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Abstract
Though capable of regeneration, repair surgeries following peripheral nerve injury
are often incomplete or entirely unsuccessful. The slow rate of regeneraBom{/ay) of a
proximal injury requires up to two years to reach the distal target, whereas significant muscle
atrophy occurs after-62 monthstherefore even if theegenerating axons reatifese muscles
theymay no longer be amenable to reinnervation (Ginsell and Keating, 2014). Despite the
advancements in surgical techniques, over half of patients with peripheral nerve injury
experience lifelong deficits that carveeely impact quality of life (Ruijs et al., 2005). The
conditioning crush lesion (CCL), a technique in which a crush injury is performed one week
prior to a nerve transection and repair surgery, increases the rate of nerve gfeiotth 2
(Richardson antksa, 1984). CCL has not been clinically translated as it requires an intentional
nerve injury which evokes an invasive inflammatory response. The Webber laboratory has
demonstrated that conditioning electrical stimulation (CES) upreguletesame regenation
associated genes (RAGs) as CCL to accelerate nerve regeneration and promote sensorimotor
functional recovery (Senger et al., 2018; Senger et al., 2B{iB}.to clinical application of CES
we sought toconfirm thatunlike CCL, CES is noimjuriousand norinflammatory.Infiltrating
and resident macrophagesd dot play a role in the proegenerative effects of CE®ith
decreased IBAL and dectiril immunofluorescenceompared to CCLFurthermore, macrophage
ablation reduced theonditioningeffect asociated with CCL but not CES. We alswvestigate
theheatshock protein, alphaBrystallin, previously found to supporemyelination Proteomics
and mass spectrometry identified a fiedd decrease ialphaB-Crystallin protein expression in
CES compeed to CCL sensory neurgnghich was not reproduced in Western Blot Analysis.

AlphaB-crystallin null mice displayed increased inherent pCREB expression, all other



regeneratiorassociated genes were not different from wildtype mice, and the conditiofenty ef

was unaffected.
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CHAPTER 1: Introduction



1.1Peripheral Nerve Injury

Of the twodivisions of the nervous system, only the peripheral nervous system (PNS) is
capable of regeneration following injury due to the intrinsic neuronal and microenvironmental
properties to promote growth (Rigoni and Negro, 2020). However, in contrast toagiquest
successful peripheral nerve regeneration is often associated witbrpocomplete recovery
due to a variety of factors, including but not limited to, slow axonal growth rate, poor numbers
and misdirection of extending axons, length of growthuiregl, and cortical reorganization
(Faroni et al., 2015). One of the major barriers to awgefunctional recovery following nerve
injury is that the rate of regeneration is o mnvday in humans which means that proximal
nerve injuries can requirgouo two years to reach distal target®en under ideal circumstances
(Grinsell and Keating, 2014As significant muscle atrophy ocagt 612 monthdollowing
denervation, these muscles may no longer support reinner¢@timsell and Keating, 2014).
Therefore, theseerve injury patientsnaynot achieve satisfactory recovetye tolifelong
disability and reduced quality of life.

To understand how the type of nerve injury can impact progmasige and axonal
structure must be consideréd.the sméest level, @ch individual axon (myelinated or not) is
surrounded by a connective tissue layegetheicalledtheendoneurium, composed of Type |
and Type Il collagen where mast cells, tissesident macrophages (TRMs), fibroblasts, and
blood vesselseside(Zochodne, 2008Richner et al., 20)9The endoneurium forms part of the
blood-nerve barrier (BNB) as tight junctioh&tween cellsestrict the passage of most molecules
to access axonal componeritsough it is less restrictive thanthecentrd r vous syst emso
blood-brain barrier (BBB)The second major component of the BNB is formed from the tight

junctions between perineurial cells, composing the next layer of connective tissue that bundles



individual axons along with their endoneurial lay&oifasciclegZochodne, 2008Richner et

al., 2019. Finally, the largest connective tissue layer found in peripheral nerves is the
epineurium where collagen tissue, blood and lymphatic vessels, TRMs, fibroblasts, and mast
cells can be foun(Zzochodne, 2008Topp and Boyd, 2006Dverall, injury affecting theleepest
nervelayers and varying ordegree to whiclsubsequenevels of the nerve aigjuredcan cause
increasingseverityof dysfunctionin patients.

