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ABSTRACT

Spinal cord injury (SClimpartspermanent neurological deficits and devastatasy
pat i enthedrrdntmanagementBot curative but focuses dood pressure
optimization,spinal cord §C) decompression, spinal column stabilization, and

rehabilitation

Despite progress iour understanding ahe pathophysiological evertsat occurafter

the injury, there have been limitations in translating the success of preclinical animal
studies into knical scenarios. Therefore, a deeper understanding of SCI meckasism
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 (scondary injury) commence anthy continue for several weeks and months.
These reactions are regulated by specific sets of genes accompanied by chamges in
Ribonucleic Acids fiiRNASs) that inhibit and regulate gene translation. This thesiglst
to urderstand SCI mechanisms frahe perspective of changeEsmiRNA expression
subsequent impact aniRNA targets, andltimately histological findingsFor the first
time, aneuroprotective drugras usedo modulate the miRNA changes following the
SCI. It wasfound that SCI results iextensivechange in miRNAexpressionprimarily in
the acute stag&urthermoreadministration ominocyclineresuledin a further
modulaton of 81 miRNAs in the acute stagEhe miRNAsmost predictedio regulate
genegarticipatng in survival and apoptotic pathwayre pursuedlThemiR-21a5p

and miR15b-5p were upregulated by the injury aeéndownregulatedollowing
administration ominocycline. These two miRNAs target Akt, Bcl2, and Pig#es
which are importat for cell survival An increasd expression of these protewsis
observedollowing downregulation of miRR1 and miR15b. Thesefindings werethen
correlated witrenhancecheuronal survival in the injurgenumbraModulation of

MiRNA expression by neuoprotective agent may highlight the importance of miRNAs
in this complex environmeribllowing SCI. Adopting such an approach may open novel
pathways to potentialSCl therapeuticso improve theSChealing process arelentually

functionaloutcome

xi
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CHAPTER 1 : INTRODUCTION

Traumatic Spinal Cord Injury and The Roleof miRNA

1.1 Overview

The spinakord(SC)is apart ofthe central nervous system thatesponsible for
transmitting neurological signats andfrom the brairandperipheral organs. It also
carries orspecificfunctions processeda differentneuronal centers within tH&C
parenchymasuch aspinalreflexes and urogenital parasympathetic confirberefore,
SCI can lead to extremely devastating consequembesequelae of ancuteSClwere
first documented in ancielgypt approximately 4000 years ad9. However to this
day, thereremainsno curative treatment for SGTurrentmedical and surgicatrategies
focus onminimizing or treatinghe ramifications of tis injury such as: preventing
further SCI from potentially unstable vertebral column by spinal stabilizétid),
managing spasticity, bowel and bladder training and rehabilitateatjngthe ymptoms
of sympathetic dysreflexia and Iffyle modificationsdue to motor andensory loss.
Additionally, SClresulsin cardiac, respiratorysychologicaland social consequences

that must be considered in the manageméant

In generaltherearetwo main mechanismmplicated in SCI. Firstlythe primary injury
mechanismwhich is alsaeferred to asheinitial impact. Thistransfer of kinetic energy
results in mechanicalisruption ofspinal cordissueand its vascular networkhe
primary impactcanbe a shearing force, compressandbr contusion2). Following this
the spinal cord experiencesaecondary injury mechanismwhich is aprogressiveseries
of cellularand biochemicatventsthatstartafter the primary insultt usually startafew
minutes after the primary injury and may last for mauggksor months It is also
usually responsible for the deterioration in neurological fundigginningwithin 8 to12
hour of the injury2).



Presentlyresearch is moving towards finding a curative intervention for(5CIThe
lossin neurological function in SCI patients is directly related to both the primary and
secondary insults. Frommecharstic point of view the secondaryjury mechanism is
responsible fofurtherdeteriorationin functionand there is more time to intervene to
prevent thaleleteriougpathophysiological changdsat occurin this phase. Modulating
reactions irthis phasemayimprove the outcome of SAh fact, there are several studies
thatemployed novedppro@hes such as gene therapies, cellular modulation and tissue
replacement or engineering to overcomedbiesequencebat preclude rénnervation
axonalreconnectionand neuronatell regeneration to replace tilgureddead cells
following SCI(3). For thepasttwo orthree decadeaboratoriesinterested in SCI have
extensively studied cytokines, chemokinegcium,and sodium channel molecular
behavior following injury(1, 4, 5). Thesetargetsare the downstream productsgeies
includingapoptoticand inflammatorygenes that respond to trauma. The translation of
messenger RNAGnRNAs) of these molecules likely controlled by microRNAs
(miRNA) (6). Understandinghe miRNA response to injyrcanfurtherelucidate the
molecularreactionghat occurafter the primary injuryand potentially pave the road to
discoveringherapeutic targeter the treatment of SCThus,furtherunderstandinghe
molecular mechanisms tfe spinal cor® ssponse after trauma may facilitate new
avenues texplore andmplement novel treatment modalities SCI. Within this thesis |
will: first, demonstrateéhe effectof SCI injury on patients and communiti€econdly,

the basic spinal cord anatomy @I pathophysiologwvill be discussed_astly, the
responsef miRNAsfollowing SClwill be explored tademonstrate thenportance of
studying changes in mNRA expression following SCI, in the hope of exploiting their
therapeutic potential in the future.

1.2 Demographic and economic effects

SCI impactghelives of thousands of people around the world every yidwr seqgalae
of SCI are not limited to the affected individuals, these injuaissimpact the quality of
life forthep a t i e nyandthefec@mmy of the whole sociedg well as the
healthcare system(3, 7). Although disability is the majaronsequencen some patients

SClmayresult in deathiMortality rates depend on several factors such as patient age,



frailty, comorbidities, multisystem injurieandlevel and completeness iojury
(cervicalSCI results irthe highest mortality compadto thoracicor lumbar injuries)8).
The mortality rate for acute-nospital admission is betweerlZ% (8). Severity ofSCI
also reduces the life expectancy, éaample a 40-yearold patient withaninjury below
C5 is expected toue at leasP3 yearsafter injury, whereas a higher leveéntilator
dependent patiembay only be expected to live approximat8l$ years only8).
However, generalization is difficult due to tretrospectivenature of datéypically
reported inepidemiologicaimanuscriptsas well there is variability in the incidence rates
among countries likely due to inherent societal differe(@edVith reliable data from
Canada, USAa few countries ifcurope and Australi¢d, 10), the yearlyglobal
incidence of SCapproximated.30,000casesand the worldwidgrevalencepproaches
2.5 million (2). In North America,SCl affects more than one million individugtkl) and
the yearly incidence in the USA is >,000casa (1, 2), with the majority of them
younger than 3@ears of age.A recent2018estimation byNational Spinal Cord Injury
Statistical Cerdr, University of Alabama at Birminghameported a nationahcidence >
17,000case per yean(12). In other word, the global incidence varies between 8 and
246 cases per million individugter year, while the global prevalence ranges between
236 and 1,298 per million individua$3). Thecost attributed tonedical cardor each
patientapproximates USK1 to 4.6 millionand is dependent upon level and severity of
injury (11). In general SCI epidemiologydemonstratesvo peaks, the first in young
aduls 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 spalgtedand penetrating injuries.
Thesecondeak is intheelderlygroup where SCI usually results from &dindtypically
occursin the presence of prexising spinal stenosi§l1). Statistical analyses
demonstrate that falls aresponsible fobetweeronefifth andonethird of SCI cases
although there is again variability from country to courfiryl4, 15). Males are
commonly nore affected by traumatic SGECI) (79.8%) than females (20.2%d6).
Cervicallevel SCI (circa 60%) is more commainan thoracic32%)or lumbar (9%)
injuries(16). It is worthnotingthatduring the 1990s thannual expese of surgical and
rehabilitation cardor SClin the USA approximated 4 billion and this figure is
significantlymuch highetoday(2). This emphasizes the significant socioeconomic



impact that results from theondition and the dire need to attain a efficacious

therapeutic intervention

1.3Minocycline as a neuroprotective agent

Neuroprotection is a broad term primarnigferring 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 newwagie ner ati ve di sorder such as
Par ki ns o@d.althaughghe spaneof disorders and insults to neural structures

are wide and vary from acute to chronic andarfrexogenous to endogenous, they share

some common pathways that lead to neuronal cell death, such as apoptosis,

excitotoxicity, inflammatory cascades, mitochondrial failure, and oxidative giréss

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 tissyg§).

There are multiple classification schemes for neuroprotectamtse Save classified

them according to their role in mechanisms of secondary SCI, such as antioxidants, anti
apoptotic(21), neurestimulants(17) or anttinflammatory(2). Whereas others,

recognizing drugs often have multiple sites of action, haveoapped this more broadly:

1. Agents with protective activitiggreserving SC cellular population 2. Medications
enhancing neuronal regrowth 3. Medications counteracting inhibitory molecules that
hinder spinal cord recove(y). 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 drugrtias gained

universal acceptance as a protective treatment follo#ig22-24). Minocyclineis one

such agent known to modulate multiple pathways of secondary SCI (§52%)27).
Therefore, it was thought that this drug could be a good option to modulate the

expression of miRNA in this thesis.



1.3.1Minocycline chemical structure and history of development:

Minocycline hydrochloride is a semisynthetic, secgederation, derivative of
tetracycling(27). In essence, tetracyclines are a groupawtteriostatic 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 hydrocarb(®vyings
28). Minocycline, a lipidsoluble derivative of Tetracycline, has a broader spectrum of
action than doxycycline and tetracycline, better CNS fpatien, longer haHife (16

hours) and 21 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, antinflammatory, antioxidant, anapoptotic propertie€1, 27).

Moreover, it is an approved drug for other disorders such as skir{Z8ne

1.3.2Mechanisms of action:

The positive results of this medication were initially observed in animal models for stroke
(27). Subsequent experimenitsvivo andin vitro were conducted by different

laboratories to investigate other neurological disorders such as SCI, head injury and
neurodegenerative diseag2$). Further observations elucidated its interference at

multitude levels of cellular cascades of sSCI.

1.3.2.1Anti-apoptotic mechanisms:

Minocycline reduces the expression and activation of caspases following CNS insults
(27, 30). Broadly speaking, minocycline inhib the release of prapoptotic mediators

and enhances the expression of-aptptotic molecules as follows:

1. Reduces the activity of caspa®én several CNS pathologies including SCI
(30-33).

2. Diminishes the swelling depolarization of mitochondria, as well as
cytochrome c r@lase from the mitochondria whether Bid of QGiependent
(27).

3. Reduction in apoptosisiducing factor (AlF) release to the cytoplasm as well

as its nuclear translocati¢d4).



4. Increased expression of aaoptotic factors and uggulates Bell2 protein
and mRNA(35).

5. Up-regulation of the expression of XIAP {aked inhibitor of apoptosis
protein) which suppresses caspases/ation (36).

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

normal levels under normal cellular conditiq@3).

1.3.2.2Modulation of inflammatory processes:

Proinflammatory and antinflammatory cytokines are typically released following the

SCI. Minocycline decreases the production of theipflammatory IL1 b by r educi n¢
expression of caspade which is required for L1 b ma t (32, 3B)t I alsm

minimizes TNFU mMRNA expression by interfering wit
needed iMNF-U p r o q3¥)sMinoayaljne can alter the expression of the

chemokines or their receptors. For instance, minocycline reducesphression of

CXCRS recepto(38) which is expressed in CD4+Relper 1 (Th1) cells, involved in

microglia and macrophage activation as well as demyeling@@nFurthermore,

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

monocyteg41-44).

Minocycline decreases resident microglia activation. Microglia release chemokines,
cytokines, lipid inflammatory compounds well as different members of matrix
metalloprotease®7). Moreover, minocycline diminishes activation of macroph#4g@és
and astrocytes after CNS insults including $3 46), which may reduce glial scar
formation. Inhibition of microglial prenflammatory cytokines reduces their interaction
with T-cells(47). Moreover, minocycline reduces microglial activation by inhibiting
nuclear translocation of Nkappa B(43). Of note, this transcription factor is upregulated
within 24 hours posinjury and has been implicated in the expression of pro
inflammatory factors and apopto$#8, 49)



1.3.2.3Matrix metalloproteases (MMP):

Minocycline has been shown to diminish MMP2 levels in animal models of multiple
sclerosig50). In a cultured Tcell study, minocycline reduced MMP2 and 9 levels and
activities that impact -Eell migration(51). It also reduces the expression of MMP12
(52), which increases after mice SGBB). Minocycline exerts its effect on MMPs via
direct interaction with Z#f which is essential for MMP activitig®1).

1.3.2.4Antioxidant effects

Minocycline diminishes the production of NO (nitric oxide) after hypoxia in a microglia
cell culture(54, 55) as well as racrophage56). Moreover, it downregulates INOS
(inducible Nitric oxide synthas2), mMRNA expression and protein activity after exposure
to proinflammatory cytokines (LPS, IFhand IL-1 b(%7). In microglia, minocycline
inhibits Zinc and thrombhinduced activation of NADPH oxidag21). In animal SCI
model, it increases expression of glutathione (GSH an antioxi@@nd glutathione

peroxidase (GSHPx) in addition to promoting superoxide dismutase (SOD) adtbd}y

1.3.2.5Anti-glutamate effect

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

1. Chelating metallic ions including €aFe*, Fe*, Zré* and Mg™
2. Inhibit Calcium influx in via NMDA receptorg0).

1.3.2.60ther neuroprotective mechanisms:

Minocycline inhibits poly (ADPribose) polymerasé (PARR1) enzymatic activity. It is
a nuclear enzyme activated after SCI via DNA damage. PAR®Ivity leads to energy
consumption and mitochondrial failure and further cellular dam@gje61).
Furthermore, minocycline inhibits bloatkrived iron toxicity (lipid peroxidation) via
direct scavenging effect, Ferric and Fegdaan chelation and increases expression of

ferritin which buffers local iron leve(1).



Given these multiple sites attion and promising early clinical resulé, 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

Thehumanspinal cord SC)is anapproximately30 g, semicylindrical, gray-white

neural continuation of the medulla oblongata. It starts at the leta fidiramen magnum
and ends with a corghape structure called@onusmedullarisat the lower border dhe
first lumbar vertebrgl 1) (64) in humars. In rats it terminateatthe L3 vertebral body

(1) and attheL4 vertebral body in mic€5). The spinal cord length inumanadults is
approximately 42 to 45 ci{®6), with anaverage diameter of 1 to 1.5 ¢64). Although

it maintainsits embryonic segmental organization histologically and functionally, the
exterior appearance of tepinal cords smoothand uniform It has two fusiform
enlarggments, the upper one is the ceavienlargement where it gives off the brachial
plexus and the lower one is the lumbar enlargement where it gives off the lumbosacral
plexus. Along thespinal cord two longitudinal furrows can be identified, a deep anterior

median fissure and a shallowgperior median sulcus.

The spinal corédubstance is a soft gelatinous structuhgch isprotected at multiple
levels. It is surrounded by a bony spinal cdrah all directions|t is covered also by
three layers of the meningebédura materanarachnoid membrane atite pia mater
which is adherent to the coitdelf). Moreover, the cerebrospinal fluid between the pia
and arachnoid layers functions as a cushimh shoclkabsorbe Furthermorethe SCis
fixed to its surrounding®y several structusewhichinclude31 pairs of nerve root21
pairs of dentate ligaments atige filum terminale.The epidural space between the dura
and vertebraperiosteum is filled with loose fibrous and adipose connective ti¢6des

68); these act aanother protective layer tbe SC

Functionally, he SCserves aa meas of communicatior(a conduit)betweerthe brain
and the peripheral nervds alsocontains local circuitry including thepinal reflexes
Furthermore,he sacral segments of tBE (S2-S4) containthe parasympatheticente

that supplieshe urinary bladdegenitalia,andthe distal colon below the left colonic



flexureSacr al segments also contain Onuf ds
nuclei and the origin of pudendal ner¥éws, it is directly involved iprocesses of
urination control, erection and sexual fuontas well as defecatioegulation(66).

Histologically, hespinal cordsubstance iarrangeduch thathe white mattesurrounds
the centrally located grayatter The gray matter is made up of cell bodusower

motor neurons, interneurarend glial cells. lalso includeshe dendritesand synapses of
efferentandafferent neurons. The white mattecomprisedf ascending and
descending bundles of fibezentainingmyelinated axos that relay th@npulsesin both

directions between the brain and the peripheral end of{gans

Axons of the motor neurorgefferentfibers) exit ventrally to form ventral rootlets/hilst

the sensoryafferen) fibers thatprojectfrom the dorsal root ganglia enter tB€ via the
dorsal rootsAnatomically, theventraland dorsal roots of the sargginalsegmentinite

within the spinal forameto form the peripheral spinal nenhe.humars, thereare

typically 8-cervical (C), 12thoracic (T), Slumbar (L), 5-sacral (S) nerves and 1

coccygeal (Co) neryavhich innervatethe skin over the coccyXhe C and L nerves

supply mainly the upper andwer 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,te mouse (and rat) spinal ceatemade up of 34 segmentsc8rvical
(C1 to C8), 1&horacic (T1 to T13),bumbar (L1 to L6), 4sacral (S1 to S4), and 3
coccygeal (Col to Co3). There are two enlargements, the cervical and lumbar

(lumbosacral) enlargemen(®9) and they exert similar functisno humais (1).

Of note the presence anlbcationof various spinal cortracts and their functional
relevance variesetweerspeciesFor instance, theorticospinal tract@ST- the motor
trac) in rodentg(1, 70) differs in position compared taimars. In humans, th€STis
locatedmainly in the lateral funiculusyhile in rodents ituns in the ventral portion of
the dorsatolumn(Figure 1.1). Further detail@bout the o d espitakcordractsare

discussedy Watson, Paxinos artdayaliogluet al.(71-73).
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Rodent Human
M

Ascending tracts Descending tracts

B Dorsal columns B Corticospinal

B Spinothalamic B Rubrospinal
[ 1 Spinocerebellar Reticulospinal
e Vestibulospinal

B Raphespinal

Figurel.1 Comparative anatomy défie rodent and humaapinal cordcrosssection.

The drawing depicts the approximate locations of ascendindesugnding tracts in
each species. The descending corsipmal 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 etRfogress in Neurobiology
114 (2014); 2227. (Appendix A)

1.5 Differencesbetweenthe human SCI in clinical situations and the
animal models in research

Several aspects dCl have beenextensivelystudied in animal models for more than 40
years(74). There has beemarkedprogress in understanding the pathophysiology of SCI
and preclinical experimentget thetranslation of tke basic scienceuccessnto clinical

trials has beedlifficult and remainsdisappointing There areseverakcaveatghat should
beaddressetb assess the gap between the clinical &l research model§hesemay

includebutarenot limited to the followng points
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1. Tobegin clinically there areseveraklassifications for SChased on functional or
anatomical assessmdiib, 76). The scalenost commonly used currentby
medicalcommunityis the International Standards for Newwmical Classification
of Spinal Cord Injury (ISNCSCIDeveloped by thémerican Spinal Injury
Association (ASIA) it includesa standardized assessment of key myotomes and
dermatomesgnabling the calculation @motor score, sensory score, drehce
anASIA Impairment Scale grad@7). Converselyvariousscales andnethods
have beemlescribedo assess SGndrecoveryin animal modelskor example,
locomotor function tests (opdreld locomotor assessmesiich as Basso, Beattie
and Bresnahan or BBB scale, Staircase testatigystems and laddevire grid
test); limb strength (forelimb grip and inclined plane tests); Sensory function (the
Hargreaves assay, tdiick test and Von Frey filament$®).

2. In experimentahnimalmodelsthe SCI isproducedn acontrolledfashionand
typically exploit a single insult such aentusioncompressiorr transection.
Furthermorethere are ifferent methods to produce each one of these tigpas
of injuries(78). In contrastpre-operative neuramaging andsurgical exploration
in humanssuggestshatSClresults froma combination of these mechanisms.

3. The true severity dfraumaimpact:in animalmodesk, theforcedeliveredto the
spinal cord istructuredo generatesolely SClwhile avoidingother organ
damageAdditionally, the delivered force reciselycontrolled andyraded as
mild, moderater severanjury (79, 80). In contrasta significant numbeiof
clinical cases oE5Clresultfrom eithermotor vehicle accidents or falirom a
height The energy of the impact from these injuries extends beyond the SC to
other body organslherefore, irtheclinical scenarig theoverall impact of the
traumatic forces resulting BClaremore extensive thanale observed in
research models.

4. Inconsistency within SCI clinical researdiecaus®f heterogeneity in the
mechanisms of injuries, underlying pathophysiolaggpatientpopulation the
discrepanciesxtend from methods of diagnostic tools to several elements of
management such as performing urgent MRI, administration of

methylprednisolonghe type and time of surgical decompression and stabilization
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(11). All these variables influemthe outcomes and consistency of clinical
research.

5. Rodents have been the most common species used in SCI animal models (92% in
total, ratsconstitute72.4% and mice 16%B1). Cellular and moleculaiesponsg
to SC| although they share some similaritiaggdifferentamongstiuman nan-
human primateandrodents (82-84). In humaus, the site of SCI idilled with
fibrous tissue, whereas in mitlee lesion ceme displaysfibroblastlike cells that
express CD11b, CD13, CD45, collagand fibronectinAdditionally, the
inflammatory response ladbnger in primates than rodenB&o-inflammatory
cytokines expression ithecommon marmoset, for instance, returns to basal level
after 14 days of SCI, whereas in mtbese cytokines return to basal level at 1
week after SC(84).

6. Finally, fromthe results o€linical trials, theSCI response to neuroprotective
agentsvariesaccording tdheanatomicalevel ofinjury namely,cervicalvs
thoracic Thisobservatioris under active resear¢®5). This is rdevant as the
majority of clinical cases of SCI arat thecervicallevel (60%)(8), whereasmost
experimental SCI have been conducted at thoracic (8%&b) followed by
cervical area (12%(B1).

