operative weight were sacrificed as per agreed humane end point.

In addition to regular food and water, the 7-day group mice were provided with high
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calorie diet supplement-Diet Gel Boost-72-04-5022 and purified dietary supplement -
Diet Gel Recovery-72-06-5022.

The bladder of the mouse was expressed thrice daily. Mice were sacrificed if indications
of severe pain or health deterioration (e.g., change in respiration pattern or rate,
reluctance to be handled, disarranged fur, ruptured bladder, or appetite problem) were

observed post-surgery.
The mice were excluded from the analysis if:

1. Significant bleeding from a major vessel or bone at any stage of surgery or post-

operatively.
2. Dural breach and CSF leak
3. Iatrogenic SCI during the laminectomy or spinal column stabilization.

4. Animal showed features of significant stress or required to be euthanized for reasons

determined by the veterinarian after surgery.

2.2.5 Preparation and administration of minocycline:

Minocycline hydrochloride (MH) crystalline- (Sigma-Aldrich M9511, code 101530966)
was prepared in injectable saline (pH 7.4-7.6) buffered with sodium bicarbonate. To
dissolve MH completely, the saline was heated in 55 °C water bath for 15-20 minutes.
The MH solution was wrapped with foil until the time of injection or stored in the dark at
4 °C for up to two days, as per manufacturer’s instructions. It was administered at a dose
0f 0.09 mg/gm (90 mg/kg) in 0.5 ml saline intraperitoneally (IP) (257, 258) as a single
dose immediately after skin closure for the 1d group. For the 7d group, MH was given as

a one dose/day total of seven doses at the same time everyday.
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2.2.6 RNA extraction and quality control

At the predetermined time, the mice were euthanized by a lethal dose of pentobarbital
(250 mg/kg), delivered intraperitoneally. The SC was extracted via hydraulic expulsion
using an 18-gauge needle and a 5 mm length, centered on the injury epicenter, was
harvested. The Animal Tissue RNA Purification Kit (Cat. 25700 Norgen Biotek Corp.)
was used to extract high quality RNA. The manufacturer’s instructions were followed
and modified according to our tissue specimens. All buffers were supplied within the kit.
In summary, the SC specimen was washed well with cold sterile PBS 1X (Gibco™ PBS
1X, pH 7.4 Catalog # 10010023). Then the specimen was moved to bead-bug tube with
300 pl Buffer RL mixed with 3 pul of 2-beta mercapto-ethanol (Sigma M-7522, EC No
200-464-6) concentration =1/100. Homogenization was conducted immediately for 30-60
seconds in an electric homogenizer. The homogenized sample was kept at room
temperature for 1-2 minutes then moved to -80 °C freezer. On the day of RNA extraction,
the sample was thawed gradually on ice and 600 pl of RNase-free water was added and
mixed well. Proteinase K 20 pl was added and vortexed. The sample was incubated for
15-30 minutes in 55 °C water bath in a floater, then centrifuged for 1 minute at 14000
rpm. The clear supernatant was transferred to a new Eppendorf tube, the pellet was

discarded, and 450 ul of 100 % ethanol was added to the lysate.

The lysate was applied to a column with collecting tube unit and spun to collect the RNA.
Then, 400 pul of wash Solution A was added to the collecting tube and centrifuged as
described above. Enzyme incubation Buffer A 100 pl and 15 pl of DNase I were then
added to the column and centrifuged for an additional 1-2 minutes. The flowthrough was
pipetted from the collection tube (the whole 115 pl) back to column and incubated for 15
minutes at room temperature. Then 400 uL of wash Solution A was added and
centrifuged for 1 minute three separate times. A new elution tube was used, and the
column was placed in it to add 50 pl of elution Solution A. The solution was incubated
for 5 minutes at room temperature and then centrifuged for 2 minutes. After extraction,
RNA concentration, purity, and integrity were tested as quality control before using the
samples in the next experimental steps (259). For RNA quality control, 3-5 ul of each

RNA sample was used and the rest of the sample was stored at -80 °C until further use.
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The BMG LABTECH- SPECTROstar Nano system was used to test for purity and
concentration. RNA concentration was measured at 260 nm, and the purity at 260/280

and RQI (RNA Quality Indicator for integrity) via microchip system (Bio-Rad).

Briefly, 2 pl of elution solution in the first upper two wells of the microplate, followed by
2 pl from each RNA sample was applied to the designated well. The microplate was read
on a SPECTROstar reader. The RNA samples with absorbance of 260/280 between ~ 1.8
and 2 were used for further experimental processing. The RNA integrity was checked
using Experion RNA StdSens Chips (Bio-Rad, catalog # 7007153), Experion RNA
StdSens analysis kit (Bio-Rad, catalog # 7007154), and Experion automated
electrophoresis system. The procedure was performed using microchip and following the

manufacturer’s instructions. Only RNA samples with RQI >8 were used for the analysis.

2.2.7 Library preparation and miRNA deep sequencing:

For miRNA library construction and deep sequencing, the RNA samples were submitted
to and processed by Next Generation Sequencing Facility - The Center for Applied
Genomics, The Hospital for Sick Children, Toronto, ON, Canada. First, the total RNA
samples went through another quality control check by using an RNA Nano chip- Agilent
2100 bioanalyzer system following manufacturer’s recommendations. RNA
concentration was measured by using Qubit fluorometer and Qubit RNA (high
sensitivity) HS Assay from ThermoFisher Scientific. The construction of small RNA
library followed Illumina protocol- “NEBNext Small RNA Library Prep Set”. The library
was sequenced on an Illumina HiSeq 2500 - Rapid Run platform following the

manufacturer’s instruction (260).

2.2.8 miRNA quantification and differential analysis

The database miRbase (http://mirbase.org) (261) and sSRNAbench (262) were used for

known miRNA identification and quantification. Novel miRNA were predicted by using
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mirdeep2 (263). Differential analyses between various 1d and 7d groups were performed.
In brief, bel2fastq2 v2.17 was used to generate the data output that was processed in
FASTQ format. FastQC v.0.11.2 was used to evaluate data quality

(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/) (264). Raw reads were
assessed for quality and adaptor trimming by utilizing trim-galore v0.4.1
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Stringency 5 was
used for adaptor trimming and minimum phred score was set at 20 to trim low-quality
end reads. V21 of mature sequences from miRbase (http://mirbase.org) was used for
known miRNAs quantification. SRNAbench (http://bioinfo5.ugr.es/sRNAbench) (262)
was used to analyze the reads. The read length cut-off was set at 15. Reads shorter than

15 were excluded from analysis.

Reads were first mapped to mouse genome. Then genome coordinates of miRNAs were
determined (http://bioinfo5.ugr.es/sRNAbench). Novel miRNAs were analyzed using
mirdeep2 version 0.1.3 (https://www.mdc-berlin.de/content/mirdeep2-documentation) .
The counts of all mature miRNAs in all groups were uploaded into DESeq?2
(https://bioconductor.org/packages/release/bioc/html/DESeq2.html) for differential
analysis (265).

2.2.9 Validating the results of miRNA Deep Sequencing and identification of
miRNAs function

To validate the results of deep miRNA sequencing, Real time-qPCR and ddPCR were
used to confirm the results (6, 227). SCI experiments were repeated as described earlier
for both 1-day and 7-day survival after SCI. The RNA samples that were analyzed by
deep sequencing in addition to the new samples were included in the analysis. A subset
of miRNA from both the one-day and seven-days groups’ deep sequencing results were
selected to run the qPCR because deep sequencing of miRNA resulted in expression
changes in hundreds of miRNAs. The aim of the project was to identify a
neuroprotection pathway, so the miRNAs that potentially target translation of proteins

playing a role in neuroprotective pathways were selected. Thus, a systematic way for
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selecting a subset of miRNA from both time points was developed. First, the miRNAs
were reviewed in miRbase which provides essential information about the miRNA such
as annotation confidence, sequence, and its cluster (266). The miRbase also has a direct
link to an online database to predict the targets of miRNA. So, the miRNA targets were
first reviewed in miRDB (267). This database used target scores between 0 and 100, as
absolute unit of prediction or likelihood of being a real target. It has been recommended
with this data set to use targets with scores between 80 to 100, which reflects the
likelihood of being real targets. Then the selected targets were reviewed in another data
set, the Targetscan Vert which uses different scores to minimize the false positive target
selection (268). Only the miRNAs whose predicted genes were found in both datasets

were selected.

2.2.10 RT-qPCR and ddPCR (Real time — quantitative polymerase chain reaction
and droplet digital PCR)

The miRNA-subsets included six miRNAs from the 1-day group and four miRNAs from
the 7-day group. The miSCRIPT chemistry was selected as it contains the primers for all
miRNAs in the selected subsets of both groups. The kit, miRNAs primer sets and
endogenous controls small RNAs are illustrated in Table 2.1. First, miRNA cDNA was
synthesized using miSCRIPT II cDNA synthesis kit according to manufacturers’
instructions. In brief, cDNA of 10 pl was synthesized by using 150 ng of total RNA. All
primers were validated for optimal dilution and running temperature and then the RT-
qPCR was performed. The miRNAs that showed different patterns of change from
miRNA sequencing were processed further by doing ddPCR as another step of
confirmation. The comparisons were made between SCI+SLN and SCI+mino conditions.
In the 1-day group 12 samples were included in qPCR reactions, while 8 cDNA samples
were included in qPCR analysis in the 7-day group. These samples include the new and
all sequenced samples. For ddPCR, 11 samples from the 1-day group were analyzed and
all 8 samples from the 7-day group. A C1000 Touch Thermal Cycler- CFX384 Real-
Time System from Bio-Rad was programmed to run the qPCR. The steps were set up

according to the protocol provided by the manufacturer. The RT-qPCR reaction was of
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40 cycles that include three reaction-steps per cycle, denaturation step at 95 °C for 15 sec,
annealing step for 15 sec, and extension reaction at 70 °C for 15 sec. The program for
ddPCR was modified for 50 cycles as its end point reaction, denaturation 30 sec at 95 °C,
annealing 30 sec at 60 °C and extension for one minute at 70 °C. The ddPCR consists of
four main steps, preparing ddPCR mixture using QX200 ddPCR EvaGreen supermix
(Bio-Rad, catalog # 1864034), droplet generation by using QX200 Droplet Generation
Oil for EvaGreen (Bio-Rad, catalog # 1864006), then PCR amplification, and finally
loading the samples into the QX200 Droplet Reader.
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The reagents and primer sets used in RT-qPCR and ddPCR

All from Qiagen unless where indicated.

1. miSCRIPT II ¢cDNA synthesis kit 50 reactions  cat# 218161

2. miScript SYBR Green PCR Kit (1000) including the universal primer cat# 218075
3. Spike in control kit cat # 339390

4. Spike in control primer ce-miR-39-3p MS00019789

5. miScript Primary Assays (100)- cat#218300 includes the following primers

6. Mm-miR15b-5p gene globe ID MS00011235
7. Mm-miR-21a-5p gene globe ID MS00011487
8. Mm-miR-486a-3p gene globe ID MS00025998
9. Mm-miR-34a-5p gene globe ID MS00001428
10. Mm-miR-702-3p gene globe ID MS00002912
11. Mm-miR-3547-3p gene globe ID MS00065470
12. Mm-miR-15b-3p gene globe ID MS00011242
13. Mm-miR-200b-3p gene globe ID MS00011417
14. Mm-miR-96-5p gene globe ID MS00001456
15. Mm-miR-344c-3p gene globe ID MS00025620
16. Hs SNORD72 11 (reference primer) gene globe ID MS00033719
17. Hs_ SNORD?95 11 (reference primer) gene globe ID MS00033726
18. Hs_ SNORD96A 11 (reference primer) gene globe ID MS00033733
19. Hs RNU6-2 11 (reference primer) gene globe ID MS00033740
20. From Bio-Rad: SYBR green master mix Bio-rad Cat# 172527

Table 2.1 The reagents and the primers that were used in RT-qPCR and ddPCR
experiments to validate the NGS findings.

2.2.11 Statistical analysis

The data was analyzed by first drafting the results in Microsoft Excel sheet and then
transferred into GraphPad Prism v 9.0.0 for Windows (GraphPad Software, La Jolla,

California, USA, www.graphpad.com). Student’s t-test was performed, and all results
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expressed as meant SEM. GraphPad prism was also used to check for normal

distribution of our data.

2.3 Results

2.3.1 Next generation sequencing (NGS):

In the 1d group, miRNA analysis included RNA samples extracted from a total of 12
mice (biological replicates), 4 mice in each experimental condition (no SCI, SCI+SLN,
and SCI+mino). In the 7d group, miRNA analysis included RNA samples extracted from
8 mice, 4 biological replicates each in two experimental conditions (SCI+SLN and
SCI+mino). A total of 20 biological replicates were analysed by NGS. All RNA samples
passed the quality control tests with minimum RNA Integrity Number (RIN/RQI) of 8.7.

2.3.2 Principal component analysis (PCA):

This multivariate method of analysis is used to depict the behavior of a large number of
variables at the same time. It has been previously described in microarray analysis (227)
to determine whether the behavior of a certain group of genes or miRNAs can be grouped
or segregated. For the 1d groups, the PCA diagrams reflected general patterns of miRNA
expression, specifically, PCA-1 and PCA-2 gave the general distribution of the miRNA
expression. The miRNAs are well-clustered according to the experimental groups (no
SCI, SCI+SLN, and SCI+mino) (Figure 2.2 PCA for 1d group). For the 7d group
analysis, two attempts at PCA were conducted. First, 4 samples of SCI+SLN and 4
samples of SCI+mino along with the 4 baseline samples (no SCI — laminectomy only
from the 1d group) were analyzed. This PCA failed to show segregated groups (Appendix
B Figure B.2 through B.4). The second attempt included the samples from 7d groups
only. Again, the PCA did not show well segregated groups between SCI+SLN and
SCI+mino in PCA1, PCA2 and PCA3 (Appendix B Figure B5 and B6). In PCA3 vs
PCAA4, there was a separation between these two groups (Fig. 2.3 PCA for 7d group).
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Figure 2.2 Principal Component Analysis (PCA) for 1d timepoint group.

PCAT1 vs PCA2 illustrates well-clustered samples of each experimental condition in 1d
survival group. S = no SCI; C = SCI+SLN; R = SCI+mino
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Figure 2.3 PCA3 vs PCA4 for 7d group.

This figure illustrates a pattern of segregation between the two experimental conditions in
7d group. D7 = 7day group; C = SCI+SLN; R= SCI+mino; REPREP = the cDNA
samples were reprepared again for technical error and failed the initial preparation.
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2.3.3 Heat maps and volcano plots:

The heat maps for the 1d group demonstrated well-clustered groups and the miRNAs
were differentially expressed according to the three experimental conditions: no SCI vs
SCI+SLN (Figure 2.4), SCI+ mino vs SCI+SLN (Figure 2.6), and SCI+ mino vs no SCI
(Figure 2.8) for the 1d group analysis (the detailed heatmaps are in appendix B). Volcano
plots for the three conditions in the 1d group illustrate the magnitude of changes of
individual miRNAs: SCI+SLN vs no SCI (Figure 2.5), SCI+ mino vs SCI+SLN (Figure
2.7), and SCI+ mino vs no SCI (Figure 2.9).

Likewise, the heat map for the 7d group demonstrated well-clustered groups (SCI+SLN,
and SCI+ mino). Again, the volcano plot depicted the magnitude of differentially
expressed miRNAs (Figures 2.10 and 2.11 heatmap and volcano plot for the 7d group)

2.3.4 Identification of miRNAs 1 day (acute phase) following the SCI by Next
Generation Sequencing (NGS)

In the 1d group, the experimental conditions were compared to each other. This group

represents the acute changes seen miRNA expression following the SCI.

A. SCI+SLN compared with no SCI condition: to determine how the injury alters
miRNA expression in SC, the SCI+SLN condition was compared with baseline miRNA
expression in no SCI condition. There were 120 miRNAs identified which displayed
significant changes after 1 day of SCI. Of these 120 miRNAs, 40 miRNAs
downregulated and 80 upregulated (Figures 2.4 Heatmap and 2.5 Volcano plot; Table B.1
Appendix B). There were 10 novel miRNAs identified in SCI+SLN group (Table B.2
Appendix B). All these new miRNAs were upregulated after the injury.