Peripheral nerve injury is mosften classified according to Seddamd/orSunder | andds
criteria(Seddon, 1942; Sunderland, 199he Seddon categories of injury include: neurapraxia,
axonotmesis, and neurotmedieurapraxia is the least severe injury of focal demyelination with
no axaal injury. Axonotmesissi alesion of axonal function with intact connective tissue, for
example, a crush injury in which the epineurium remains imtade axons are severeginally,
neurotmesis includes the complete separation of both connectivestast axons, thereby
creating a proxi mal and distal end such as th
classifications are similar but grouped from first degfiftle degree injury. First degree injury
involves local demyelination without strucaut def i ci t s, akin to neurap
axonotmesis is separated into three categories: selmgrde includes axonal damage without
endoneurial injury; thirdlegree includes axonal and endoneurial damage without perineurial
injury; and fourthdegee includes axonal, endoneurial, and perineurial damage without complete
transection of the epineurial sheath. Finally, fifigree injury is analogous to neurotmesis.

Due tothe differing types of peripheral nerve injury, the prognosis of axorgrioneth
and subsequent functional recovery varies clinic&ty.example, regrowth following
transection injury is most difficult as axons may struggle to grow through the epineurial gap and

become organized. Peripheral nerve surgeries seek to combat $igattidg by reconnecting



nerve bridges with coaptatidny sutures anfibrinogen gluewhereas larger gaps are traversed

by allo- (engineered) or autografttyfically a sensory nernieom the same patiethat provides
noncritical sensation Though surgical techniques have made significant advancemerds/e
recovery approximately half of the patients who receive nerve repair surgeries have
unsatisfactory outcomes as they experience lifelong seasdrnotor deficitsRuijs et al.,

2005 Grinsell and Keating, 2014). As a result of these poor outcomes, it is evident that means to
accelerate nerve regeneration to improve patient recovery following peripheral nerve injury are

necessary.

1.2Nerve Injury Signalling

Understanding the multicellular degeneration and regeneration pesdeiewing
peripheral nerve injury is important to create clinical strate§ielowing peripheral nerve
injury, cellular changes occur labththe axonalnjury site and where the neuronal cell bodies
reside, which is the dorsal root ganglion (DRG)densory neurons or the ventral horn of the
spinal cord for motor axon3 ¢pp and Boyd, 200&ochodne, 2012¥irst and foremost, for the
necessary cellulathanges that support regrowth to occur, the event that an injury has occurred
must be signalled to both the axon a&neir cell bodies Therefore, the various signalling
pathways that commene the injury site and propagate to the cell bodies candaped into
two classes: early and delayé&arly signalling involves ion propagationmappening within
seconds to minutes after injuyhereas delayed signallingpically happens within hours to
days following injuryand involvesrotein translation and tregrade transport alordynein
(Ambron and Walters, 1996)

1.2.1Early Signalling



The early signalrom the injured axoto the cell bodyprimarily involves calcium waves.
The rupture of the axonal membrane atdamaged distal nerve segmantivatesvoltage
dependent sodium channél@ata et al., 2004)The subsequent intracellular rise in sodium in
the distal axoraugsthe inversion of sodium/calcium exchange puniar{dolesi et al., 2004;
Rishal and Fainzilber, 20143oncurrentlythe op@edvoltagegated calcium channetd the
injury sitepromotescalcium release from intraxonal endoplasmic reticulum stotbsough
ryanodine receptors and inositol triphosphatepeors This increase imtracellular calcium
levels at thenjury sitecaugs apropagation of transient calcium wawadeng the axomo alert
the cell bodies of injury occurrenead activate the necessary downstream path(Zzaehodne,
2012 Ohtake et al., 2018

One of the most importaetarly signalling pathways downstream of calcium involegslic
adenosine monophosphate (CAMP). The elevated intracellular catitima celbody activates
calcium/calmodulirdependent protein kinase which in turn activates the enzyme adenylyl
cyclase to catalyze the formation of cCAMP from adenosine triphosphate (8a8ydqneCorsi,
2012;Senger et al., 2018Following its activation, CAMP a&n dimerize protein kinase A (PKA)
and activate exchange protein directly activated by cAMP (EPAC). Both PKA and EPAC are
then translocated to the nucleus to activate the transcription factor CAMP response-element
binding protein (CREB) via phosphorylatitminfluence gene transcriptiom favour of
regenerationWei et al., 2016Senger et al., 2018). PKA can also initiate dual leucine zipper
bearing kinase (DLK) activation,@mponentf delayednjury signalling discussed below
(Mahar and Cavalli, 2018)