These factorbave contributed to the limitgatogress intranslatingobasic science
successes into viab&tinical therapiesTherefore, sidying SClpathophysiologytthe
molecular level namely, gene expression miRNA changesvhich areconserved
among speciesiight bridge this ga@nd represent a shared intersecpomt The next
section willfurtherexplore heseconcernsincludingthe pathophysiology oanimal
modelsof SCland the role of gene expression and miRNA in.SCI

1.6 Animal models of spinal cord injury in research

Variousdistinctmethoalogiesthat have beeunsedto generateSClin severakpecieof
animal. Thesemodalitiesweredeveloped to creatninjury for a specific purposer to

emulatea specificclinical scenarioRegardingnodel speciegherat is the most popular

12



mainly due totheiraccess at eeasonable cost,size that is easy to handle pre and
postoperatively, anthe presence of several validated functional and behavioral tests to
assess injurputcoms (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 SCISSCI) because of the commerdiahvailalde genetically modified mice
(transgenicsyvith reasonable costg, 85). Practcally, the primarydifficulty with using

mice is their small sizevhichrequires more skill to create a reproducible model of SCI
compaed torats andargersized animals.Additionally, their limited bloodsolume

mandates thaesearcherbe meticulous th their surgical techniqugo ago minimize

blood loss that magrecipitateglobal hypoxia oischemiaThese augmented effedan
complicate the sequence of secondary reactions and influence gene expression and may
confoundthe results othe study Non-primate speciesuch as piganddogshavealso

been usednd heir neuroanatomy, physiologgnd size are closer to human thademts

(85). However highcost, limitedsupplyand requirement for specialized personnel and
facilities havehindeedtheir utilization inSCl research. Notwithstandinthey constitute

a validtranslationabptionto refinepotentialtherapeutic resultsom rodentsstudies

prior to proceedingo humanclinical trials(1, 85). Regardless of animal species used, all

studies employ one of a variety €l models

1.6.1Contusion models:

The contusiorsCl modelis currenty the most widely usetb studySCI (904 out of 2209
articlesincluded in the analysi®r 41% (81). The concept of this method is to produce a
contusionby goplying a transient force or tissue displacenweith an attempt to preserve
the covering membranes of the SC after removing sortieetdminae In theliterature,
severaimethodgo deliver acontusionSCl have beemlescribed:

A. The freefall ofa fixedweight orio the SCin a rat modelthis modality was
describedy researcherat New York University(86). It consiss of a10 g weight
that falls freelyby the effect of gravityrom different heights to produahstinct
impact severity andariouslevels of SCiin thethoracic levelldeally, the spinal
column is fixed by clamps for accurate impact deliv@&tye main downside of

this method ighe potential for aeboundmpactfrom the weightproduéng a
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secondrauma to SCAlthough the developers of this method havieimized the
importanceof repetitive traumao the SC, they suggest that the mattes not
adequatelsimulate the clinical scenarios.

. Electromechanical tissue displacement moitié$ modality was described by
Behrmann et ain 1992using a solenoid device to exarechanical SC tissue
displacement at various levels, 0.8 mm, 0.95 mm and 1.18¥mThe

phenotype and histological features were reproducible and accurate at the T9 level
in a rat model. Although this tissuesglacement model may mimic sometioé
clinical features of SCI, the major downside of this model is that the tissue
displacement is temporary, whergéashe clinical setting tissue
displacement/compression persists until surgical decompression iseathiée
lack of sustained tissue displacement may explain why such an experimental SCI
demonstrates recovery rates that differ from those seen clinically.

. Computerized impactoCurrently, animpactor isone ofthe mostpopulardevices
usedin experimental SClaboratorieg81, 88). ThelInfinite HorizonImpactor

(IHI, Precision Systems and Instrumentatioexington, KY, USA) is one of
broadlyavailable machire It consists of two main partanimpactordevice

which iscontainedwithin the surgical field and a separdtat connected,
computer systerwhich drives the impactt delivers a measurable force that can
be pre-determinedhrough thesoftwareprior to producing the injuryThis device
also recordall mechanical parameteasid eventshatoccurduring the process of
SC impactsuch as thactualforcedelivered magnitude otissuedisplacement
and impactor velocityFigure1.2). It has been used in mice and rats to create
cervical and thoracic SG88-90). These technical features render this device
capable oproducinga reproducible and accurate S@J. It is thought thatising
thelHI device tocreate &Cl produces onef theclosest modalto theclinical

scenario.
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Figurel.2 Data recorded by thafinite 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 dasgement (in micrmete). The device also

displays the relationship between time, tissue displacement and deliveredNamie.

2019.

D. Air gun impactor this device produces SCI by applying a hglessure air
stream directed to the SC via a 2 mm hole through the lamina. Different severity
of SCI can bereatedby changing thair stream pressure and the duration.
Further work is still required to valitiathis devicg88, 91).

E. Ohio State University (OSU) impactoit is a computercontrolled devicehathas
been upgraded and modified since it is first developed in the late (S50K
requires laminectomy at the intended SC level. The impactor probe touches the

SC tissudo set up the start point and then deliver a predetermined displacement

15



distance over a period of time. The instrument records the displacement distance

as well as the force delivered to the &8).

1.6.2Compression model:

This modelhas beentilized in 19.4%o0f experiment$428 out of 2209 SCI model
studies)81). In this model, a crush or a compression is applied tdyBdsing different
methods. The mosbmmon are

a. Aneurysmclip application: acerebr@ascular aneurysilip is utilized to
deliver acompres®n forceonthe SC to creatéocal injury. Originally, the
clips weremodifiedby altering the closingtrength of the clip to deliver
compression force measured by gsasuch 2, 5 and 10 gramasnd the force
was leftfor a measurable period of timigy alteringthetime and strength of
the clipdistinctlevels of SCI severitywere create@d3). This was developed
in 1978 by Rivlin and Tataf74) anda significant number of papers have
beenpublishedsince therby using this method.

b. Balloon compession modelthe balloon is affixed to the tip of a catheter that
can be inserted ithe spinal canal after performing laminectomy caudal to the
intended site of the lesion. Air or saline can be used to inflate the balloon to
createSCcompressiori88). The severity of compressionrchealteredby
varyingthe volumeandbr the duration of inflation Although it is an easy
and inexpensivenethodto create an injury, thaslimitations The amount of
applied compression artke velocity offorceapplication orthe SCcannot
be preciselyevaluatedTherefore, itcan bedifficult to reproduce the same
severity ofSCl each time makinghis technique less popular than clip
compression method. Wasfirst used in 1953 anklas beemppliedto
different animal model&8, 94-96).

c. Forceps compressiothis model employa pair ofsurgicalforcepsequipped
with aspacerto calibrate the force of the compress{86). Following
laminectomy, the forcepeapplied around th8C. The severity oaninjury

can be determined by changiting applied force and the duration of
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compression. The advantage of this modéhad it issimple and
inexpensive. However, the lack of acute compression applicatitre@C
and inability to record the force during compressiakeshis method
incomparable and less common than clip applicattomasdescribed in
1991 and used in several animal mod@ls 998).

d. Strappingtechniquein this methodthe injury is created by using a suture
wrapped around th8C. For this purpose, eurvedsurgical 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 ipassed around a peyl and connected to aass.The freefall
of the mass creates compression around&@end it is usually leftdr one
minute toproducecircumferentiainjury. Different grades o6Cl severity
can becreatedby changing the mass weigl@®8). Although it is relative}
less invasive than the previously mentioned methods above, the certainty
around its reproducibility isndeterminedendeing this technique less

popular tharthe clip compression methods.

1.6.3Transectionmodel:

The transection modéd the second most canon method32.5%)reportedn SCI
experimerd (718 studiesn an analysi®f 2209paper$ (81). The injury can belelivered
by using a small blade. Thensection can b& completeor partial transectioii88).
Although this technique does not exactly simulate the clinical situation, uiriguse
experimentabenefits. It is easy to perform and inexpensidgs approach can hesed
to study axonal regiwth and functions of certalBCcircuits.A completetransection is
easy to reproduce and somatosensory evoked potentetirograde labelingan be used
as an indesor partial transection consisten00). It is a popular technique and has
been validated on sevesgecief animals(88).
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1.6.4Distraction models

In this model, the S& exposed ta stretching process similar whatmight happen
duringa flexion mechanism causing hum@a@l. Several animapecies have beersed
in this modeincludingcats, dogs and pid88). A number of devices have been
developed:

A. Harrington distractorthis model was described in 2004l rat thoracic
spine(101). It involves target level laminectomy and insertafriwo
Harrington hooks under the rostral and the caudahlae The hooks are
attached to a motorized spacer that controls the speed, duration, and span of
the distraction via a computer softwafée facet capsukeand ligamergare
generallydissectedree Distraction by 35, or 7 mm usually results igraded
levels of SCI. There arelimitationsto this method which include
1. Variability within each grade
2. Slow distraction speed (1cmysyhilein human clinical scenarithe speed

is thought to B100 cm/s
3. Lack ofvalidation

B. Universty of Texas distractoiThis deviceproducedistractionin two
directions- rostral and caudal to the target le¢H2). No laminectomy is
required ratherclamps are fixed to the vertebral body and a computer
controlled rostrataudal distraction by &, or 7 mm produces mild,
moderatedand severe SCiespectively Limitationsof this technique
include
1. Inconsistency of behavioral assessment for theyinjur
2. Slow and does not mimic the human SCI speed
3. Requiresvalidation

C. University of British Columbia (UBC) mukmechanism devicd his device
deliversSCI by contusion, distraction and dislocation at different stéif¥3.
It wasdevelopedo create cervical SCI irats. It requires laminectomy of the
target level and bilateral facetectomy for the realignment after dislocation. It is

reported to besafast as the humaSCI may happen. Thus, the extension of
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injury is the farthest amongst other models. Gradedi@guan beproduced.

Limitations of this include

1. It requires adngersurgicaltime than contusion injury alonehich may
introduce confounders

2. A greaterdegree ofurgical skillis required

3. Locomotor tests are required to validdts method

1.6.5Chemical models:

Chemical models of S@ntail injection of chemical reagenido the SCsubstance to

study specific reaction pathwagf SCI(88). There are many reageiisthave been

used for this purpose. In broad teyrohemicalsausingdemyelination, ischemi@l04),
inflammation(105 and excitotoxicity106) have been applied to understand these
specificelements of secondary SCI mechanismstarevaluatehe efficacy of therapies
directedtowardsSCI healing process It is apparenthatthese models do not simulate
clinical SCI, nor carthe exact location and the extentloé injury be tightly controlled.
Notwithstanding, these approaches may continue to serve a role in the understanding of
discrete secondary injury mechsmis.

1.7 Spinal cord injury pathophysiology

Spinal cord injuryrefers toSCtissuedestructiorfollowing exposurdo an insult.In
trauma this involves the transfer of kinetic enekyythin afew minutes aftethe initial
insult, SCphysiologicaland biochemicalesponsgare initiated48). Both thenature of
theinitial injury and thepathophysiological responssscondary to the insult determine
theultimatehistological damage artle phenotypimeurological deficits. @ undersand
the complex histologicatellularand moleculaprocesses thatfluence the neural,
vascular and immune componenfsSCI (48), these eventsan bedivided irto primary
injury andsecondary injuryThe latter isuldivided temporally into acutsubacuteand
chronicstagesSome ofthe reactions start in the acute stage and perdist smbacute
stage( Tablel.1andFigure1.3) (107).
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Stage

Descriptions Rodent$ (85, 107-109

Acute

0-48hr1 vascular and endothelial cell injutygemorrhageedema,
ischemia, ionic imbalance, necrotic and apoptotic cell death, calcium
influx, excitotoxicity, oxidative stress reactions, lipid peroxidation,
inflammatory celiinfiltration.

Subacute

48 hr - 6 wksT demyelination of surviving axons, axonal dieback,
apoptosis, inflammatory cell infiltratipiWallerian degeneration, matrix
remodeling, evolution of glial scar.

Chronic

> 4-6 wksT Mature glial scar formation, meraxonal dieback, cystic
cavity formation

hr = hour; wks = weeks Different authorsefer todifferent duratiosto determine these
temporal stages here is no consensus on these peribtds abovenmentioned duratias
are most comman

Table 11 Stages of secondary spinal cord injury
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Figure1l.3 Summaryof traumatic spinal cord injurghases.

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 d&atk

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 deattcyias
proliferate and deposit extracellular matrix molecules into the perilesional area.

c. In the chronic phase an asgtal scar matures to become a potent inhibitor of axonal
regeneration. Cystic cavities can coalesce to further restrict axonaitbgNadi, 2020

1.7.1Primary injury

1.7.1.1Phasalescription

SCloccurs whentte force of tk impact exceeds SC tissue resistance andéor th
impact displaces the tissbeyondits resilience Causes other than traunsaich

as tumorg48) canresult inSCI with differentmechanismsaking irto
consideration the gradual gress thaallows forSC adaptationThis

neurological adaptation, withelong-standing presence of an ins@tentually
failsto preserve the structural and functional integrity of the SC.
Pathophysiologwf chronic SC insults is beyond the scope of tihesisand

discussed in detail in several revief@40-112).

The primary injurystartsfrom the moment of SC exposure to thsult, which
could be eitheanopen/penetrating or clostduintinjury, the latter the most
common The type of initial force ultimatelgictatesthe nature otheinjury and
that might beeither contusiorffrom impact and momentary compression)
compression, transection or laceratidistractionor any combination of thegé,
107). Contusioncompression mechanisms are the most frequebtgrved
clinical mechanismDisplacedragment(s)f the spinal column can exert
persistent compressiamn the SCparenchym#113). The initial forces delivered

to the SCalsoimpactsthe severity otheinjury. Practically there is no treatment
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for the primary injury(yet there are precautions to avoidatEurrenceand its

time span is shart

1.7.1.2Disseminatiorof primary effectsaand transition to theecondary phase:

Traumatic SCI initiateBnmediatelocal and systemicesponses that may
synergize each other to shape the reactbtige injury epicenterAt the
systemidevel, heimpact causea sudden and temporary surgesiystemic
blood pressure (BP). s followed bya prolonged period atdropin bodyBP
(48). The drop in BP subjecthe SC to hypoxiaAt theinjury site, vascular
damagein particular the small vesselstime gray matter zoneauses
hemorrhage, bloe&C-barrier dsruption vasospasm, thrombosis, SC edeamal
further local hypoxia andellular death{48, 114). In addition to axonal
disruption, neurons, astrocytes, oligodendrocygadendothelial cells die due to
cellular membrane shear and hypoxia. This resulizcal ionic imbalance.
Moreover, the local surviving neurons fire action potentialsplicatingthe ion
imbalanceandcausng neurotransmittesto accumulag. The toxic iomc
concentrationsnduce death in nearby celss well the abnormal levels of
neurotransmitters caupeolonged neuronal stimulation, cellular edearad
excitotoxicity. Thiscascade inducdarther neuronal and glial cell 10£48).
Moreover, the damage to small vessels and b#Gdarrier leads to
extravasation of RBCs and plas#marne molecules into the injury siigl5).
Giventhe gray matter hasricher capillary network than white matter, it
demongratesmore dramatic hemorrhagic events. Hemorrhage and swelling
cause further mechanical damage and may extend beyond the injury epicenter
(116). Hemorrhage, ischemia and cell death leatthézelease of pro
inflammaory cytokines and recruit peripheral immune cells and stimtiiate
resident microglig117). All these events, ithin minutesafter the injuryjnitiate

a series otellular reactionsvhich isknown assecondary injury48).
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1.7.2Secondaryspinal cord injury (sSCI)

sSClis the cascade of reactions tleablve withinafew minutesollowing the primary
injury and continue for several weeksmonths Given thetime sparand becausef the
significantinsult thatoccurs during this phasiis proposedhat this stagef injury is

the period whefigy atherapeutic intervention cdrave a sigificant impact orthe
eventuakourse ofdisease anomprovethe ultimateclinical outcome of the SCICells

and molecules from nervousimunologicaland circulatory systems participate in these
reactionsat different stages of secondary reacti@®Cl| can be further classified into

acute, sukacute and chronic stagésgure 1.3, Tablel.1).

1.7.2.1AcutesSCI cellular and molecular events:

The notion of sequential reactiotst occumafter the initial injury was first suggested in
1911 by Dr. Allen during his researchtire caniné&SCIl model(1). His findingswere

then suppded bythework of manyotherresearcherasho camelater. During secondary
injury, further cellular damage ocaand lesion size expandsorserng the clinical
outcome(48). Therefore, manipulation of tee cellular and moleculagactionshasthe
ability to minimize the extent of the lesion, preserve the cellular population, improve
axonalregenerationand eventually improve the neurological outcofftee major events

duringacutestage o8SClencompass:

1. Vascular events the initial trauma disruptthe blood vesselparticulaty the
small blood vessels ithe gray matterwhichleads to hemorrhad@, 48). This is
followed by vasospasm and local thrombdsglingto loss of vascular
autoregulation and loss of the integrity of ble®8@-barrier that extendseyond
the injury site for several weeks. These events lead to ischecahtissue
necrosisSC edemarlhe hypoperfusion status will be followed by reperfusion
which enhancefreeradical production and indusdurthercytokine poduction
increagng bloodvessel permeabilitto SC parenchymd hese vascular events

stimulate endothelial cell production of selectins and cell adhesion molecules
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(CAM). Cumulativelythesefactors inducenflammatoryand immunecells

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

Inflammatory reactions: Inflammationis ahomeostaticesponse torainsult
causingtissue damagby trauma, invading microorganisms or toxic chemical
agents. This response entails activation of immune body sydiethshumoral
and celimediatedpathwayq118). The first cellsghatget activated after SCI are
resident microglia (microglia atbelocal source o€entral nervous syster@NS,
macrophage<irculating monocytes are the external origin migrating
macrophageqR7, 119). These cells are the initial source ofqmfammatory
factors that include H6,IL-1 b, -ONFThi s stage is followe
infiltration, which reaches its highest leustween day aAndday3 post injury
althoughtheir activity can persist for several wed€Rg, 120). Neutrophils release
proteases, nitrogen and oxygawlicalswhich cause protein nitration and
peroxidation of lipids that camegativelyimpact neurological outcon{d). Hence
interfering with neutrophils reactioman inhibit thé& earlydetrimental
consequencesTl hecirculatingmacrophages then invade the lesion site.
Popovichet al 1997 reported thatdukocyte infiltrdion tothe site of injury
results inmore cytokines andytotoxic factor release which can be destructive
andalsoattract more leukocytes to the injured afgdl21, 122). Severalgroups
havedemonstrated in different experimental animal models that depletion of
peripheral macrophagesduces activated macroplesgatthetrauma epicenter,
preserves myelinated axons, reduces cavitation and improves functional outcome
(123 124). In conclusionresident microglia are activated first. Their cytokines
attract neutrophiland macrophages are attracted later. Moreover, t
inflammatory response has two different effects: a deleterious effet first

few days of injurythat causes further tissue damgt25) anda beneficialeffect
as itparticipate in therepair of SC tissutghat occus at later stage@7, 126).
Hence themitigation of inflammation in acute stages can be benefi€lakman
et al 1997 for instanceshowed that modulation tfheinflammatory process at

different time points can have effecin tissue damage or repél27). This group
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usedpro-inflammatory cytokines at day 1 and day 4 p8€l. Theyobserved

more tissue loss in daycbmpared talay 4.

. Programmed cell death: Programmed cell death which is also known as
apoptosis is a tightlycontrolled and active process of cell deatlliffers from
necrosign thatthe apoptotic cells are cleared by phagocytosis and there is no
inflammatory reactiorf27). There ardwo mainpathways, the intrinsic or
mitochondrial pathway aneixtrinsic or death receptor pathway that mainly
recruits caspases in downstream reactidpeptosis can affect neurons,
oligodendrocytes and other celtsthe SC. Apoptosisjn addition to necrosis can
expand the lesion area after S@R8). Far fromtheinjury site,pontineand
corticospinal neuronsay undergo apoptosiellowing SCI(129, 130).

Apoptosis in oligodendrocytesan happen within 2hours after traumaat the
injury epicenter.tlcan also occureveral weeks after S@utside the epicenter of
the injury withamaximal loss of oligodendrocytes observédveeks after injury.
This period of time is the longest duration after which the oligodendrocyte
population in a SCI model was examin@®81). Hence, this type of cellular loss
suggess that apoptosis participates demyelination of axons by affecting
oligodendrocyte$132). While microglia after SCI undergo apoptosis, astrocytes
usually do nogo through this pathwaB0). Finally, there is arelationship
betweermicroglia activation and oligodendrocyapoptosig128). After SCI,
activated microgliare foundaccumulatedostral and caudal tiheinjury

epicenteralong white matter tracts concomitant with apoptotic oligodendrocytes.

. Generation and release of free radicalsThe initial local vascular changes and
systemic hypotension contribute to local hypoperfusion and ischemia. These
events are followed bheimprovement of local perfusicendoxygen delivery
that leads téhe generation of free radassuch as peroxynitrite, superoxide and
nitric oxide(48). In fact, the generation of freadicalsstartsduringthe ischena
stage and increases during répsion period€133. This leads to several other

downstream oxidative reactionsatltause further cell deatkor instance, these
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radicalscandisruptcellularmembranes and other cellular organellesdacting
with the membranous polyunsaturated fatty atidsughthe process of
peroxidation. Moreover, fatty acid peroxidation letmgheproduction of
malondaldehyde that disrupheuronal NeK ATPase enzymes and eventually

leads to furthecellular ionic imbalance and neuronal cell 165s134).

Cellular excitotoxicity: SCI leads to release ahexcessive amount of
glutamate(the primary excitatory neurotransmitter the CNS) tothe

extracellular spaceithin and around the injury epicenigor the mechanisms of
glutamate accumulation sBex 1) (21, 85, 107). Glutamateevelsrise rapidly
and can be detected witiB0 minutesfollowing injury, returningto normal levels
within 60 minuteg85). This surgdeads taa prolonged activatiol35) of
glutamate receptoi@ neuronsoligodendrocytesand other gliatells (85, 136,
137). Glutamate stimulatemetabotropic receptors for Eaintracellular influx
and the ionotropic AMPA, NMDA, ankiainatereceptorg138). Binding of
glutamate molecules to their receptors activates potassium and calcigm gate
receptors.Glutamatealso enhanaanitrogen and oxygen radical production which
causes microcirculatorgonstriction and augmesibcal ischemig133).
Moreover the prolonged Ca* influx eventuallyleads tacell swelling anddeath

by necrosis or apoptosi$39). Neuronal clls and oligodendrocytes express
glutamate receptors on their cell membrane and as such both are vulteerable
excitotoxity. This leads to loss of neuronal cell populaemd demyelination

resuling in conduction block and loss of sensorimotor function.

Box 1.

WwnN e

Mechanisms that increase glutamate level in SC parenchyma after the inju

glutamate locally. Phospholipase A2 and NO play key role in preventing ré

the interstitial space.