B. SCI + mino group compared with SCI+SLN group: there were §1 miRNAs
showing significant changes in expression. Of these, 59 miRNAs were downregulated,

and 22 miRNAs were upregulated (Figures 2.6 Heatmap and 2.7 Volcano plot; Table B.3

60



Appendix B). By comparison, 4 novel miRNAs demonstrated a downregulation in

expression following treatment with minocycline (Table B.4 Appendix B).

C. SCI + mino compared with no SCI condition: there were 27 miRNAs that showed
significant miRNA expression changes within the SCI+mino condition compared with no
SCI condition. Of these miRNAs, 3 were downregulated, and 24 upregulated (Figures 2.8
Heatmap and 2.9 Volcano plot; Table B.5 Appendix B). Furthermore, 7 miRNAs were
novel miRNAs (Table B.6 Appendix B). Following minocycline administration, the
novel miRNA - chrX 23260 was upregulated and the miR543—3p downregulated. The
latter two miRNAs did not show significant expression changes following injury in
SCI+SLN group. Additionally, minocycline did not influence the expression level of
miR615-3p and miR218-5p that were downregulated by the injury and remained

significantly downregulated after minocycline administration.

Sham
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Figure 2.4 Simplified heatmap: no SC vs SCI+SLN 1d demonstrating the changes of
miRNAs after one day of SCI.

The left upper colored rectangle represents the color key. The red color represents
downregulated miRNAs while green color represents upregulated miRNAs. The detailed
heatmap in appendix B. figure B.7.
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Figure 2.5 Volcano plot: SCI+SLN vs no SCI 1d illustrates the fold of changes and the
magnitude of miRNA alteration after one day of SCI
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SCl no mino SCI + mino

Figure 2.6 Simplified heatmap: SCI+mino vs SCI+SLN 1d demonstrating the miRNA
changes after minocycline administration in comparison to SCI with saline control.

The detailed heatmap is in appendix B figure B.8.
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Figure 2.7 Volcano plot: SCI+mino vs SCI+SLN 1d illustrates the fold of changes
and the magnitude of miRNA changes after minocycline administration measured
one day after SCI.
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SCl + mino Sham

Figure 2.8 Simplified heatmap: SCI+mino vs noSCI 1d demonstrates the miRNA pattern

changes following minocycline administration in comparison to no SCI condition after 1d
of SCI.

The detailed heatmap is in appendix B figure B.9.
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Figure 2.9 Volcano plot: SCI+mino vs noSCI 1d illustrates the miRNA pattern
changes following minocycline administration in comparison to no SCI condition after
1d of SCI.

2.3.5 Identification of miRNAs 7-day (sub-acute phase) following the SCI by NGS

In the 7-day survival groups, two experimental conditions were included in the
analysis, SCI+SLN and SCI + mino. The comparison of these two conditions showed
significant changes in the expression of 14 miRNAs; 7 miRNAs were upregulated and 7
downregulated (Figures 2.10 Heatmap and 2.11 Volcano plot, Table B.7 known miRNA
in the 7d group Appendix B). Of these 14 miRNAs, 6 were novel miRNAs (Table B.8
Novel miRNA in 7d group Appendix B).
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SCl no mino SCIl + mino

I--1

Figure 2.10 Simplified heatmap: SCI+SLN vs SCI+mino 7d demonstrates the
changes of miRNA expression following minocycline administration and SCI
(treatment) in comparison to SCI+ saline (control)tested 7 days after SCI.

The detailed heatmap is in the appendix B figure B.10
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Figure 2.11 Volcano plot: SCI+SLN vs SCI+mino 7d illustrates the magnitude and
fold changes of miRNA expression following minocycline administration and SCI
(treatment) in comparison to SCI+ saline (control)tested 7 days after SCI.

2.3.6 Criteria of miRNA selection for confirmation in the 1d group

The results obtained from miRNA deep sequencing showed significant changes in the
levels of expression of a multitude of miRNAs, either due to injury per se or due to
administration of minocycline. To validate the results of deep sequencing, a subgroup of
the miRNAs that were significantly changed due to injury and minocycline were selected.

The selection criteria were set up to focus on the main objective of the study, which is to
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understand the mechanisms of sSCI but specifically exploring neuroprotective pathways.
As discussed earlier, this is the first study to analyze the effect of a known
neuroprotective drug (minocycline) on miRNA expression following SCI. The criteria for

selecting the subset of miRNAs in the 1d-survival group (Figure 2.12) included:

Criteria for miRNA selection 1-day post SCI

p <
‘ SCI no mino vs SCl+mino = 59, 22 ‘

S : 4 novel miRNAs

,,/'

| noSCIvsSCI=120miRNA | [ Known miRNA: 55).221 |

29 miRNAs were not from the 120 o

r

N 50
\"'*-,,

|' Absolute change to the baseline (no SCI ): (37]. 111) | -

r

~

7

.

_—

38 miRNAs target inflammatory, oxidative
processes, metallopeptidases, synaptic
function, axonal guidance, cell cycle,

miRNAs SCI+SLNvs no SCI e

cell differentiation, myelin biosynthesis

Apoptosis pathway (6], 47) | T~

‘ miRNA with highest fold change: top 3 from each trend (3|, 31)

Figure 2.12 Criteria for miRNA selection in the 1d group.

1. miRNAs that significantly changed expression following administration of
minocycline. In other words, the miRNAs significantly changed when SCI+mino was

compared to SCI+SLN (81 miRNAs).

2. The 77 previously characterized miRNAs were retained within the selected subgroup.

The novel miRNAs (4 novel miRNAs) were excluded at this stage.

3. From this group, the miRNAs that were significantly changed after injury compared to
base line (SCI+SLN vs no SCI) were included. There were 29 miRNAs within this group
that were significantly altered following administration of minocycline were excluded

from the final list as they were not significantly changed by injury itself (SCI+SLN vs no

SCI) and felt to reflect a response to or effect of minocycline not necessarily related to
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SCI. Therefore, there were 48 miRNAs that changed significantly due to injury per se and
after minocycline administration (Table 2.2). The miRNAs excluded at this stage are

listed in Appendix B (Table B.9).

4. Given the focus of this work was directed toward miRNAs whose target proteins
participate directly in cell death and survival-apoptotic pathways, 10 miRNAs contained
within subset derived from #3 above were identified from available online databases. Of

these 10 miRNAs, there were 6 miRNAs downregulated and 4 miRNAs upregulated.

5. The final subset to be analyzed further was based upon the magnitude of the
expression change identified on the respective Volcano plots. A sample of 3 upregulated
and 3 downregulated miRNAs (6 out of 10 miRNAs) were selected to confirm their

expression changes with RT-qPCR in 1d survival group.

To identify the potential targets of these miRNAs, two online miRNA databases were
searched. The first was the miRDB data set (http://mirdb.org/) (267). As recommended

by the data set guidelines, the potential targets with scores of 80 and above are likely to
represent a true downstream product. The targets identified were then compared with the

results from another search on a second online miRNAs data base the TargetScan data set

(http://www.targetscan.org/), which uses a scoring system close to miRDB data set
(268). The targets that were shared in these two data bases were considered. In silico
based miRNA-target prediction, utilizing more than one miRNA database was
demonstrated to minimize the false positive predicted targets (269). The function and
cellular role of the identified targets were cross-checked against the “National Center for
Biotechnology Information, U.S. National Library of Medicine” gene online resource
https://www.ncbi.nlm.nih.gov/gene/. Ultimately, targets relevant to mechanisms of SCI
were considered (apoptosis, cell survival, cell death, cell cycle, inflammation, oxidative

stress, neuronal migration, astrogliosis, matrix metalloproteases).

70


http://mirdb.org/
http://www.targetscan.org/
https://www.ncbi.nlm.nih.gov/gene/

Downregulated by
mino in comparison

to SCI+SLN FC padj Target Function (predicted)

Oxidative Stress, chromatin
mmu-miR-144-3p -1.719 0.033 | Nfe212,Arid1a;Map3k4 remodeling; inflammation

negative regulation of inflammatory
mmu-miR-142a-3p -1.297 0.002 | Ashll;Rab2a response; Cell Cycle, Mitotic activity

cell adhesion; chemorepulsion in

interneuron migration ;inflammation,
mmu-miR-144-5p -1.283 0.000 | Pcdhbl11;Nrg3;Prkacb;Grinl | Glutamate receptor activity

DNA repair-TF; RBC marker,
mmu-miR-451a -1.238 0.042 | H2afy, Vapa SNARE and ER

neuron development, sphingolipid
mmu-miR-219a-5p -1.083 0.000 | Zbtb18,Elovl7 biosynthetic process

CNS development, dendretic spine
mmu-miR-32-5p -1.051 0.002 | Btg2,Cpeb3 development
mmu-miR-142a-5p -1.026 0.000 | Iltifb,Map4k3 cytokine activity, MAPK pathway

Apoptosis and survival pathway;

negative regulation of neuron
mmu-miR-21a-5p -0.971 0.000 | Pik3r1;Ntf3 apoptotic process

dendrite development and migration;

regulated neuron projection and
mmu-miR-6240 -0.946 0.021 | Prkgl;Ndnf development

Neuron differentiation; brain
mmu-miR-153-3p -0.921 0.000 | NeuroD6;Adam?23 development and inflammation

synaptic plasticity and neurons
mmu-let-7a-1- differentiation; regulates
3p=mmu-let-7c-2- neurotransmitter receptor trafficking
3p -0.914 0.002 | Ppplrl5Sb;Nbea;l14 to synapses; inflammation

first target is with score 71: | molecular-biological

mmu-miR-6236 -0.895 0.047 | 3110040N11Rik function/embryonic

calcium channel activity; sphingolipid

biosynthesis and inflammation;
mmu-miR-24-2-5p -0.891 0.002 | Cacna2d2;Cers6;Pcdh9 neuronal synaptic function

Synaptic function; cell adhesion and
mmu-let-7f-1-3p -0.828 0.024 | Nlgnl;ltga6 signaling

NR2B (AMPA), GluR2

mmu-miR-223-5p -0.807 0.022 | (NMDA) recep Ca+2 signalling

Oxidative stress; inflammatory and
mmu-miR-486b-3p -0.750 0.031 | Traf3;Phb immune response

metallopeptidase activity; MAPK

pathway and TNF-alpha NF-kB
mmu-miR-101c¢ -0.741 0.000 | Adamts17;Map3k2 signaling pathway
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000156
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000155
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0016988
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0001632
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000664
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000654
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000154
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000530
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0024861
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000163
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004620
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004620
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004620
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0024857
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0005440
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004623
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017056
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0014944
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0019349

Downregulated by
mino in comparison
to SCI+SLN

FC

padj

Target

Function (predicted)

mmu-miR-101a-3p

-0.740

0.000

Map3k4,Tgfbrl;Adamts17

Inflammation, metalloendopeptidase
activity

mmu-miR-486a-3p

-0.738

0.031

Faim?2: Traf3

Apoptosis, Fas apoptotic inhibitory
molecule 2 ; inflammation

mmu-miR-1191a

-0.722

0.004

Npy5r;Bmp7

neuropeptide Y receptor activity,
bone morphogenetic activity

mmu-miR-96-5p

-0.719

0.001

Cacnb4; Oxsrl;Prkce

Presynaptic depolarization and
calcium channel opening;
inflammatory processes;
inflammatory process and oxidative
reactions

mmu-miR-467a-5p

-0.711

0.025

Clock; Nbea

regulation of circadian rhythms;
regulates neurotransmitter receptor
trafficking to synapses

mmu-miR-30e-5p

-0.667

0.000

Limchl;Av19

neuronal projection(excitatory);cell
migration

mmu-miR-381-3p

-0.666

0.001

Arid4b;Gadl

embryonic stem cell differentiation;
catalyzes the production of GABA

mmu-miR-203-3p

-0.637

0.006

Ptp4al;Nufip2;Lrrtm2

Oxidative stress; active_in
cytoplasmic stress granule, neurexin
family protein binding

mmu-miR-148a-3p

-0.602

0.009

Cdk19;Cdk5r1;Cdknlb;

inflammatory process-phosphatase
activity; neuron cytoskeleton

mmu-miR-376b-3p

-0.590

0.003

Dscamll, Wwtrl

axonal guidance and brain
development, cycle progression and
differentiation

mmu-miR-101b-3p

-0.590

0.004

Gele;Nek7

glutamate metabolism and oxidative
stress response; phosphorelation and
inflammation

mmu-miR-15b-5p

-0.585

0.020

Bcel2,Akt3

Apoptosis, survival pathway

mmu-miR-384-3p

-0.558

0.006

Asap?2,Prkacb

inflammatory process-macrophage
function; apoptosis signaling pathway

mmu-miR-135a-5p

-0.548

0.008

Pik3r2;Cplx2;Sdcbp;Kcnbl

Apoptosis pathway; synaptic
transmission and plasticity, synaptic
transmission ;potassium ion
transmembrane transport

mmu-miR-335-3p

-0.526

0.000

Map3k2,Nrxnl;Arhgap18

inflammation; synaptic function;
regulation of stress fiber assembly

mmu-miR-300-3p

-0.480

0.017

Nck2;1113ral

pericyte migration and
neuvascularization; immunological
function-dendrites

mmu-miR-22-3p

-0.465

0.000

Grm5;Ddit4;Akt3;Arrbl

glutamate receptor activity, synaptic
transmission, and apoptotic process ;
neuron survival; inflammation and
apoptosis
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000133
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=72393
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0005849
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000541
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003409
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000248
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000746
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000236
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000516
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0001092
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000616
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000124
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0001076
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000147
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004704
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000378
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000531

Downregulated by
mino in comparison

to SCI+SLN FC padj | Target Function (predicted)
mediate the entry of Ca(2+),
Oxidative stress and neurons
mmu-miR-582-3p -0.430 0.008 | Cacnalh,NeuroD6 differentiation and development
Neuronal migration;
mmu-miR-29b-3p -0.384 0.012 | Navl;Adamts17 metallopeptidases activity
intracellular signal transduction-Ca+2
binding, regulation of dendrites
mmu-miR-379-3p -0.327 0.041 | Plchl,Smurfl extension
Upregulated by mino
in comparison to
SCI+SLN FC padj | Target Function
cell adhesion; cell cytoskeleton; cell
mmu-miR-326-3p 0.775 | 0.000 | Itga5;Parva;Plec cytoskeleton
Apoptosis; synaptic plasticity; neuronal
mmu-miR-34a-5p 0.670 | 0.001 | Caps2;Erc];Satb2 migration
Apoptosis; Chondroitin sulfate biosynthesis;
mmu-miR-3547-3p 0.992 | 0.001 | Casp2;Chsyl;Cacna2d2 | voltage-gated calcium channel activity
mmu-miR-702-3p 0.843 | 0.002 | Traf2;Nsgl;Dap3 Apoptosis; neurotransmitter receptor cycle
calcium-independent phospholipase A2 and
glutathione peroxidase activity;
mmu-miR-667-3p 0.645 | 0.003 | Prdx6;Mrpl3 Neurodegeneration
circadian regulation of gene expression,
mmu-miR-700-5p 0.686 | 0.002 | Per2,Csgalnact2 chondroitin sulfate biosynthetic process
cytochrome-b5 reductase activity, acting on
NAD(P)H, autophagosome assembly and
nervous system development; inflammation
mmu-miR-490-5p 0.987 | 0.000 | Cyb5rl;Tmem41b;Rockl | I-kappaB kinase/NF-kappaB signaling
extracellular matrix organization; Wnt
mmu-miR-3102-3p 0.839 | 0.004 | Adamts17;Ccny signaling pathway and kinase activity
oxidoreductase activity; G-protein function -
mmu-miR-1224-3p 0.661 | 0.002 | Cyb561d1;Apln angiogenesis and other function
positive regulation of cell death-apoptosis;
Cell cytoskeleton; cell cytoskeleton neuronal
mmu-miR-383-5p 0.506 | 0.005 | Irfl;Ctnnall;Nckapl development
Transmembrane transport of glutamate and
mmu-miR-431-3p 0.484 | 0.001 | Slc25al2 aspartate and Ca2+ transport

Table 2.2 The 48 miRNA that changed by SCI and minocycline
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0005292
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000127
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017080
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000559
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000542
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0027833
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003492
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003734
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017256
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017261
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0014936
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017231
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000748
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004753

2.3.7 Criteria of miRNA selection for confirmation in 7d group

In the 7d survival group, there were fewer miRNAs that were significantly changed than

in the 1d group, when SCI+SLN was compared to SCI+mino. The criteria that were used

in the 1d group were again applied here, taking the limitations in consideration. There

were 14 miRNAs identified in this group. Again, the focus was on the known miRNAs

(8 miRNAs, Table B.7 Appendix B) and excluded the novel ones (6 miRNAs, Table B.8

Appendix B). Of the 8 known miRNAs, four of them showed less than 10 copies in total

and were not identified in some individual

RNAs samples (0 copies). It was determined

that the likelihood of not identifying them with RT-qPCR or ddPCR was potentially high.