1.2.2Delayed Signalling



Thedelayednjury signal from the axon to the cell body involves a large variety of
macromolecular signalling complexét travel along the established retrogradesipart
mechanismgdynein(Rishal and Fainzilber, 2014mportins were considered as a candidate
injury signalin early studies completed Aplysia californicalAmbron et al., 199%lue to their
role in nucleocytoplasmic transport as karyophilic proteins with nuclear localization signals
(NLS)). Importin-Uand importinb were both identified in axonsnportin-Uis constitutively
expresseth axons and iassociateavith dynein,whereasimportin-b is locally translated
following axonalinjury (Hanz et al., 200®erry and Fainzilber, 200Rishal and Fainzilber,
2014).Uponaxonal injury, importindand importinb form heterodimers with highffinity
NLS-binding sitesallowing theirretrograde transpoto the cell bodyhrough dynein
association (Rishal and Fainzilber, 20M/jth the creation of this highffinity NLS, other
proteins present at the injury site can bind to it, thus accessing the retrograde signalling motors
by dynein (Hanz et al., 2003$pecifically, the intermediate filament vimentin is locally
translated after injuryRerlson et al., 200%4ahar and Cavalli, 2018T.he alciumdependent
cysteine proteasealpain cleaves vimentimllowing the pieces to binshosphorylated
extracellular signatelated kinas¢pERK), which lacks an NLSFurthermore, vimentin blocks
dephosphorylation of pERK, allowing it to function as an important retrograde signal (Perlson et
al., 2006).Then, a macromolecular complex formghwthe binding ofmportinbl to vimentin
in thevimentinpERK complexdlowing it to bemarked for nuclear transpaia dynein(Rishal
and Fainzilber, 2014)Once at the cell body, pERK actieatranscription factors through
phosphorylatiorto support regeneratiand inhibits cAMP phosphodiesterases, thefebyer
increasing cCAMP activityt the cell body after axanjury (Perlson et al., 200Z.ochodne,

2008).



Another member of the MAPK famgi DLK is a mitogeractivated protein kinase Il
(MAPK3) implicated in processes such as axon growth, neuronal migration, and regeneration
(Tedeschi and Bradke, 2018)pllowing injury,bothelevations of cCAMP and microtubule
instability activate DLKwhich thenassociatewith the mitogenactivatedprotein kinase
(MAPK), JNK3, initiating its activatioiMahar and Cavalli, 2018As part of the retrograde
signalling complexXINK3 binds to the JNK scaffolding proteiiNK-interacting protein 3}(P3,
andDLK-KN3-JIP3is retrogradely transported to the cell body via dynein retrograde transport.
DLK can alsoactivate the transcription factor and injury sigrsadnal transduceand activator
of transcription 3$TAT3), which is locally translated at the injury site following calcium
elevation phosphorylated during injury, and transported retrogradely via impkliaisar and
Cavalli, 2018) At the somapPLK -JNK-JIP3 signallingnduces the activation of the transcription
factor, din, to change the pattern of gene expression to support injury processes instead of
homeostatic gene transcription. Both INK and STAT3 can also be actateidrotubule
disruptionfor retrograde trammort at these later injury stages to evoke changes in gene
transcription Ultimately, the result of both early and delayed injury signalling is the upregulation

of gene transcription that supports the processes of degeneration and regeneratieN $1 the

1.3 Wallerian Degeneration

As retrograde signalling to the cell body occtng, myelin and axonal debris from injured
axons must be clearedtemove inhibition andupport regrowth, in a process first described by
Augustus Waller in 1850, nowcotlet i vel y descri bed atref@erwetel er i an
sequencedxonal changes that occur following nerve transeatibich are remarkably similar

in other types of nerve injur§Conforti et al., 2014)The rapid depolarization at the site of iryjur



is not only involved in retrograde signalling, but alggothesized to initiate degeneration of the
distal nerve segmemthichis maintained by ongoing calcium influgéorge et al., 1995;
Zochodne, 208). This ongoing calcium influx triggers downstream pathways necessary for
degeneration including the activation of proteases such as calfaaig €t al., 2013Christie

and Zochodne, 20)3Much of what is known about degeneration was discovered through the
spontaneous mutation ofthes | ow Wa |l | e r i (#&klg ntdbesg, avmoh resulted in n 0
axons resistant to degeneratipmducinga delayed injury responsand providing the first

piece of evidence that Wallerian Degeneration is an active processeraly passive cell death
as previously thoughBrown et al., 1994Wang et al., 2018).

There are two keynolecularevents during Wallerian Degeneration that lead to the
degradation of cellular debris: one of which is the removal of the survival factor nicotinamide
mononucleotide ashylyltransferase 2 (NMNATZ2) and the other involves the activation of sterile
alpha andgrmadillo motif-containingproteinl (SARM1), a degeneration trigger protein (Ding
and Hammarlund, 2019NMNAT 2 is anaxonalenzymemade at the cell bodgsponsible for
the catalysis of nicotinamide mononucleotide (NMN) to form nicotinamide adenine etitidel
(NAD+) using ATP. In axons, NMNAT2 undergoffsequentanterograde transpaitie to its
short halflife, therebyproviding necessary survivsignallingfor proper axonal function
(Walker et al., 2017)Anterograde transport is blocked following neimjury and causes the
reduction of NMNAT2at the injury siteandlack of itspro-survival cuesMAPK signalling
induced following injury contributes to NMNAT2 breakdown, thereby allowing degeneration to
occur Walker et al., 201 MDing and Hammarlund, 2®). TheWldsmouse undergoes slow
degeneration due to the formation of a chimeric pratemtaining theN-terminal fragment of

the ubiquitination factgiUbe4h and the typically nucleasound NMNAT1(Conforti et al.,