Direct local cellular damage
Indirect cellular damage by hypoxia and ischemia
Decrease in the efficiency of activated astrocytes-tptake the excess

uptake by astrocytes.
High intrarastrocyte C# levels induce these cells to release the glutamate
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6. Cellular ionic imbalance: Failure of N&’K* ATPasefunctionandalterations in
cellular membrane depolarizatiogsult inNa*, K* and C&2 ion imbalance and
accumulation of intracellular C& Thisdamages mitochondria afatilitates

neuron and oligodendrocyte apoptotic and necosath

The excess glutamate levels alter cellular membrane depolarizatioo@indlux which
furthercomplicates the secondary reactioiifiese changes resultamincrease in C4
and Na" intracellular levels and depletion of intracellulat ¢oncentratior{140). Free
Ca&* levels during normal conditions in cytoplasm range betweeh0BNM versu$.5-
1.0 nM withinthe endoplasmic reticulun{141). An abnormal increase in €a
concentration in cytosol, mitochondria agndoplasmic reticulum results in serious
ramifications(142 143). In fact, mitochondriaCa* dependent cell death plag key
role in neuronal loss in gray matter as well as oligodendrocytes, astrocytes and myelin
sheath in the injured white mat{@&5). In gray matter, the excess glutamate leadiseo
prolonged activity oheuronaNMDA receptors which in turn leads ¢ellular C&*
overload(144). High levels of C& in turnenter the ntochondria viathe calcium
uniporter and induceitochondrial failurevhichresults in oxidative damag€alcium
overload also induces phospholipagestein kinaseand calpais which arecalcium
dependent proteolytic enzyshat degrad@roteins such amicrotubuleassociated
protein2 (MAP2)and neurofilament140). Likewise,glutamate and Caoverload
activate caspase and stimulate intrinsi¢l45 apoptosis which starts withaofew hours
after injury andesolves withirthe first week in ratd-urthermore, mitochondrial
respiration failure along with local anoxia lsad ATP depletion. ATP depletion inhibits
the activity of Na/K* ATPasewhich increases intracellular Neevels(146). High
intracellular N4 interferes with other cellular reactionsréerseshe action oNa'/Ca?*
exchangennd leads tanincreaseén Ca* influx (147). It alsoreverseshe activity of the
Na‘-dependent glutamate transport mechar{ishé, 148). This mechanismequiresa
preservedNa’ gradient to transport glutamate into theacellular compartmen€ell
membrane depolarization stimulates voltageéal Na” channelswhich are highly

condensed dhe nodes of Ranviefhe resultanNa" influx and passive intracellular
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movemenbf CI and waterculminates ircellular edem#149). Therefore, axons are
more vulnerable to ionic imbalance damage compar#tetoeuronal body. Excess
intracellular Na stimulates the Na'/H* exchanggumpleading to increaskintracellular
proton levels and axonal acidosis which by itself enhances membrane permeability
allowing for further C&" influx (140, 146, 150).

1.7.2.2Subacutestage

The subacutstageoccursbetweerday2 and4 weeks posSClin rodentq8, 140).
Somesuggest that inmay extend to @veeks(Tablel1.1) (151). As the acute stage is
characterized by vasculand inflammatory eventthe prominence of cellular death,
demyelinationthe continuation of theealreadyinitiatedinflammatory procesand
initiation of fibroglial (glial) scar formation are the main features of this stade, 152).
The glial scar is composed of two main regidghe periphery,and the core. At the
periphery oftheinjury epicenter, to protect the healthy tissue of SC from the secondary
reactions, astrocytesdtertheir gene exprason, morphology and become hypertrophic
(153. The core is composed plhagocytic macrophaggsericytesyascular and/or
meningeal fibroblasts, oligodendrocyte precursor (NG2+ glia/celi@ndymal cells as
well as extracellular matrix (ECM) that is formed by fibroblasts within and around the
injury epicente(140, 154). Pericytesnigrate fromblood vessefs p e r angdearipy y
the core of the lesion. Theye surrounded by astrocytes and their number is double the
number of astrocytes (thenormal situation the ratio is 1:1@nrytes:astrocytesj155).
These pericytes are the source of the connective tissue and ECM maleaufesm the
scar Theybeginto express fibronectin whidk a fibroblast marke¢155. Meningeal
fibroblasts also participate in layimgpwninhibitory molecules, fibrosis and spinal cord
tethering(156, 157). Moreover, in addition to apoptosis, necroptosis, which is
programmed necroticell deathplays an activerole in neuronal cell loss during this
phasg158). Necroptosis canccurevenin the presence of apoptosis inhibitors and can
be inhibited by a specific blocker necrosteti(il59. The latter showed

neuroprotective effect via prawing mitochondrial functio160).
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1.7.2.3Chronicstage

The chronicstagestarts severaleeks(Table1.1) to years after the injury and determines
theultimatestructural SC damage asdverity ofneurological deficits. The structural

and functional damaggeencan affectregionsbeyond the point of initial injury and even
in areaswithin the brain(1, 161). The main structuralharacteristics ahis phaseare
matureglial scar formation, demyelination of the white matter as wedlsagnificant
reduction in gray matter substantreaddition to the cellular componeriestrocytesand
microglia), the glial scarcontains inhibitory molecules such@&@sondroitin sulfate
proteoglycangl162 163). The dial scarhas beeiraditionally considered the major
barrier for axonal regrowth. Yehere are reports suggestihg@nhancesxonal
regeneration, minimizes further cell infiltration, closes bk&gei barriersandreduces
potential infectiong164, 165. Thus,it mayhave a positive influenda restoring the
chemical and physical integrity of the injurB@ segmen({166). This scarttypically
surroundsa cystic cavity that can expand up and down from the site of the iwtimn
SCparenchyma. This expansidermed postraumatic syringomyelia, can lead to
progressivdunctional lossabove the level of injury and/or other unpleassaqulae

such as autonomic dysreflexia and worsening spasti@itg.of the main functional
disordersduringlate stages of injury iachronic neuropathic pain syndropvehich is a
debilitating conditiorthatd i st ur b s [{1&% 168:. mhie exact rhechangss of this
syndrome is not completelynderstood antew explanations from animal models of SCI
have beemlocumentedLoss of inhibitory inputs frothethalamus has been suggested
by Masri et al 2012168 and dorsal horn sensory neurons hyperexcitability due to lack
of inhibition has been observét69, 170). Unfortunately, this unrelenting chronic pain is

frequentlyresistanto treatment.

1.8 Gene expression following SCI

The cellular phenotypical and functional changes after SCI are guided by activation and
inhibition of manytranscriptional pathwayd 71). Alterations in g@ne expressioafter

SClhave been shown in several studies that entadedusspecies andirains(48).
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Several clusters of genes that esponsible for specific molecular reactions have been
reported. Upregulation of tngcription factoNF-a Enuclearfactorkappalight-chain
enhanceof activatedB cells), for instance, occurs early after SCI. It promotes pro
inflammatory gene expressiamd persists for 24 houadter injury(49). Upregulation of
inflammatory genessuch adL-1 pTNF-U, andIL-6, persist for a weekeforereturning

to normal levesd approximatelytwo weekdollowing injury. Likewisg alterations in

genes coding for prapoptoticandantiapoptotic mechanisms, proteins of calcium
channels and sodium and potassium pumps in neurons and asthasgalsobeen
reported(48). Thealteration inexpression oseveralgenes idikely regulated by micro

RNAs (miRNA) atthe posttranscriptional level

1.9 Micro RNAs (miRNAS)

MiRNAs are small endogenous roodingRNAs that downregulatgene expression.

They are composed of 4B1 nucleotides (approximately 22072, 173). They function

by inhibiting targeted mRNAs translation through bindin¢gh®3 -untranslated region
(BUTR) of ther specific mMRNAs.

1.9.1Ribonucleic Acid (RNA) Classification

RNA is an essential polymeric molecssentiafor many cellular processes including
coding, norcoding 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 nesoding RNA. According to their siz€l74), more than one
definition of large or long RNA versus small ggis foundin the literatureThe cutoff

point adopted is arbitrary and solely for the sake of differentiation. Several authors refer
to RNAsthat arelarger than 200 nucleotides (nts) as large RNAs, while those composed
of less than 20@ucleotidesare small RNA$175178). Notwithstanding othes have

defined small RNAs as those betweer3®@Mhts in length(172). Small RNAs areoften
assoated with proteirfamiliessuch as Argonaute (AGO) &relement Induced Wimpy
testis PIWI) in Drosophila and are highly conserv&bme of these small RNAs have

specific silencing functiamand mainly include: microRNA (miRNA), small interfering
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RNA (siRNA) and PIWE interacting RNA (piRNA)X172). Tablel.2 summarizes

different types of RNAs. In somatic cells, miREldominate the rest dhesmall 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
machiney system for protein

synthesis
Transfer RNA | tRNA <100 ntg180 Amino acid transportation to
ribosomes
MicroRNA MIRNA | 18-24 nts(172 Regulating gene expression
Small interfering| siRNA ~ 21 ntg(172) Regulathg gene expression and
RNA transposons

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

Tablel1.2 The size and function of different types of RNAs

MiRNAs arehighly conservedcrossspecieg173). The first miRNAs were described in

1993 inCaerorhabditis eleganslevelopment, namelin-4 andlet-7 (181). There are

several families of miRNAsViaturemiRNAs with similar sequences between

nucleotides 2 8 are considered in the same fanfily2). They regulate gene expression

by base pairing with targeted mRNAs that leads to mMRNA dectgrmslation

repression. Theegion betweenmts2 and 7 at t hiscafedthemiRMA of mi
secedbecause it recognizes the bases | ocated
(182. miRNAs need AGO proteinthatfacilitate mMRNAs deadenylation and decay

(183). ThereforemiRNAs are essential in all cellulandbiological activities

encompassing cell growth, differentiation, metabolism, and preserving cellular identity
(184). Hence, they are also involved in all pathological procegsestotheirinfluential

role atthecellular andsubcelluladevels,they are under strict control spatially and

temporally.Overthe last few years, it has beg@monstratethat their dysregulation can
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result in serious diseases in hum@h&?). miRNAs are regulated at several stages of
their synthesis starting from their transcripteomdendirg with their decay185 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.

1.9.2Biogenesis of miIRNA

There are canonical (which is theminant)and norcanonical pathways of miRNA
synthesis. The first step of mMiRNAs synthasithe initiation ofmiRNA gene
transcription.The miRNA genesre widely distributed in humamumbering in excess
of 2500(172). Furthermore, in mammatkere are 196 famésof miRNAs conserved
(172 187). In humans, miRNA sequences are mainly encoded by coding -aoaiamy
introns, yet some of them are encoded by exdrg. Although cetranscription of
several miRNAs from one cluster is the usual pattern, sortetinscribed miRNAs
are individually suppressed pdsanscriptionally. The transcription process is regulated
by transcription factors (TFs) as well as by epigenetic regulators. TFs such as MYC,
ZEB1&2, andp53 interfere withitheregulation process as wels histone modification
and methylation of the DNA. t wioigh mentioing that miRNA promoters can be found
in more than one locatioithe promoter of the host gene can be the same for mBRNA
when the miRNA gene is locatedanintron ofthe proteincoding geneYet, the

mMiRNA promoter can be differemthenthe miRNA gene is locateat a different site
(188). To proceed, thprocess requires RNA polymeraseRb( 1) which is regulated by
RNA PoHll TFs and epigenetic facto(&89). In certain situationgRNA Pol IlI

transcribes miRNA$172). The miRNA sequence is included in the primary transcript
or pri-miRNA, which is usually more tharDD0Obases long Therefore, several stagefs

processingre required to get mature miRNAS. The first stagginsin the nucleus.

1.9.2.1Nuclear stage

Pri-miRNA consists ofstem (which is a dsRN@oublestranded), terminal loop and
both 56 end an dattdched ®a singlstrinddd RNeAegniee(Rgure
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149.RNase 111 (Drosha) and itbdés cofactor
loop (apical junction) whicls ~ 11 nts awg from the basal junction to release stkop

of a hairpin shape with ~ 65 nthus referred to gge-miRNA (172 190). Although this
step is performed preciselysit dictates thailtimatespecificity of miRNA, the
mechanism of how Drosha and its cofactor recognize th@fkcleavage on the pri

miRNA is not known.

The premiRNAs are thertransported to the cytosahd furthemprocessed by Dicer.
Exportin 5 (EXP5) binds to pmiRNA andnuclear proteirRAN.GTP to form a
transport complex that pasgthrough the nucleargse complex191). EXP5 expats pre
mMiRNA and protects it inside the nuclgis 2.
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Figurel.4 Biogenesis and fade of miRNAuclear and cytoplasmic events.

1.Transcription from DNA 2. Cropping. 3. Export from nucleus to cytosbieing 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 . RI SC base pairing with 36 UTR ofet target

mMRNA. Nadi, 202.

1.9.2.2Cytosolic Stage:

In the cytosol, the complex breaks up andipiBNA is released via GTP hydrolysis.

Dicerthencrops premiRNA neartheterminal loop to release sma$RNA (Figure 1.4)

(192. Dicer binds tahepremi RNA at 506 efn2a2ntafrord5 6c ety e s 1t

56 and 3 &émiRNAbBisd Ddr at PAZ@main simultaneously, a similar
processstastt r om t h e (B8 194).Afterwiard, the generated duplex of RNA
is loaded ont®AGO to form preRNA-induced silencing complex (pfISC), which is

an ATRdependent proce$$72 195. Immediately after prRISC assembly, the
mMiRNA duplex unwinds and the passengearsd is released by ATiadependent
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mechanism (172 196 197). This process resdltn theformation ofamature REC and

the passenger strand decays quickly. Thehape conformation of the guide miRNA
seed area enhances its efficiency in detecting the sequence of the target mMRNA.
Additionally, there is an area within the AGO protsistructure called PIWI domain
which is able to recognize and actively cleave the target m@N8 199). While in
Drosophila andC. eleganghe structure of the small RNAs dictates their loading to the
type of AGO protein(200, 201), in humaus different groups of miRNAs can bind to
different AGOZ14 proteing202). Dicer is not required for asymmetric RISC formation in
humars (203). Moreover, h humais, 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 1215 onthe guide strandfurthermoreAGO1, AGO3 and AGO4 have no
cleavage featurgd 72 195). The second mechanigequiresthe cut of the passenger
strand by AGO2providedboth the guide and passenger strands na#® 204). An
endonuclease enzym@3PQ assists intheremoval of the cleaved passengeast

(205

1.9.3MicroRNA biogenesis regulation:

During the process of miRNA productiohgre are severaholeculareventsthat
influence the structur@and hence the stability of miRNAand modulate their

concentratiorns

A. Single nucleotide polyorphisms (SNPs): this eveotcurs withinthe genes of
mMiRNAs. It may result in changes in their target specificity or may affect their
production(206).
B. miRNA tailing: refers toanadditionofanuc |l eot i de t o the 306 en
by either uridylatioror adenylation. Nucleotides can be added tenpiRNA and
to mature miRNAThis can either stabilize and enhance their production or
destabilize then(184). An example of tailing isheuridylation of prelet7
throughthe effect of LIN28 proteinsvhich attach to the terminal loop of pand
pre-let7 (207). This bindingenhances decay of {&miRNA by blocking Dicer
activity (208). On the other handnonaouridylation facilitates le# production in
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LIN28 defident cells(209). Similar to uridylation, adenylatiotan either stabilize
or facilitate miRNAs decayl72).

C. miRNA editing: editingis a process of changirgiucleotide sequence within an
RNA structure after its generation. The changes can be either conversion,
substitution, insertioror deletion.This manifestsn the stem regionf a certain
subset of prmiRNA. For instance, adenosine is converted to inosine and
facilitated by adenosine deaminases (ADARS)2 210).

D. miRNA methylation: methylationof pr;di RNA 145 by BCDI N3D at
monophosphate interferes with Dicer activity. Of note, miRN, has anti
tumorigenesisctivity while BCDIN3D plays a role in breast cancer formation
(172 211).

E. miRNA stability alterationvia miscellaneous mechanisms/turnover mechanisms:
MiRNA can be degraded either early durihgprodiction process ooncethey
are mature miRNAs after conducting thgpecificfunction(172). Severalspects
of miIRNA turnover and selection principles are not weltlerstood.

Conceptually, miRNAs are stable when they bind to RISC because AGO proteins
protect both ends of mMiIRNAR12, 213). Some examples of stability modifying
mechanisms are
1. Endoribonucleases can cleave-prEiRNAs which stop the production
of miRNAs (214, 215).
2. Active decay of miRNA byheaction of exoribonucleas¢216).
3. Destabilization ahdecay by the effect of target mRNA. Yet this may
contradict the concept of miRNA stability within RISZ17) and hence,
further studies areecessaryo uncover the selectivity of miRNA fate.
4. Viral RNAs can degrade miRNAs of the infected hostabase pairing
procesg219).

Of note, in mMiIRNA nomenclature, 5p and 3p means the position of the strand in-the pre
MiRNA hairpin(219).
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1.9.4Non-canonical miRNA producing pathways

Cells can use alternative mechanisms to generate miRiK&s aredifferent from the
canonicabpathway These alternatigproduceonly ~ 1% of miRNA levels, thus the
canonical pathway remains the essential machiridry alternative pathways were
initially describedn 2007(220, 221). There are basically three different pathways:

A. Droshaindependent: miRNA can be produced a@mRNA splicing process
when the intron is removed from mRNA. The remoladesequence enfolds to
form loop-stem premiRNA and this is known as mirtrd221). Similarly, a
category of RNAss known asshorthairpin RNAs such as mB20(222). In this
category, the miRNA is transcribed by either-gair pol-1ll and then the pre
miRNA is apped by imet hyl guanosi ne at 506 end and
cytosol by exportinl to get processed by Dicer. Furthermore, small nucleolar
RNAs and tRNAs can be sources for miRNAs that bypass Drgeheequire
Dicer to reach maturit{223).

B. DicerindependentAn erythropoietic miRNA451 is an example of this pathway.
The primiR-451 is processed by Droshadthen transported tie cytosol by
exportin5(172, 224). The premiR-451 stem is short ~ 18 bp acannotbe
recognized by Dicer. Instead, it is cledu®y AGO2 which produces AGO
cleavedpremiR-451. The latter is further processed by poly-§pgcific
ribonuclease to generate mature iRl (225).

C. Terminal uridylyl transferase (TUIdependent: Drosha and Dicer are required in
this pathway. Group Il preniRNASs that encompass {&tmembers are example
of this pathway209).
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1.10Alteration of miRNA following tSCI
1.10.1The role of miRNA in the normal SC and nervous system pathologies

To understand the role of miRNA ihe pathophysiology of spinal cord injury, it is

crucial to understantthe function of miRNAs irthenormal spinal cordniRNAs are

highly expressed ithespinal cord of mice, rats and other mamn(éJ<18, 226). The
expression isonserve@crossspecieg227). As one of their several functions, miRNAs
determinea specificcelld ®lentity, hence, some miRNAcommonly denoted miR##)

are expressed exclusively in certain cell gygeor instance, miRR19 is specific to
oligodendrocytes, miRR3 is expressed in astrocytesile miR-128 and miR124 are
expressed by neuronal cef&28, 229). In addition to cell ideritly determination,

MiRNAs play a significant role in cell type differentiation é@ddevelopment. For
examplemiR-381 and miR219areinvolved in neuron and oligodendrocyte

differentiation respectively(230). In fact, it is esthated that more tha&30% to 60 %of

human geneare controlled by miRN£(48, 231). Outside the normal SC condition and
tSCI, miRNA upregulation or downregulation have been observed in several pathological
conditiorsof CNS suchasHuntn gt on, Al zhei mer @32d Par ki ns
Furthermore, dysreguian of miRNA has been noticed in psychiatric disorders such as
Schizophrenia as well as developmental disorders such as Fragile X syn(288&es

234

1.10.2The role of miRNASs in tSCI

Evidence from different laboraties reveal the role of miRNAs in cellular reactions of
several CNS pathological disorders. They participageooptosis anthflammatory
processes. The role of miRNAs in similar cellular responses and other reactioSCafter
have alsdeen observe(@35). As posttranscriptioml gene expression regulaso

MiRNAs are the upstream molecules tbatld be altered afteracuteSCI. The first paper
published in thidield was in 2009 by Liu et a(6). They used a contusion SCI model in
rats to examine the changesS@ miRNAs at three different time points: 4 hours, 24

hours,and 7 daysThey 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 S&idthen downregulated. Several other papers were
published later andxamined miRNA changes at different and longer timepoints such as
12 hours, 3 days, 14 days, and after 30 §296). The pattern and the number of

mMiRNAs were different among thestudies These differencesaybedueto the

variation in the experimental paigms utilized within these studies, suchdédterent
speciesmethods oproducingSCI, SCspecimen collection timirgy RNA extraction and
MiRNA sequencingechniques. Yet, the general theme was that many of thi€d¢As

were upregulated and downregulated along the course of secondary reactions after the
injury (227, 235, 237).

Several miRNAs patrticipate in inflammatory and oxidative reactions by targh@ng
MRNA of mediators involved in these proces&&8 239). Initially, there is an increase
in intracellular adhesion molecules (ICAMhisfacilitates the extravasation proseand
immune cell infiltration into the injury sit@8). Subsequently, this results in alterations
in several miRNA levelg-or instance, miRB0a5p is downregulated aft&Cl and
Neurodl(a protein expressed in nervous system and crucial for maturation and survival
of adultborn neuronsis its target. Its overexpression enhamweygenradical

scavenging and overexpression of glutathione peroxidasel (GPX1), selenopyptein
N1 and thiordoxin-like 1 (TXNL1) (240). Moreover, this miRNA suppresses iNOS
expression (induced nitric oxide synthase) in microdflialso reduces inflamation by
decreasing the levets IL-1 pand TNFU. Therefore miR-30a5p regulaesoxidative

and inflammatory reactiofdAPK/ERK signalingpathway Observations also showed
that C1dp (a complement proteiwhich participates in antigesntibody reactions to
activatetheimmuneresponsgknockout mice had better outcome. Althougthe C1gb
protein promotscellular debris removal, it contributes to demyelination and further cell
death(48). miR-103 downregulation after SCI could have harmful effesit releases

C1qgb proteirexpression

Additionally, miRNAs participate in@optosis whichis one ofthe hallmaks of sSCI
(235). There has beettiscrepancyn the alteration patterns of miRN#&pors related to

thetemporal and spatial expression of both-apptotic and prapoptotic signis after
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SCI(48). However,t has beemenerdly observed thaseveral miRNAs regulate
apoptosis bynhibiting pro-apoptotic and antapoptotic gene expression. ratRs
downregulatedollowing SClandhas beemssociated witlanoverexpression of
MCPIP1proteinresulting in arinduction ofneuronalapoptosig241). In contrast, miR
223 is upregulated for two weeks after SCI and its suppression reduces ag@pd)sis
Shen et alemongratedthat miR 137 is upregulated after SCI and inhshituronal
apoptosidy targeting Calpain 2235). A furtherillustration of the varied effects of
mMiRNAs ontheintricate apoptotic pathway terough modulation dBcl-2. While miR-
15b upregulation decreas®sl-2 expressiorand induces apoptog48), simultaneous
downregulation omiR-138and miR148b enhancesds2 expression in the first three
days after SCI. Yet, by the end of the first week after SCI the Bxpression decrease

progressively.

Consideringdemyelinaibn, miR-219 minimizes demyelination by regulating
monocarboxylate transporterl expressishich iscritical for the maturation of
oligodendrocyte$243 and it targets ELOVL7 which induces lipid component in myelin
rich areasand disrupts the stabilityf themyelin sheath (244). According to Liu et al

2009 and Yunta et al 2012iR-219 is downregulated after S, 227).

Futhermore, "RNA can regulatastrogliosis and scar formation after SQIR-145
upregulation targets GFAP andgwyc gene and regulates/decreases astrocyte density and
size(235). Additionally, there isevidence of miRNA involvemenh neuropathic pain
(249). Following SC] miR-23b is downregulated in GABAergic neuraesultingin an
increase of its target expression, DRH oxidased4 (NOX4), which is involved inthe
generdon of painperceptionExamination oblood samplefrom SCI patients with
neuropathic pairWang et al2018 were able to identify the following miRNAs as
biomarkersmiR-204-5p, mR-519d3p, mR-20b-5p, mR-68385p. Yet, the role of these
mMiRNAs has not been verified clinically and their molecular targets yetvi® be
determined246).