Therefore, the miRNAs with base mean or

copies numbering more than 10 (4 miRNAs)

were considered and utilized during the confirmatory step. The process of selecting the 4

miRNAs in the 7d group is illustrated in Figure 2.13. The selected miRNAs subsets for

both timepoints are shown in Table 2.3.

Criteria for miRNA selection-7-day group

Minocycline vs control= 14 miRNA

71,

.

71
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— T
7 6novel T
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S miRNAs_~
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Known miRNA (8) 5 [.31 ]

" 4 miRNAs base mean is <
10 ie, likelihood of being a
real change is slim

(,
S

—

«— A

miRNA with basemean

> 10 copies (4) (2.21) ]

maturation, mflammatory processes

They target: neuron projection development and migration, synapse

Figure 2.13 Criteria for miRNA selection 7d

group
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Subsets of miIRNAs-1-day & 7-day groups
Downregulated [ Upregulated

Ai&t3, Bel2 | Apoptosis, PIRK/AKT
Bel2i2 Signaling pw

Casp2? |Apoptosis, stress-induced
apoptosis

Traf? Apoptosis, TNFo downstream

Belo pathway

Faim? Apoptosis,

Apoptosis, stress-induced

_ Piic3rl, |Apoptosis. PI3K pathway
miR-486a-3p

s tosi
Fas& Casp § inhibitor APOPTOSIS

- Srx3, Neuron projection

Py development,
Inflammatory process:
_ Gpmoa, |Neuron projection
Nfia Synaptic maturation
Errfil Inflammatory process

Nexmijf |Neuronal migration

Pricce Negative regulation of
mitochondrial caleium ion
Pedh§  |synaptic transmission

]
&
[

Pde4b  |Inflammatory process:
positive regulation of IF-

When miRNA levels T starget mRNA protein product J«

Table 2.3 The subsets of miRNAs and their targets in 1 day and 7-day groups

2.3.8 Validation processes of primers sets for RT-qPCR and ddPCR experiment

First, the cDNA was synthesized from all samples of both groups. Following, the primer
sets were validated (by quality control tests) starting with serial dilutions, temperature
gradients, and then the standard (efficiency) curve. The reference or endogenous control
small RNA namely RNU6 and SNORD96A worked very well in RT-qPCR experiments
(270-272). The validating experiments (quality control tests) for primer sets and
endogenous control small RNA were run as well before conducting ddPCR experiments.
Technically, the same optimizing conditions that were used in RT-qPCR could be used in
ddPCR experiments. However, it was found that RNU6 endogenous control small RNA
did not work well under our ddPCR conditions. Additionally, the primer sets of miR-34a
and miR-96-5p did not elicit reliable data during the validation process of ddPCR

experiments. Therefore, another reference gene SNORD95 was used and successfully
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validated. Additionally, the miR-34a and miR-96-5p were not run in the final ddPCR
experiments (Figures B.9, B.10 Appendix B).

2.3.9 RT-qPCR and ddPCR for the 1d survival group

In these experiments, six miRNAs were included from the 1d survival group, three
downregulated (miR-21a-5p, miR-15b-5p and miR-486a-3p) and three upregulated
miRNAs (miR-34a-5p, miR-702-3p, and miR-3547-3p). These experiments were run
using 12 RNA samples (collected from each of the 12 experimental animals) for each
experimental condition (SCI+SLN and SCI+mino). Two miRNAs (miR-21a-5p and miR-
15b-5p) of this subset were found to be significantly changed (Figure 2.14). This
confirmed the miRNA sequencing results for miR-21a-5p and miR-15b-5p. Conversely,
the other 4 miRNAs were not found to be not significantly changed. These miRNAs were
then subjected to another confirmation method, the ddPCR.

The ddPCR experiments were used as another confirmatory step for the miRNAs that did
not show significant changes in RT-qPCR. This technique was implemented for the miR-
486a-3p, miR-702-3p, and miR-3547-3p. Again, none of these miRNAs was found
significantly changed between experimental conditions (Figure 2.15). Unfortunately,
miR-34a-5p did not show reliable results during primer set validation steps. Therefore,
this miRNA was not run in the final ddPCR run. Of note, in ddPCR experiments for the

1d group there were 11 cDNA samples used for technical consideration.
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Figure 2.14 RT-qPCR miRNA results in 1d

* Y axis represents normalized fold expression (normalized to 2 endogenous small
RNAs)
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Figure 2.15 Droplet digital PCR miRNA results in 1d group

2.3.10 RT-qPCR and ddPCR for 7d survival group (subacute)

In the 7d group, there were eight cDNA samples for each experimental condition
(SCI+SLN and SCI+mino). There was no miRNA from the selected subset (miR-15b-3p,
miR-200b-2p, miR-96-5p, and miR-344e-3p) significantly changed after running RT-
qPCR test (Figure 2.16). Therefore, ddPCR was used for further confirmation of these
miRNAs. Similar to what was observed in the 1d experiments, ddPCR showed no
significant difference in expression of miR-15b-3p, miR-200b-2p, and miR-344e-3p
(Figure 2.17). Again, miR-96-5p did not pass the validation step (quality control test) and
was excluded from the final ddPCR run.
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Figure 2.17 ddPCR miRNA results in 7d

2.3.11 Testing the levels of miR-21a-5p and miR-15b-5p in 7d samples

It was known from the miRNA deep sequencing experiments that miR-21a-5p and miR-
15b-5p were not significantly changed in the 7d group analysis. Notwithstanding, this
negative finding was confirmed by re-testing. RT-qPCR was used to test these miRNAs
in the samples of 7d survival group in both experimental conditions (SCI+SLN and
SCI+mino). No significant differences between the SCI+SLN and SCI+mino were

observed (Figure 2.18).
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2.3.12 Were all animals in the experiments exposed to a similar injury impact?

In all experiments, the Infinite Horizon Spinal Cord Impactor, Precision Systems Inc.,
USA was utilized. A moderate SCI was delivered with a target force of 50 kilodyne (kd)
to the lower thoracic area of the SC. The computer recorded the actual force applied and
the resultant SC tissue displacement. In the 1d group, the actual force for the two
conditions SCI+SLN (n=12) and SCI+mino (n=12) were 50.92+ 0.484 K dyne (mean+
SEM) and 52.34+0.732 K dyne respectively (Figure 2.19). Student t-test comparing the
two experimental conditions demonstrated no statistical difference (p-value = 0.1206;
95% confidence interval -0.4026 and 3.236). Similarly, there was no statistical difference

observed in the SC displacement between the two conditions, with SCI+SLN
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displacement 536+ 61.365 microns (meant+ SEM) and SCI+mino displacement 522.75+
48.95 microns (p-value = 0.8675; 95% confidence interval -176.0 to 149.5).

In the 7d group, the actual force delivered to SC for the two conditions SCI+SLN (n=8)
and SCI+mino (n=8) were 51.25+ 0.526 K dyne (mean+ SEM) and 51.875+ 1.043 K
dyne respectively. Again, there was no statistical difference in the actual force delivered
to the SC between the two experimental conditions (p-value = 0.6009; 95% confidence
interval -1.880 and 3.130) (Figure 2.19). Likewise, there was no statistical difference was
observed for the SC displacement between the two experimental conditions with
SCI+SLN displacement 539.625+ 63.556 microns (mean+=SEM) and SCI+mino
displacement 442.75+17.133 microns (p-value = 0.1632, 95% confidence interval -238.1
to 44.30).
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Figure 2.19 Actual force and SC displacement in 1d and 7d groups

2.4 Discussion and interpretation

The sSCI mechanisms can be divided into three major stages: acute, subacute, and
chronic SCI. In this study, two main time points were used. The 1d group was

representative of acute SCI, while the 7d group was representative of subacute SCI. In the
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1d group, there were three experimental conditions: no SCI (laminectomy only) as a
baseline; SCI+SLN to examine the miRNAs changes resulting from the injury; and
SCI+mino to examine possible effects of a known neuroprotective drug on the expression
of miRNAs. In the 7d group, technically there were two experimental conditions the
SCI+SLN and SCI+mino. The baseline miRNA data from the no SCI-1d group was used
to make comparisons across groups, as it was done between the 1d-experimental
conditions. Unfortunately, the PCA failed to show segregated groups when the baseline
data from the 1d group was used. In retrospect, for Deep Sequencing runs, the collected
RNA samples from all experimental conditions should have been processed at the same
time. Otherwise, the results would be incomparable and the likelihood of producing
technical error is high. Therefore, the comparison and data analyses in 7d timepoint were

conducted between SCI+SLN and SCI+mino only.

The RNA samples are total RNA from the lesion site (6, 227) and the miRNA sequencing
reflect the changes in expression from SC tissue which contains different types of cells

including neurons, glia, vascular tissue and blood components.

In the 1d-timepoint group, the general pattern of miRNA changes due to SCI was found
to be an upregulation of miRNAs expression (80 miRNAs were upregulated and 40
miRNAs were downregulated) when the SCI+SLN condition was compared to no SCI.
Nevertheless, the minocycline administration resulted in a different global pattern.
Minocycline resulted in a downregulation pattern of the expressed miRNAs (59 miRNAs
were downregulated and 22 miRNAs were upregulated) when the SCI+mino condition
was compared to SCI+SLN condition. This difference in the general pattern of miRNA
expression might reflect the effect of minocycline on changing miRNA expression. Of
note, the molecular mechanisms of how minocycline could change the miRNA

expression is not clear and it is beyond the scope of this study.

In the 7d-time point group, there were 7 miRNAs upregulated and 7 downregulated. In
general, there were fewer miRNAs significantly changed in the 7d time points (14
miRNA) than the number of miRNAs in the 1d-time point group within similar

experimental condition (81 miRNAs). It was observed in the 7d group that some of these
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miRNAs were not detectable in some total RNA samples, such was the case for miR-

6977-3p and miR-669m-3p.

In this exploratory study, the focus was on known miRNAs at this stage of experiments
for two reasons. First, the aim was not only to stop following the identification of miRNA
per se, but also to identify what the miRNAs do in the pathophysiology of SCI. At this
time, identifying genes targeted by miRNA is totally based on computational prediction
that requires verification via the mRNA and/or their protein products. Therefore, two
sequential steps of uncertainty in a multi-step experiment may produce ambiguous data
and less reliable results. Secondly, some researchers reported difficulty in verifying novel
miRNAs and known miRNAs secondary to quality control issues and validation
challenges (269). A similar quality control problem was experienced in the present study
during the validation tests of miR-34a-5p, miR-96-5p and RNUG6 (endogenous control)

primer sets for ddPCR experiments.

Although the sSCI pathophysiology involves inflammatory and oxidative processes in
addition to many other reactive cascades, apoptosis is often considered a significant result
of sSCI (128, 227, 237). Moreover, this work attempted to identify cellular pathways that
are targeted by miRNAs which could lead to neuronal survival. Therefore, the miRNAs
that potentially target apoptotic and survival pathways were selected for analysis.
Although there are several online miRNA data base resources, two were used to predict
the target genes, namely miRDB (http://mirdb.org/ ) (267) and TargetScan

(http://www .targetscan.org/ ) (268). Two subsets of miRNAs were selected for
verification by running RT-qPCR.

To address the first aim of this study, to determine whether SCI alters miRNA
expression, SCs from animals with and without SCI were examined for changes in
miRNA expression with NGS. This analysis afforded 120 discrete miRNAs that were
either upregulated (n=80) or downregulated (n=40). Furthermore, contained within these
120 miRNAs were 10 that have not been previously identified. The characterization of
these novel miRNAs was beyond the scope of this work, and as such will be addressed in
the future. However, it is clear that a traumatic insult to the SC does evoke changes in

miRNA expression.
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Investigating the second aim, whether administration of a known neuroprotectant could
influence miRNA changes, required further experimentation. Minocycline was chosen as
the neuroprotectant for study as it is known to exert its action through multiple
mechanisms, which was felt to increase the chance of observing a possible effect.
Comparing untreated (SCI+SLN) to treated (SCI+mino) injury groups demonstrated a
different pattern of miRNA expression, with 81 miRNAs demonstrating significantly
different degrees of expression between the groups (59 miRNAs were downregulated and
22 miRNAs were upregulated) in the 1d group, for example. Through the selection
process described in Sections 2.3.6 and 2.3.7, ultimately 6 miRNAs from the 1d group
and 4 miRNAs from the 7d group were selected for further confirmation. (Figures 2.12

and 2.13) and (Tables B.7 and B.8).

RT-gPCR technique has been described for confirmation of miRNA sequencing (6, 227).
For the 1d time point group, the experiments were repeated for SCI+SLN and SCI+mino.
Additional 8 new RNA samples for each experimental condition (16 RNA sample in
total) were collected. Samples that were initially analyzed for miRNA sequencing were
again probed with RT-qPCR for verification of the findings (227). In this study, RT-
qPCR experiments included the 4 RNA samples that were sequenced by NGS technique.
A total of 12 RNA samples were utilized for RT-qPCR from each experimental
condition. Endogenous controls snRNA RNU6B and SNORD96A-11 were used. Both
worked well and passed the validation experiments for RT-qPCR. RT-qPCR showed
significant decrease in the expression of miR-21a-5p and miR-15b-5p in SCI+mino
condition (Figure 2.14). These results are in agreement with NGS and confirmed the
sequencing results. The other 4 miRNAs showed no statistical difference in their
expression which is incongruent with NGS results. These 4 miRNAs (miR-486a, miR-
34a-5p, miR-702, miR-3547) were analysed with a further confirmational approach,
namely ddPCR (to confirm previous results by RT-qPCR tests). During the validations
process for ddPCR, it was found that miR-34a-5p produced a second band on the
histogram (which indicates the primer set failed, thus providing a false positive result
despite optimization of the experimental conditions). Additionally, the endogenous
control snRNA RNU6B did not show regular amplification, therefore, these two primer

sets failed to pass the validation tests and were thus excluded. A new endogenous control
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SNORDY5 was successfully validated for ddPCR experiments. The ddPCR tests
confirmed the negative RT-qPCR results and none of the miRNAs (miR-486a, miR-702,
miR-3547) demonstrated significant changes in their expression when samples from the
SCI+SLN were compared with samples from the SCI+mino groups. In parallel with these
results, miR-96-5p in the 7d group also failed the validating test and were excluded. The
other three miRNAs (miR-15b-3p, miR-200b, and miR-344c) showed no significant
difference in their expression between the two experimental conditions. Therefore, in the
end, only the downregulated expression of miR-21a-5p and miR-15b-5p in the 1d group

was confirmed after minocycline administration.

Only 2 out of 10 potential miRNAs were subsequently validated, which corresponded to
2 of the 6 miRNAs identified in the 1d group. The validation was based on the criteria of
selecting the subset of miRNAs for confirmation, which was directed to identify
apoptotic pathway targets. Only miRNAs with statistically significant dysregulation,
regardless of the fold change, were considered. The fold change (FC) was used to select
from the same group that target survival and apoptotic pathways. No miRNA in 7d
timepoint group showed significant changes. In this group, the base mean (copy number)
and fold changes were by far smaller than the pattern that was observed in the 1d group.
With respect, to these observations a recent study suggests a relationship between the
severity of SCI and the pattern of miRNA expression (273). This study included human
SCI patients and analysed the identification of miRNAs in patients’ serum and CSF daily
for 5 days and correlated these findings to the severity of clinical deficits. It was observed
that the number of differentially expressed miRNAs was highest in serum in the first day
following the injury and the number of significantly expressed miRNAs was highest in
CSF over the first two days then decreased over time depending on the severity of the
SCI. The mathematical methods in high-throughput assays are more complex and beyond
the scope of this thesis. The results of sequencing are subjected to several corrections and
adjustments to show the difference between the experimental groups. In high-throughput
technologies, the statistical methods are designed to demonstrate differences between
groups as low as two biological replicates per experimental condition. These statistical
considerations are well-addressed by Love et al. 2014 (265). In our miRNA NGS, four

biological replicates per condition for each timepoint were used. In the experiments to
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validate miRNAs, 12 biological replicates per condition in the 1d timepoint group and 8
biological replicates per condition in the 7d timepoint group were used. The number of
replicates employed here are similar, if not greater, than those reported in the literature

(6,227, 237).