2000;Mack et al., 2001; Cohen at, 2012; Ding and Hammarlund, 201®ith theabnormal
formation of this chimeric protein, NMNATIis found axonally, where fremainsfollowing
injury, thuscompensang for the loss of NMNAT2 during injurandprotecting the axons from
degeneration (Dimand Hammarlund, 201%urthermore, any event that increases NMNAT?2
levels such as the loss of Highwire, an E3 ubiquitin ligase responsible for NMNAT2 turoiover,
even loss of a component of this E3 ubiquitin ligesilts in delayed axon degeneratixiong
et al., 2012)Yamagishi and Tessktravigne, 2016 Conversely, SARML1 is found inactivated
during healthy state§ollowing injury, the inhibition is releaseghich allows dimerization of its
C-terminus, Toll/interleukirl receptor (TIR) domain. When dimerized, Td& induceapid
NAD+ lossthrough enzymatic cleavaged ATP depletion, causing cytoskeletal and axonal
degradation (Ding and Hammarlund, 20E3suman et al2017). Since NMNAT2 is
responsible for NAD+ synthesiSARM1 pro-degenerative signialg requiresremoval of the
pro-survival signal NMNAT2 to promote Wallerian degeneratidrhe induction of SARML1 is
largely unknown; however, it is hypothesized that reaho¥ NMNAT2 induces SARM1
activation (Ding and Hammarlund, 2019verall, the actions of these two molecular proteins
are important for Wallerian Degeneratitmnproceedo eventuallymake space foregeneration.
1.3.1Multicellular Involvement in Wadirian Degeneration

Walleriandegeneration is not only a neuronal event, but also relies on the activation of
nearby glial and immune cellscluding Schwann cells and macrophages, respecti@éign et
al., 2015; Jang et al., 201&chwann cellsanenvelope healthy axons to form myelin sheaths
(myelinating Schwann cell®y support unmyelinated axons in Remak bundlesnfelnating
Scwhann cells)After sensing that injury has occurrellie n partthrough the induction of tall

like receptors (TLRs)t is necessary fahe previously myelinating Schwann celsvithdraw



10

their production of structural and myelassociatedlycoproteins (MAGS) as theyde-
differentiae to a proliferative statthrough the upregulation dUN, peaking at 4 days pest
injury (De-Francesced.isowitz et al., 2015)Schwann cellshencommencghagocytosis of
myelin and extracellular debrisllowing the activation of phospholipage ,whichis activated
in the cytosol upon injury (Gaudet et al., 2p0Murakami et al., 1997 This enzyme hydrolyzes
phosphatidylcholine to lysophosphatidylcholine and arachidonic acid, thereby initiating myelin
degradationGregson and Hall, 1978&audet et al2011).Lysophosphatidylcholine is a strong
demyelinating factor with extensive research demonstrating its contribution to nerve
degeneration, and ability to activate and recruit immune cells including macrophages,
neutrophils, and T cells (Hall, 197@regson and Hall, 1973usman and David, 200@usman
and David, 2001; De et al., 2003; Gaudet et al., 2011)

Schwann cell$urthercontribute tammune cell recruitmenb the axonal injury sitby
producing preinflammatory cytokines and chemokines (Chan et al.,2018 .loss of the BNB
allows access to the immune cells of the blddee first immune cell to infiltrate to the injured
nerve are neutrophils where they start phagocytosis of aandahyelin debris before their
rapid apoptosis after 24 hours (Gaudet et al., 2B#ikins and Tracey, 200@\t day 23 post
injury, the release of inflammatory cytokines by both the Schwann cells and axotomized neuron
leads to subsequent infiltration monocytederivedmacrophagethemost dominant cefor
phagocytosi®f myelin debrigRotshenker, 2011Shen et al., 2000Major cytokineghat
producethe macrophagmfiltration following peripheral nerve injurincludes leukemia
inducible factor (LF), classc chemokine ligand | (CCL2, also known as monocyte
chemoattractant proteih), interleukin tbeta (L-1 pand tumor necrosis factdi(TNFU), some