Lastly, miRNA has aole in axonal regeneratioror instancemiR-133binhibition
hinders axonal regeneration tmpdulatingRhoA expession. In mammals, this miRNA
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has been shown to hewnregulatediuringthe first 7 days after SCI and this may reflect

the limited regenerative capacity of the &C227).

1.11The practical role of miRNA in clinical situations:
1.11.1miRNA as diagnostic biomarkers for SClI

Several studiesavedemonstrated that miRNAs are stable in body CSF and serum, share
phylogenetic characteristics and tissyecifiaty (235, 247, 248). These molecules hia

been usedsabiomarkers iraumaticbrain injury and othecentralpathologies such as
Alzheimeb s d (2492805 Ehere have been two animal studies shgwhe

relationship of SCI severity with miRNAR47, 248). Most recently, a studyf 44 human

SCI patientsthelargest studyo date revealedh severitydependenpattern of miRNAs

in relation to SCI. However, further studies are warrante@lidate these finding47).

1.11.2Potential therapeutic application:

Giventhe alterations of miRNA&xpressiorafter SCI, theoretically, increasing the
expression of useful mMiIRNAs and suppressing the levalsleteriousniRNAs may
modify thepathophysiological changésllowing SCI and improve neurological
outcoms. At theclinical level, the futur@utlookis that miRNAscouldbe used for
therapeutic purpose§t8, 251). Yet, due tolimited knowledge of theiexactrole(s)in
pathological pathwgg), the ideal methgg) of deliveringor alteringthese molecules,
andthe effect o other orgarsystens in vivo,much isneecedto be elucidatetdefore

practicalclinical applicatios 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 seltpropagating patter®ncea biochemicareaction is inducethroughtrauma, i

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 secondigjyry and to promote neural and axabn
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regeneration and Hiategration.| have discusseseveral limitations in these experiments
at multiple levels. Reisiting this subject from its genetic basmyfacilitate a better
understanding and potentiallyjcovera meaningfultherapeutic intervaion. miRNAS
regulate gene expresniddysregulation of miRNAmayalterthe course of events
following SCI. Therefore, aegulatos of MRNA translationmiRNAs could be viewed
as (promising) therapeutic molecules to mitigate secondary iajunultiplestages
following SCI, with the intent to ultimatelymproveneurologicalbutcome.

1.12Aims of the study

Currently,there is no effective pharmalogicalagent to mitigate the effects s8CI.
Moreover multiple pharmaeuticalagents thatvereexperimentally promising animal
models havéailed todemonstrate similasuccess in clinical settingShereforethe

overall goal of this research is to better understand the molecular mechanisms of sSCI.
More specifically, tadetermine whether furthatudy of the alterations imiRNA
expressiorfollowing SClis warranted as we pursue alternaayp@roacksto understand

the underlying mechanisms s8Cland uncover potential future therapies

Themainhypothesif this thesisis thatmodulation ofmiRNA expressiorby a

neuroprotectant after SCI maytenuatehe effects osSCl
Thespecific aimf this study are
1. To examinenow SCI affecs miRNA expressiorin ananimal mode(Chapter 2).

2. To examine whetha neuroprotectaradminiseredafter SCI influencemiRNA

expressior{Chapter 2).

3. To examinavhether the targegiroteinsof the effectively modulatecthiRNA have a

role inneuronal surviva{Chaptes 3 and4).
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CHAPTER 2 : MICRO RNA EXPRESSIONFOLLOWING
SCI AND AFTER MINOCYCLINE ADMINISTRATION

2.1Introduction

The primary cellular and vascular disruptioiowing SCltriggersan array otomplex
biochemical reactionwithin theneuronal, immune, and vascular systems. These
secondary reactionsearesponsible for progressitissuedamagdeading to anncrease

in thelesion sizeand ultimatelyhave asignificantimpact on the finaheurological
outcome Apoptosis, inflammatory and oxidative reactions are major events that further
expand the lesn size.Suchsecondary reactions are controlled by sétgenes that are
activated or inhibited following SG#8). Furthermore, studiesuggesthat miRNAsare
one of the major molecules thaterfere with gene expressiomder norma(252) as

well asdisease condition®27, 253). They are the upstreacontrollers ofgenesand
regulatethe apoptotic and inflammatory responses of s@:237). Our molecular
understanding of theaultiple levels of events of sSSCémaindimited. Molecular
therapeutic approaelfor sSCI tomitigatefurther damage requirdgrtherresearclas it

is yet to beclearly addressed iheliterature.ldentifying pathways that can be
therapeuticallyargetedo minimize neuronal loss might represent novel and promising

approachksto enhance functional recovery.

Previously, several scientists examined the chaimgesRNAs following SCI in rodents
(6, 227). Microarray was th@rimarytechniqueemployedo study the expression of
MIiRNA in these studie®ewly developedRNA deep sequencing technology what is
commonly referred tas second generation sequencomyld represent an efficient
method to explore a wider range of changes in miRNA expre&&baih In this study,
deep sequencingas used to explore changes in miRBMpression in a murine model of
SCI. Furthermoretreatment witha knownneuroprotective agesbughtto examine

whethemmodulaion of miRNA expression afteé8Cl is achievableThis approachmay
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facilitateidentification of pertinent miRNA<ritical to postinjury neuroprotection.
Additionally, it mightuncovertherapeutic pathwayte preserve neuronal tissues and

improve functimal outcome.

2.2 Materials and Methods

To achieve the above mentioned goals, the Infinite Horizon impae®used to produce
contusion SC(see section 1.6.1.@31, 88). This device deliveya graded and
reproducibleéSCI in rodents. To madatemiRNA expressia following the SClI,
minocycline was utilized as a neuroprotective agent. It is a knowsmaariobial and
antrinflammatory drug in clinical use. In addition, it has several benefits such as anti
apoptotic and antioxidant properti@d, 27, 33, 37, 44). It has demonstrated efficacy in
pre-clinical experiments and has beerSi@l clinical trials for the last- 30 yearg62,

63).

2.2.1Animalsand ethical approval

In thisstudy, C57BL/6 YFP transgenicnice wereobtainedirom Jackson Labratories
(Charles River, PQand therbred in hous¢o maintain a colonyFemalemice between
10 to 20 weeksf agewere used in the experimenkdice weighs range betweeB0and
25 gm. Animal care,proceduresndpostoperative carevere performed in accordance
with the policies of Dalhous University &the Canadian Council on Animal Care
guidelines Animal ethicsapproval wagrantedoy the Dalhousi&niversity Committee
on LaboratoryAnimals(protocok #17-136, #20-060).

2.2.2Experimental Design

The study was designed to examine the changes of miRNA following SCI during the
acute and subacute stages®CI(Figure2.1). Regardinghe acute stag¢éheanimals

were sacrificed day(1d) followingthe injury. For the subacute stage, iee were
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sacrificed 7 daysafter SCI. Inthe 1d group, the mice were divided into three

experimental conditions:

1. Theno SCI,or sham(S) group,where T10 laminectomyas performed buto SCI

wasdelivered

2. TheSCI + saline (SCI+SLNbpr control(C) group This group underwent10
laminectomyfollowed by impactSCI. Mice in conditionsl and 2were giver0.5 mlIP

buffered saline (vehicle).

3. TheSClI + minocycline(SCl+mino)or treatmen{R) group where T10 laminectomy
was performedSClwasdeliveredandIP minocycline(90 mg/Kgin 0.5ml buffered

saling was administeredsasingle dose for the 1d group.

In the1ld group, the mice were euthaniZatiafter SCI and SCs were harvested for RNA

extraction.
In 7d groupthere were twexperimenthconditions

1. TheSCI+SLN or(D7C = day 7 contrgt after T10 laminectomy and SCI, 0.5 ml IP
buffered saline was given daily for seven days.

2. TheSCIl+mino(D7R = day 7 treatmet following the laminectomy and SClI,
minocycline(90 mgkg in 0.5ml buffered salinpwasadministeredis singldP dose
daily for 7 days

In the 7d group, the mice were euthanizédaysafter SCI and SCs were harvested for

RNA extraction.
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Experimental Design

[ o SCI, T10 laminectomy " SCI+ saline (control) L oscr+ Minocycline (treatment) |
n=4 n=4 n=4

" Spinal cord harvesting l J’

N
L

.y High quality
IRNA extraction RNA for NGS
| > >
Acute stage: 1-day post SCI, 1 dose ‘ ‘ Sub-acute stage: 7-days post SCI, 7 doses ‘
miRNA subsets }_gav oroup: control n = 12 (8 new) & 7-days group: control n =8 (dnew) &
confirmation PCR : B Z . _ A
treatment n =12 (8 new) () treatment n = 8 (4new) )
Testing miRNA 1-day group: control n =6 and treatment n =6 2.9‘
targets products
western blot
Tej;';}ip(f);enﬁal Labeling degenerated neurons by FIC Quantification of FJC-stained cells in
H e‘ ec,t- ?11 Confirming labelled cells are neurons two conditions:
neuronal survival oA A
and not astrocytes-neuN and GFAP Control n =5 ); Treatment n =5 &3

Figure2.1 Experimental Desigimcluding Next Generation Sequencing, protein
expression testing (western blot) and histology experimiiaidi, 202.

2.2.3Surgical proceduresand setup

The sirgeryperformed T10 laminectomy to expose the lowbhoracicSC(65). General
inhalational anesthesia was used fosahgeriesInhalatioral isoflurane(lsoflurane

USP Fresenius Kabi Canadajasdeliveredat a rate ofi% for anesthesia induction and
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at a rate ofl..5% as a maintenance dodaringthe surgeryith medical oxygen as carrier

gas at a flow of 1.Q/min.

At the time ofsurgery a mousevas transferrefom thdr cage to the anesthesia
chamber. Once the animahsanesthetizedhe fur in thesurgical areavasremoved by
using an electric clippecentered arounthe dorsal midlinetarting from the area of the
spinal columrarchup to the neck. Thaveight of the mouse was recordeadthenthe
mouse wasransferedto the surgical platformilo prevent corneal abrasion, dybricant
(Lacrilube wasapplied to both eyes and the anitnalosewasinserted into the nose
coneto maintain anesthesi@hedepth of anesthesi@asmonitoredby observinghe
respiratory pattern and applying pressure on the nailbed of the forefoot.

The animalvaskept in a prone positioflok e ep t he mous endseconeo se Wi |
that delivershie anesthesiand to restricnousemovement during the surgetye
forefeetweregentlytaped to the surgical platform. The rear feghairedfree. The
procedurevasperformed under strict sterile conditeandwith the aid ofa binocular
microscopdLeica M 65). The shaved areaaswiped firstwith soap(GERMI-STAT

GEL antiseptic soap, Chlorhexidine Gluconate Agn70%alcohol(lsopropy! alcohol
70% USP)nd finally bypropidinemicrobicidalsolution (Poloxamelodine Complex

1%) (three times each)A subcutaneous injection of 0.1 mg/kg buprenorphine SR (slow
releasewasadministeredust before scoring the ski\ scalpelwith a#11bladewas
usedduringthe procedureAn gpproximatelyl0 mm skinincisionwascreatedetween

the £apulaeand the back bowUponidentificationof the T10 spinous proceg§5), the
parapinal muscle weredissected from mdline spinous processes and interspinous
ligamentsn alateral directionThe dissectionvaskept close to the bonsuybperiosteal
muscle elevationto minimize the bleeding from the muscle beRyter identification of
T10 laminaa microrongeurwasusedfor thelaminectomy.The laminectomytared

from the caudal intelaminar space and procesttostrally. This helpdremovng the
inter-laminar ligaments and provide clear visualization of #iSCand minimized
iatrogenic SC injuryLigamentum flavunwasidentified,gentlydissectedand removed.

A sterilecottonswabwasusedto controlminor bleeding by exerting some pressure for

approximately 20 to 30 seconds, in addition to saline irngati
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Upon completinghe laminectomythe spinal colummvasstablized by usingcustom
surgical platform stabiling forceps, first placing thestral stabilizer the thecaudal
one To facilitate equal force distribution during the impact injtoyhe SCthe spinal
columnwas kepsstraight angarallel to he surface of the surgical platfor®uring the
spinal column stabilizatiomormalspinal cord pulsatiowasobservedand maintained.
Care was taken to avoid@rtightening thestabiliang forcepsto preveninadvertent
compression of the spinal colurandobstructvenous drainagehich couldinitiate

unnecessary new bleeding

Deliveringimpact injuryto the SCThe Infinite HorizonSpinal Cordmpactor (Precision
Systems and Instrumentati®/5.0, Lexington, KY, USA) was utilized for this purpose.

The surgical platform was medon tothe impactor. e sterileimpactor tipwas
centeredver the exposed part of tB&€. A moderate injury was delivered by psetting
the impact forceo 50 kilodyneswhich wasthe desired forc€55, 256). The actual
delivered forcdo the SCas well agissuedisplacementvasrecorded by the device
sensorsAfter the injury, he paraspinal musclegerereapproximated byapplyingtwo
silk 6-0 sutures. Theskinwasclosed in one layassing 60 silk or ProlenesuturesThe

surgical room setup is illustratedappendixB (Figure B.1).

Immediately following the surgical procedure, wiite animalwasstill asleep, aIP
(intraperitoneglinjection of 0.5 mL steriléufferedsaline(pH 7.4-7.6) (for the sham and
controlgroups) or 90 mg/kg minocyclindissolved in 0.5 misame bufferedaline

(treatment groupyvereadministered immediately after surgery

2.2.4Recovery and postoperative care

Upon recovery,ite mousavasplaced in anewclean cage containing autoclaved hay,
bedding,and a shallow container of mash style fodthter and food were provided
continuouslyThe cagevasplaced on a heating padtime recovery roonwith controlled
darklight time every 12 hourMice wereweigheddaily. Mice experiencingveight loss
greater than 20% of pi@perative weightveresacrificedas per agreed humane end point

In addition to regular food and water, thel&y group mice were provided with high
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calorie diet supplemeridiet Gel Boost72-04-5022 andpurified dietary supplement
Diet Gel Recovery72-06-5022.

The bladder of the mouseasexpressed thrice dailiiceweresacrificed if indications
of severe paiwr health deterioratio(e.g.,change in respiratiopattern or rate
reluctance to be handledisarrangedur, ruptured bladder,or appetite probleinwere
observed possurgery.

The mce wereexcluded fron the analysis if:

1. Significant bleeding from a major vessellmne at any stage of surgery or post

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

4. Animal showed features of significant stressequired to be euthanized for reasons

determined byhe veterinariamfter surgery.

2.2.5Preparation and administration of minocycline

Minocycline hydrochloride(MH) crystalline (SigmaAldrich M9511, code 101530966)
waspreparedn injectable saline (pH 7-4.6) buffered with sodium bicarbonate. To
dissolveMH completely, the salinasheatedn 55 °C water bath for 1220 minutes.
The MH solutionwaswrappedwith foil until the time of injectioror stored inthedark at
4 °C for up to two daysas per manufactur@rsstructiors. It wasadministered aa dose
of 0.09 mg/gm(90 mgkg) in 0.5ml saline intraperitoneally (IP§257, 258) asasingle
dose immediately after skin closure for thtegtoup. For the d group,MH was givenas
aonedose/day total of seven dossshe same time everyday
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2.2.6RNA extraction and quality control

At the predetermined timethe mice were euthanizéy alethal doseof pentobarbital

(250 mg/kg), deliverethtraperitoneally. Th&C wasextractedvia hydraulic expulsion
using an 18auge needle arai5mm length centeredntheinjury epicenterwas
harvestedThe Animal Tissue RNA Purification Kit (Cat. 2570®0orgen Biotek Corp.)
was usedo extract high qality RNA. The manufacturfelloned i nstru
and modifiedaccording to our tissue specimeA# buffers were supplieavithin the kit.

In summarythe SC specimen was washed well with cold sterile PBSGibco™ PBS

1X, pH 7.4 Catalog #0010023. Then the specimen was moved to bbad tube with

300 p Buffer RL mixed with3 pl of 2-betamercapteethanol(Sigma M7522, EC No
200-464-6) concentration =1/100. Homogenization was conducted immediately 480 30
seconds in an electric homogeasr. The homogenized sample was kaptoom
temperaturdor 1-2 minutes themoved to-80 °C freezer On the day of RNA extraction,
the sample was thawed graduaily iceand 600 [uof RNasefreewaterwas added and
mixed well.Proteinase KO gl was added and vortexed. The sample was incubated for
15-30 minutes in 58C water bath in a floater, then centrifuged for 1 minute at 14000
rpm. Theclear supernatant wasinsferredo a new Eppendorf tubthe pellet was
discardedand450 U of 100 % ¢hanolwas added to the lysate.

The lysate was applied to a column with collecting tube unit amd tepcollect the RNA.
Then, 400 jhof washSolution A was added to the collecting tube and centrifuaged
described aboveEnzyme incubatioBuffer A 100ul and 15 jiof DNase | werghen
added to the column and centrifugeddaradditionall-2 minutes. Thélowthroughwas
pipetted from the collection tube (the whole 11phack to column and incubated for 15
minutesat room temperature. Then 400 pLvedshSolution Awas added and
centrifugedfor 1 mirutethree separatimes. A new elution tube was used, and the
column was placed in it to add 50qf elutionSolution A. Thesolutionwas incubated
for 5 minutes atoom temperature and then centrifuged for 2utes After extraction,
RNA concentration, purity, and integrity were tesésdjuality control before using the
samples in the next experimental sté}9). For RNA quality control, & pl of each

RNA sampe was used and the rest oéthample was stored-&0 °C until further use
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The BMG LABTECH SPECTROstar Nano system was used to test for purity and
concentrationRNA concentration was measured at 260 nm, and the purity at 260/280
and RQI(RNA Quality Indicator for integrityyia microchip system (Bit&ad).

Briefly, 2 ul of elution solution in the first upper two weth$ the microplatefollowed by

2 pl from eachRNA sample was applied the designated well. The microplate was read
on aSPECTROstar readefhe RNA samples with absorbance of 260/280 betwek8
and 2 were used for further experimental processiitg RNAintegrity waschecked

using Experion RNAStdSens Chip@io-Rad, atalog # 7007153 Experion RNA
StdSensanalysis kit(Bio-Rad, @atalog #7007154, and Experion automated
electrophoresis systemhe procedure was performading microchip anébllowing the

manuf act ur e rGnlg RNAsanplewitlt RQI >Bweseused for thenalysis

2.2.7Library preparation and miRNA deep sequencing:

For miRNA library construction and deep sequencihg,RNA samples were submitted

to and processed lyext Generation Sequencing Facilityrhe Centefor Applied

Genomis, The Hospital for Sick Childredoronto, ON, Canada. First, thatal RNA

samples went through another quality control ch®sckising arRNA Nano chip Agilent
2100bioanalyzer systerfoll owi ng manuf act ur.BNAbs recommend
concentration was measured by usiupit fluorometeand Qubit RNA (high

sensitivity) HS Assay from ThermoFisher Scientifibie construction of small RNA

library followed lllumina protoceliNEBNext Small RNA Library Prep SetThe library

was sequenced on dlumina HiSeq 2500 Rapid Rurplatform following the

manufacture@@)s i nstruction

2.2.8miRNA quantification and differential analysis

The database miRbaf#tp://mirbase.org(261) and sRNAbencii262) were used for

knownmiRNA identification andjuantification.Novel miRNAwerepredicted by using
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http://mirbase.org/

mirdeep2(263). Differential analyses between various 1d and 7d groups were performed.
In brief, bcl2fastq2 v2.1Was used to generate the data output that was processed in
FASTQ format FastQC v.0.11.%as used to evaluate data quality
(http://www.bioinformatics.babraham.ac.uk/projects/fagt(®s4). Raw read were
assessed for quality and adaptor trimming by utilizimg-galorev0.4.1
(http://www.bioinformatics.babraham.ac.uk/projectisitrgalore]. Stringency 5 was
used for adaptor trimming and minimum phred score was set at 20 to trquébtdity

end reads. V21 of mature sequences from miRghase//mirbase.orgwas used for
known miRNAs quantificatin. sSRNAbench Iittp://bioinfo5.ugr.es/sRNAben262)

was used tanalyzethe reads. The read lengtht-off was set at 15. Reads shorter than
15 were excluded from analysis.

Reads were first mapped to mouse genome. Themgenoordinates of miRNAs were
determinedhttp://bioinfo5.ugr.es/sRNAbentiNovel miRNAs were analyzed using
mirdeep2 version 0.1.3¢ps://www.mdeberlin.de/content/mirdeep@cumentatioj.
The counts of all mature miRNAs in all groups were uploadedd&Beq?2
(https://bioconductor.org/packages/releasentml/DESeq2.htmifor differential
analysis(265).

2.2.9Validating the results of miRNA Deep Sequencingnd identification of
mMiRNAs function

To validate the results of deep miRNA sequencing, ReatgiR@R and ddPCR were

used to confirm the resul(s, 227). SCl experimentsvere repeateds described earlier

for both1-day and7-daysurvival 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 fromboth theoneday and sevedaysg r o uw@ep fequencing resultere
selected to run the gPiRcausaleep sequeimay of miRNAresulted inexpression

changes in hundredf miRNAs. The aim of the projeetas toidentify a

neuroprotection pathway, so the miRNAs that potentially tdargeslation ofproteins

playing a role in neuroprotective pathways were selectbds a systematic way for
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selecting a subset of mMIRNA from both time pointss developedrirst, the miRNAs

were reviewedn miRbase which provides essential information about the miRNA such
as annotation confidence, sequence, and its cl{(Ziéy. The miRbase also has a direct
link to anonline database to predict the targets of miRNA. So, the miRNA targets were
first reviewed in miRDE267). This database used target sedretween0 and100, as
absolute unit of predictioar likelihood of being a real targdt has beemecommended
with this data set to use targets with scores between 80 tovh@h reflects the

likelihood of being real targets. Then the selected tamgetsreviewedin another data

set, the Targetscan Vert which uses different scores to minimize the false positive target
selection(268). Only the miRNAs whosepredictedgenesverefound inboth datasets
wereselected

2.2.10RT-gPCR and ddPCR(Real timeT quantitative polymerase chain reaction
and droplet digital PCR)

The miRNA-subsets includisix miRNAs fromthe 1-day group and four miRNAs from
the7-day group. The miSCRIPT chemistry was selected as it contains the primers for all
MiRNAs in the selecteslubsets of both groups. Thig, miRNAs primer sets and
endogenous controtsnall RNAs are illustratenh Table2.1 First miRNA cDNA was
synthesized using mi SCRIPT Il ¢cDNA synthes
instructions. | nas bynthesized by wusiDgNLBO ng &f total RNAe Al w
primers were validated for optimal dilution and running temperature and then the RT
gPCR was performed. The miRNAs that showed different pattérchange from

mMiRNA sequencing were processed further bmwg@dPCRas another step of

confirmation The comparisosiweremade betweeSCI+SLN and SCl+mingonditions.