In conclusion, SCI injury resulted in widespread miRNA dysregulation in the
experimental mouse model studied here. The expression of miR-21a-5p and miR-15b-5p
were found to be downregulated at 1d following SCI and treatment with the
neuroprotective agent minocycline. In contrast, no significant changes in expression of
miRNAs were identified at 7d following SCI and treatment with minocycline. It is
suggested that these two miRNAs (miR-21a-5p and miR-15b-5p) likely serve a role in
reaction cascades within the SC in response to injury, as such bioinformatics may be
employed to determine their potential targets and their subsequent downstream effects

(see Chapter 3).
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CHAPTER 3 : IDENTIFICATION OF THE ROLE OF
miR21a-5p AND miR15b-5p FOLLOWING SCI IN
CELLULAR PATHWAYS.

3.1 Introduction

Bioinformatic tools are useful in identifying miRNA targets. As described in Chapter 2,
several miRNAs were predicted to participate in apoptotic and survival pathways. Two of
these miRNAs were validated (miR-21a-5p and miR-15b-5p) and found to be
downregulated by minocycline at 1d following SCI. Since a single miRNA can target
several genes and influence their protein production, it is important to keep in mind that
the prediction depends on the base pairing of the seed areas of the miRNAs to 3’UTR of
the mRNA (173). Furthermore, these predictions are computational models

(http://mirdb.org ; http://www.targetscan.org) (267, 268) and as such these predicted

targets in silico or machine-learning methods require in vivo confirmation. To minimize
false positive predictions, two popular miRNA data bases were used in addition to the
National Center for Biotechnology Information, U.S. National Library of Medicine

(https://www.ncbi.nlm.nih.gov/gene) to identify the relevant genes. Recognizing the

complex interactions of miRNAs and the various target genes they effect, another
bioinformatic resource “DAVID” (The Database for Annotation, Visualization and

Integrated Discovery” v6.8 https://david.ncifcrf.gov/home.jsp) (274, 275) has been

developed to infer the biological function of these genes and generate the potential
cellular pathways of these genes. The significantly enriched genes and proteins that
participated in apoptotic and survival pathways were selected. It was hypothesized that
the target genes of the downregulated miR-21a-5p and miR-15b-5p were relieved from
suppression and their protein products subsequently expressed. This reverse relationship
between the miRNAs and their targets mRNA has been well described previously (6,
227). The regulatory mechanisms of gene translation by miRNA can be either via mRNA

degradation or mRNA repression or an interplay between these two mechanisms (173).
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Regardless of the mechanism of miRNA gene silencing, and the levels of mRNAs, the
protein products of these genes were examined. There are fewer published studies of note
that correlate miRNA levels to predicted proteins compared to studies that have
demonstrated the relationship between the miRNAs and mRNAs (276). Recently,
differential changes in miRNAs were examined in the experimental autoimmune
encephalomyelitis mouse model (269) and predicted the target genes in several cellular
pathways as well as protein expression. However, studying sequential multi-step
experiments in SCI is less clear. Thus, expression levels of predicted proteins in two

experimental conditions, namely SCI+SLN and SCI+mino were examined.

3.2 Materials and Methods

3.2.1 Identification of miRNAs target genes and their functions

The details for identification of miRNA targets are found in Section 2.2.9. Briefly,
miRDB, and TargetScan online data sets and gene online source

“https://www.ncbi.nlm.nih.gov/gene/”” were used to identify miRNAs targets and their

protein products. The genes were checked in the ensemble genome database

“http://useast.ensembl.org/index.html” that provides gene and protein ID. In this study

the Ensembl Gene ID was considered.

To understand how the predicted targets are related and how they function, the online
bioinformatic tool “DAVID: The Database for Annotation, Visualization

and Integrated Discovery” was used (274, 275). This tool is useful in identifying and
filtering the targets. The DAVID tool identifies the cellular pathways of these genes as
well as their protein products. A list of predicted genes and proteins were analyzed by
DAVID software using Ensembl Gene ID. The significantly enriched gene products
(proteins) demonstrating a p-value > 0.05 as well as identified as participating in

apoptotic or cell survival pathways were selected for verification and confirmation.
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3.2.2 Animals And Research Approval

A detailed description is in Section 2.2.1 animals and ethics approval. Six mice each were
included in the SCI+mino group and the SCI+SLN group for western blot experiments.
The pre-operative care, procedures, and post-operative care followed Dalhousie
University policy & the Canadian Council on Animal Care guidelines. Ethics approval
(protocols #17-136, 20-060) from the Dalhousie University Committee on Laboratory

Animals was obtained .

3.2.3 Experimental Design

The experiments were designed to examine the differential expression of SC proteins 1
day following SCI in two groups, the minocycline (treatment) group and saline (control)
group. The details of the experimental conditions and methods of giving IP solutions
were described in Section 2.2.2 Experimental design. In short, both groups received
moderate grade SCI. One dose of IP minocycline (90 mg/kg in 0.5 ml buffered saline)
was given after the surgery for the minocycline group and one dose of IP saline was
given to the SCI+SLN condition. The animals were euthanized 1 day after SCI and 5 mm

of SC segments centred on the lesion were harvested for protein extraction.

3.2.4 Surgeries

The detailed surgical procedure and anesthesia were described in Section 2.2.3 Surgical

procedures and setup.

3.2.5 Protein Extraction

For lysate preparation, mice were euthanized by a lethal dose of pentobarbital. A 5 mm
SC segment centred on the injury epicenter was harvested following extraction of the SC
by hydraulic ejection with cold sterile PBS. The SC segment was rinsed in sterile cold
PBS and transferred into a pre-chilled beadbug tube. Then, 400 ul of RIPA lysis buffer
was added with 4 ul (1%) of protease inhibitors cocktail. To lyse the tissue effectively,

the SC segment was homogenized inside the cold room for 1 minute. The lysate was
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incubated on ice for 10 minutes and then centrifuged at 13 000 rpm for 15 minutes. The
supernatant was transferred into a prechilled protease free tube, and the pellet was

discarded. The lysate was frozen at -80 °C or used in the same day for further analysis.

To determine protein concentration in each lysate sample the Lowry assay method was
used. The reagents (for details see Table C.1 appendix C). In summary, triplicate samples
(2ul) of lysate from each mouse were mixed with fixed amounts of BSA (Bovine Serum
Albumin) (Bio-Rad, Quick Start Bovine Serum Albumin Standard catalog #5000206)
incrementally in 1 pl increments beginning with 0 pl in first row then 7 pl in the 8" row
in a 96-well plate. A mixture of buffer A and buffer S were added into each well followed
by reagent B and incubated for 15 minutes. The plate was read at 750 nm absorbance

using The BMG LABTECH- SPECTROstar Nano system.

3.2.6 Western blotting

After measuring protein concentrations in the lysates, the required volume of the lysate
was determined such that 25 pg of protein was contained in each well of the separating
gel. SDS-PAGE 10% gel was used in all western blot experiments. All separating gels
were made in-house. The lysate was mixed with Laemmli Sample Buffer and heated for 5

minutes at 95 °C.

Pre-stained protein ladder (Bio-Rad) and SCI protein samples were thawed on ice. The
electrophoresis cell (core + gel) was assembled and filled with a running buffer. A 10 pl
sample of ladder and between 25 and 50 pg of SCI protein samples were loaded into each
well. The electrophoresis separation was started at 50 V, set at 300 W for 30 minutes and
then adjusted to 100 V until the dye front reached the bottom of the gel. Following a run
time of approximately 105 minutes, the gel was removed and dipped in cold 4 °C transfer

buffer for 10 minutes.

A transfer sandwich was assembled inside the transfer cassette (sponge-filter paper-
PVDF membrane-filter paper-sponge). PVDF was pre-activated with methanol. The

transfer cell was assembled and run under cold (4 °C) conditions for 1 hour at 100 V. The
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membrane was then washed 3 times with TBST 0.1% for 5 minutes and blocked with 5%
milk (milk in TBST) for 1hr. Following blocking, the primary antibodies [Akt (pan)
(11E7) Rabbit mAb-Cell signaling tech (CST 4685S); Bcl-2 (D17C4) Rabbit mAb
(Mouse Preferred) (CST) 3498S); PI3- kinase p85-a Rabbit polyclonal (Sigma,
SAB4502195); Loading control GAPDH (D16H11) XP® Rabbit mAb (CST5174S)]
were added GAPDH 1:5000, Akt 1:1000, Bel2 1:1000, PI3K p85ac 1:1000 (each primary
antibody on a separate membrane) and the membranes were kept on shaker overnight at
4°C. The membranes were washed and incubated with appropriate secondary antibody
[Secondary Ab Anti-Rabbit IgG, HRP-linked Ab (CST 7074S)] 1:10000 diluted with
TBST and 0.05% non-fat milk for 1 hour, washed and developed.

3.2.7 Blots reading and statistical analysis

Membrane signals were developed using a chemiluminescent Pierce ECL 2 Western
Blotting Substrate (Thermo Scientific Prod # 80196) and the ECL signals were captured
using a Azure 300c Chemidoc system. Electronic images were saved and then analyzed
by using ImagelJ software v1.53. Briefly, the captured image was opened in ImageJ
software. The rectangle function was used to surround one signal band in the membrane
starting from the first lane and remaining uniform for all bands to gain a proper reading.
Using the analyze function, a first lane order was created. The software created another
rectangle that was positioned around the band in the second lane. The rectangle
dimensions remained uniform in size. The process was repeated in the same sequence for
each lane. In the last lane, the order ‘plot the lane’ is used to produce intensity histograms
based on the intensity of the band. Background signal was subtracted using the line tool
for all bands and the intensity of the bands was calculated using the wand function.
Image] data for the bands signals was collected for all membranes and recorded. The

values were analyzed by using GraphPrism 9.0.0. The results were shown in mean+SEM.
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3.3 Results

3.3.1 Identification of miR-21a-5p and miR-15b-5p target genes and identification of
their functions:

For miR-21a-5p, fourteen target genes were determined and uploaded into the DAVID
software for analysis. DAVID selected two pathway analysis systems, KEGG database
(Kyoto Encyclopedia of Genes and Genomes) and BIOCARTA pathway analysis. More
genes were analyzed by KEGG system then BIOCARTA and were selected. Following
analysis 8 genes were discarded and 6 genes were included for further analysis. KEGG
analysis produced several pathways. The pathway related to cell survival and/or apoptosis
as well as significantly enriched (p < 0.05) was selected (JAK-STAT signaling pathway).
JAK-STAT pathway was generated by DAVID software and annotated three genes and
proteins that participate in cell survival and anti-apoptotic pathways (Table 3.1). The
detailed list of genes and output charts generated by DAVID software for miR-21a-5p
targets are in Figures C.1 — C.5 (Appendix C).

Similarly, for miR-15b-5p, 46 target genes were uploaded into DAVID software. Again,
two-pathway analysis systems were selected by the DAVID software, KEGG and
BIOCARTA. KEGG pathway analysis was selected since it provided more predicted
targets. Following analysis, 35 targets were excluded. Of note, the PI3K-Akt signaling
pathway was among the pathways automatically generated by DAVID (p < 0.05). This
pathway annotated 6 genes and proteins that are known to participate in anti-apoptotic
and cell survival pathways (Table 3.1). The details of the generated DAVID output are in
Figures C.6 — C.10 (Appendix C). A simplified illustration of Jak-STAT pathway the
miR-21a-5p filtered targets is shown in Figure 3.1.
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miR-21a-5p target products (proteins)

miR-15b-5p target products (proteins)

Phosphatidylinositol 3-kinase, regulatory
subunit, polypeptide 1 (p85 alpha)
(Pik3rl)

B cell leukemia/lymphoma 2(Bcl2)

Interleukin 12a(I112a)

Thymoma viral proto-oncogene 3(Akt3)

Interleukin 21(1121)

Fibroblast growth factor 7(Fgf7)

Fibroblast growth factor 9(Fgf9)

Cyclin D2(Ccnd2)

Cyclin E1(Ccnel)

Table 3.1 The miR-21a-5p and miR-15b-5p filtered targets by DAVID.

The miR-21a-5p targets participate in cell survival in JAK-STAT signaling pathway.

The miR-15b-5p targets participate in anti-apoptotic and cell survival in PI3K and Akt

signaling pathway.

Cellular pathway of miR21a-5p filtered targets
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Figure 3.1 A simplified illustration of filtered mi-R21a-5p targets in Jak-STAT pathway

This simplified illustration was automatically generated by DAVID bioinformatic tools.

See Appendix C for full illustration. The software annotated the proteins of interest with

a red star. The green arrows and circles were added for further clarification. PI3Kp85a

regulatory subunit is a target of miR-21a-5p. This protein is part of PI3K-Akt signaling

pathway which is also target by miR-15b-5p. It is not known if they have synergistic

effect or not.
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3.3.2 Testing the changes in the expression levels of target proteins

From the 9 filtered proteins, three proteins that participate in the anti-apoptotic process
were selected, namely Bcl2, Akt as miR-15b-5p target protein products, and PI3Kp85a as
miR-21a-5p target protein product. The expression level of these three proteins is
hypothesized to increase in the condition that showed downregulation of miR-21a-5p

and miR-15b-5p. All western blot experiments were repeated at least two times (Figure

3.2).

Bcl2 expression level

Bcl2 protein expression levels were tested in 12 mice in total, six SCI+SLN mice and six
SCI+mino animals. Western blot showed the expression of Bcl2 increased by 10% in
experimental conditions that showed miR-15b-5p downregulation but was not

statistically significant (p = 0.4037; 95% confidence interval -0.1401 to 0.3387).

Akt expression level

Again, this protein expression level was tested in six mice with SCI+SLN and six
SCI+mino mice. Similar to Bcl2, this protein expression increased in SCl+mino group in
comparison to SCI+SLN group. It is likely that miR-15b-5p downregulation resulted in a
30% increase in the expression of Akt protein but was not statistically significant (p =

0.4016; 95% confidence interval -0.4211 to 1.018).

PI3Kp85a expression level

The increase in the expression of the protein PI3Kp85a was the most prominent in the
group that showed miR-21a-5p downregulation (SCI+mino). There was a 50% increase
in comparison to the SCI+SLN group but not statistically significant (p = 0.2029; 95%
confidence interval -0.2886 to 1.295).
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Figure 3.2 Protein levels in 1d survival SCI+SLN and SCI+mino.

Western blot showed that there was increase in the expression of proteins when their
corresponding genes are targeted by the downregulated miR-21-5p (PI3Kp85a) and the
downregulated miR-15b-5p (Akt and Bcl2), but this increase was not statistically

significant.
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3.3.3 SCI impact parameters

All mice (n=12) were subjected to a similar impact injury (Figure C.11, Appendix C).
SCIs for WB experiment were done in the 1d group only. There was no statistical
difference between the actual force delivered to the two experimental conditions. The
actual force for the two conditions SCI+SLN (n=6) and SCIl+mino (n=6) were 53.667 +
0.667 K dyne (mean+ SEM) and 52 +0.865 K dyne respectively (p = 0.1556). Similarly,
there was no statistical difference in SC displacement after the impact between the
experimental conditions. The SC displacement in SCI+SLN was 423+ 44.4 microns and
the displacement in SCI+mino was 443.33 + 38.16 microns (p = 0.7356).

3.4 Discussion and interpretation

In this study, currently available bioinformatic tools and databases were used to predict
the targets of two identified downregulated miRNAs, miR-21a-5p and miR-15b-5p in
mice following SCI. The targets of these miRNAs were identified in miRDB and
TargetScan, Gene section of the National Center for Biotechnology Information, U.S.