of which arepartly dependent on calpain activity as neither TNIRor IL-1 b are induced
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following injury with calpain blockDe-Francescd.isowitz et al., 2015)Monocytederived
macrophagesxpress class ¢ chemokine receptor 2 (CCR2), the major receptor mediating
macroplage infiltration due to neuronal and Schwann cell regulated release of its ligand CCL2
(Kuziel et al., 1997; Rossi and Zlotnik, 2000; White et al., 2a@BR2/- mice exhibit deficient
macrophage infiltration following sciatic nerve injury, but interedging/allerian Degeneration
remains unaffected (DErancescd.isowitz et al., 2015)Further studiesemonstrate that
neutrophilscompensatéor the lack of CCR2 in these mice as their depletioramialLy6G
injection to CCR2- mice produced deficits in Wallerian Degeneration (Lindborg et al., 2017).
With the breakdown of the BNB, opsonins from the blood are allowed to enter the injury site
including both antibodies and complement proteBrsi¢k and Friede, 1990; Vargas and Barres,
2007; Vargas et al., 201MWlacrophage interactions wi cellsare evidenced during Wallerian
degeneration anndogenous autmtibodiesare upregulated following nerve injuryurther the
complemensystemis activatel during nerve injunandphagocytosis of myelin debris is
opsain-dependenfVargas and Barres, 200Vargas et al., 2010Following opsonization of
myelin by the complement protein G8nding tomacrophagethrough theireceptor CR3
allowsfor subsegant phagocytosis (Rotshenker 2008n der Laan et al., 199@)epletion of
complement proteins during nerve injury produces defective macrophage phagocytosis leading to
sustairdmyelin presence and delayed nerve regeneration (Vargas et al., [B¢@)tingly, a
second site of macrophage infiltration was identified at the cell body, leading to increased
recognition of macrophages beyond Wallerian degeneration, which will besdesd below
(Niemi et al., 2013)Ultimately, the removal of myelin and axonal delrisars a patfor

subsequent regenerating axongltrlly reach their distal targets.
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1.4 Nerve Regeneration

Asdegeneration occued the distal stummerve regeneration commesgaoximally
Following the integration of retrograde signalling, the cell body produces several changes
associated witimjury that impacts the subsequeagenerative processes (Schmidt and Moedert
1984). For instance, morphological changes includemdy cell body swellingdelayedatrophy,
loss of Nissl bodies in the ribosomes, and displacement of the nucleus from the centre of the
neuron to a lateral placemesttcur(Zochodne, 2012)Akin to the Schwann cell de
differentiationfrom myelinating to a proliferative phenotype following axonal injuing neuron
changes its phenotype frommaature, innervatingeuron to a regenerating neurduclear
displacement makes room feewly synthesized preins(Levine et al., 2004Zochodne, 2008).
Importantly, neurons change their pattern of protein expression to downregulate constitutively
expressed molecules and myaiglated proteins while upregulating those involved in
regeneration, collectively refexd to as regeneratiassociated genes (RAGs) (Verge et al.,
1996). The pattern of change in gene expression that occurs following peripheral nerve injury is
often comparable to that of development, when neurons are first born and migrate to their
respedwe targetgrior to myelination, whictnighlights the regenerative response that is found
in injured neurons (Gordon, 2028ilton et al., 2022 Though there are many RAGs, some
examples include braiderived neurotrophic factor (BDNF), grow#issociategrotein 43
(GAP-43), andphosphorylatedCREB (pCREB which promote the upregulation stfuctural
proteins that will be trafficked to the growing axon including tubulin and actin (Chan et al.,
2014).Aside from thepathways previously mentioned that upregulate transcription of RAGs

including cAMP, EPAC, pERK, and STAT@iscussed in Chapter 1.2 and 1@@pminent
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pathway implicated in nerve regeneratianethe phosphoionositide-@nase (PI3K)AKkt
pathwayand theRasMEK-MAPK pathway
1.4.1PI3K-Aktand RasMEK-MAPK Pathwa

After injury, a transient upregulation okrve growth factor (NGRt the injury siteevokes
PI3K activation followingtropomyosinreceptorA (TrkA) binding and the subsequent activation
of adaptor proteins Gabor Raswhich have separate effects on PI3K signallidgglan and
Miller, 2000;Chan et al., 2014). PI3K is activated phosphorylatiorof PIP2to
phosphatidylinositol 3,4,5 triphosphate PB) which thenphosphorylatethe downstream
pathwayassociated with Gab (Hemmings and Restuccia, 201Zhrough Gakl-mediated
PI3K activation Akt is activatedby phosphorylationwhereas Raactivationcauses downstream
ERK-1/2 phosphorylatiofChan et al., 2014kt is antiapoptotic by inhibition of pr@apoptotic
transcription factors Forkhead and Bad, causing subsequent downregulation of the Fas ligand
Akt and reduced apoptosiBr(net et al., 19997anhaesebroeck and Ales2Q00; Dudek et al.,
1997;Read and Gorman, 2008han et al., 2014 o0 promote growth through upregulation of
proteinand ribosome synthesi8kt phosphorylates the mammalian targietapamycin
(mTOR), activatingthis pathway(Jaworski et al., 20Q9read and Gorman, 2008hristie and
Zochodne, 2013¥urthermore, Akt inhibits glycogen synthase kinds€éGSK-3 b), an
inhibitory brake on nerve regeneration found at the growth cmodved in targeting proteins
for proteolysiqCross et al., 1995; Zbodne, 2009)Another brake on nerve regeneration is
phosphatasandtensinhomolog deleted on Chromosome (B0TEN), that typically
dephosphorylates PIP3, thereby decreasing neural regeneration and inhibitingogrowth
reducing activity of the PI3K pathwdi,eslie et al., 2008Christie and Zochodne, 2013). The