In the1-day group 12 samples were included in gPCR reactions, while 8 cDNA samples
were included in gPCR analysisthe 7-day groupThese samples include the new and

all sequenced sampld=or ddPCR, 11 samples fraime 1-day group were analyzeohd

all 8 sanples fromthe 7-day group. A C1000 Touch Thermal Cyel@FX384 Real

Time System fronBio-Rad was programmed to run the gPCR. The steps were set up

according to the protocol provided by the manufacturee RT-gPCRreaction wa®f
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40 cycles that includédntee reactiorstes 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 asahd point reactionjenaturatior80 sec at 95 °C,
annealing80 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, catalogt 1864034), droplet generation by usi@¥200 Droplet Generation

Oil for EvaGreer(Bio-Rad catalog# 1864006), then PCR amplification, and finally

loading the samples into the QX200 Droplet Reader.
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The reagentsand primer setsused in RT-gPCR and ddPCR

All from Qiagenunless where indicated.

1. miSCRIPT Il cDNA synthesis kit 50 reactions cat # 218161

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

4. Spike in control primer ceniR-39-3p MS00019789

5. miScript Primary Assays (100¢at#218300ncludes the following primers

6. Mm-miR15b5p gene globe IDMS00011235
7. Mm-miR-21a5p gene globe ID MS00011487
8. Mm-miR-486a3p gene globe ID MS0002589
9. Mm-miR-34a5p gene globe IDMS00001428
10.Mm-miR-7023p gene globe IDMS00002912
11.Mm-miR-35473p gene globe IDMS00065470
12.Mm-miR-15b-3p gene globe IDMS00011242
13.Mm-miR-200b-3p gene globe IDMS00011417
14.Mm-miR-96-5p gene globe ID MSO0QA56
15.Mm-miR-344¢3p gene globe ID MS00025620
16.Hs_SNORD72_1Treference primer) gene globe IDMS00033719
17.Hs SNORD95 1freference primer) gene globe IIMS00033726
18.Hs_SNORD96A_11reference primer) gene globe IIMS00033733
19.Hs RNUG62_11(reference primer) gene globe IIMS00033740
20.From BioRad:SYBR green master mix Bio-rad Cat# 172527

Table2.1 The reagents and the primers that were used gfRIR and ddPCR
experiments to validatée NGS findings.

2.2.11Statistical analysis

The data was analyzed by first drafting the resuliisrosoft Excel sheet and then
transfered nto GraplfadPrismv 9.0.0 for Windows(GraphPad Software, La Jalla
Californig, USA, www.graphpad.cojn St u -test wag@rformedandall results
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expressed asiear© SEM. GraphPad prism was also used to check for normal

distribution of our data.

2.3Results

2.3.1Next generation sequencing (NGS):

In the1d group miRNA analysis include®RNA samplesxtracted frona total of12

mice (biological replicates} mice in each experimental condition (no SCI, SCI+SLN,
and SCI+mino)In the 7d group miRNA analysis included RNA samplestracted from
8 mice, 4 biological replicaseachin two experimental conditions (SCI+SLN and
SCI+mino).A total of 20biological replicates were analysed &S, All RNA samples
passed the quality control testgh minimumRNA Integrity Numbet(RIN/RQI) of 8.7.

2.3.2Principal component analysis (PCA:

This multivariate method of analyssused to depict the behavior @farge number of
variables at the same time. It has bpeviouslydescribedn microarray analysi€27)

to determine whether thehavior ofa certan group of genes or miRNAs can be gredp
or segregated. For the 1d grsutine PCA diagrams reflead general pattesof miRNA
expressionspecifically PCA1 and PCA2 gave the general distribution of the miRNA
expression. TheniRNAs are weltclusteredaccording to the experimental groups (no
SCI, SCI+SLN, and SCI+mindFigure2.2 PCA for 1d groujp Forthe7d group
analysis, two attemptt PCA were conducted. First, 4 samples of SCI+SLN and 4
samples of SCI+mino along with théaseline samples (no SClaminectomy only
from the 1d group)vere analyzedThis PCA failed to show segregated gre(fppendix
B FigureB.2 through B4). The seond attempt included the samples from 7d groups
only. Again,the PCAdid not show well segregated groups between SCI+SLN and
SCl+mino in PCAL, PCA2 andCA3(Appendix BFigureB5 and B5). In PCA3 vs
PCAA4, there waa separation between these tgrmups(Fig. 2.3 PCA for 7d group
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Figure2.2 Principal Component Analysis (PCA) for 1d timepoint group.

PCAL1 vs PCA?2 illustrates wetllustered samples of each experimental condition in
survival group. S = no SCI; C = SCI+SLN; R = SCI+mino
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Figure2.3 PCA3 vs PCA4 for 7d group

This figureillustratesa pattern of segregation between the two experimental conditi
7d group. D= 7day group; G- SCI+SLN; R=SCIl+ming REPREP = the cDNA
samples were reprepared again for technical error and failed the initial preparatior
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2.3.3Heat mapsand volcanoplots:

The heat mapfor the 1d groupdemonstrateavell-clustered groups and the miRNA
weredifferentially expressed accordingttee threeexperimentatonditions no SClvs
SCI+SLN(Figure2.4), SCI+ mino vs SCI+SLNFigure2.6), andSCI+ mino vs no SCI
(Figure 2.8) for the 1d group analysiéhe detailed heatmaps are in appendixX\R)lcano
plotsfor the three conditions ithe 1d groupillustratethe magnitude of changes of
individual miRNAs: SCI+SLN vs no SC(Figure2.5), SCI+ mino vs SCI+SLNFigure
2.7), andSCIl+ mino vs no SCFigure2.9).

Likewise, the heat mafor the7d group demonstradevell-clustered groupsSCI+SLN,
and SCI+ minp Again, the volcanglot depicted the magnitude of differentially
expressed miRNA&-igures2.10 and 2.1heatmap and volcanmot for the 7d group)

2.3.4ldentification of miRNAs 1 day (acute phaseJollowing the SCI by Next
Generation Sequencing (NGS)

In the 1d group, theexperimental conditions wemwmpared to each othdrhis group
represents the acute changeemrmiRNA expression followinghe SCI.

A. SCI+SLN compared with no SClcondition: to determinehow the injuryalters
MiRNA expression in SC, tH&Cl+SLNcondition wasompared with baseline miRNA
expression in no SQ@ondition There were 120 miRNAs identifiedhich displayed
significant changes after 1 day of SCI. Of these 120 miRNAs, 40 miRNAs
downregulated and 80 wggulatedFigures 2.4 Heatmapand2.5Volcano plot TableB.1
Appendix B. There were 10 novel miRNAs identified in SCI+SLN grotipl{leB.2
Appendix B. All these new miRNAs were upregulated after the injury.

B. SCI + mino group compared with SCI+SLN goup: there were 81 miRNAs
showng significant changes in expression. Ofgeé&59 miRNAs were downregulated,

and 22 miRNAs were upregulat@éigures2.6 Heatmap an@.7 VVolcano plot Table B.3
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Appendix B) By comparison4 novel miRNAsdemonstrated a downregulation in

expressiorfollowing treatment withminocycline(TableB.4 Appendix B.

C. SCI + mino compared with no SClcondition: there were27 miRNAsthatshowed
significantmiRNA expression changedgthin the SCl+mino conditiorcompared with no
SClcondition Of these miRNAs, 3 were downregulated, and 24 upregulaigares2.8
Heatmap an@.9Volcanoplot; Table B.5 Appendix B)Furthermore, 7 miRNAs were
novel miRNAs(Table B.6 Appendix B)Following minocyclineadministrationthe
novelmiRNA - chrX_23260was upregulated nd t h e mowRrégdl&adhe
latter two miRNAs did not show significant expression chamgjésring injury in
SCI+SLN group. Additionally, minocycline did not influence the expressieel laf
mMiR6153p and miR21&p that were downregulated by the injury and remained

significantlydownregulated afteninocycline administratian

Sham

| _SCIL
2 : 1..I

Figure2.4 Simplified heatmapno SCvs SCI+SLN1d demonstrating the changes of
mMiRNAs 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 Egure B.7.



Volcano plot:Ctrl_Saline_vs_Ctrl_Sham
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Figure2.5 Volcano plot: SCI+SLN vs no SCI dliustrates the fold of changes and the
magnitude of miRNA alteration after one day of SCI
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SCl no mino SCI + mino

Figure2.6 Simplified hreatmapSCl+mino vs SCI+SLN 1demonstrating the miRNA
changes after minocycline administration in comparison to SCI with saline control.

The déailed heatmap is in appendix B figure B.8.
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Volcano plot:Ctl_Saline_vs_Treatment
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Figure2.7 Volcano plot: SCI+mino vs SCI+SLN Ilustrates the fold of chang
andthe magnitude of miRNA changes after minocycline administration mea
one day after SCI.

64



SCl + mino Sham

Figure2.8 Simplified heatmapSCl+mino vs noSCI 1demonstratethe miRNA pattern
changedollowing minocycline administration in comparison to no SCI condition aft

of SCI.
The detailed heatmap is in appendix B figure B.9.
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Figure2.9 Volcano plot: SCI+mino vs noSCI ilustratesthe miRNA pattern
changedollowing minocyclineadministration in comparison to no SCI condition &
1d of SCI.

2.3.5ldentification of mMiRNAs 7-day (sub-acute phase¥ollowing the SCI by NGS

In the 7-day survival groups, twexperimental conditionsere included in the
analysis SCI+SLN and SCI + mino. The comparison of thesedamditionsshowed
significant changes in the expression of 14 miRNAmiIRNAs were upregulated and 7
downregulateqFigures2.10 Heatmap an@.11Volcanoplot, Table B7 known miRNA
in the7d groupAppendix B) Of these 14 miRNAs, 6 were novel miREl@able B8
Novel miRNA in 7d groupAppendix B.
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SCl no mino SCIl + mino

I--1

Figure2.10 Simplified heatmapSCI+SLN vs SCl+mino 7demonstratethe
changes of miRNA expression following minocycline administration and SCI
(treatment) ircomparison to SCI+ saline (control)tested 7 days after SCI.

The detailed heatmap is in the appendix B figure B.10



Volcano plot:Ctrl_Saline_vs_Treatment
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Figure2.11 Volcano plot: SCI+SLN vs SCIl+mino 7lustrates the magnitude and
fold changes of miRNA expression following minocycline administration and S(
(treatment) in comparison to SCI+ saline (control)tested 7 days after SCI.

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

Theresultsobtained frommiRNA deep sequencing showsignificantchanges in the
levels of expression @ multitudeof miRNAS, either due to injury per se or due to
administration of minocycline. Tealidatethe results ofleep sequencing, subgroupf
the miRNAs that were significantly changed due to injury and minocywalare selected

The lectioncriteriawere set upo focuson the mairobjectiveof the studywhich isto
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understand the mechanisms of s8@t speciically exploringneuroprotectie pathways.
As discusseearlier, this is the first studyp analyze the effect of a known
neuroprotective dru¢minocycling on miRNA expression following SCIThecriteria for
selectinghe sulsetof 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

,,/'

| noSCIvs SCI=120miRNA | [  Known miRNA: 55).22

29 miRNAs were not from the 120 o N

r

N 50
\"'*-,,

r

~

7

.

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

_—

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

cell differentiation, myelin biosynthesis

miRNAs SCI+SLNvs no SCI e

Apoptosis pathway (6], 47) | \\\"“'-’nr,_,_,

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

Figure2.12 Criteria for miRNA selectiomn theld group

1. miRNAs thasignificantly changeéxpression following administration of
minocycline. In other worg the miRNAssignificantly changeavhen SCl+minovas
comparedo SCHSLN (81 miRNAS).

2. The77 previously characterizediRNAs wereretained within the selected subgroup

Thenovel miRNAs (4 novel miRNAsyere excluded at this stage

3. From this groupthe miRNAs that were significantly changed after injury coregty
base line $CI+SLN vsno SCl)were includedThere were 29 miRNAwithin this group
that weresignificantly alteredfollowing administration ominocycline wereexcluded

from thefinal list as they were natignificantly changed by injury itself (SCI+SLN vs no

SCl)and felt to reflect a response to or effect of minocycline not necessarily related to
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SCI. Therefaoe, there weret8 miRNAsthat changed significantly due to injury per se and
after minocyclineadministrationTable 2.2) The miRNAs excludedt this stage are
listed in Appendix BTable B9).

4. Given tefocusof this workwasdirected towaraniRNAs whosetarget proteia
participate directly in cell death and survihegdoptotic pathwayd 0 miRNAscontained
within subset derived from #3 above were identified from available online dataB&ses
these 10 miRNAs, there weBemiRNAs downregulated and 4 miRNAs upregulated.

5. The final subset to be analyzed further wasdaupon the magnitude of the
expression change identified on the respective Volcano plots. A sanglgpmgulated
and3 dowvnregulatedniRNAs (6 out of 10 miRNAsWwere selectetb confirmtheir

expression changedth RT-gPCR in 1d survival group.

To identify the potential targets of these miRNAso onlinemiRNA databasewere
searchedThefirst was themiRDB data sethttp://mirdb.org) (267). As recommended

by the data seguidelinesthe potentialtargets with scoseof80 and above are likely to
represent a true downstrm productThetargets identified were thexomparedvith the
results from another search on a seaomithe miRNAs data base the TargetScan data set
(http://www.targetscan.orfj/which uses a scoring system close to miRDB data set

(268). Thetargets that were shared in these two data hesesconsideredn silico

based miRNAtarget predictionutilizing more than one miRNA databasas
demonstrated tminimize the false positive predicted targé&€9. Thefunction and
cellularrole of theidentifiedtarges werecrosscheckedagainst h Matidhnal Center for
Biotechnology Information, U.S. National Library of Mediaine gene onl i ne
https://wwwncbi.nlm.nih.gov/gene/Ultimately, targes relevant tanechanismsf SCI

were considerethpoptosis, cell survival, cell death, cell cycle, inflammation, oxidative

stress, neuronal migratipastrogliosis, matrix metalloproteakes
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http://mirdb.org/
http://www.targetscan.org/
https://www.ncbi.nlm.nih.gov/gene/

Downregulated by
Mino in comparisor

to SCI+SLN FC padj Target Function (predicted)

Oxidative Stresszhromatin
mmumiR-144-3p -1.719 0.033]| Nfe2l2,Arid1a;Map3k4 remodeling; inflammation

negative regulation of inflammatory
mmumiR-142a3p -1.297 0.002| Ashll;Rab2a response; Cell Cycle, Mitotic activity

cell adhesionchemorepulsion in

interneuron migration ;inflammation,
mmumiR-144-5p -1.283 0.000| Pcdhb11;Nrg3;Prkacb;Grin| Glutamate receptor activity

DNA repairTF; RBC marker,
mmumiR-451a -1.238 0.042| H2afy, Vapa SNARE and ER

neuron developmengphingolipid
mmumiR-219a5p -1.083 0.000| Zbtb18,Elovl7 biosynthetic process

CNS developmentendretic spine
mmumiR-32-5p -1.051 0.002| Btg2,Cpeb3 development
mmumiR-142a5p -1.026 0.000] lltifb,Map4k3 cytokine activity, MAPK pathway

Apoptosis and survival pathway;

negative regulation of neuron
mmumiR-21a5p -0.971 0.000| Pik3r1;Ntf3 apoptotic process

dendrite development and migration

regulated neuron projection and
mmumiR-6240 -0.946 0.021]| Prkgl;Ndnf development

Neuron differentiationbrain
mmumiR-153-3p -0.921 0.000| NeuroD6;Adam23 development and inflammation

synaptic plasticity and neurons
mmulet-7a1- differentiation;regulates
3p=mmulet-7¢-2- neurotransmitter receptor trafficking
3p -0.914 0.002| Ppplrl5b;Nbea;ll4 to synapses; inflammaii

first target is with score 71:| molecularbiological

mMmumiR-6236 -0.895 0.047| 3110040N11Rik function/embryonic

calcium channel activitysphingolipid

biosynthesis anthflammation;
mmumiR-24-2-5p -0.891 0.002| Cacna2d2;Cers6;Pcdh9 neuronakynaptic function

Synaptic function; cell adhesion ang
mmulet-7f-1-3p -0.828 0.024| Nign1;ltga6 signaling

NR2B (AMPA), GluR2

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

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

metallopeptidase activityylAPK

pathway and TNfalpha NFkB
mmumiR-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 comparisor
to SCI+SLN

FC

padj

Target

Function (predicted)

mmumiR-101a3p

-0.740

0.000

Map3k4,Tgfbrl;Adamtsl7

Inflammation,metalloendopeptidase
activity

mmumiR-486a3p

-0.738

0.031

Faim2; Traf3

Apoptosis, Fas apoptotic inhibitory
molecule 2 ; inflammation

mmumiR-1191a

-0.722

0.004

Npy5r;Bmp7

neuropeptide Y receptor activity,
bone morphogenetic activity

mmumiR-96-5p

-0.719

0.001

Cacnb4; Oxsrl;Prkce

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

mmumiR-467a5p

-0.711

0.025

Clock; Nbea

regulation of circadian rhythms;
regulates neurotransmitter receptor
trafficking to synapses

mmumiR-30e5p

-0.667

0.000

Limch1;AvI9

neuronal projection(excitatory);cell
migration

mmumiR-381-3p

-0.666

0.001

Arid4b;Gad1l

embryonic stem cell differentiation;
catalyzes the production of GABA

mmumiR-203-3p

-0.637

0.006

Ptpdal;Nufip2;Lrrtm2

Oxidative stressactive_in
cytoplasmic stress granulggurexin
family protein binding

mmumiR-148a3p

-0.602

0.009

Cdk19:;Cdk5r1;Cdknlb;

inflammatory procesphosphatase
activity; neuron cytoskeleton

mmumiR-376b-3p

-0.590

0.003

Dscamll, Wwitrl

axonal guidance and brain
developmentgycle progression and
differentiation

mmumiR-101b3p

-0.590

0.004

Gclc;Nek7

glutamate metabolism and oxidative|
stress response; phosphorelation ar
inflammation

mmumiR-15b-5p

-0.585

0.020

Bcl2,Akt3

Apoptosis, survival pathway

mmumiR-384-3p

-0.558

0.006

Asap2,Prkach

inflammatory processnacrophage
function; apoptosis signaling pathwa

mmumiR-135a5p

-0.548

0.008

Pik3r2;Cplx2;Sdcbp;Kcnbl

Apoptosis pathway; synaptic
transmission and plasticitgynaptic
transmission ;potassium ion
transmembrane transport

mmumiR-335-3p

-0.526

0.000

Map3k2,Nrxnl;Arhgapl8

inflammation; synaptic function;
regulation of stress fiber assembly

mmumiR-300-3p

-0.480

0.017

Nck2;1113ral

pericyte migration and
neuvascularizatioimmunological
functiondendrites

mmumiR-22-3p

-0.465

0.000

Grmb5;Ddit4;Akt3;Arrb1

glutamate receptor activity, synaptic
transmissionand 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 comparisor
to SCI+SLN FC padj | Target Function (predicted)
mediate the entry of Ca(2+),
Oxidative stress angeurons
mmumiR-582-3p -0.430 0.008| Cacnalh,NeuroD6 differentiation and development
Neuronal migration;
mmumiR-29b-3p -0.384 0.012| Navl;Adamtsl17 metallopeptidases activity
intracellular signal transductieGa+2
binding,regulation of dendrites
mmumiR-379-3p -0.327 0.041] Plchl1,Smurfl extension
Upregulated by ming
in comparison to
SCI+SLN FC padj | Target Function
cell adhesion; cell cytoskeleton; cell
mmumiR-326-3p 0.775| 0.000| Itga5;Parva;Plec cytoskeleton
Apoptosis; synaptic plasticity; neuronal
mmumiR-34a5p 0.670| 0.001| Caps2;Ercl;Sath2 migration
Apoptosis; Chondroitin sulfate biosynthesig
mmumiR-35473p | 0.992]| 0.001| Casp2;Chsyl;Cacna2d? voltagegated calcium channel activity
mmumiR-702-3p 0.843| 0.002] Traf2;Nsg1;Dap3 Apoptosis; neurotransmitter receptor cycle
calciumindependent phospholipase A2 ani
glutathione peroxidase activity;
mmumiR-667-3p 0.645| 0.003| Prdx6;Mrpl3 Neurodegeneration
circadian regulation of gene expression,
mmumiR-700-5p 0.686| 0.002| Per2,Csgalnact2 chondroitin sulfate biosynthetic process
cytochromeb5 reductase activity, acting on
NAD(P)H, autophagosome assembly and
nervous system development; inflammatio
mmumiR-490-5p 0.987| 0.000| Cyb5rl;Tmem41b;Rock] I-kappaB kinase/NdkappaB signaling
extracellular matrix organization; Wnt
mmumiR-31023p | 0.839]| 0.004| Adamts17;Ccny signaling pathway and kinase activity
oxidoreductase activity; @rotein function-
mmumiR-12243p | 0.661| 0.002| Cyb561d1;Apin angiogenesis and other function
positive regulation of cell deaipoptosis;
Cell cytoskeleton; cell cytoskeleton neuron
mmumiR-383-5p 0.506| 0.005] Irf1;Ctnnall;Nckapl development
Transmembrane transport of glutamate an
mmumiR-431-3p 0.484| 0.001| Slc25a12 aspartate and Ca2+ transport

Table2.2 The 48 miRA 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

2.3.7Criteria of miRNA selection for confirmation in 7d group

In the 7d survival groupthere were fewer miRNAthat were significantly changdidan
in theld groupwhen SCI+SLNvascompared to SCI+mind-hecriteriathat were used
in the 1d groupwere again applied her@king the limitations in consideratiormhere
were 14 miRNAs identified in this grouggain, thefocuswason the known miRNAs
(8 miRNAs TableB.7 Appendix B and excluded the novel ones (6 miRNAable B.8
Appendix B. Of the 8 known miRNAsfour of them showed less than 10 copies in total
and were not identified in some individual RNAs sarsplecopies)lt was determined
thatthe likelihoodof notidentifying them with RTgPCR or ddPCRvaspotentially high
Therefore, the miRNAs with base mearcopiesnumbeing more than 10 (4 miRNAS)
were consideredndutilized during theconfirmabry step Theprocess of selecting tlke
miRNAsin the7d group is illustratedn Figure2.13. The selected miRNAsubsetgor

both timepointareshownin Table2.3.