National Library of Medicine Genbank (https://www.ncbi.nlm.nih.gov/gene/) with gene

ID-ensemble numbers. The DAVID bioinformatic tool was used to filter the predicted
genes for both miRNAs of interest and to search for the pathways of these genes. It was
determined that for miR-21a-5p, 3 genes play a role in the cell survival pathway (Figure
3.1 and Table 3.2) and miR-15b-5p targeted 6 genes in antiapoptotic and survival
pathways (Table 3.1).

The differential protein expression level was examined at 1d after injury between the two
experimental conditions, the SCI+mino (that showed downregulation of miRNAs) and
the SCI+SLN. Three proteins were selected out of 9 predicted proteins, Akt, Bcl2 as
miR-15b-5p targets and PI3Kp85a as a target of miR-21a-5p. Western blot showed that
there was an increase in expression level of these three proteins in SCI+mino condition

compared to SCI+SLN condition. Although the increase was not statistically significant,
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it is possible that the observed increase in protein expression could be biologically
significant at cellular levels. Several previous studies showed significant increases in
Bcl2 levels following minocycline administration with a neuroprotective effect (27, 35).
Several factors may explain why the results here differ from the literature, such as
different animal species or strain, the timing of measuring these proteins and the
technique used. For the other two proteins of interest, PI3K and Akt, both participate in
the same anti-apoptotic signaling pathway (277, 278). Although the increase in their
expression was not statistically significant, both of these proteins are regulated by two
different miRNAs. Furthermore, these two proteins in the PI3K-Akt signaling pathway
may work synergistically. To test this potential synergistic effect, one could silence one
protein translation and test for the proteins level and assess the impact on the neuronal

survival.

Regardless, these findings might explain the possibility of increasing Bcl2 expression by
relieving the suppression of miR-15b-5p. Additionally, the higher Akt level was
correlated to miR-15b-5p downregulation. Regarding PI3K increased expression, this

increase was likely due to miR-21a-5p downregulation effect.

In conclusion, this study demonstrated that bioinformatic resources can be very helpful in
predicting the targets of the two downregulated miRNAs. Furthermore, our results
suggest an increase in the expression of Akt, Bcl2 and PI3K proteins, which may be due
to downregulation of the miRNAs that control translation of their genes. To verify that
these proteins indeed play a role in neuroprotection, histological evaluation of SC tissue
following injury should be undertaken, with the intent to identify evidence supporting

enhanced neuronal survival (see Chapter 4).
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CHAPTER 4 : POTENTIAL EFFECTS OF
DOWNREGULATED miRNA ON THE TARGETED
NEURONAL SURVIVAL PATHWAYS

4.1 Introduction

The initial cellular, axonal, and vascular disruption that results from mechanical impact
on spinal cord parenchyma is followed by a series of biochemical reactions, the sSCI, that
leads to expansion of the lesion size. In addition to necrosis, programmed cell death or
the apoptosis has been shown to play a significant role in cellular population loss within
and around the injury epicenter (128). Previous studies showed that an increase in Bcl2
protein expression resulted in neuronal cell body preservation but not myelinated axons
protection (279). Additionally, Akt and PI3K proteins function as anti-apoptotic
molecules and preserve neurons (277). Studies described here demonstrated moderate
increase in the levels of these three proteins in conjunction with the downregulation of
miR-21a-5p and miR-15b-5p (see Chapter 3). The working hypothesis was that the
elevation in the expression of these proteins has a neuroprotective effect. To determine if
the expression of these proteins in a mouse model of SCI was biologically significant, SC
tissue specimens were examined under two experimental conditions: i) SCI+SLN and ii)
SCI+mino (where the miRNAs downregulated and Akt, Bcl2 and PI3K over expressed).
A reasonable quantitative method to observe any potential beneficial effect of these
overexpressed proteins was to determine if there was any difference in the degenerated
neurons between the two experimental conditions. To achieve this, Fluoro-Jade C (FJC)
was used to label degenerated neurons. This fluorescent stain selectively labels
degenerated neurons regardless the cause of the injury or mechanism of neuronal death
(280, 281). FJC dye has high affinity to cell bodies and processes with the highest
resolution and displays the best signal to background ratio compared to its predecessors
Fluoro-Jade and Fluoro-Jade B. It is also compatible with immunofluorescent double-

staining techniques (282).
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4.2 Materials and methods

4.2.1 Mice and Ethics Approval

This was described in Section 2.2.1 animals and ethical approval. Briefly, a total of 10
female C57BL/6 mice 10 to 20 weeks old were used for histology experiments. Five
animals were used in the minocycline group and five animals were used in the control
group. Dalhousie University policy and the Canadian Council on Animal Care guidelines
were followed through our experiments. The project (protocols #17-136, 20-060) was

approved by the Dalhousie University Committee on Laboratory Animals.

4.2.2 Operative procedures

The surgeries and general anesthesia were described in Section 2.2.3 Surgical procedures

and setup.

4.2.3 Spinal cord harvesting and preparation

Mice were euthanized 24 hours following the SCI by administration a lethal dose of IP
pentobarbital (see section 2.2.6 for more details). Mice were transcardially perfused via
thoracotomy with 7-10 ml of cold (4°C) sterile PBS 1X followed cold 4%
paraformaldehyde (PFA). Following fixation, a segment of spinal column approximately
2 cm in length, which included the injury epicenter of the SC, was extracted and
immersed in 4% PFA overnight. The following day the SC was dissected from the spinal
column and immersed in 15% sucrose for 24 hours, followed by 30% sucrose for another
24 hours. A 5 mm section of injured SC was cut centered around the injury epicenter and
embedded in the O.C.T Compound Tissue-Pluse 4585 (Fischer Scientific, catalog # 23-
730-571). A cryostat was used to cut 30 um cross-section of SC tissue, 5 sections were
mounted on each chrome gelatin coated slide (Superfrost Plus, catalog # 12-550-15

Fisher brand). The gelatin solution was prepared by mixing 1 L of milli-Q water, 5 g
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gelatin (Sigma, G2625) and 0.5 g chromium potassium sulfate dodecahydrate-CrK
(SO4).12H20 (C337- Fisher scientific) to positively charge the slide and minimize SC
sections loss. The SC sections 500 um caudal to the injury epicenter from both SCI+mino
and SCI+SLN groups were stained with Fluoro-Jade C, Hoechst 33342, neuN, and GFAP
stains. The injury epicenter was determined as the area of highest blood intensity (visible
contusion) and was consistent in all SC specimens (Figure 4.1). Identification of this
region has been shown to correlate to the area of maximum damage/disruption resulting

from the impact (257).

Figure 4.1 Spinal cord specimen collected 1d after the injury.
Blood-tinged area represents the area hit by the tip of the impactor. Pictured captured via

using Leica dissecting microscope . T=thoracic (rostral), L=lumbar (caudal)
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4.2.4 Fluoro-Jade C staining and Hoechst nuclear counter staining

FJC was used to stain the degenerated neurons, whereas Hoechst is a blue fluorescent dye
that stains DNA (35) . The SC cross-sections were immersed in basic alcohol solution for
5 minutes, followed by 70% ethanol for 2 minutes. The slides were washed with milli-Q
water for 2 minutes. The SC sections were incubated in 0.06% potassium permanganate
for 15 minute and rinsed with milli-Q water for 2 minutes. Then, the SC sections were
incubated for 20 minutes in 0.0001% FJC solution (Fluoro- Jade C, Histo-chem inc. # US
62290240) or 0.0001% mixture solution of both FJC and Hoechst (Invitrogen, H21492,
Hoechst 33342) nuclear counter stain (stock FJC dissolved in 0.1% acetic acid vehicle)
(283-285). The slides then were rinsed in milli-Q water twice for 1 minute. The slides
were dried on a slide warmer at 50-60° C for at least 10 minutes then cleared by xylene 1
minutes twice. The slides were then covered with coverslips by using a DPX (Sigma,
44581) mounting media. FJC and Hoechst were prepared and applied in dark conditions.
The slides were kept in dark place to avoid fading.

4.2.5 Double labelling with immunohistochemistry nuclear anti-neulN antibody and

fluoro-Jade C staining:

For further confirmation that FJC selectively stains neurons, a neuronal nuclear stain,
anti-neuN antibody was used. This antibody was used to examine if it is colocalized with
FJC positive neurons. The sequence of staining is important for the clarity of fluorescent
signals (283). Therefore, for double labeling, first immunohistochemistry staining was
started using anti-neuN antibody followed by FJC. The antigen retrieval technique was

applied where SC sections were incubated with 0.1% Triton 100-X (Sigma, T8787) for

10 minutes, incubated in ~ 95 °C sodium citrate for 10 minutes. (Sodium citrate buffer is

prepared by mixing Tri-sodium citrate dihydrate (Fisher Scientific-S279) 2.94 g in 1L
milli-Q water and the pH is adjusted to 6 by HCI. Then, 0.5 ml of Tween 20 (Fisher
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Scientific BP337) is added. The slides then were rinsed with 1X PBS three times for 5
minutes. Sections of the SC were covered with blocking buffer mixture of normal goat
serum (5%) (Sigma, G6767), Triton 100-X (Sigma, T8787) and 1X PBS for 1hour before
the primary mouse anti-neuN antibody (Sigma-Aldrich, MAB377) was added on the
slides (1:500) and incubated at 4 °C overnight. Goat anti-mouse IgG secondary antibody
(1:500) Alexa Fluor 546 (ThermoFisher Scientific, Invitrogen-A11003) was applied for
two hours at room temperature. The sections were subsequently incubated with potassium
permanganate for 10-15 minutes and washed with 1X PBS three times for 5 minutes
each. Following incubation, the working FJC solution (1: million) was applied to the

slides for 20 minutes and then washed with milli-Q water three times and air dried at 50-

60 °C for 20 minutes. DPX mountant and coverslip were applied, and the slides were

examined.

4.2.6 Double labelling with immunohistochemistry anti-GFAP antibody and fluoro-
Jade C staining:

Anti-GFAP antibody labeling has been described as a methodology to detect astrocytes
(astrocyte marker) (283). To test for the selectivity of FJC for neurons in the SCI-mouse
model, double labelling studies to visualize astrocytes using anti-GFAP was undertaken.
Several previous laboratories have demonstrated that FJC is selective for degenerated
neurons and does not colocalized with anti-GFAP staining (281, 286).
Immunohistochemistry staining was conducted first, followed by FJC staining (283).
Briefly, as described in Section 4.2.6 above, the heat-induced epitope retrieval method
was used to retrieve the antigens. The SC cross-sections mounted on the slides were
blocked with normal goat serum (Sigma, G6767) mixture including Triton 100-X (Sigma,
T8787) and 1X PBS for 60 minutes followed by the addition of the primary rabbit anti-
GFAP antibody (abcam, ab7260) (1:1000) overnight at 4 °C. Following overnight
incubation with anti-GFAP, secondary goat anti-rabbit IgG antibody conjugated with 594
fluoro-chrome (Invitrogen, Alexa Fluor 594-A11037) was applied (1:500) for 2 hours at

room temperature. Following GFAP staining, potassium permanganate was applied for
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10-15 minutes and FJC 1: million was applied for 20 minutes. Slides were cover slipped

with DPX mounting media and examined histologically.

4.2.7 Imaging, histological quantification and analysis

The analysis was performed on cross-sections of SC tissue specimens collected from
minocycline and saline treated groups (n = 5 in each group). Moreover, non-contused SC
cross sections were used as controls for comparison. FJC positive cells were visualized in
the dorsal horn or Rexed Laminae III-V ( laminae III and VI contain nucleus proprius
neurons, and lamina V contains interneurons and propriospinal neurons) (257, 287, 288)

Fig. 4.2.

Figure 4.2 Spinal cord cross section at low magnification stained with FJC stain
The white square is showing the area of interest- dorsal horn Rexed laminae I1I-V.
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A Zeiss Axio Imager Z1 was used with Color and Monochrome Camera Systems
(Axiocam 506c_S2658 (2752 x 2208 pixels) and Axiocam 506m_S1975 (2752 x 2208
pixels). This Multi-track Image system supported with multi-position, motorized stage
and with software: Zen Blue 3.0. Filter set 38 He GFP was used for Fluoro-Jade C dye,
49 DAPI channel for Hoechst stain, and 43 He DsRed was used for the antibodies
conjugated with fluorophores 546 and 594. For evaluation of neuroprotection, the FJC
positive cells were quantified and compared between the SCI+SLN and SCI+mino
groups (284). The images were captured at high magnification (40X optical
magnification). To observe if GFAP colocalizes with FJC, and to examine if the neuN
antibody stains FJC positive cells, images were captured at high magnification as well
(63X optical magnification) (258, 284). Imagel software v1.52 was utilized for image
analysis (257). FJC positive cells were quantified manually due to technical challenges
related to automated counting. In automated counting, threshold set up was giving
inconsistent results that was corrected by manual counting. The manual quantification
was conducted by a blinded observer. Images from both conditions, SCI+SLN and SCI+
mino, were captured and coded before, so as to maintain blinding. Images from two
different sections, for each animal, were captured and saved in TIFF format. A total of 20
different sections were analyzed (10 section from each experimental condition). The
Image] multi-point function was utilized for counting the FJC positive neurons in
captured images. The same captured and coded images were quantified again by a
different reader and inter reader reliability was tested by using Intraclass Correlation
Coefficient (ICC) test. ICC was calculated by using IBM SPSS Statistics for Windows,
version 28.0.0.0 USA.

4.3 Results

4.3.1 Fluoro-Jade C staining and Hoechst nuclear counter staining

FJC immunohistochemistry selectively stains degenerated neurons, whereas Hoechst
nuclear counter stain is a blue, fluorescent dye and stains the nuclear DNA. In our

experiments, FJC and Hoechst stains were used in SC sections under three conditions,
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normal spinal cord (no injury), SCI+SLN and SCI+mino. Fluor-Jade C did not stain
neurons in normal SC sections (Figure 4.3 G, H, and I). Fluor-Jade C labeled the

degenerated neurons in control and treatment SCI groups (Figure 4.3 A-F).

Hoechst nuclear counter stain confirmed that neuronal cell bodies were stained with FJC.
Similar to previous reports that FJC stains dendrites and axons; our study demonstrated
FJC staining primarily within the cell bodies, although it was identified within neuronal

processes in a few sections.
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Figure 4.3 Fluoro - Jade C and Hoechst nuclear counter stain in three different experimental
conditions.

The top row images A, B, and C represent SCI + saline. The middle row images D, E,
and F represent SCI+ minocycline. The bottom row images G, H, and I represent normal
SC. The first column is Fluoro-Jade C stain, the second column is Hoechst, and the third
column are merged images. In the top row, the arrows in images A, B, and C point to a
neuron labeled with FJC and Hoechst. In the middle row, the arrows in the images D, E,
and F represent a neuron labeled with both FJC and Hoechst. The arrow heads in these
images point to nucleus of a neurons. In the bottom row, the arrow heads point to a

nucleus of a neuron. No neuron was stained with FJC in normal SC sections.
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4.3.2 Double labelling with immunohistochemistry nuclear anti-neulN antibody and
fluoro-Jade C staining:

To confirm that the FJC labeled cells are neurons, anti-neuN antibody
immunohistochemistry was used to determine colocalization. Double labeling of FJC and
anti-neulN antibody were used in three experiment conditions: normal spinal cord (no
injury), SCI+SLN and SCl+mino. In the SCI experimental conditions, neurons that were
labeled with FJC were also positive for the anti-neuN antibody. Anti-neuN antibody also
labeled neurons that were negative for FJC stain in all experimental conditions, including
normal SC. It was interpreted that the FJC negative neurons were normal neurons, as not
only they lack FJC staining, but their soma size were larger than the neurons that were

FJC positive (Figure 4.4). These results confirm that FJC labeled cells were neurons.

SCI+mino SCI

NR SC

Fluor-Jade C NeuN Merged

Figure 4.4 Anti-neuN immunohistochemistry and FJC stains in three different experimental conditions.

The top row images A, B, and C represent SCI + saline. The middle row images D, E,
and F represent SCI+ minocycline. The bottom row images G, H, and I represent normal
SC. The first column is Fluoro-Jade stain, the second column represents anti-neuN
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immunohistochemistry, and the third column displays merged images. The arrowheads in
A and D highlight neurons labeled with FJC. In B and E, the arrowheads denote the same
cells after staining with anti-neuN stain. In C and F, the arrowheads point to the same
neurons that are double labeled with both anti-neuN and FJC. FJC-positive neurons were
shrunken in size when compared with the neurons that were labeled with Anti-neuN only.
This comparison was most obvious when comparing the SCl+saline to no SCI condition.