increase in NGF following nerve injury inhibits PTEMNough phosphorylation by casein kiaas
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II, allowing nerve growth to occuAfevalo andRodriguezTébar 2006;Christie and Zochodne,
2013).Similarly, the activation of ERKL/2 occurs following Ras activation of the sefine
threoninekinase Raf which can subsequently activate MAP/ERK kinase (MEl€¥se et al.,
1999 Pernet et al., 2005MEK phosphorylation of ERKL/2 then promotes neal regeneration
andupregulate€REB (Mazzoni et al., 199%twal et al., 2000Chan et al., 2014MEK
phosphorylation also activates aapoptoticpathwayslinstead of inhibiting preapoptotic
factors like Akt, EKR1/2 typically activates artipoptoic proteins such as B& (Hetmanet al.,
1999;Kaplan and Miller, 2000Hausott and Klimaschewski, 201®Dverall, the activation of
PI3K and Ras pathwaysomote growth and reduce cell death through downstream effectors
including Akt and ERK, while reducing the activity of inhibitory brakes on regeneration.
1.4.2Schwann Cell and Macrophage Responses during Nerve Regeneration

Similar to Walleriardegeneration, nerve regeneration is not solely a neuronal response,
and involves praegenerative actions by Schwann cells, satellite glial cells, and even
macrophages (Zochodne, 201R)their proliferative, dalifferentiated state, Schwann cells
producehigh levels of neurotrophic factors and ultimately guadenal growth along the
endoneurium tube by forming the Bands of Bunger after degeneration has odearrat(lo et
al., 2010;Jopling et al., 2011Rosenberg et al., 2014jao et al., 2015¢Catin and Lloyd, 2016).
In transection injuries, the gap that is formed between proximal and distal stumps is filled with
laminin and fibronectin, basement membrane proteins produced by Schwapmaetisphages,
and fibroblast¢Tonge et al., 1998 hen etal., 2007, Webber and Zochodne, 2010). This
environment then entices regenerating neurons to extend forwards, albeit there is much hesitation
by regenerating neuronBibroblasts can activate Schwann cell migratenmd then the

subsequent neuronal regeatteyn follows, by theirelease of ephrin Brhisbindsto the
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receptor EphB2 on Schwann cellsvhichultimately produces an attractive behavior that allows
Schwann cells to migrate across the gap (Parrie¢ld., 2010; Jessen et al., 2015key
signalling molecule involved in the interactions of regenerating neurons and Schwann cells is
neuregulinl, a growth factor typically found in developing axons that is associated with proper
migration of Schwanneatls and eventual myelination phenotypaifisingh et al., 2004;
Woodhoo and Sommer, 2008/ebber and Zochodne, 2010). After injury, neuregulin is once
more produced by axofigllowing the expression of growth factors by Schwann cells, thereby
further cantributing to theirproliferation survival, and eventual myelinatioBtassart et al.,
2013;Fricker et al., 2011Zochodne, 2012)The RafERK pathway is also important for
maintaining the regenerative phenotype of Schwann cells as exogenous actamatiogger
Schwann cell ddifferentiation and breakdown of the myebarrier without injury which is
subsequently resolved following removal of ERK activatidar¢isingh et al., 2004lapoli et
al., 2012). Furthermore, the activation of transcriptiatdiec-Jun is particularly important in
the regenerative response of Schwann cells as kmatc&chwann cells fail to upregulate
neurotrophic factors required for neuronal growth and produce abn@gealeration, resulting
in reduced functional recoverna cell deathNlirsky et al., 2008Arthur-Farraj et al., 2012).
Overall, Schwann cells edifferentiate and proliferate to aid in nerve regeneration by producing
neurotrophic factors and guiding regenerating axons to distal té@jeta et al., 2007,
Parinello et al., 2014; Xiao et al., 2015; Cattin and Lloyd, 2016)