Criteria for miRNA selection-7-day group

Minocycline vs control= 14 miRNA

7171

vy

T T
/7 6novel ™
. «— A
. miRNAs /",J

,,/-/'/f;l’-ililiR)JAs base mean i;-:-\'\\ { Known miRNA (8) 5.3 1 ]
C 10 ie, likelihood of being a ) -
\\;_,_\_ real change is slim _,./-r//

miRNA with basemean > 10 copies (4) (2].21) \

They target: neuron projection development and migration, synapse
maturation, mflammatory processes

Figure2.13 Criteria for miRNA selection 7d group
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Subsets of miIRNAs-1-day & 7-day groups

Downregulated | Upregulated

BRI |3 Boi2 [Apoptosis, PIBK/AKT Casp2 |Apoptosis, stress-induced

Bel2i2 Signaling pw apoptosis
ERESE | pic3rl | Apoptosis, PIIK pathway Trqf?  |Apoptosis, TNFo downstream

Bel? pathway

BRI |Foonc Apoptosis, Apoptosis, stress-induced
s tosi
Fas& Casp § inhibitor 2poprosis

- Srx3, Neuron projection

Py development,
Inflammatory process:
Gpm6Ga, |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«

Table2.3 The subsets of miRNAs and their targets in 1 day aday/groups

2.3.8Validation processef primers setsfor RT-qPCR and ddPCR experiment

First, the cDNA was synthesized from all samples of both grdegkwing, the primer
sets werevalidated(by quality control teststarting with serial dilutions, temperature
gradients, and then the standard (efficiency) curve. The refeveecelogenousontrol
small RNA namely RNU6 and SNORD96A worked very well innHCRexperiments
(270-272). Thevalidating experiment&uality control tests) for primer sets and
endogenous control small RN#ere run as @il beforeconductingddPCRexperiments
Technically, the same optimizing conditions that were used HyRJR could be used in
ddPCR experiment However it wasfound that RNUGndogenous control small RNA
did not work wellunderour ddPCR conditions. Additionally, the primer setsroR-34a
andmiR-96-5p did not elicit reliable dataduring the validation process of ddPCR

experiments. Therefore, another reference gene SNORD95 was used and successfully



validated Additionally,the miR34a and miR96-5p were not run in the final ddPCR
experimentgFiguresB.9, B.10 Appendix B)

2.3.9RT-qPCR and ddPCRfor the 1d survival group

In theseexperimens, SXx MiRNAs wereincludedfrom the 1d survival groyghree
downregulated (miR1a5p, miR15b-5p and miR486a3p) and three upregulated
MiRNAs (miR34a5p, miR702-3p, and miR3547%3p). Theseexperiments were run
using 12RNA samplegcollected fromeach of thel2 experimental animal&)r each
experimental conditioSCI+SLN and SCI+minp Two miRNAs(miR-21a5p and miR
15b-5p) of this subsetvere found tde significantlychangedFigure2.14). This
confirmedthe mRNA seqiencingresults for miR21a-5p and miR15b-5p. Conversely,
the other 4 miRNAsvere not foundo be not significamy changedThese miRNAs were

then subjectetb arotherconfirmationmethod, the ddPR.

The ddPCR experiments were used as another confirmatory step faiRNAs that did
not show significant changes RT-gPCR.This techniquewvas implementetbr the miR
486a3p, miR-702-3p, and miR35473p. Again,noneof these miRNAs was found
significanty changed between experimentahditions(Figure 2.15). Unfortunately,
miR-34a5p did not show reliable results during primer set validation steps. Therefore,
this miRNA was not run in the final ddPCR run. Of&yat ddPCR experiments ftine

1d groupthere werel1 cDNA samplesusedfor technical consideration.
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Figure2.14 RT-gPCR miRNA results in 1d
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Figure2.15 Droplet digital PCR miRNA results in 1d group

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

In the 7d group there weresight cDNA samplesor eachexperimental condition
(SCI+SLN and SCI+mino). There was miRNA from the selected subgetiR-15b-3p,
miR-200b-2p, MmiR96-5p, and miR344e3p) significantly changedfter runningRT-
gPCRtest(Figure2.16). Therefore, ddPCR was used for further confirarabf these
mMiRNASs. Similar to whatwasobserved irthe 1d experiments, ddPCR showed no
significant difference in expressionwiiR-15b-3p, miR200b2p, and miR344e3p
(Figure2.17). Again, miR96-5p did not pass the validation stguality control testand

was excluded from the final ddPCR run.
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Figure2.17 ddPCR miRNA results in 7d

2.3.11Testing the levels of miR21a-5p and miR-15b-5p in 7d samples

It was knownfrom the miRNA deep sequencing experiments that-2iR5p and mir-
15b-5p were not significantly changedtime 7d groupanalysis Notwithstandingthis
negative findingvasconfirmed byre-tesing. RT-gPCRwas usedo test these miRNAs
in the samples of 7d survivgtoupin both experimental conditiofSCI+SLN and
SCI+mino) No significant differences between the SCI+SLN and SCIl+mino were
observedFigure2.18).
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Figure2.18 RT-gPCR for miR2&5p&15b-5p in 7d

2.3.12Were all animals in the experiments exposed t@ similar injur y impact?

In all experiments, the Infinite Horizon Spinal Cord Impactor, Precision Systems Inc.,
USA was utilized A moderate SClas deliveredvith atargetforce of 50 kilodyne (kd)

to the lower thoracic area of the Skhe computerecorded the actual force applied and
the resulint SCtissuedisplacementln the1d group, the actual force for the two
conditions SCI+SLN (n=12) and SCI+mino (n=12) w092t 0.481 K dyne (meath
SEM) and 52.340.73 K dynerespectivelyFigure 2.19). Student #estcomparingthe

two experimental conditiordemonstratedo statistical differencgp-value = 0.1206

95% confidence intervaD.4026 and 3.236 Similarly, there was no statistical diffei@n

observedn the SCdisplacemenbetweerthe two conditionswith SCI+SLN
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displacement 53661.365microns(mean+SEM) and SCI+mino displacement 522.75+
48.95microns(p-value= 0.8675 95% confidence intervall76.0 to 149.h

In the ® group,the actual forcelelivered to SGQor the two conditions SCI+SLN (n=8)
and SCl+mino (n=8) were 51.29.526K dyne (meatt SEM) and 51.8754.043 K
dyne respectivelyAgain,there was no statisticdifferencein the actual force delivered
to the SC between the two experimental condit{pasgalue= 0.6009 95% confidence
interval-1.880and3.130) (Figure2.19). Likewise, thee wasno statistical differencavas
observed fothe SCdisplacement between the two experimental conditiatis
SCI+SLN displacemeri39.62% 63.5% microns (mean+5M) and SCIl+mino
displacement42.75:17.13 microns(p-value= 0.1632 95% confidence interva?38.1
to 44.30).
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Figure2.19 Actual force and SC displacement in 1d and 7d group:

2.4Discussion and mterpretation

The sSCI mechanisms can be divided into three major stages: acute, subacute, and
chronic SCl.n this study two man time pointswere usedThe 1d group was

representativef acute SClwhile the 7d group was representatofesubacute SClin the
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1d growp, there were threexperimental conditions: no SCI (laminectomy only) as a
baseline; SCI+SLN to examine the miRNAs changes iagutom the injury; and
SCI+mino to examingossibleeffects of a known neuroprotectivérug on the expression
of miRNAs. Inthe 7d group, technicallhere werdwo experimental conditions the
SCI+SLN and SCI+minadlhebaselinaniRNA data from the no S€ld groupwas used
to make comparisorecross groupssit was donebetween the keéxperimental
conditiors. Unfortunately, the PCA failed to show segregated grouyen the baseline
data fromthe 1d group was useth retrospect, for Deep Sequencings;uhe collected
RNA samples from all experimental conditions shddde beermprocesseatthe same
time. Otherwise theresultswould be incomparable and the likelihood of producing
technical error is highThereforethe comparisoand data analysés 7d timepoint vere
conductedetweenSCI+SLN and SCIl+mino only.

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

including neurons, glia, vascular tissue and blood components.

In the 1d-timepoint groupthe general pattern of miRNA changes due to SClfauarsd

to be arupregulation of mMiRNAs expression (80 miRNAs were upregulated and 40
mMiRNAs were downregulat¢avhenthe SCI+SLN conditionwascomparedo no SCI.
Neverthelesghe minocycline administriain resulted in a different global pattern.
Minocycline resulted im downregulation pattern of the expressed miRNAs (59 miRNAs
were downregulated and 22 miRNAs were upregujatédnthe SCl+minocondition
wascomparedo SCI+SLNcondition This differene in the general pattern of miRNA
expressiomight reflect the effect of minocycline on changing miRNA expres€n

note the molecular mechanisms of how minocycline could change the miRNA
expressions not clearand it is beyond the scopetbis study.

In the 7d-time point groupthere weré’ miRNAs upregulated and 7 downregulated.
generaltherewere fewemiRNAs significantly changed ithe 7d time points (14
MiRNA) than he number of miRNAs ithe 1d-time point group witln similar

experimental ondition (81 miRNAS).It wasobservedn the 7d groupthat some of these
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mMiRNAs werenot detectablén sometotal RNA samplessuch was theasefor miR-
69773p and miR669M 3.

In this exploratory studythe focus wasn known miRNAs at this stage experimeng

for two reasons. Firstheaimwasnot only to stogollowing theidentification of miRNA
per se, bualsoto identify what the miRNAdo in the pathophysiology of SCAt this
time, identifying genes targeted by miRN#totally based on comyational prediction
that requires verificatiomia the mRNAandbr their protein products. Therefore, two
sequential steps of uncertainty in a matep experiment may produce ambiguous data
and less reliable results. Secondly, soasearchers reportelifficulty in verifying novel
mMiRNAs and known miRNAsecondary tguality controlissuesand validation
challenge4269). A similarquality controlproblemwas experienceith the present study
duringthe validation tests ahiR-34a5p, miR96-5p andRNUG6 (endogenous control)
primer sets for ddPCR experiments.

Although the sSCI pathophysiology involves inflammatory and oxidative processes in
addition to many other reaet cascades, apoptosssoftenconsidered aignificant result
of sSCI(128 227, 237). Moreover this workattempted tadentify cellular pathways that
are targeted by miRNAshich couldlead to neuronal survival. Therefore, the miRNAs
that potentially target apoptotic and survival pathwagse séectedfor analysis

Although tere are several onlimeiRNA data baseesourcestwo were usedo predict

the target genesamely miRDB(http://mirdb.org/) (267) andTargetScan
(http://www.targetscan.org/(268). Two subsets of miRNAwere selectetbr

verificationby running RTqPCR.

To addresshe first aimof this study, to determinevhetherSCl alters miRNA

expressionSCs from animals with and without SCI were examifegctchanges in

MiRNA expressionwith NGS.This analysis affordedl20 discrete miRNAs that were

either upregulated (n=80) or downregulated (n=40). Furtberntontained 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 insuthe SC does evoke changes in

MiRNA expression.

85


http://mirdb.org/
http://www.targetscan.org/

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 assi known toexert itsactionthrough 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 81RNAs demonstrating significantly
different degrees of expression between the groups (59 miRNAs were downregulated and
22 miRNAs were upregulated) in the 1d grpigp exampleThrough the selection

process described in Sections 2.3.6 and 2.3.7, uélyn@imiRNAs fromthe 1d group

and 4 miRNAs fronthe 7d group were selected flurtherconfirmation.(Figures2.12
and2.13 and(TablesB.7 and B.3.

RT-gPCR technique has bedescribedor confirmation ofmiRNA sequencing6, 227).
For the 1d timeoint group, the experiems were repeatetbr SCI+SLN and SCI+mino.
Additional 8 newRNA samples for each experimental conditi@6 RNA sample in
total) were collectedSamples that were initially analyzed for miRNA sequencing were
again probed with RTEPCR for verification othe findings(227). In this study, RT
gPCR eperiments includedhe4 RNA sampleshat were sequencdy NGS technique.
A total of 12 RNA samplesvere utilizedfor RT-gPCR from each experimental
condition.EndogenousontrolssnRNA RNU6BandSNORD96A11 were usedBoth
worked wellandpassed the validation experimefis RT-gPCR RT-gPCR showed
significant decrease in the expression of f2iR5p and miR15b-5pin SCl+mino
condition(Figure 2.14). These resultsarein agreement with NGS and confieaithe
sequencing results. The otemiRNAs showed netatisticaldifference in their
expression which is incongruent with NGS results. These 4 miRNAS486a, miR
34a5p, miR702, miR3547) wereanalysedvith a furtherconfirmatioral approach
namelyddPCR(to confirm previous results bR T-gPCR tests)During the validations
process for ddPCRt wasfound that miR34a5p producd a second band on the
histogram(which indicats the primer sefailed, thus providing &alse positive result
despite optimizationfahe experimental conditionsAdditionally, theendogenous
controlsnRNA RNU6Bdid not show regular amplificatigrtherefore these two primer

sets failedo pasghe validation tests and wetteusexcluded. A new endogenous control
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SNORD% was succesdlly validated for ddPCR experimeniBhe ddPCRtests
confirmed thenegativeRT-gPCR results andone ofthemiRNAs (miR-486a, miR702,
miR-3547)demonstratedignificant changes in their expression wisamples from the
SCI+SLNwerecompared witlsamples from th&Cl+mino groupsln parallel with these
results miR-96-5pin the 7d groy alsofailed the validating test anglereexcluded. The
other three miRNAsniR-15b-3p, miR-200h andmiR-3449 showed naignificant
differencein their expressiobetween the two experimental conditions. Thereforée
end only thedownregulagédexpression of miR1la5p and miR15b-5pin the 1d group

wasconfirmedafter minocycline administration

Only 2 out of 10potentialmiRNAs were subsequently validatedhich corresponded to

2 of the6 miRNAsidentified in theld group. Thevalidationwas based on theriteriaof
selecting the subset of miRNAs for confirmatiavhich wasdirected tadentify

apoptotic pathway target®nly miRNAs with statistically significantlysregulation
regardless athe fold changewere consideredrhe fold changeRC) was usedo select
from the same groughat target survival and apoptotic pathwaye miRNA in 7d
timepoint group showed significant chasga this groupthe base meaftopynumbej
and fold changewere by far smaller than the pattern taisobserved irthe 1d group
With respectio these observatiosrecent studguggests eelationship between the
severity of SCI and the patternmfRNA expressior§273). This study included human
SClI patients and analysed the identificati
for 5 daysand correlated these findings to geverityof clinical deficits It wasobserved
that the number of tferentially expressed miRNAsashighest in serum in the firstay
following the injuryandthe number of significantly expressed miRN&ashighest in
CSFoverthe first two dayshendecrease over time dependg on the severity of the

SCI. Themathematal methods in higlthroughput assays are more complex and beyond
the scope ofhis thesisThe results ofequencingresubjected to several corrections and
adjustments to show the difference between the experimental ghoinogh-throughput
technologes the statistical methodse designed tdemonstratélifference between
groupsas low as two biological replicates per experimental condilibesestatistical
considerationgrewell-addressed blove et al.2014(265). In our miRNA NGSfour
biological replicates per conditidar each timepint were usedin theexperimentdo

87



validaie miRNAs, P biological replicates per conditiontime 1d timepoint group and 8
biological replicates per condition the 7d timepoint groupvere usedThenumberof
replicatesemployed here ar@milar, if not greater, than those reportedheliterature
(6, 227, 237).

In conclusion, SCI injury resulted wmidespread miRNA dysregulation the
experimentamouse modeilstudied hereTheexpression omiR-21a5p and miR15b-5p
werefound to bedownregulatedt 1d following SCI and treatment with the
neuroprotective agentinocycline In contrast, no significant changes in expression of
mMiRNAs were identified at 7tbllowing SCI and treatment with minocycline. It is
suggested that these two miRNAs (rERa5p and miR15b-5p) likely serve a role in
reaction cascades withingtsC in response to injurgs suclbioinformatics may be
employedo deternme 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.

3.1Introduction

Bioinformatic toolsare useful in identifyingniRNA targets As described in Chapter 2,

several miRNAs were predicted to participate in apoptotic and survival pathWag®f
thesemiRNAs were validatedmiR-21a5p and miR15b-5p) and found to be

downregulatedby minocyclineat 1d following SCISince a singleniRNA can target

severalgenes and influence their protein productibms important to keep in mind that

the prediction depends on the base pairintdpe$eedareo f t he mi RNAs t o 3

the mRNA(173). Furthermorethese predictions are computational models

(http://mirdb.org; http://www.targetscan.ojd267, 268 and as such these predicted
targetsin silico or machinelearningmethodsequirein vivo confirmaton. To minimize
false positive predictionsywo popular miRNA data basegere usedn additionto the
National Center for Biotechnology Information, U.S. National Library of Medicine
(https://www.ncbi.nim.nih.gogeng to identify the relevant geneRecognizing the

complex interactions of miRNAs and the varidargetgeneghey effectanother
bioinformatic resourcé D A Vd (The Database foAnnotation Visualization and

IntegratedDiscovery v6.8https://david.ncifcrf.gov/home.j3p(274, 275 has been

developedo infer the biological function of these gerand generate the potential
cellular pathways of these gen&be significantly enriched genes and proteins that
participated in apoptotiandsurvival pathwaysvere selectedt washypothesized that

the target genes diiedownregulated miR1a5p and miR-15b-5p wererelieved from
suppression and their protein produsiibsequentlgxpressedThis reverse relationship
between the miRNAs and their targetRNA has beenvell describedpreviously(6,

227). Theregulatorymechanismef gene translation by miRNA can be either via mRNA

degradation omRNA repression orlninterplay between these two mechanigiis3).
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Regardles®f the mechanism of miRNA gene silémg, and the levels of mMRNAs, the
protein products of these gengsre examinedrlhere are fewer published studidsiote
that correlate miRNA levels to predicted proteins compared to studidsatret
demonstratethe relationship between the miRNAs anBNAs(276). Recently,
differential changes miRNAswere examineth theexperimental autoimmune
encephalomyelitisnouse modeg269 andpredicted the target genes in several cellular
pathwaysas well as ptein expressiorHowever, studyingequentiamulti-step
experimentsn SClis less clearThus,expression levelsf predicedproteins in two

experimental condition:iamelySCI+SLN and SCl+minavereexamined

3.2Materials and M ethods

3.2.11dentification of miRNAs target genesand their functions

The detaildor identification ofmiRNA targetsarefound in Sction 2.2.9. Briefly,
miRDB, and TargetScaanline data sets and gene online source
fhttps://www.ncbi.nlm.nih.gov/gen&@ivere usedo identify miRNAs targets and their

protein productsThe genes were cheaffin theensemble genome database

fihttp://useast.ensembl.org/index.hbdmhat provides gene and protein ID. Ithis study

the Ensembl Gene IWvas considered.

To understand howhe predictedargets are related ahdw theyfunction,theonline

bi oi nf or BAVIDI The Databade fofinnotation,Visualization
andIntegratediscover was used274, 275). This tool is useful in identifpg and
filtering the targetsThe DAVID tool identifiesthe cellular pathways of these genes as
well astheir protein products list of predicted genes and proteins were analyzed by
DAVID software usingensembl Gene IDThe significantly enriched genegaucts
(proteins)demonstrating p-value > 0.0%as well as identified gsarticipaing in

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

A detailed description is iBection 2.2.1 animals and ethi@pproval. Six miceachwere
included in theSCI+mino group and th8CI+SLNgroupfor western blot experiments
The preoperative care, procedures, and pmstrative care followed Dalhousie
University policy & the Canadian Council on Animal Care guidelines. Etdpproval
(protocols#17-136, 20060) from theDalhousieUniversity Committeeon Laboratory

Animalswas obtained

3.2.3Experimental Design

The experiments were designed to examinalifierential 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 ifection 2.2.2 Experimeal design. In short, both groups received
moderategradeSCI. One dose of IP minocycliri@0 mg/kg in 0.5 ml bufferedaline)
wasgiven after the surgery for the minocycline group and one dose of IP saline was
given to theSCI+SLN condition The animals wre euthanized 1 dafter SCl and 5 mm

of SC segmentsentred on the lesiomere harvested for protein extraction.

3.2.4Surgeries

The detailed surgicadrocedureand anesthesia were describe&aaction 2.2.3 Surgical

procedures and setup.

3.2.5Protein Extraction

For lysate preparation,ioe were euthanized by a lethal dos@ehtobarbitalA 5 mm

SC segmententred orthe injury epicenter wasarvested followingxtracton of the SC
by hydraulicejectionwith cold sterile PBSThe SC segment was rinsedsterile cold
PBSandtransferred into a prehilled beabugtube. Then, 400 ul of RIPAsis buffer
wasaddedwith 4 ¢l (1%) of protease inhibitors cocktail. To lyse the tissue effectively,

the SC segmentashomogenizednside the cold room for 1 minutéhe lysate was
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incubated on ice for 10 minutes and then centrifuged at 13 000 rdrb flmnutes. The
supernatant was transferred into a prechilled protease free tube, and thegsellet
discarded. The lysate was frozen&Q °C or used in the same day further analysis.

To determineprotein concentration ieach lysatesample the.owry assaynethodwas

used The reagentdqr detailssee TableC.1 appendix C)in summaryfriplicate samples
(2¢l) of lysate from each mousgeremixed withfixed amountof BSA (Bovine Serum
Albumin) (Bio-Rad, Quick Start Bovine Serum Albumin Standard catalog #5000206)
incrementallyin 1 €l increments beginning witb el in first row then7 ¢l in the 8" row

in a 96well plate.A mixture of buffer A and buffer S were added istch well followed

by reagent B and incubated for 15 minutes. The plate was read at 750 nm absorbance
usingThe BMG LABTECH SPECTROstar Nano system

3.2.6Western blotting

After measuring protein concentratgm the lysates, the required volume of the lysate
wasdetermined such th&6 g of proteinwas contained in eaakell of the separating

gel. SDSPAGE 10% gel was used in all western blot experiments. All separating gels
were made ifhouse. The lysate wanixed withLaemmli Samplduffer and heated for 5

minutes at 95 °C.

Prestained proteitadder (BieRad) and SCI protein samples were thawed on ice. The
electrophoresis cell (core + gel) was assembled and filled with a running buffeelA 10
sampleof ladder and between 25 and&§of SCI protein samples were loadatb each
well. The electrophoresis separation was started at $é0\aB00 W for 30 minuteand
then adjusted t@00 V until the dye front reached the bottom of the lgellowing arun

time of approximately 105 minutethe gel was removed and dipped in cold 4 °C transfer

buffer for 10 minutes.

A transfer sandwich was assembled inside the transfer cassette (Gffenpaper
PVDF membrandilter papersponge) PVDF was preactivated with methanol. The

transfer cell was assembled and run under @bfeC) conditionsfor 1 hour at 100 V. The
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membrane wathenwashed timeswith TBST 0.1%for 5 minutes and blockeditl 5%
milk (milk in TBST) for 1hr.Following blocking the primary antibodiggAkt (pan)
(11E7) Rabbit mAKCell signaling tech (CST 46853cl-2 (D17C4) Rabbit mAb
(Mouse Preferred) (CST) 3498%)I3- kinase p88' Rabbit polyclonal (Sigma,
SAB4502195) Loading controGAPDH (D16H11) XP® Rabbit mAb (CST5174S)
were added GAPDH 1:5000, Akt 1:1000, Bcl2 1:1000, PI13Ke p83.000(each primary
antibodyon a separate membrapandthe membranes wekept on shaker overmgint at
4°C. Themembrans werewashed and incubated widippropriatesecondary antibody
[Secondary AlAnti-Rabbit IgG, HRHinked Ab (CST 70743)1:10000 diluted with
TBST and 0.0% nonfat milk for 1 hour washed and developed.