4.3.3 Double labeling with immunohistochemistry anti-GFAP antibody and fluoro-

Jade C staining:

To determine whether the FJC-labeled cells could be astrocytes, double labeling
immunohistochemistry was used. FJC and anti-GFAP antibody double labeling was used
in SCI+SLN, SCI+mino and normal SC sections (no injury). The Anti-GFAP antibody
clearly delineated astrocytes, demonstrating the typical star shape, however it was not
identified in the FJC-labeled cells. This lack of colocalization further suggests that the
FJC labels neurons and not astrocytes, in the three experimental conditions examined

(Figure 4.5 A-I).
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Fluor-Jade C GFAP Merged

Figure 4.5 Anti-GFAP immunohistochemistry and FJC stains in three different
experimental conditions.

The top row images A, B, and C represent SCI + saline. The middle row images D, E,
and F represent SCI+ minocycline. The bottom row images G, H, and I represent normal
SC. The first column is FJC, the second column is Anti-GFAP immunohistochemistry,
and the third column are merged images. The arrows in the images A, C, D and F
represent FJC-labeled neurons. The arrow heads in the images B, C, D, F, H, and I point
to astrocytes labeled with Anti-GFAP stain. FJC stain clearly did not label astrocytes.
The typical astrocytic star shape was more clearly identified in the no SCI and SCI+mino
conditions compared to the SCI+saline group, where the astrocytes portrayed a more
reactive phenotype.

4.3.4 Quantification analysis

Ten mice included in the analysis, 5 mice in the SCI+SLN and 5 mice in the SCI+mino
groups. Two SC sections were read for each animal, total 20 sections. It was observed
that conditions where miR-21a-5p and miR-15b-5p were downregulated and Akt, Bel2,
and PI3K proteins overexpressed (SCI+mino) there was significantly fewer FJC positive
neurons (more neuronal cell population preservation) than the SCI+SLN condition (p <

0.0369, 95% confidence interval -40.97 to -1.435) (Figure 4.6). The same images were
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read again by a second reader. The intraclass Correlation Coefficient (ICC) by using
agreement function of IBM SPSS Statistics 28.0.0.0 was 0.92 (Cronbach’s alpha) with p
value < 0.001 and CI (0.81-0.97) .

p <0.0369

Fluoro-Jade C labled neurons

Mean, SEM

Figure 4.6 Comparison of Fluoro-Jade C positive cells in SCI+SLN and SCI+mino

This bar graph represents a comparison of FJC labeled neurons between two different
experimental conditions. There were more degenerated neurons in SCI+SLN (labeled
with FJC stain) than SCI+mino and the difference was statistically significant.

4.3.5 SCI impact parameters

There was no significant difference in actual force delivered to the SCs in the two

experimental conditions, saline and minocycline (n=10) (Figure D.1; Appendix D). The

actual force in the SCI+SLN condition was 51.6 £+ 0.365 k dyne (mean+SEM), and in

SCI+mino condition the actual force was 52.4+0.619 k dyne (p = 0.3394). Likewise,
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there was no significant difference in SC displacement after the injury in the two

conditions. In the SCI+SLN the SC displacement was 507.4+ 43.26 micrometer and the

displacement in SCI+mino condition was 422.8+16.11 micrometer (p = 0.1329).

4.4 Discussion and interpretation

The histological observations in this study included qualitative and quantitative analyses.
To determine any potential beneficial effect related to the downregulation of miR-21a-5p
and miR-15b-5p, and their respective protein expression (Akt, Bcl2 and PI3K),
degenerated neurons were identified in SC sections by using FJC immunohistochemistry,
to selectively stain for degenerated neurons. Anti-nuclear Hoechst counter stain was also
used to confirm that FJC labeled neuronal cell bodies. The findings showed that FJC
primarily labeled neuronal cell body and less often cell processes (Figure 4.3 A-I). These
observations are consistent with previous studies by Schmued et al. 2005, Bian et al

2007 and Chen et al 2008 (280, 281, 286).

To confirm that these FJC positive cells were neurons and not other glial cells, a known
neuronal marker anti-neuN antibody was used. The anti-neuN antibody colocalized with
FJC stain and stained other neurons that were negative for FJC. Additionally, the neurons
that were labeled only with anti-neuN antibody were relatively larger than the FIC
positive neurons. This might indicate that the FJC positive cells have shrunk in size

secondary to apoptosis.

Furthermore, to ensure that FJC did not stain astrocytes, an astrocytic marker (GFAP)
was used (283). The results showed that GFAP and FJC did not colocalize. It was
observed that FJC positive cells were neurons and GFAP anti-body specifically labeled
astrocytes. Consistent with these findings, Bian et al 2007 and Chen et al 2008 showed
that FJC does not colocalize with GFAP, and FJC selectively stains degenerated neurons
(281, 286). It was noticed here as well that the typical star shape of astrocytes was more
identifiable in the experimental conditions of no SCI and in SCI+mino sections when

compared to SCI+SLN. It is known that GFAP stains approximately 15% of the actual
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astrocyte volume (289), albeit the possible reason for this observation could be due to the
fact that astrocytes in SCI+SLN condition were hypertrophied. This observation has been
previously reported in the SC and the brain after different types of insults (258, 281).
Moreover, Schmued et al. 2005 reported that astrocytes are more swollen when they are

adjacent to the degenerated neurons (280).

Following confirmation that the FJC positive cells were neurons, the ratios of
degenerated neurons were quantified in the two experimental conditions, SCI+SLN and
SCI+mino. There were significantly more degenerated neurons in the SCI+SLN (control)
condition than seen in the treatment group, which demonstrated downregulation of
miR21a-5p and miR15b-5p and the overexpressed proteins (Akt, Bcl2 and PI3K). This
observation may, in part, reflect the beneficial effects of the overexpressed proteins.
However, this neuroprotective effect could be due to other beneficial proteins that have

not been addressed or examined in this study (35, 258).

In summary, our histological findings suggest that there is a neuroprotective effect when
SCI mice are treated with minocycline, and furthermore this effect may be the result of
downregulation of miR-21a-5p and miR-15b-5p. These findings could be partly due to
the elevation of expression of the proteins Akt, Bcl2, and PI3K. In the previous chapters
it was demonstrated how minocycline resulted in downregulation of miR-21a-5p and
miR-15b-5p expression. This downregulation resulted in an increase in Akt, Bcl2 and
PI3K. These changes might, in part, explain the benefits of downregulation of these two

miRNAs. However, other pathways influenced by minocycline cannot be excluded (21).
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CHAPTER 5 : DISCUSSION

The findings within this thesis contribute to our insight into the mechanisms of sSCI. Our
approach to further decipher this complex series of events following SCI could be viewed
as novel. It was the intent to investigate how injury induced changes in upstream post-
transcriptional translation pathways could alter downstream molecular events at the
cellular level, the primary hypothesis being that modulation of miRNA expression by a

neuroprotectant after SCI may attenuate the effects of sSCI.

To our knowledge, when this study was started in 2017, it was the first global analysis of
miRNA changes, following SCI in a mouse model, that utilized Next Generation
Sequencing (NGS). Additionally, this is the first study that used a known neuroprotective
drug (minocycline) to examine alterations in miRNA expression following SCI at a broad
level. In this exploratory study, bioinformatic tools were used to correlate the molecular
(miRNAs and their target genes) changes with biochemical events (effector proteins) of
sSCI. These effector proteins were tested and examined for potential impacts and
histological changes. The intent was to determine whether this approach might uncover
beneficial molecular (miRNA) pathways that could be targeted to preserve neurons
following SCI. The longer-term objective will be to identify particular miRNAs that are
either favorable or deleterious to recovery after SCI and subsequently design specific
pharmaceuticals to either upregulate or down regulate those miRNAs, respectively, to
gain an overall beneficial therapeutic effect. The current series of experiments revealed a

number of relevant observations that support this potential novel therapeutic approach.

Firstly, SCI resulted in widespread changes in the expression of miRNA in the acute
stage (1d time point) and subacute stage (7d time point). Secondly, for the first time it

was demonstrated that a neuroprotective agent (minocycline) resulted in modulation of
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miRNA expression following the injury in the acute stage. A subset of altered miRNAs
were studied and the changes in miR-21a-5p and miR-15b-5p seen with NGS were
subsequently confirmed. Although there are varied reports in the literature as to the
observed changes in expression for certain miRNAs following insult, the upregulation of
miR-21a-5p following SCI in different animal species is a consistent finding (227).
Furthermore, this study supports the previous observation that miR-15b-5p likely
regulates Akt protein, an important protein in cell survival (290). Thirdly, there was a
relative increase in the expression of Akt, Bcl2, and PI3K proteins in the experimental
condition with downregulated miR21a-5p and miR15b-5p expression. These are
“beneficial” proteins that play a significant role in neuronal cell survival and anti-
apoptotic effects. Fourthly, the observed changes in miRNAs and protein levels were
correlated histologically with preservation of neuronal cell populations in the injury
penumbra. Finally, it should be emphasized that our findings are based on a subset of
miRNAs. The miRNA library constructed still has many significantly altered miRNAs
that have yet to be investigated. These miRNAs will be utilized in several future projects.
Together, these findings shed the light on the mechanisms of sSCI at upstream level and
lend support to these pathways as potential therapeutic opportunities. However, there are

several challenges and short comings to this study that need to be acknowledged.

5.1 Global miRNA pattern changes:

In the 1d group (acute phase), there was a general pattern change observed that supported
upregulation of miRNA expression following SCI. Minocycline administration resulted
in a reverse pattern, i.e. downregulation of 59 miRNAs and upregulation of 22 miRNAs.
A review of the literature focused on patterns of miRNA change following SCI revealed
different profiles (6, 227). The general profile of miRNA changes solely due to SCI in
our study showed a similar pattern of miRNA expression to Lui et al. 2009 in the acute
stage (6). These authors showed 30 miRNAs upregulated, 16 miRNAs downregulated.
However, in contrast to our study, Yunta et al. 2012 reported two major differences from

our results. Firstly, there were no significant changes in miRNA expression at 1d
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following SCI, while there were noticeable changes in expression at both 3 and 7 days
post-injury (227). Secondly, they observed a general progressive downregulation of
miRNA expression following SCI. The pattern of miRNA dysregulation following injury
in our study also differed from that reported by Strickland et al. 2011 (237). These
authors showed general downregulation of the miRNA profile over various time points

following injury.

Moreover, in our study, there was a higher number of miRNA changes identified on the
first day compared to 7-days post-injury. This pattern contrasts that reported by
Strickland et al. 2011 (237) and Yunta et al. 2012 (227) but is consistent with that
reported by Liu et al. 2009 (6). This discrepancy in miRNA expression following the SCI
can also be found in another miRNA-global analysis report (291). The explanation for
this reported variability is likely multifactorial. Nine different studies addressing global
miRNA changes in animals models were appraised by Nieto-Diaz et al 2014 (48). Five of
these studies used rat models in their analysis: Liu et al.2009 (6), Strickland et al. 2011
(237), Yunta et al. 2012 (227), Hu et al. 2013a (292), Hu et al. 2013b (293). The other 4
studies, conducted in mouse models, focused their analysis on certain miRNAs, not
global analyses (Jee et al. 2012a (294), Jee et al. 2012b (295) , and Im et al. 2012 (296)).
Therefore, the hypothesis that there are more miRNA changes in the subacute stage
compared to the acute stage may have resulted from the four global miRNAs analyses (by
three authors) in a rat model, even though these findings differed from Liu et al 2009,
which was also conducted on rats. It is known that miRNAs are tissue and cell specific.
Although less likely in this context (due to the work of Liu et al 2009), different species
and different strains could be part of the reason for this observed discrepancy. Secondly,
in a recent human SCI study, miRNAs were investigated in patients’ CSF and sera, with
an abundance of miRNAs observed in the acute stage, declining by day 3 post injury and
barely detectable in sera after day 5 following the injury (273). The same authors
reported that the changes in differential expression of the miRNAs in the CSF was
correlated to the severity of the SCI. Similarly, Tigchelaar et al. 2017, concluded in a
porcine SCI model that the severity of the injury was related to the number of miRNAs
detected in the animal’s serum. Furthermore, a severe injury has been correlated with a

higher degree of miRNA expression than the moderate or mild injury (248). In our mouse
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SCI model, moderate impact was used. Lastly, the model of producing SCI may play a
role in influencing miRNA expression (291). Nakanishi et al used forceps compression to
create a SCI, which differs from the impact injury delivered herein. Together, these
factors (mainly the injury severity and model) may partly explain our findings and the
variation observed across studies. The aforementioned rat studies also used microarray
technique. RNA sequence technique employed in this study has a higher resolution, down
to a single bp, whereas the microarray resolution can be as high as 100 bp. This may
allow for further differences in the number and the types of detected miRNAs across

these studies.

5.2 miR-21a-5p:

For miR-21a-5p, despite the reported discrepancies in the field of miRNA and SCI, the
consistent finding was upregulation of miR-21a-5p following the injury (227). However,
Jiang et al. 2017 is an exception, in a rat SCI model these authors reported miR-21
downregulated at 4hr, 8hr and 1d following the injury and upregulated on day 3 and day
7 post injury (297). These findings may reflect their model of SCI or species of animal or
some other technical aspect. In our study, the miR-21 was upregulated after SCI and
significantly downregulated after minocycline administration. This downregulation is
assumed beneficial, based upon the proteomics analysis which predicted the miR-21
targets and was supported in part by the observed increase in the expression of PI3K,
which is a miR-21 target protein. Consistent with our findings, Wang et al. 2018 reported
that downregulation of miR-21 improved functional recovery in a mouse SCI model
(298). They used different proteins targets ((TGF)-fland SMAD) and spinal fibroblast
cells. The subsequent work of Xie et al. 2018 (299) and Ning et al 2019 (300) reinforced
this concept. Furthermore, the notion of useful effects of downregulation of miR-21 was
supported by Mohammed AZ et al 2019 (301). These authors used a proteomic approach
to compare miR21 knockdown group vs negative control group (no miR-21 inhibitors)
following contusion SCI in a mouse model. Their analysis demonstrated the beneficial

pathways of inhibiting miR-21 and that miR-21 could be used as a biomarker for
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amyotrophic lateral sclerosis. Again, they showed different targets for miR-21 from the
previous studies and they addressed that several pathways could be targeted by this
miRNA.

Conversely, Jiang et al. 2017 concluded that miR-21 upregulation is beneficial and
enhances SC tissue repair via inducing neurite overgrowth (297). They argued that their
finding was due to miR-21 targeting programmed cell death 4 (PDCD4) and decreased its
expression. They scrutinized another predicted target, phosphatase and tensin homolog
(PTEN), and concluded that the expression of this protein was not changed. There are
several critiques for their study methodology. Firstly, they used the antibiotic gentamicin
for the first three days after the surgery. The effect of gentamicin on miRNA expression
after SCI is not known. Secondly, they overexpressed miR-21 in cultured postnatal rat
SC neurons to show PDCD4 downregulation and neurite overgrowth. It is known that the
results of in vitro experiments could differ from in vivo experiments. Given these factors,
the expression of miR-21 could change as well as protein expression. Similar to Jiang et
al. 2017, the concept of beneficial effect of miR-21 was raised by Hu et al. 2013 in a rat
SCI contusion model. Yet, they found the protein target was PTEN and not PDCD4,
which was the opposite finding to Jiang et al. 2017 (293). These authors also used
penicillin G for 5 days in their experiments and reported the beneficial effect of miR-21

upregulation on day 3.

It is quite apparent that there are discrepancies in reports conveying miR-21 benefits.
Notwithstanding, it can be gleaned that miR-21 is upregulated following SCI.
Additionally, our findings suggest that miR-21 downregulation, following minocycline,
may be useful following SCI and could potentially modulate survival pathways via

targeting PI3K pathway.