Satellite glial cells are another supportive eglsheathinghe perikaryaof sensory
neurors with functions that are being increasingly recognizepinpheral nerve regeneration
research. Findings that support their potential role in nerve regeneration includes their production

of neurotrophins including BDNRGF, and NF3 and cytokines followig injury (Wetmore and
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Olson, 1995; Pannese and Procacci, 2db2u et al., 19990htori et al., 2004; Hanani, 2005).
Furthermore, satellite glial cells have been shown to proliferate extensively after neuronal
damage including axotomy, and even phagassdebrissimilar to Schwann cells and
macrophageéShinder et al., 1999; Aldskogius and Arvidsson, 19@8rall,following nerve
regeneratiorthese perineuronal satellite glial cells proliferaéleaseneurotrophic fact® and
performsome degree gfhagocytosis.

Traditionally thought to be involvegrimarily in Wallerianor Wallerianlike
Degeneration, macrophages have recently been shown to participate in regenerative processes
(Lu and Richardson, 1998tiemi et al., 2013)Reducing the infiltration of macrophages to the
DRG in CCR2/- mice did not impair Wallerian Degeneration; however, axonal regeneration was
significantly reduced (Niemi et al., 2013)dditionally, macrophages are hypothesized to
contribute to peripheralenve regeneration by thegleasef inflammatory cytokineswhich
recently has been suggestecatd as trophic factors once regeneration commences, alongside
more traditional neurotrophic factors produced by proliferative Schwanracellsnacrophages
(Hikawa and Takenaka, 1998leur et al., 1996; Heumann et al., 19&&udet et al., 2011;iu
et al., 2019;Jha et al., 2021 At the nerve bridge, macrophages also drive angiogenesis by
producing vascular endothelial growth facéo(VEGFA), which may catribute to the
migration of Schwann cells during regeneration as they move across the bridge along new blood
vesselsCursiefen et al., 2004; Pollard, 2009; Fantin et al., 2CH@n et al., 2015).
Furthermore, macrophagkerived VEGFA is crucially important for end target muscle function
due to its major role in promoting neuromuscular junction reinnervation (Lu et al., 2020).
Interestingly, a recent study demonstrated that macrophages may be mobilized ahead of

Schwann cells and directly contribute to neuronal guidance separately from its angiogenesis
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function by secretion of the new axon guidance protein, pleRi(Li et al.,2022). Altogether, it
is evident that neuronal regeneration is a multicellular process involving ScoelEsatellite
glial cells,and macrophagedongside the injured neurons.
1.4.3Growth Cone Extension and Guidance

Regeneration occurs through fleemation of a dynamic structure called a growth cone
emerging at the distal tip of the proximal nerve stump. Extensively stunétdo, the growth
cone is omposednostly of actin ananicrotubules andisplays exploratory behavior during
regenerationcollapsing and extending in response to environmental Gueding growth cone
extension is both substrab®und cues and chemotropic cues, including neurotrophins, and
Netrin-1 that can lead to subseqa@ctivity by Rho guanosine triphosphate (GTP) hydrolase
enzymes (GTPasesjthin the axorto mediate extension or collap@¢all and Lalli, 2010) The
GTPase RhoA promotes myosin Il contractile activity leading to growth cone retraction and
collapseandis typically decreased in areas where the growth cone is attr&éli¢tedt(al., 2005;
Cheng et al., 200&;owery and Vactor, 2009Dther members of the GTPase family instead
mediate growth cone extension sucltels division cycle 42C€DC42 and Rac(Wanget al.,
2007;Zochodne, 208 Hall and Lalli, 201Q. The filopodia are fingelike projections at the tip
of the growth cone that extend from their distal tips via actin monomers. Filopodium increase the
surface area for cell surface recepiadudinggrowth or guidance receptors (such as TrkA) that
can respond to and grow towards concentration gradienseofetedyuidance molecules
Similarto developmental states, NGF can facilitate growth cone attractiorvitmo turning
assaysollowing injury (Webber et al., 2008Most often studied during CNS widopment,
Netrin-1 has also been shown to be involvegaripheral nerveegeneratiorfZochodne, 2012).