3.2.7Blots reading andstatistical analysis

Membrane signals were developed usirmp@miluminesceritierce ECL 2 Western
Blotting Substrate (Thermo Scientific Prod # 80186¢ithe ECL signals were captured
using aAzure 300c Chemidoc systemectronic images were saved ahén analyzed

by using ImageJ softwakel.53 Briefly, the captured image was opened in ImageJ
software.Therectangle functionvas used tgurround one signal band in the membrane
starting from the first lanand remaining uniforrfor all bandgo gain gproper reading.
Using the aalyze functionafirst lane ordemwas createdThe software createanother
rectangle thatvas positione@round the band in the second lane. The rectangle
dimensions remained uniform in sidéne process wagpeatedn the samne sequenctor
eachlane. In the last lane, the ordpiot the lanéis used to produce intensity histograms
based on the intensity of the baBdckground signalas subtracted using the line tool
for all bands and the intensity of the bands walsulated using the wand function.
ImageJ data for the bands signals was collected for all membranescaraked The

valueswere analyzed by using GraphPrism 9.0.0. The results were shomegan=SEM.
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3.3Results

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

For miR21a5p, fourteen target genes were determined and uploadetieidd\VID
software for analysis. DAVID selected two pathveaalysis systemsKEGG _database
(Kyoto Encyclopedia of Genes and GenojresdBIOCARTA pathway analysis. More
genes were analyzed by KEGG systhen BIOCARTAandwereselectedFollowing
analysis8 genesvere discardednd 6 genewereincludedfor further analysisKEGG
analysis produced sena pathways. The pathwaglated to cell survival and/or apoptosis
as well assignificantly enrichedp < 0.05 was selected]JAK-STAT signaling pathway
JAK-STAT pathway was generated by DAVID software and annotated three genes and
proteinsthat particpate in cell survivahnd antiapoptoticpathwaygqTable 31). The
detailed list of genes and output chaygmerated bIPAVID softwarefor miR-21a-5p
targetsare inFiguresC.1i C.5(Appendix C)

Similarly, for miR-15b-5p, 46 target genes wenploaded into DAVID softwareAgain,
two-pathway analysis systems were selectethbYpAVID software, KEGG and
BIOCARTA. KEGG pathway analysis was selecsatte it providednore predicted
targets Following analysis, 3%argets were exclude®f note, tle PI3K-Akt signaling
pathwaywas amondhe pathways automatically generated by DAVjp< 0.05. This
pathway annotated 6 genes and proteinsateaknown tgarticipate in antapoptotic
and cell survivapathways Table 31). The details of thgenerated DAVID output are in
FiguresC.67 C.10(Appendix C)A simplified illustrationof JakSTAT pathwaythe
miR-21a5p filtered targetss shownin Figure3.1
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miR-21a5p target products (proteins) | miR-15b-5p target products (proteins)
Phosphatiglinositol 3-kinase, regulatory | B cell leukemia/lymphoma 2(Bcl2)
subunit, polypeptide 1 (p85 alpha)

(Pik3rl)
Interleukin 12a(ll12a) Thymoma viral proteoncogene 3(Akt3)
Interleukin 21(1121) Fibroblast growth factor 7(Fgf7)

Fibroblast growtHactor 9(Fgf9)
Cyclin D2(Ccnd2)

Cyclin E1(Ccnel)

Table3.1 The miR21a5p and miR15b-5p filtered targets by DAVID.

The miR21a5p targets participate in cell survival in JAKTAT signaling pathway.

ThemiR-15b-5p targets participate in arapoptotic and cell survival in PI3K and Akt

signaling pathway.

Cellular pathway of miR21a-5p filtered targets
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Output from DAVID version 6.8

Figure3.1 A simplified illustration of filtered miR21a5p targets in JaTAT pathway
This simplified illustration was automatically generated by DAVID bioinformatic tools

See Apendix Cfor full illustration. The software annotated the proteins of interest with
ared star. The green arrows and circles were added for further clarifidatdp 8 5 U
regulatory subunit is a target of mE.a5p. This protein is part of P13kt signaling
pathway which is also target by mESb-5p. It is not knownif they have synergistic

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

From the 9 filtered proteins, three proteins that participatesiantiapoptotic process

were selectechamely Bcl2, Aktas miR15b-5p target protein produgts nd P11 8Kp 8 5 U
miR-21a-5p target protein productheexpression level of theskree proteinss

hypothesized tincreasean the conditiorthat showediownregulation of miR1a5p

and miR15b-5p. All western blot experimestwere repeated at least two tin{€sgure

3.2).

Bcl2 expression level

Bcl2 protein expression levels were tested in 12 mice in total, six SCI+SLN mice and six
SCIl+mino animals. Western blot showed the expression of Bcl2 increased by 10% in
experimental conditiasithat showed miRL5b-5p downregulatiotout wasnot

statisticaly significant ¢ =0.4037 95% confidence intervaD.1401 to 0.338y¢

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 SCI+noop gr
comparison to SCI+SLN groufi.is likely that miR15b-5p downregulation resulted in a
30%increasean the expression of Akt protelsut was nostatistically significan{p =
0.4016 95% confidence intervaD.4211 to 1.018

PI3Kp85U expression level

The increase in the expressiortioé proteinP | 3 K pM@sStié most promineit the
groupthat showed miR1a5p downregulatioifSCI+ming. There was a 50%crease
in comparison to the SCI+SLN grobpt not statistically significanfp = 0.2029 95%
confidence interval0.2886 to 1.296
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Figure3.2 Proteinlevelsin 1d survival SCI+SLN and SCl+mino.

Western blot showed that tleewas increase in the expressiompuadteinswhentheir
correspondingenes are targeted Hye downregulated miR1-5p (P | 3 K p shd the
downregulated miRL5b-5p (Akt and Bcl2)put thisincrease was not statistically

significant.
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3.3.3SCI impact parameters

All mice (n=12)were subjectetb a similar impact injurgFigure C.11, Appendix G.
SCls for WB experiment were donethre 1d grouponly. There was no statistical
difference between the actual force delivered to the two experimental conditiens. T
actual force for the two conditions SCI+SLN @=and SCIl+mino (n6) were53.667+
0.667 K dyne (meats SEM) and 52+0.865 K dyne respectiely (p = 0.155§. Similarly,
there was no statistical difference in SC displacement after the impact between the
experimental conditions. The SC displacement in SCI+SLNA23%44.4 micronsand
the displacement in SCl+mino wa43.33+ 38.16 microns(p = 0.7359.

3.4Discussion and mterpretation

In this study, currently available bioinformatic tools and databasee usedo predict
the targets of twalentifieddownregulated miRN# miR-21a5p and miR15b-5pin
mice following SCI The targets of these miRNAs weadentifiedin miRDB and
TargetScanGene section of thdational Center for Biotechnology Information, U.S.

National Library of MedicineGenbank(https://www.ncbi.nlm.nih.gov/gengeWwith gene

ID-ensemblenumbersThe DAVID bioinformatic tool was used to filter the predicted
genes for both miRNAs of interest and to search for the pathways of theseligeass
determined that famiR-21a5p, 3 geneglay arole inthecell survivalpathway (Figire
3.1 andTable 3.2 andmiR-15b-5p targeted 6 genes in antiapoptotic and survival
pathwayqTable 31).

The differential protein expressitevel was examinedt 1d after injurybetween the two
experimental conditionshe SCI+mino(that showed downregulation of miRNAs) and
the SCI+SLN Three proteins were selected out of 9 predicted proteins, AktaBcl2
miR-15b-5p targets an® | 3 K pa$ étdiget of miR1a5p. Western blot sheed that
there vas anincrease in expression level of these three proteins in SCl+gumdition

compared to SCI+SLNondition Although theincrease was not statistically significant,
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it is possible that #hobservedncrease in protein expression couédtiologically
significant at cellular levelsSeveral previous studies showed significant increase
Bcl2 levek following minocycline administratiowith aneuroprotective effe¢27, 35).
Several factors may explain wktyeresuls heradiffer from the literaturesuch as
different animal species or strain, tiaihg of measuring these proteins @hd
technique used:or the other two proteired interestPI3K and Akt, both participate in
the same antpoptotic signaling pathwa@277, 278). Although theincrease in their
expressiowas not statistically significanboth of these proteins are regulated by two
different miRNAs.Furthermorethese two proteins itihe PI3K-Akt signaling pathway
may work synergisticallyTo testthis potential synergistic effeadne could silencene
protein translation and tefglr the proteins level and assess the impact onéieonal

survival

Regardlesghese finding might explainthe possibility of increasing Bcl2 expression by
relieving the suppression of mMESb-5p. Additionally, the higher Akt levelvas
correlated tonmiR-15b-5p downregulation. Regarding PI3K increased expression, this

increasenas likelydue to miR21a5p downregulation effect.

In conclusion, this studgemonstrated th&tioinformaticresourcegan bevery helpfulin
predicing the targets ofhetwo downregulated miRNAs. Furthermore, our results
suggest aimcrease in the expression of Akt, Bcl2 and PI3K proteifsch may balue
to downregulation ofhe miRNAs that control translatioof their genesTo verify that
these proteingxdeedplay a role in neuroprotectiohistologicalevaluation ofSC tissue
following injury should be undertaken, with the intent to idengiydencesupporting

enhanced neanal survival(see Chaptet).
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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 vasculadisruption that results from mechanical impact
on spinal cord parenchyma is followeddgeries of biochemical reactions, the sSCI, that
leadsto expansion of the lesion size. In addition to necrosis, programmed cell death or
the apoptosis has been shawrmplay a significant role in cellular population loss within
and around the injury epicent@r28). Previous studies showed thertincrease in Bcl2
protein expression resulted in neusbcell body preservation but not myelinated axon
protection(279. Additionally, Akt and PI3K proteins function as aapoptotic

molecules and preserve neur@Bg7). Studies described here demonstratextierate
increase in the levels of these three prot&irnjunction with thelownregulation of
miR-21a5p and miR15b-5p (see Chapter 3Yheworking hypothess wasthat the
elevation in the expressiof these proteins hasauroprotective effect o determinef

the expressiorof these proteing a mouse model of SCI wasologically significant, SC
tissue specimengere examinedndertwo experimental conditiong) SCI+SLN andi)
SCIl+mino(wherethe miRNAs downregulated and Akt, Bcl2 and PI3K over expressed)
A reasonable quantitative methodaloserve anyotential beneficial effect of these
overexpressed proteimgasto determinaf there wasany difference inthe degenerated
neurons between the tvexperimentatonditions To achieve thisi-luoro-Jade QFJC)

was used to label degenerated neurons. This fluorescent stain selectivsly label
degenerated neurons regardless the cause of the amjargchanism of neurahdeath

(280, 281). FIC dye has high affinity to cell bodies and procesststhe highest
resolution and displays the best signal to backgroatiolcompaedto its predecessors
Fluoro-Jade and FluorJade B. It ilsocompatible with immunofluorescedouble
staining technique$282).
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4.2 Materials and methods

4.2.1Mice and Ethics Approval

This was describeith Section 2.2.1 animals and ethical appro®alefly, a total of 10
female C57BL/énice 10 to 20 weeks old were used fostologyexperimentsFive
animalswereusedin the minocycline group arfdve animalswere usedn the control
group. Dalhousie University poligndthe Canadian Council on Animal Care guidelines
werefollowed through our experiment3 he projeciprotocols#17-136, 20060)was

approved byhe DalhousieUniversity Committeeon LaboratoryAnimals

4.2.20perative procedures

The surgeries and general anesthesia were descriBedtion 2.2.3 Surgical procedures

and setup.

4.2.3Spinal cord harvestingand preparation

Mice were athanizel 24 hous following the SClby administratiora lethal dose of IP
pentobarbital (segection 2.2.6 for more detgildMice were transcardially perfused via
thoracotomy with 710 ml of cold 4°C) sterile PBS 1X followed cold 4%
paraformaldehyde (P¥). Following fixation, a segmerf spinal column approximately
2 cmin length whichincluded the injuryepicenterf the SC was extractednd
immersel in 4% PFAovernight Thefollowing daythe SC was dissected from the spinal
column andmmersed inMl5% sucrosdor 24 hous, followed by 30% sucroder another
24 hours. A 5 mnsectionof injured SCwascut centered around the injury epiceraed
embedded ithe O.C.T Compound TissuRluse4585(Fischer Scientific, atalog #23-
730-571). A cryostatwas used to cut 30m crosssection of SC tissue, 5 sectiomsre
mountedon eaclchrome gelatin coateslide (Superfrost Pluscatalog# 12-550-15

Fisher bran§l The gelatin solution was prepared by mgil L of milli-Q water, 5 g
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gelatin Sigmag G2&25) and 0.5 g chromium potassium sulfate dodecahy@ete
(S04).12H2Q(C337- Fisher scientifig to positively charge the slide and minimize SC
sectionsloss.The SC sections00em caudal to the injury epicent&om bothSCIl+mino
andSCI+SLNgroupswere staineavith Fluoro-Jade C, Hoechst 33342, neuN, and GFAP
stains.The injury epicentewas determineds the area of highest blood intengitisible
contusionandwasconsistent in all SGpecimens (Figre4.1). Identification of this

region hadeen shown to correlate to thea of maximum damagisruptionresuling

from theimpact(257).

Figure4.1 Spinal cord specimen collected 1d after the in
Blood-tinged area represesthe area hit by the tip of the impactBictured captured via
usingLeicadissecting microscope . T=thoracic (rostral), L=lumbar (caudal)
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4.2.4Fluoro-Jade C staining and Hoechst nuclear counter staining

FJC was used to stain the degenerated neurons, whereas Hoebhst fRiarescentdye
that stains DNA35) . The SC crossections were immersed in basic alcasmltion for
5 minutes followed by70% ethanol for 2 muntes. The slides were washed with @i
water for2 minutes The SC sections weradubate in 0.06% potassium permanganate
for 15 minute and rinsed witmilli -Q water for 2 minutesrhen, the SC sections were
incubate for 20 minutesin 0.0001% FJGolution(Fluoro- Jade C, Hista&chem inc. # US
62290240) or 0.0001%mnixture solution of botlJC and Hoechgtnvitrogen, H21492,
Hoechst 33342huclear counter staifstock FJQlissolved in 0.1% acetic acid vehicle
(283-285). The slideghenwere rinsed in milkQ watertwice for 1 minute. The slides
weredried on a slide warmer at 80° C for at leasiLO minutes therclearedby xylene 1
minutes twiceThe slidesverethencovered withcoverslis by usingga DPX(Sigma
44581) mounting medi&JC and Hoechst wepgepared and applied in dacknditions

The slides were kept in dark place to avoid fading.

4.2.5Double labelling with immunohistochemistry nuclear antineuN antibody and
fluoro-Jade C staining:

For further confirmation that FJC selectively stains neurons, a neuronal nuclear stain,
antineuN 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 cldtitgrescent
signals(283). Thereforefor double labelingfirst immunohistahemistry stainingvas
startedusing antineuN antibodyollowed byFJC.The antigen retrievatechnique was
appliedwhereSC setions were incubated with 0.1% Triton 1BQ(Sigma, T8787jor

10 minutesincubated in ~ 98C sodium citrate for 10 minutes. (Sodium citrate buffer is

prepared by mixing T+¥sodium citrate dihydraté=isher ScientifieS279 2.94 g in 1L
milli -Q water ad the pH is adjusted to 6 by HCI. Then, thbof Tween 20 Fisher
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Scientific BP33Y is added. The slides then were rinsed with 1X BB&e times fob
minutes. Sections of the SC were covered with blocking buffer mixtunecsmal goat
serum(5%) (Sigma, G6767)Triton 108X (Sigma, T8787) and 1X PBS f@hourbefore
the primary mouse antieuN antibody (Sigmaldrich, MAB377) was added on the
slides (1:500) and incubated at@overnight. Goat aminouse IgG secondary antibody
(1:500)Alexa Flua 546 (ThermoFisher Scientific, Invitrog&l1003) was applied for
two hours at room temperatuiiéhe sections wergubsequentljncubated with potassium
permanganate fdrO-15 minutes andvashed with 1X PBS three times for 5 minutes
each.Following incubdion, the workingFJCsolution(1: million) was applied to the

slidesfor 20 minutesand then washed with mH@® water three times and air dried at 50

60 AC for 20 minutesDPX mountantand coverslip werapplied,and theslideswere

examined

4.2.6Double labelling with immunohistochemistry anti-GFAP antibody and fluoro-

Jade C staining:

Anti-GFAP antibody labelingas been described as a methodologyetect astrocytes
(astrocyte markern(283). To test for the selectivity of FIC for neuranghe SC-mouse
model| double labelling studies to visualize astrocytes using@RAP was undertaken.
Several previous laboratoribave demonstratithat FJC is selective for degenerated
neurons and does not colocalized with @fHAP staining281, 286).
Immunohistochemistrgtaining was conducted firgollowed by FJIC stainin¢g283).
Briefly, as described iBection 4.2.6 aboveheheatinduced epitope retrieval method
was used to retrieve the antigenBeTSC cosssectbns mounted on the slides were
blocked with normal goat serum (Sigma, G6767) mixture includintgn 100X (Sigma,
T8787) and 1X PBS for 60 minutédlowed by the addition athe primary rabbit anti
GFAP antibody (abcam, ab7260) (1:1000) overnight°&.4ollowing overnight
incubation with antiGFAP,secondaryoat antirabbit IgG antibody conjugated with 594
fluoro-chrome (Invitrogen, Alexa Fluor 59411037) was applie(lL:500)for 2 hours at

room temperaturd=ollowing GFAP stainingpotassium permaagate was applied for
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10-15 minutesandFJC 1: million was applied for 20 minut&dides werecover slipped

with DPX mounting mediand examined histologically

4.2.7Imaging, histological quantification and analysis

The analysis was performed on cragestions of5C tissue specimens collectiedm
minocycline and saline treated groups=(®in each group)Moreover,noncontusedsC
cross sections were usedcastrolsfor comparisonFJC positive cells wergisualizeld in
thedorsal horn oRexed Laminae I}V ( laminae IIl and VI contain nucleus proprius
neurons, and lamina V contaiméerneurons and propriospinal neurp(57, 287, 288
Fig. 4.2

Figure4.2 Spinal cordcross section at low magnification stained with FJC <
The white square is showing the area of inteidstsal horn Rexed laminae-M.

105



A Zeiss Axio Imager Zivas usedvith Color andMonochromeCameraSystems
(Axiocam 506¢c_S2658 (2752 x 2208 pixels) and Axiocam 506m_S1975 (2752 x 2208
pixels). ThisMulti-track Imagesystem supported with mulposition, motorized stage
andwith software: Zen Blue 3.0. Filter set 38 He GFP was used for Fllaate C dye,
49 DAPI channel for Hoechst stain, and 43 He DsRed was used for the antibodies
conjugated with fluorophores 546 and 5B4r evaluation of neuroprotection, the FJC
positive cells were quantified and compared betweeS@ie SLNandSCl+mino
groups(284). Theimages wee capturedat high magnification(40X optical
magnification) To observef GFAP colocalizes with FJ@ndto examine iftheneuN
antibody stais FJC positive cedl imageswere capturedthigh magnificationas well
(63X optical magnification]258 284). ImageJ softwargl.52was utilized for image
analysig(257). FJC positive cefiwere quantified manuallgue totechnicalchallenges
related tcautomated countingln automated countinghtesiold set up was giving
inconsistent resulthatwas corrected bynanual countingThe manual quantification
wasconducted by alinded observeimages from both conditionSCI+SLN and SCI+
mino, were captred andcoded beforeso as to maintaiblinding. Images from two
different sectionsfor each animalwere captured and saved in TIFF formfatotal of 20
different sections were analyzed (10 section from each experimental conditien). T
ImageJmulti-point function was utilized for countirthe FIC psitive neurongn
captured imaged he same captured and codexhges were quantified again by a
different reader and inter reader reliability was tested by using Intraclass Correlation
Coefficient (ICC) test. ICC was calculated by usiByl SPSSStatistics for Windows,
version 28.0.M USA.

4.3Results

4.3.1Fluoro-Jade C staining and Hoechst nuclear counter staining

FJCimmunohistochemistrgelectively staindegenerated neurgnshereadHoechst
nuclear counter stain iskdue, fluorescentlye andstains thenuclearDNA. In our
experimentsFJC and Hoechst staimgere usedn SC sections undehree conditions,
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normal spinal cordno injury), SCI+SLN and SCImino. Fluor-Jade C did not sita
neurons in norm&bCsectiongFigure4.3 G, H, and I).Fluor-Jade dabeled the
degenerated neurons in control and treatr8€Higroups(Figure 4.3 A-F).

Hoechst nuclear counter staianfirmedthat neuronal cell baoes werestained with FJC.
Similar toprevious reportdiat FJC staimdendritesand axonsour studydemonstrated
FJCstaining primarily withinthecell bodes although it was identified within neuronal

processes ia few sections
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Figure4.3 Fluoro- Jade C and Hoechst nuclear counter stain in three different experimen
conditions.

The top row images A, and C represent SCI + saline. The middle row imagés D,

and F represent SCI+ minocycline. The bottom row imagés$, @ndl represent normal
SC. The first column is FluordadeC stain, the second column is Hoechst, and the third
columnaremerged imagesn thetoprow, the arrows in images A&, and C point to a
neuron labeled with FJC and Hoeclistthe middle rowthe arrows in the images B,

and F represent a neuron labeled with both FIC and Ho&blesarrow heads in these
images point to nucleus of a neusoim the bottom row, the arrow heads point to a

nucleus of a neuron. No neuron was stained with FJGrima SC sections.
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4.3.2Double labelling with immunohistochemistry nuclear antineuN antibody and
fluoro-Jade C staining:

To confirm that the FJC labeled cells are neurons;reutN antibody
immunohistochemistrywas usedo determinecolocaliation Doublelabeling of FJC and
antineuN antibodyvere usedn three experiment conditionsormal spinal cord (no
injury), SCI+SLN and SCI+mindn the SCI experimental conditions, neurons that were
labeled with FIJC were also positive theantineuN antibody. AntneuN antibody also
labeled neuronthatwerenegativefor FJC stainn all experimental conditiongcluding
normal SCIt wasinterpretedhatthe FIC negative neurongrenormal neuronsas not
only theylack FJCstaining,buttheir soma sizeverelarger than the neurons that were

FJCpositive(Figure4.4). Theseesults confirm that FJC labeled cells were neurons.

SCI+mino SCI

NR SC

Fluor-Jade C NeuN Merged

Figure4.4 Anti-neuN immunohistochemistry and FJC stainthimee different experimental conditions

The top row images A, and C represent SCI + saline. The middle row imagés D,
and F represent SCI+ minocycline. The bottom row images$, @nd | represent normal
SC. The first column is Fluordade stain, the second colurepresentantineuN
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immunohistochemistry, and the third coluwiisplaysmerged images he arrowheaslin
A and Dhighlight neurors labeled with FJC. In B and E, the arrowheddnotethe same
cellsafter staining with antheuN stain. In C and F, the arrowhsg@dint to the same
neuronghatare double labeled with both am@&uN and FJC. F3@ositive neuronsvere
shrunken in size when compared with the neurons that were labeled wihedhtionly.
This comparisomvasmost obviousvhencomparinghe SC#salineto no SCI condition.