5.3 miR-15b-5p

The present study found that miR-15b-5p was upregulated after SCI and downregulated

following minocycline administration. Although little is known about this miRNA
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relative to miR-21 in SCI models, the functions of miR-15b-5p have been studied in
malignancy and cellular growth studies, albeit with different conclusions regarding its
beneficial function when it is either over- or under-expressed (302, 303). Despite this,
miR-15b-5p has been shown regulate protein Akt3 (290) similar to that observed herein.
Furthermore, the present study demonstrated that miR-15b-5p regulates Bcl2. The
beneficial effects of Bcl2 have been shown in several previous SCI studies, specifically
the work by Wang et al 2004 (35). Interestingly, Sagot et al 1995 suggested that although
Bcl2 promoted survival of neuronal cell bodies, it did not appear to prevent degeneration
of myelinated axons. This work complements their findings, regarding the importance of
Bcl2, and supports the notion that SCI recovery will require a multifaceted approach, one

that targets the multitude of deleterious mechanisms that contribute to sSCI (279).

5.4 Lessons learned and future directions from this project:

There were a few lessons learned that can be addressed in future studies:

1. To further study the changes in miRNA expression during the subacute stage (7d
group), consideration should be given to utilizing a more severe SCI model. This could
be achieved through delivering a higher impact to the SC, such as > 70 k dyne versus the
50 k dyne force used in this study. Support for this has been shown by Tigchelaar et al.
2019 and Tigchelaar et al. 2017(247, 248), in which the more severe injury resulted in a

greater detectable level of miRNA in subacute stage.

2. There are many miRNAs identified in our NGS that require further characterization
and subsequent validation. The miRNAs examined herein were selected due to their
predicted relationship to neuronal survival, which was the selected target outcome.
Another approach would be to select miRNAs for validation and downstream targeting
experiments based upon the highest magnitude of expression regardless their potential
functions. One potential downside of this approach is that there may be a higher
likelihood of having downstream proteins that participate in different, even divergent

pathways that require different sets of experiments to confirm. For instance, miRNAs that
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target proteins in oxidative stress processes or those that relate to matrix
metalloproteinases of sSCI, would need different methods to show the potential

biological effects.

3. Further to #2 above, this work identified 10 novel, previously uncharacterized
miRNAs that were significantly altered following injury. The role these miRNAs play in

sSCI and any potential for therapeutic intervention will require further investigation.

4. The work presented herein demonstrates a correlation between miRNA changes,
physiologic effects and a pharmaceutical treatment. To verify that the physiological
effects observed are indeed related directly to the intended miRNA modulation, and not
to alternative pharmacodynamics, miRNA silencing experiments should be done.
Antagomirs are synthetic RNA complements that inactivate target miRNAs. Antagomirs
to both miR-15b-5p and miR-21a-5p could be employed to verify that their modulation

leads to the observed neuronal protection.

5.5 Conclusion

In conclusion, throughout this thesis sSCI was examined from a different angle than has
been typically done in the past. Since there is no outright cure for SCI, and
pharmacological agents that appear experimentally promising continue to fail to provide
similar successes in clinical settings, novel approaches need to be developed. These
studies have attempted to explore the feasibility of miRNAs being prospective future
molecules that may be modulated to improve the SCI recovery. To our knowledge, this is
the first study that addresses global modulation of the miRNAs following SCI by using a
neuroprotective drug (minocycline). This study demonstrated how miRNA expression
changes following SCI, and, moreover, it demonstrated that minocycline may influence
the expression of miRNAs at two different time points. Specifically, it was found that
miR-21a-5p and miR-15b-5p were downregulated after minocycline administration and
that these two miRNAs participate in neuronal survival and anti-apoptotic pathways. A

positive correlation was identified between the observed molecular changes, predicted
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function and histologically confirmed neuronal cell survival. There are still many
miRNAs in our library to scrutinize via different approaches in future experiments. The
ultimate goal is to control the deleterious reactions characteristic of sSCI, so as to
facilitate a local environment that is less hostile and more prone to promote neuronal
preservation and regeneration, leading to enhanced functional recovery. This work
suggests that targeting miRNAs and altering their expression following injury may be a

novel approach worthy of further investigation.
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APPENDIX B: SUPPLEMENTARY FIGURES AND TABLES
OF CHAPTER 2

Figure B1. Surgical room set up.

This figure illustrates the major elements of the surgical theatre for animal surgery to
produce SCI model. The microscope is essential to perform laminectomy and avoid
inadvertent SC injury to minimize the confounding factors. Heat is of paramount
significance as the small animal can lose their temperature quickly and this can influence
their gene expression and may increase their mortality. The position of the impactor
should be as close to the surgical area to keep the connection with the anesthesia machine
during the injury. Nadi, 2019.
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Figure B2. PCA-1 vs PCA2 of miRNA expression of three experimental conditions in the
7d group.

PCA1 vs PCA2 of miRNA expression in the 7d SCI group including three experimental
conditions: SCI+SLN in the 7d group = D7C#, SCl+mino in the 7d group = D7R#, and
Sham, no SCI, only laminectomy = S, baseline from the 1d group. This figure
demonstrates that there was no relationship of miRNA expression among the three
conditions when we compared PCA1 (principal component analysis) and PCA2. The
three experimental conditions cannot really be segregated into distinctive groups.
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Figure B3. PCA2 vs PCA3 of miRNA expression of three experimental conditions in the
7d group.

PCA2 vs PCA3 of miRNA expression in the 7d SCI group including three experimental
conditions: SCI+SLN in the 7d group = D7C#, SCl+mino in the 7d group = D7R#, and
Sham, no SCI, only laminectomy = S, baseline from the 1d group. This figure shows that
there was no relationship of miRNA expression amongst the three conditions when we
compared PCA2 and PCA3. The three experimental conditions cannot really be
segregated.
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Figure B4. PCA3 vs PCA4 of miRNA expression of three experimental conditions in the
7d group.

PCA3 vs PCA4 of miRNA expression in the 7d SCI group including three experimental
conditions: SCI+SLN in the 7d group = D7C#, SCl+mino in the 7d group = D7R#, and
Sham, no SCI, only laminectomy = S, baseline from the 1d group. This figure shows that
there was no relationship of miRNA expression amongst the three conditions when we
compared PCA3 and PCA4.
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Figure B5. PCA1 vs PCA2 of miRNA expression of two experimental conditions in the
7d group.

PCA1 vs PCA2 of miRNA expression in the 7d SCI group including two experimental
conditions: SCI+SLN in the 7d group = D7C#, SCI+mino in the 7d group = D7R#. This
figure illustrates that there was no relationship of miRNA expression between the two
conditions.
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Figure B6. PCA2 vs PCA3 of miRNA expression of two experimental conditions in the
7d group.

PCA2 vs PCA3 of miRNA expression in the 7d SCI group including two experimental
conditions: SCI+SLN in the 7d group = D7C#, SCI+mino in the 7d group = D7R#. This
figure explains that there was no relationship of miRNA expression between the two
conditions.
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Figure B7. Heatmap: no SCI vs SCI+SLN 1d demonstrating the changes of miRNAs
after one day of SCI.
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Figure B8. Heatmap: SCI+mino vs SCI+SLN 1d demonstrating the miRNA changes after
minocycline administration in comparison to SCI with saline control
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Figure B9. Heatmap: SCI+mino vs noSCI 1d demonstrates the miRNA pattern changes
following minocycline administration in comparison to no SCI condition after 1d of SCI.
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Figure B10. Heatmap: SCI+SLN vs SCI+mino 7d demonstrates the changes of
miRNA expression following minocycline administration and SCI (treatment) in
comparison to SCI+ saline (control)tested 7 days after SCI.
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Figure B11. Efficiency curve in the 1d group RT-qPCR validation experiments.
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Figure B12. Efficiency curve in the 7d group RT-qPCR validation experiments.
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Table B-1 Significantly Expressed miRNAs in SCI+SLN vs no SCI experimental

conditions in the 1d group.

Downregulated miRNAs | log2FoldChange | padj

mmu-miR-490-5p -1.406763741 | 2.20066E-09
mmu-miR-615-3p -1.172605701 | 4.80444E-09
mmu-miR-34a-5p -0.960048377 | 5.63114E-08
mmu-miR-326-3p -0.760032154 | 2.4478E-05
mmu-miR-431-3p -0.553257926 | 9.83489E-05
mmu-miR-383-5p -0.614274295 | 0.00022314
mmu-miR-1843b-3p -0.629695486 | 0.000903909
mmu-miR-328-3p -0.717072126 | 0.001810849
mmu-miR-185-3p -0.634540219 | 0.002645357
mmu-miR-532-3p -0.747138918 | 0.003768639
mmu-miR-874-3p -0.567230429 | 0.004159201
mmu-miR-128-3p -0.541532547 | 0.004598227
mmu-miR-204-3p -0.693800019 | 0.005064516
mmu-miR-1224-3p -0.571058857 | 0.007570014
mmu-miR-3102-3p -0.787221916 | 0.007626617
mmu-miR-485-3p -0.412217632 | 0.007798225
mmu-miR-3547-3p -0.834705056 | 0.008142446
mmu-miR-196b-5p -0.531584695 | 0.008575566
mmu-miR-337-5p -0.489051727 | 0.013011979
mmu-miR-702-3p -0.68049696 | 0.014789496
mmu-miR-3552 -1.035148171 | 0.016163916
mmu-let-7¢c-5p -0.360417099 | 0.018926731
mmu-miR-700-5p -0.544287259 | 0.019957738
mmu-miR-124-3p -0.409160789 | 0.019957738
mmu-miR-1249-3p -0.625881128 | 0.019973185
mmu-miR-149-5p -0.447804621 | 0.020159641
mmu-miR-129-5p -0.39084824 | 0.021287985
mmu-miR-484 -0.507366538 | 0.022597015
mmu-miR-335-5p -0.47559207 | 0.022597015
mmu-miR-212-5p -0.360048196 | 0.023360915
mmu-miR-218-5p -0.302428123 | 0.023865219
mmu-miR-12193-3p -1.655092536 | 0.025119066
mmu-miR-667-3p -0.504294581 | 0.025119066
mmu-let-7d-5p -0.426367407 | 0.027511949
mmu-miR-668-3p -0.353428762 | 0.027511949
mmu-let-7b-5p -0.334935199 | 0.027511949
mmu-miR-346-5p -0.386333251 | 0.029995841
mmu-miR-540-3p -0.363506619 | 0.040567394
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Downregulated miRNAs | log2FoldChange padj
mmu-miR-3084-5p -0.830962197 | 0.044312614
mmu-miR-370-3p -0.325701714 | 0.048943824
Upregulated miRNAs log2FoldChange | padj
mmu-miR-21a-5p 2.396786354 | 4.26368E-28
mmu-miR-223-3p 4.140075503 | 8.49426E-28
mmu-miR-27a-5p 2.793120586 | 3.18811E-25
novel:chr3 14358 3.802388503 | 1.02076E-20
mmu-miR-6240 2.789284918 | 3.1814E-16
mmu-miR-223-5p 2.894867646 | 3.6108E-14
mmu-miR-142a-5p 1.866129181 | 2.46582E-13
mmu-miR-6538 3.976650426 | 4.69218E-13
mmu-miR-5126 5.352490484 | 8.8465E-12
mmu-miR-2137 5475932218 | 1.91262E-11
mmu-miR-144-5p 2.188833549 | 3.39651E-11
novel:chr8 20674 3.051428411 | 1.58629E-09
novel:chrl0 750 5.996926616 | 6.73589E-09
mmu-miR-142a-3p 2.29349848 | 8.04593E-09
mmu-miR-6481 3.041210144 | 3.50622E-08
mmu-miR-203-3p 1.090133837 | 1.1186E-07
mmu-miR-6236 2.402448241 | 1.44841E-07
novel:chr5 16839 5.373599321 | 2.91432E-07
mmu-miR-451a 2.541918076 | 5.32392E-07
mmu-miR-486a-3p 1.51901031 | 7.9975E-07
mmu-miR-20a-5p 1.211181686 | 1.39744E-06
mmu-miR-486b-3p 1.506983983 | 1.39744E-06
mmu-miR-582-3p 0.687883473 | 2.64722E-06
novel:chrX 22879 1.120308562 | 3.70194E-06
novel:chrl2 2983 5.710358995 | 1.06449E-05
mmu-miR-6238 2.51480821 | 1.30544E-05
novel:chrX 22717 5.486188349 | 2.81755E-05
mmu-miR-25-3p 0.665423835 | 4.03224E-05
mmu-miR-23a-3p 0.617436136 | 8.53675E-05
mmu-miR-15b-5p 0.900518487 | 9.05366E-05
mmu-miR-486a-5p=mmu-miR-486b-

5p 1.164932566 | 0.000146005
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Upregulated miRNAs log2FoldChange padj
mmu-miR-155-5p 0.744768802 | 0.000189824
mmu-miR-101b-3p 0.713513634 | 0.000191615
mmu-miR-101a-3p 0.708126902 | 0.000263926
mmu-miR-101¢c 0.707992839 | 0.000268017
mmu-miR-335-3p 0.49335811 | 0.00035942
mmu-miR-144-3p 2.613300668 | 0.000393143
novel:chr8 20571 1.071838507 | 0.000773834
mmu-miR-101b-5p 1.485238986 | 0.000903909
mmu-miR-24-2-5p 0.905376176 | 0.001126284
novel:chr2 13010 4.709717009 | 0.001126284
mmu-miR-17-5p 0.807543354 | 0.001194682
mmu-miR-153-3p 0.723356233 | 0.00167928
mmu-let-7c-1-3p 0.832353778 | 0.002987331
mmu-miR-148a-3p 0.636108723 | 0.004763975
mmu-miR-5099 0.70125507 | 0.004772748
mmu-miR-381-3p 0.578869547 | 0.004832061
mmu-miR-5121 0.682722229 | 0.004957726
mmu-miR-29b-3p 0.414252028 | 0.005112975
mmu-miR-379-3p 0.411639467 | 0.006231946
mmu-miR-3068-3p 0.567189366 | 0.006527645
mmu-miR-22-3p 0.316840743 | 0.008575566
mmu-miR-146b-5p 0.557899877 | 0.010201228
mmu-miR-122-5p 1.740664101 | 0.013672715
mmu-miR-27b-3p 0.386614267 | 0.014789496
mmu-let-7a-1-3p=mmu-let-7c-2-3p 0.73560972 | 0.014789496
novel:chrl0 1050 1.047311103 | 0.014789496
mmu-miR-140-3p 0.298548845 | 0.01782472
mmu-miR-300-3p 0.469139617 | 0.018036412
mmu-miR-30a-5p 0.415234532 | 0.018392455
mmu-miR-1191a 0.614929197 0.0184692
mmu-miR-30c-5p 0.349055557 | 0.019266052
mmu-miR-181a-1-3p 0.414423166 | 0.019831178
mmu-miR-200b-3p 1.479574246 | 0.019831178
mmu-miR-32-5p 0.804691208 | 0.020481222
mmu-miR-96-5p 0.520911795 | 0.021287985
mmu-miR-350-3p 0.651150029 | 0.022597015
mmu-miR-106b-5p 0.755222372 | 0.023360915
mmu-miR-3962 0.945991659 | 0.023360915
mmu-miR-106b-3p 0.37869889 | 0.025119066
mmu-miR-127-5p 0.559010742 | 0.025709096
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Upregulated miRNAs log2FoldChange padj
mmu-miR-376b-3p 0.452223441 | 0.027511949
mmu-miR-30e-5p 0.36502483 | 0.029995841
mmu-miR-15b-3p 1.020892438 | 0.029995841
mmu-let-7f-1-3p 0.778303852 | 0.037136332
mmu-miR-384-3p 0.436654499 | 0.03973835
mmu-miR-135a-5p 0.437621275 | 0.040064415
mmu-miR-467a-5p 0.645414592 | 0.04297113
mmu-miR-382-3p 0.365238463 | 0.046760409
mmu-miR-219a-5p 0.575703611 | 0.047414026
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Table B-2 Significantly Expressed Novel miRNAs in SCI+SLN vs no SCI conditions in

the 1d group.

Novel miRNAs-

provisional ID log2FoldChange padj mature sequence
novel:chr3 14358 3.802388503 | 1.02076E-20 | ccaggaguggagccuge
novel:chr8 20674 3.051428411 | 1.58629E-09 | uucuuaguugguggage
novel:chr10 750 5.996926616 | 6.73589E-09 | uuccggagcgggaggaau
novel:chrS 16839 5.373599321 | 2.91432E-07 | cggcggeggeggecucug
novel:chrX 22879 1.120308562 | 3.70194E-06 | agugugcuuggaauaaaa
novel:chr12 2983 5.710358995 | 1.06449E-05 | gceccgggeggagegeug
novel:chrX 22717 5.486188349 | 2.81755E-05 | aggaugaagucuuacag
novel:chr8 20571 1.071838507 | 0.000773834 | cgugggcacauuacccgucugaca
novel:chr2 13010 4.709717009 | 0.001126284 | aggaacaauguagguaag
novel:chr10 1050 1.047311103 | 0.014789496 | ggagaggaacaacucugagu
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Table B-3 Significantly Expressed miRNAs in SCI+mino VS SCI+SLN conditions in the

1d group.

Upregulated miRNAs log2FoldChange | padj
mmu-miR-326-3p 0.775202407 | 6.75405E-05
mmu-miR-490-5p 0.986854246 | 0.000230539
mmu-miR-34a-5p 0.669754197 | 0.000780876
mmu-miR-3547-3p 0.991681947 | 0.001449665
mmu-miR-431-3p 0.484010407 | 0.00148652
mmu-miR-702-3p 0.843252652 | 0.001679895
mmu-miR-1224-3p 0.661281733 | 0.001679895
mmu-miR-700-5p 0.686062728 | 0.001795167
mmu-miR-667-3p 0.64482345 | 0.003182194
mmu-miR-3102-3p 0.838838978 | 0.00445857
mmu-miR-342-3p 0.612976741 | 0.00445857
mmu-miR-383-5p 0.505786373 | 0.00472027
mmu-miR-132-3p 0.3672234 | 0.005081216
mmu-miR-150-5p 0.312804446 | 0.005081216
mmu-miR-1224-5p 0.498019457 0.0065258
mmu-miR-145a-5p 0.504800432 | 0.019167138
mmu-miR-491-5p 0.842688408 | 0.031430284
mmu-miR-212-3p 0.493479764 | 0.036625813
mmu-miR-877-3p 0.458415773 | 0.038413889
mmu-miR-1839-5p 0.224414178 | 0.041196441
mmu-miR-133a-3p 0.312249049 | 0.04704245
mmu-miR-744-5p 0.405428994 | 0.049493662
Downregulated miRNAs log2FoldChange | padj
mmu-miR-30e-5p -0.666528095 | 6.75405E-05
mmu-miR-140-5p -0.780823956 | 6.75405E-05
mmu-miR-153-3p -0.920571257 | 6.75405E-05
mmu-miR-219a-5p -1.082693637 | 6.75405E-05
novel:chrX 22879 -1.08859275 | 6.75405E-05
mmu-miR-22-3p -0.465409307 | 6.99127E-05
mmu-miR-21a-5p -0.970651951 | 0.000191803
mmu-miR-335-3p -0.525531318 | 0.000276442
mmu-miR-101a-3p -0.739993267 | 0.000276442
mmu-miR-101¢ -0.740852517 | 0.000276442
mmu-miR-144-5p -1.282935504 | 0.000292712
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000664
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000531
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000530
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004704
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000133
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0019349
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0016988

Downregulated miRNAs log2FoldChange padj
mmu-miR-142a-5p -1.025981708 | 0.000374902
mmu-miR-29a-3p -0.488077249 | 0.00039223
mmu-miR-136-5p -0.53693542 | 0.000479813
mmu-miR-96-5p -0.718910675 | 0.000981089
mmu-miR-381-3p -0.665635479 | 0.001349175
mmu-miR-29¢c-3p -0.688845839 | 0.001694767
mmu-let-7a-1-3p=mmu-let-7c-2-

3p -0.914338805 | 0.001694767
mmu-miR-32-5p -1.051383937 | 0.001694767
mmu-miR-142a-3p -1.296627056 | 0.001694767
mmu-miR-24-2-5p -0.890523032 | 0.001780252
novel:chr§ 20571 -1.016217864 | 0.001795167
mmu-miR-376b-3p -0.590265491 | 0.00299895
mmu-miR-1191a -0.721905699 | 0.004069559
mmu-miR-101b-3p -0.589800429 | 0.004217304
mmu-miR-203-3p -0.637350139 | 0.005627752
mmu-miR-384-3p -0.557681108 | 0.006317215
mmu-miR-582-3p -0.429812721 | 0.007892912
mmu-miR-135a-5p -0.548135935 | 0.007892912
mmu-miR-148a-3p -0.602391075 | 0.009436649
mmu-miR-30d-5p -0.259753313 | 0.012304961
mmu-miR-29b-3p -0.384159613 | 0.012304961
novel:chr10 403 -1.459211628 | 0.012304961
mmu-miR-186-5p -0.491823547 | 0.014434065
mmu-miR-300-3p -0.480315033 | 0.01692456
mmu-miR-7043-3p -0.915046839 | 0.01692456
mmu-miR-135b-5p -0.569283244 | 0.017400456
mmu-miR-33-5p -1.366715547 | 0.017400456
mmu-miR-455-5p -0.52576836 | 0.018686403
mmu-miR-15b-5p -0.58533984 | 0.020028382
mmu-miR-6240 -0.945916438 | 0.02075819
mmu-miR-223-5p -0.807339439 | 0.022345672
mmu-miR-338-3p -0.417334953 | 0.022907303
novel:chr3 14358 -0.923337333 | 0.022907303
mmu-miR-136-3p -0.492472429 | 0.023838533
mmu-miR-872-5p -0.374210267 | 0.023846726
mmu-let-7f-1-3p -0.828420366 | 0.023846726
mmu-miR-467a-5p -0.710796645 | 0.025204786
mmu-miR-27a-3p -0.371255522 | 0.02641181
mmu-miR-486a-3p -0.738433502 | 0.031152424
mmu-miR-486b-3p -0.749549907 | 0.031152424
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000154
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000535
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000148
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000541
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000746
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000536
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004620
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004620
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000654
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000155
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0005440
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0001092
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0005849
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000616
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000236
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0001076
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0005292
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000147
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000516
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000515
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000127
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000215
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000378
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0027991
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000612
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000667
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003485
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000124
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0024861
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017056
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000582
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004532
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004934
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004623
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003409
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000537
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017206
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0014944

Downregulated miRNAs log2FoldChange padj
mmu-miR-144-3p -1.71871538 | 0.033441325
mmu-miR-24-1-5p -0.655696883 | 0.034445367
mmu-miR-434-5p -0.445917465 | 0.04051662
mmu-miR-379-3p -0.327215215 | 0.040547708
mmu-miR-3068-5p -0.505703891 | 0.041196441
mmu-miR-451a -1.238290632 | 0.042013898
mmu-miR-6236 -0.895206657 | 0.046897087
mmu-miR-194-5p -0.327649549 | 0.047435366

165



http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000156
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000218
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0001421
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017080
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0014842
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0001632
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0024857
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000224

Table B-4 Significantly Expressed Novel miRNAs in SCI+mino vs SCI+SLN conditions
1d group.

Novel miRNAs- .
provisional ID log2FoldChange padj mature sequence
novel:chr10 403 -1.459211628 | 0.012305 | ggaagagcacaugucua
novel:chr3 14358 -0.923337333 | 0.022907 | ccaggaguggagccuge
novel:chr8 20571 -1.016217864 | 0.001795 | cgugggcacauuacccgucugaca
novel:chrX 22879 -1.08859275 | 6.75E-05 | agugugcuuggaauaaaa
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Table B-5 Significantly Expressed miRNA in SCI+mino vs no SCI conditions in the 1d

group.

Upregulated miRNA log2FoldChange | padj
novel:chr10 750 5.53252972 | 3.51E-07
novel:chr5 16839 5.249302249 | 1.18E-06
mmu-miR-2137 4959733676 | 5.35E-09
novel:chr12 2983 4.672034558 | 0.001836
novel:chrX 23260 4.599433425 | 0.007149
mmu-miR-5126 4.557610401 | 3.5E-08
novel:chr2 13010 4.29623779 | 0.010735
mmu-miR-223-3p 3.593552026 | 2.06E-20
mmu-miR-6538 3.010942721 | 3.73E-07
novel:chr3 14358 2.87905117 | 2.54E-11
mmu-miR-6481 2.435764525 | 4.81E-05
novel:chr8 20674 2.319458003 | 2.58E-05
mmu-miR-27a-5p 2.282671637 | 1.76E-16
mmu-miR-6238 2.131564682 | 0.000981
mmu-miR-223-5p 2.087528207 | 4.02E-07
mmu-miR-6240 1.84336848 | 6.13E-07
mmu-miR-6236 1.507241583 | 0.010166
mmu-miR-21a-5p 1.426134403 | 1.13E-09
mmu-miR-101b-5p 1.293987985 | 0.012155
mmu-miR-155-5p 0.914821458 | 1.2E-06
mmu-miR-486a-5p=mmu-miR-486b-

5p 0.884048685 | 0.019825
mmu-miR-142a-5p 0.840147473 | 0.012155
mmu-miR-20a-5p 0.726319092 | 0.029866
mmu-miR-23a-3p 0.499006122 | 0.007256
Downregulated miRNA log2FoldChange | padj
mmu-miR-218-5p -0.361529077 | 0.014042
mmu-miR-543-3p -0.602042072 | 0.012155
mmu-miR-615-3p -0.698011311 | 0.005191
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0011213
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0020637
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000665
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0025583
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0027339
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004633
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0024859
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017056
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0024861
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0024857
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000530
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017046
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000165
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003130
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003130
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000154
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000529
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000532
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000663
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003168
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003783

Table B-6 Significantly Expressed Novel miRNA in SCI+mino vs no SCI conditions at
the 1d timepoint.

T)?‘folisl?olll}g?];_ log2FoldChange | padj mature sequence
novel:chr10 750 5.53252972 | 3.51E-07 | uuccggagcgggaggaau
novel:chr12 2983 4.672034558 | 0.001836 | gcccgggcggagegeug
novel:chr2 13010 4.29623779 | 0.010735 | aggaacaauguagguaag
novel:chr3 14358 2.87905117 | 2.54E-11 | ccaggaguggagccuge
novel:chr5 16839 5.249302249 | 1.18E-06 | cggcggcggeggcucug
novel:chr8 20674 2.319458003 | 2.58E-05 | uucuuaguugguggagce
novel:chrX 23260 4.599433425 | 0.007149 | gggccucgeuccaccccccac
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Table B-7 known miRNA in SCI+mino vs SCI+SLN condition at the 7d timepoint.

Downregulated miRNA | log2FoldChange | P value

mmu-miR-669m-3p -3.981279841 0.03273211
mmu-miR-6977-3p -2.152363017 | 0.025535938
mmu-miR-511-3p -1.468967638 | 0.029153666
mmu-miR-200b-3p -0.802564095 | 0.011146122
mmu-miR-15b-3p -0.711019935 0.01590731

Upregulated miRNA | log2FoldChange | P value

mmu-miR-96-5p 0.430949724 | 0.030018103
mmu-miR-344e-3p 0.751202457 | 0.018296892
mmu-miR-7030-3p 1.73534393 | 0.043422181
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0009419
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0027857
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0017281
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000233
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004521
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000541
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0014924
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0027965

Table B-8 Novel miRNA in SCI+mino vs SCI+SLN conditions at the 7d timepoint.

1)) log2FoldChange | p value mature sequence
Novel:chr9 31338 -3.647202686 | 0.041724681 | uucacaguggacuccagcacagg
Novel:chr9 30653 -3.063817737 | 0.021489132 | ucucugcugcuuuccuccuaga
Novel:chr8 29898 -1.047128703 | 0.020149608 | uucuuaguugguggagc
Novel:chrll 3017 -0.524794829 | 0.014587425 | agccauccucugcuacca
Novel:chr5 22991 2.439037417 | 0.001182245 | cugucucuggcugggccu
Novel:chr4 22614 2.439037417 | 0.001182245 | cugucucuggcugggccu
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Table B-9 The 29 miRNAs that were excluded because they were not from the miRNAs
that were found the miRNA in SCI+SLN compared to baseline.

Downregulated Fold change padj
mmu-miR-135b-5p -0.569283244 0.0174
mmu-miR-136-3p -0.492472429 0.023839
mmu-miR-136-5p -0.53693542 0.00048
mmu-miR-140-5p -0.780823956 6.75E-05
mmu-miR-186-5p -0.491823547 0.014434
mmu-miR-194-5p -0.327649549 0.047435
mmu-miR-24-1-5p -0.655696883 0.034445
mmu-miR-27a-3p -0.371255522 0.026412
mmu-miR-29a-3p -0.488077249 0.000392
mmu-miR-29¢-3p -0.688845839 0.001695
mmu-miR-3068-5p -0.505703891 0.041196
mmu-miR-30d-5p -0.259753313 0.012305
mmu-miR-33-5p -1.366715547 0.0174
mmu-miR-338-3p -0.417334953 0.022907
mmu-miR-434-5p -0.445917465 0.040517
mmu-miR-455-5p -0.52576836 0.018686
mmu-miR-7043-3p -0.915046839 0.016925
mmu-miR-872-5p -0.374210267 0.023847
Upregulated Fold change padj
mmu-miR-1224-5p 0.498019 0.006526
mmu-miR-132-3p 0.367223 0.005081
mmu-miR-133a-3p 0.312249 0.047042
mmu-miR-145a-5p 0.5048 0.019167
mmu-miR-150-5p 0.312804 0.005081
mmu-miR-1839-5p 0.224414 0.041196
mmu-miR-212-3p 0.49348 0.036626
mmu-miR-342-3p 0.612977 0.004459
mmu-miR-491-5p 0.842688 0.03143
mmu-miR-744-5p 0.405429 0.049494
mmu-miR-877-3p 0.458416 0.038414
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http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0005460
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000144
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000145
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000157
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000160
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0009456
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000659
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0000590
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0003486
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004187
http://mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0004862

APPENDIX C: SUPPLEMENTARY FIGURES AND TABLE
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Figure C1. List of genes miR-21-5p uploaded to DAVID software
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Figure C2. DAVID Functional Annotation Tools miR-21-5p —step 1
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Figure C3. DAVID Functional Annotation Result Summary miR-21-5p — step 2
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Figure C4. DAVID output — step 3
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Figure C5. Pathway miR-21-5p — step 4
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Figure C6. miR-15b-5p target analysis - uploaded targets to DAVID software
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Figure C7. miR-15b-5p target analysis — step 1
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Figure C8. miR-15b-5p target analysis — step 2
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Figure C9. miR-15b-5p target analysis — step 3
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Figure C10. miR-15b-5p target analysis — step 4
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Figure C11. SCI parameters in proteins experiment-western blot.
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Table C-1 The reagents that were used in western blot experiments

1X PBS: 100 ml of 10x PBS (Sigma P5493-1L) + 900 ml milli Q H20
Ladder: (Bio-Rad, precision plus catalog # 1610374).

Glycine (Fisher BP381-500)

Tris-base (Fisher Bp152-1)

SDS (sodium dodecyl sulfate) (Bio-Rad, catalog # 161-0302)

Tween 20 (Fisher BP337-500)

Sodium deoxycholate (Sigma D-6750)

EDTA (Sigma E-5134)

Tris-HCl (OmniPur-9310)

Nonidet P-40 substitute (Fluka biochemika 74385)

Sodium azide (Sigma S2002-500)

4x Laemmli Sample buffer (Bio-Rad catalog # 1610747)

DC Protein Assay Reagent A (Bio-Rad catalog # 5000113)

Protein Assay Reagent B (Bio-Rad catalog # 5000114)

DC Protein Assay Reagent S (Bio-Rad catalog # 500-0115)

Pierce ECL 2 Western Blotting Substrate (Thermo Scientific Prod # 80196)
Polyacrylamide= 30% acrylamide/Bis-Solution 29:1 (Bio-Rad catalog # 1610156)
TEMED (Sigma T9281)

Ammonium persulfate (Bio-Rad catalog # 161-0700)

BSA standard solution (Bio-Rad, Quick Start Bovine Serum Albumin Standard catalog
#5000200)

Protease inhibitors cocktail, EDTA free (abcam, ab270055)
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APPENDIX D: SUPPLEMENTARY FIGURES OF
CHAPTER 4

Figure D1. SCI parameters in histology experiments
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