4.3.3Double labeling with immunohistochemistry anttGFAP antibody and fluoro-

Jade C staining:

To determinewvhether the FJTabeled cells could be astrocytesuble labeling
immunohistochemistry was usdeJC and arGFAP antibody double labelingasused

in SCHSLN, SCHminoand normal SC sectistino injury). The AnttGFAP antibody
clearly delineated astrocytes, demonstrating the typical star shape, however it was not
identified inthe FJClabeled cellsThis lack of colocalizatiorfurthersuggestshat the

FJC labels neurons and not astrocyiteshe three eperimental conditionexamined
(Figure4 5 A-I).
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SCI+mino SCI

NR SC

Fluor-Jade C GFAP Merged

Figure4.5 Anti-GFAP immunohistochemistry and FJC stains in three different
experimental conditions.

The top row images A, and C represent SClsaline. The middle row images B,
and F represent SCI+ minocycline. The bottom row imageés$, @nd | represent normal
SC. The first column iBJC the second column is ARBFAP immunohistochemistry,
and the third columaremergedmages. Tharrows n the images AC,D and F
represent FJ@abeled neurons. The arrow heads in the imagé€} B, F, H, and | point
to astrocytes labeled with AMBFAP stain. FJC stain clearly did not label astrocytes.
The typicalastrocyticstar shap&asmore clearlyidentified in theno SCI and SCI+mino
conditionscompared to th&Cl+salinegroup, where thastrocytegortrayed a more
reactivephenotype.

4.3.4Quantification analysis

Ten mice included in the analyssmice inthe SCI+SLN and 5 micén the SCl+mino
groups Two SC sectiosiwere read for each animal, total 20 sectidirwasobserved
thatconditiors where miR21a5p and miR15b-5p weredownregulated and Akt, Bcl2,
and PI3K proteins overexpres94&LI+mino) there wasignificantlyfewerFJC positive
neurons More neuronal cell population preservajidmanthe SCI+SLN condition(p <
0.0369 95% confidence interva#t0.97 to-1.439 (Figure4.6). The same images were
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read agairby asecondeader. Théntraclass Correlation Coefficient (ICGY using
agreement function of IBM SPS8atistics 28.0.0.vas 0.92 (Cronbaéhalpha)with p
value < 0.001 and GD.81-0.97) .

p <0.0369

Fluoro-Jade C labled neurons

Mean, SEM

Figure4.6 Comparison of Fluordade C positive cells in SCI+SLN and SCIl+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.

4.3.5SCIl impact parameters

There was naignificantdifference in actual force delivered to the SCs in the two
experimental conditiag saline and minocyclingh=10 (FigureD.1; Appendix D).The

actual force in the SCI+SLN condition was&® 0.365k dyne (mea@SEM), andn

SCI+mino condition the actual foreeas 52400.619k dyne(p =0.3394. Likewise,
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there was nagignificantdifference in SC displacement after the injury in the two

conditions. In the SCI+SLN the SC displacement 8@i&40 43.26 micrometerand the

displacement in SCl+mino condition wa228016.11 micrometer(p = 0.1329.

4.4 Discussion and mterpretation

Thehistologicalobservationsn this studyincluded qualitative and quantitative ana&y.s
To determine anpotential beneficial effeaelatedto thedownregulabn of miR-21a5p
and miR15b-5p, and their respective proteaxpresion (Akt, Bcl2 and PI3K),
degenerated neuromgere identifiedn SC sectioaby using FJGmmunohistochemistry,
to selectively stairior degenerated neuromsnti-nuclear Hoechst counter stain waso
used taconfirmthat FJC labeled neuralcell bodes Thefindings showed that FIC
primarily labeled neuronal cell body and less often cell procétsgse4.3 A-1). These
observationsre consistentvith previous studies b§chmued et al. 200Bian et al
2007 andChenet al 2008(280, 281, 286).

To confirm thathese FJC positive cells were neurons and not other glial cells, a known
neuronal markeantineuN antibodywas usedTheanti-neuN antibody colocalized with
FJC stain and stained other neurons weae negative foFJC. Additionally, the neurons
thatwere labekedonly with antineuN antibodywvererelatively larger than the FIC

positive neurons. This might indicate thia¢ tFJC positive cellsaveshrunk in size

secondary t@poptosis.

Furthermoreto ensurehatFJCdid not stain astrocyseanastrocyic marker(GFAP)

was used283. Theresults showed that GFAP and FJC did not colocdlizeas
observed that FJC positive alere neurons and GFA&ti-body specifially labeled
astrocytesConsistentvith thesefindings, Bian et al 2007 an€henet al 2008 showed
that FJC desnot colocalize with GFAPand FJC selectively stadegenerated neurons
(281, 286). It wasnoticedhereas well that the typical star shape of astrocytasmore
identifiable in theexperimental conditiaof no SCI and in SCl+mino sectiondien

compared to SCISLN. It is known that GFAP stains approximately 15% of the actual
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astrocyte volum¢289), albeit the possible reason for this observation couldueetothe
factthat astrocytes in SCI+SLN camidn were hypertrophied. This observation has been
previouslyreported in the SC and the braifter different types of insul{58 281).
Moreover,Schmuecet al. 2005 reported that astrocytes are more swollen when they are

adjacent to the degenerated neur@&s).

Following confirmationthatthe FICpositivecellswereneuronstheratiosof
degeneratedeuronsverequantifiedin thetwo experimentatonditions,SCI+SLNand
SCIl+mino.Thereweresignificantlymoredegeneratedeuronsn the SCHSLN (control)
conditionthanseenin thetreatmentgroup,which demonstratedownregulabn of
miR21a5p and miR15bp and the overexpressed proteins (Akt, Bcl2 and PIBiHS
observatiormay,in part,reflectthe beneficialeffectsof the overexpressegroteins.
However this neuroprotectiveffectcould be dueto otherbeneficialproteinsthathave

notbeenaddressedor examinedn this study(35, 258).

In summary, our histologicalfindings suggesthatthereis a neuroprotectiveffectwhen
SClmicearetreatedwith minocycline,andfurthermorethis effectmaybe theresultof
downregulabn of miR-21a5p and miR15b-5p. Thesefindings couldbe partly dueto
the elevationof expressiorof the proteinsAkt, Bcl2, andPI3K. In the previouschapters
it wasdemonstratetiow minocyclineresultedn downregulatiorof miR-21a5p and
miR-15b-5p expressionThis downregulatiorresultedn anincreasen Akt, Bcl2 and
PI3K. Thesechangesnight, in part,explainthe benefitsof downregulatiorof thesetwo

mMiRNAs. However otherpathwaysnfluencedby minocyclinecannotbe excluded(21).
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CHAPTER 5 : DISCUSSION

Thefindingswithin this thesis contribute to our insighto themechanisms of sSCI. Our
approach tdurtherdecipher tis complex series of eventsllowing SCI could be viewed
asnovel It was the intent to investigate how injury induced changepstreanpost
transciptional translatiorpathwayscouldalterdownstreanmolecularevents athe
cellular leve) the primary hypothesidbeingthatmodulation ofmiRNA expressiorby a

neuroprotectant after SCI maytenuatehe effects osSCl

To our knowledge, whethis study was started in 2017, it was the first global analysis of
mMiRNA changesfollowing SCI in a mouse modghat utilized Next Generation
Sequencing (NGS). Additionally, this is the first study that used a known neuroprotective
drug (minocycline) texaminealteratiors inmiRNA expressioriollowing SCI ata 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
sSCl.Theseeffector proteins were tested and examined for potantacts and

histological changesThe intent was to determine whether tigigoroach might uncover
beneficial molecular (mMiRNA) pathways that could be targeted to preserve neurons
following SCI. The longer-termobjectivewill be to identify particular miRN#that are

either favorable or deleterious to recovafier SCI andsubsequentlgesign specific
pharmaceuticals to either upregulate or down regulate those miR&&ectivelyto

gain an oveall beneficial therapeutic effecthe current series of experimenéyealed a

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

Firsty, SCI resulted in widgpreadchanges in the expression of miRNA in the acute
stage (1d timepoint) and subacute stage (7d tipwent). Seconly, for the first timat

wasdemonstrated that a neuroprotective agent (minocycline) resulted in modulation of
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MiRNA expression following the injury in the acute staysubset of altered miRAs
were studied and thehanges in miR1a5p and miR15b-5p seen with NGSvere
subsequentlgonfirmed Although there arearied reports in the literature as to the
observed changes in expression for certain miRNAs following irtheltupregulation of
miR-21a5p following SCI in different animal species is a consistent fin(23).
Furthermorethis studysupports th@reviausobservation thaniR-15b-5p likely
regulates Akt protein animportantprotein incell survival(290). Thirdly, there was a
relative increasen theexpression of Akt, Bcl2, and PI3K proteins in theerimental
condition withdownreguladdmiR21a5p and miR15kbp expressionThese are
fibeneficiab proteinsthat playa significant role in neuronal cell survival and anti
apoptotic effectsourthly, theobservedchanges in miRNAs and protdevelswere
correlatedhistologicallywith preservation of neuronal cell populatson the injury
penumbraFinally, it should be emphasized tloatr findings are based on a subset of
mMiRNAs. ThemiRNA library constructedtill has many significantly altered miRNAs
that haveyet to beinvestigated. These miRNAaill be utilized in severdutureprojeds.
Together, these findings shed the light on the mechanisms of sSCI at upstreaandevel
lend support to these pathways as potential therapeutic opportudtigsver, there are

several challenges and short a¢ogsto this study thaineed to be acknoetiged

5.1 Global miRNA pattern changes:

In the1d group(acute phasejhere was general patternhange observed that supported
upregulation omiRNA expression following SCMinocyclineadministration resulted

in areverse pattern,e. downregulation of 59 miRNAs and upregulation of 22 miRNAs.
A review of thditeraturefocused orpatterrs of miRNA change followingsCl 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. ROO® acute
stage(6). Theseauthors showed 30 miRNAs upregulated, 16 miRNAs downregulated.
However, n contrast to our study, Yunta et al. 20&Rortedwo major differences from

our results. Firstly, there were no significant changes in miRNA expression
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following SCI, while here were noticeablehanges irexpressiorat both3 and 7 days
postinjury (227). Secondly, thg observedageneral progressive downregulation of
MiRNA expression following SCIThe pattern of miRNA dysregulation following injury
in our studyalso differedrom thatreported by Strickland et al. 201237). These
authors showed generdwnreguation of themiRNA profile overvarioustime points

following injury.

Moreover,in ourstudy, thee was ahigher number of miRNAhangs identifiedonthe
first daycompared t@-days postinjury. This patterrcontrastghatreported by
Strickland et al. @11(237) and Yunta et al. 201227) but is consistent with that
reported byLiu et al. 200906). This discrepancy in miRNA expression following the SCI
canalsobe found inamother miRNAglobal analysis repo(291). The explanation for
this reported variability is likely multifactorialNine different studies addresg global
mMiRNA changesn animalsmodek were appraised byieto-Diaz et al 2Q4 (48). Five of
these studies used rabdelsin their analysisLiu etal.2009(6), Stricklandetal. 2011
(237), Yuntaetal. 2012(227), Hu etal. 2013a(292), Hu etal. 2013b(293). The other 4
studes conducted iiTmousemodek, focusedtheir analysison certain miRNAsnot
global analyses (Jextal. 2012a(294), Jeeetal. 2012b(295 , and Im etal. 2012(296)).
Therefore, thénypothesighat therearemore miRNAchangesn the subacute stage
compared to thacute stagenay have resulted frothefour globd miRNAs analyses (by
three authors) in emt mode| even though these findings differed fraum et al 2009
which was also conducted on rdtss known that miRNA aretissue and cell specific
Although less likely irthis context (lue to the work oLiu et al 2009)different species
and different strainsauld be parbf thereason for thi®bservedliscrepancy Secondly,
in a recenhuman SCktudy, miRNAs wereinvestigated irp a t i @Sk ansl Serayith
an abundance @hiRNAs observed in thacue stagedeclining byday 3 post injury and
barely detectable in sera after day 5 following the in{(@R&8). The same authors
reported that the changes in differential expogsef themiRNAsin the CSFwvas
correlated to the severity of the SGimilarly, Tigchelaaret al. 2017, concluded in a
porcine SCI model that the severity of the injurgsrelated to the number of miRNAs
detected n t h e a n.iFurthermdrgasavere injumhas beerorrelated witha

higherdegreeof miRNA expression than the moderatamild injury (248). In ourmouse
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SCImodel moderate impact wassed Lastly, themodel of producing SGhayplay a
role ininfluencingmiRNA expressiorf291). Nakanishi et alised forcepsompressiorno
createa SCI, which differs from he impact injury delivered hereifiogether, these
factors(mainly the injury severity and modet)ay partly explain our findings and the
variation observed across studi€se aforenentionedat studiesalsoused microarray
techniqgueRNA seqiencetechniqueemployed in this studigasa higher resolution down
to asingle bp whereas thenicroarrayresolutioncan be as highsdal00 bp.This may
allow for furtherdifferences in the number and the types of detected miRNASS

these studies

5.2miR-21a5p:

For miR21a5p, despite the repad discrepancies in the field of miRNA and SCI, the
consistent finding was upregulation of rRa5p following the injury(227). However,
Jiang et al. 2017 i@nexcepion, in a rat SCI modaheseauthorsreported miR21
downregulatedt4hr,8hr and 1d following the injury and upregulated on day 3 and day
7 post injury(297). These findings may reflettar model of SCI or species of animal or
some other technical aspect. In study, themiR-21 was upregulated after SCI and
significantly downregulated after minocycline administratibinis downregulation is
assumedbeneficia] based upon theroteomis analysis which predicted thaiR-21

targets anavassupported in part bihe observedncrease in the expression of PI3K
which isamiR-21 target proteinConsistentvith our findings, Wang et al. 2018 reported
that downregulation of mi21 improved functional recovery in a mouse SCI model
(298). They used different pteins targets (TGFh Land SMAD) and spinal
cells. The subsequentork of Xie et al. 201§299 and Ning et al 201€00) reinforced

this conceptFurthermore, the notion of useful effects of downregulation of PdiRvas
supportecby Mohammed AZ et al 201@01). Theseauthors used proteomic approach

to compare miR21 knockdown group vs negative control group (ne2mifhibitors)
following contusion SCI in a mouse model. Their analgsisionstrated the beneficial
pathways of inhibiting miR1 andthatmiR-21 could be used abiomarkerfor

117



amyotrophic lateral sclerosis. Again, they showed different tafgetsiR-21 from the
previousstudiesand they addressed that several pathwaysl be targeted by this
mMiRNA.

Conversely Jiang et al. 2017 concluded that RER upregulation is beneficiahd
enhances SC tissue repair via inducing neurite overgr@8i). They argued that their
finding wasdue tomiR-21 targeihg programmed cell death 4 (PDCD4) and decreéése
expression. They scrutinized another predicted tappesphatase and tensin homolog
(PTEN), and concluded that the expression of this proigisnot changed. There are
several critiques for their study methodology. Firstly, they tisedntibiotic gentamicin
for the first three days after the surgefie effect of gentamicin on miRNA expression
after SCI is not known. Secondly, they overespesl miR21in cultured postnatal rat
SC neurons to show PDCD4 downregulation and neurite overgrowth. It is known that the
results of invitro experiments could differ from in vivo experimsrbiven these factors,
the expression of mi21 could change asell as protein expression. SimikarJiang et
al. 2017 the concept of beneficial effect of mIR wasraisedby Hu et al. 2013 in a rat
SCI contusion model. Yet, they found the protein target was PTEN and not PDCD4
which was tle opposite findingo Jiang et al. 2017293). These authors also used
penicillin G for 5 days in their experiments and reported the beneficial effegRe21

upregulation orday 3.

It is quite apparerthat there ardiscrepancies ireports conveyingniR-21 benefits.
Notwithstandingijt can beglearedthat miR21 is upregulated following SCI.
Additionally, our findingssuggesthat miR21 downregulationfollowing minocycline,
may beusefulfollowing SCI andcould potentially modulate survival pathways via
targeting PI3K pathway.

5.3miR-15b-5p

The present studipundthat miR15b-5p was upregulateafter SCland downregulated

following minocycline administrationAlthough little is known abouhis miRNA
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relative to miR21 in SCI modelghe functions of miRL5b-5p have been studied in
madignancy and cellular growth studies, albeit with differemiclusions regardinigs
beneficial function when it isitherover or underexpresse@302 303). Despite this
miR-15b-5p has been shown regugirotein Akt3(290) similar tothatobservecderen.
Furthermore, theresenstudydemamstrated that miRL5b-5p regulates BclZ2l'he
beneficial effects oBcl2 havebeen shown in several previous $gldes specifically
the work by Wang et al 20085). Interestingly Sagot et al 1995uggested that although
Bcl2 promoted survival of neuronal cell bes, itdid notappear to prevent degeneration
of myelinated axonsThis workcomplementshear findings, regarding the importance of
Bcl2, andsupportghe notionthat SCI recoverwvill requirea multifacetedapproach, one
that target the multtudeof deleterious mech@msthat contribute to sSSGR79).

5.4Lessons learned and future directions from tks project:

Therewerea fewlessons learnetthatcanbe addressed in future studies

1. To furtherstudythechanges iimiRNA expression durinthe subacute stage (7d
group),consideration should be given to utilizing a msegere SCI modeThis could
be achieved throughetiveringa higherimpact tothe SC, such a®70 k dyneversus the
50 k dyneforceused in this studySupport for this &s beershown by Tigchelaar et.al
2019and Tigchelaar et al. 200247, 248), in whichthe more severe injury reged ina

greaterdetectabldevel of miRNA in subacute stage.

2. There are many miRNAs identified in our NGS that require further characterization
and subsequent validation. The miRNAs examined herere selected due to their
predicted relationship toeeuronal survivalwhich was the selected target outcome
Another approackvould beto select miRNA for validation and downstream tarmnef
experimerdg based upon tHaghest magnitude of expression regardless their potential
functions.One potentiatlownside of this approach ibat there may belagher

likelihood of having downstream proteins that participate in diffemréndivergent

pathways that require different sets of experiments to confirm. For instance, miRNAs that
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target proteins in oxidaté stress processor those that relate tmatrix
metalloproteinases of sS@ould need different methato show the potential

biological effects.

3. Further to #2 above, this work identifi@@ novel, previously uncharacterized
mMiRNAs that weresignificantly altered following injury. The role theseRNAs play in

sSCI and any potential for therapeutitervention will require further investigation.

4. The work presented herein demonstratesrrelation betweemiRNA changes,
physiologic effets and a pharmaceutical treatmdrd verify that the physiological

effects observed are indeed related directly to the intended miRNA modulation, and not
to alternative pharmacodynamjaaiRNA silencing experiments should be done.
Antagomirs are synthetRNA complements that inactivate target miRNAs. Antagomirs
to bothmiR-15b-5p and miR21&5p could be employed to verify thdteir modulation

leads to the observed neuronal protection

5.5 Conclusion

In conclusionthroughout this thessSClwasexaminedrom a different angléhan has
been typically done in the pa&incethere is no outright cure for SCI, and
pharmacological agents thegppea experimentally promisingontinue tdfail to provde
similar successsin clinical settingspovel appoaches need to be developed. These
studeshaveattempted t@xplorethe feasibility of miRNA being prospective future
molecuks thatmaybe modulated tamprove the SCI recovery.o our knowledge, this is
the first study that addresses global modulatibtne miRNAs following SCI by using a
neuroprotective drug (minocycliné)his studydemonstrated homiRNA expression
changedollowing SCI, and, noreover,it demonstrated thaminocyclinemayinfluence
the expression of miRNAs at two different timemgsi Specifically,it wasfound that
miR-21a5p and miR15b-5p were downregulated after minocycline administratod
that theséwo miRNAsparticipate in neuronal survival and aapoptotic pathway#

positive correlation was identified between theastsedmolecularchanges, predicted
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function andhistologically confirmedheuronal celburvival There are still many

mMiRNAs in our library to scrutinize via different approaches in future experiments. The
ultimategoal is tocontrol thedeleterious reactiorsharacteristic of sSCI, so as to
facilitate a locakenvironmenthat is less hostile and meprone tgoromote neuronal
preservation and regeneratjéeading to enhanced functional recoveériiis work

suggests that targetimiRNAs andaltering their expression following injury may be a
novel approach worthy of further investigation
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APPENDIX B: SUPPLEMENTARY FIGURES AND TABLE S
OF CHAPTER 2

FigureB1. Surgical room set up.

This figure illustrates the major elements of the surgical theatre for animal stogery

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 injuryNadi, 20.9.
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FigureB2. PCA-1 vs PCA20f miRNA expression of three experimental conditiontha
7d group.

PCA1 vs PCADf miRNA expressiorn the 7d SCI groupincluding three experimental
conditions: SCI+SLN irthe 7d group= D7C#, SCIl+mino inthe 7d group= D7R#, and
Sham, no SClonly laminectomy =S, baseline fronthe 1d group This figure
demonstratethatthere was naelationshipof miRNA expression among the three
conditionswhen we compareBCA1 (principal component analysiahd PCA2. The
three experimental cditions cannot really be segregated into distinctive groups.
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FigureB3. PCA2 vs PCA3 of miRNA expression of three experimental conditiotieei
7d group.

PCA2 vs PCA3 of miRNA expression ithe 7d SCI group including three experimental
conditions: SCI+SLN irthe 7d group= D7C#, SCIl+mino inthe 7d group= D7R#, and
Sham, no SCI, only laminectomyS; baseline fronthe 1d group. This figure shows that
there was no relationship of miRNA expression amotigsthreeconditionswhen we
compared PCA2 and PCAS. The three experimental conditions cannot really be
segregated.
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FigureB4. PCA3 vs PCA4 of miRNA expression of three experimental conditiotieei
7d group.

PCA3 vs PCA4 of miRNA expression ithe 7d SCI group including three experimental
conditions: SCI+SLN irthe 7d group= D7C#, SCIl+mino inthe 7d group= D7R#, and
Sham, no SCI, only laminectomyS; baseline fronthe 1d group. This figure shows that
there was no relationship of miRNA expression amongst the ¢coreBtionswhen we
compared PCA3 and PCA4.
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FigureB5. PCA1 vs PCA2 of miRNA expression of two experimental conditionlsan
7d group.

PCA1 vs PCA2 of miRNA expression ithe 7d SCI group including two experimental
conditions: SCI+SLN irthe7d group= D7C#, SCI+mino irthe7d group= D7R#. This
figure illustrates that there was no relationship of miRNA expression between the two
conditions.
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FigureB6. PCA2 vs PCA3 of miRNA expression of two experimental conditionlsan
7d group.

PCA2 vs PCA3 of miRNA expression ithe 7d SCI group including two experimental
conditions: SCI+SLN irthe7d group= D7C#, SCI+mino irthe7d group= D7R#. This
figure explans that there was no relationship of miRNA expression between the two
conditions.
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Figure Br. Heatmapno SQG vs SCI+SLN lddemonstrating the changes of miRNA
after one day of SCI.
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