At the nerve, onef Netrinn16 s r e cdelgtad i cofosegtal cancCC), is upregulated
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following injury, whereas another, uncoordinated 5H (Unc5H) is decreB§¥d is increased at
the injury site and localizes witte-differentiated Schwann cellsmdicating a role in axonal
regrowth whereas Unc5H is inhibitory to nerve regeneration anckikshmwvn of its function
produces increases in regeneration (Webber et al., 20¢éjall, the complex interplay between
guidance cues can contribute to axonal outgrowth past transection sites and eventual
reinnervation of target tissues following injury.
1.4.4Staggered Regeneration

Caj al owith siiver st&iningsuggestedegenerating axons taking roundabout routes
at differing lengths following injury, in lieu of axons projecting straight to their targets (Cajal,
1928). These findings were laexpared on andonfirmed,as regeneratingieuronalgrowth
was found to be asynchronous and officially referredtbast agger ed r-Magdater at i o
al., 2000; Zochodne 2008)fter nerve repair surgeries, only 25% of axons grow past the
coaptation site (Witzel et al., 2005). This highlights the important conclusion that regenerating
axons must differ in their exposure to certain environmental cues, as neurotrophic factors,
cytokines, and guidance cues evolve during the regenerative prietsoexplains certain
limitations of peripheral nerve injury recovery since the supposed speed of axonal growth is
around ¥2mm/day, but many axons do not behave according to these staddrthke much
longer to extend past the injury sifes thefirst neurons extend past this site of injury, it has
been hypothesized that thearly passageould be another neurotrophic signal that further
directs the delayed axonal outgrowth to regenerate (Zochodne, 2008). Furthermore, the growth
of regenerativaxons is not only guided past the injury site, but also to an extent, towards their
correct targets. Findings have indicated that motor axons tend to growth towards motor

pathways, instead of sensory, indicating the prookpeeferentialmotor regenerain (PMR)
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(Brushart, 1988). As this asynchronous growth occurs, some axons extent incorrect projections;
however, over time, this decreases while correct projections increase (Gordon(R@2al,
reducing staggered regeneration and improving correggtteeinnervation are two important

avenues to improve functional recovery following nerve injury.

1.5 Limitations of Peripheral Nerve Regeneration

Though capable of regeneration, injury to the peripheral nerves rarely resudtapiete
recovery. Deficits at any stage of regeneration could negatively impact recovery while the
intrinsic properties of rgrowing nerve, such as staggered regeneration, may also limit complete
reinnervationAside from the relative severity of thguny, several factors can impact recovery
including speed of regeneration, age, type of injury, and location of the injury. The slow rate of
regeneration decreases the change of likelihood of functional recovery, as after a significant time
period of denaration, degeneration of the motor end plate occurs and cannot be reversed
(Grinsell and Keating, 2014Jhisis exacerbated in proximal nerve injuries, where regenerating
axons have a large distance to grow before reaching taaefsared to distal injugs, at the
fingertips for exampler-urther, this highlights the importance of increasing the growth rate of
axons, as denervated Schwann cells could lose their regenerative effects and no longer support
subsequent axonal regeneration (Gordon, 20R®ck of neuronal contact at all will result in
Schwann cellossand subsequent downregulation of growth factors; highlighting the importance
of axonal guidance by neurotrophic Schwann cells to support neuronal survival, and ultimately
impact recovery (Cattiand Lloyd, 2016). The combination silbw nerve regeneraticand
progressivanuscular atrophy strongly indicateseed toincrease the intrinsic rate of

regeneration to ultimately support functional recovery in pati@nénsectionnjuries are most
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prominently severe as regenerating axons need to find the correct pathway famdhvd{hout

their endoneurium to guide them to their correct target, the axons can be misguided to the wrong
tissue or even form neuromas.the targetissue misdirection ofegenerating axons is limited

by pruning of growth cones that extend towards an incorrect target; howeseirection

remains a problem difficult to addre¥¥ith misdirection comes potential cortical

reorganization, which could help with regaining remgvbut can require extensive training to

regain appropriate function (Abrams and Widenfalk, 2005).

Peripheral nerve injurgan beassociated with retrograde neuronal loss, meaning that the
number of regenerating axons is inherently reduced, theledrgasing the number of axons
available to eventually regenerate to the end tatigetigh these findings are debated in the
literature(Oliveira, 2001; Scholz et al., 2005; Zochodne, 20D&ewise,advanced agis
associated with fewer numbers of regeating axons, as well as decreased capacity to complete
processes such as Wallerian degeneration and production of growth fdetai@dt al., 2000;
Abrams and Widenfalk, 2005Qverall, there are many factors that negatively impact recovery

following peripheral nerve injury and necessitate means to improve regeneration for patients.

1.6 Strategies toAccelerateNerve Regeneration

Current strategies to improve outcomes following nerve injury often target one or
multiple events that occur during thaulticellular degeneration/regeneration processesugh
microsurgery has advanced nerve regeneration, even patients who undergo repair surgeries have
deficits with only approximately 50% of patients achieving satisfactory recoRenjs (et al.,
2009. As a result, strategies to improve nerve injury recoatgygside microsurgeries have

been consideredhcluding postoperative electrical stimulation (PES), conditioning crush
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lesions (CCL), upregulating pr@generative pathways, and conditioning eleatrstimulation
(CES).
1.6.1 Postoperative Electrical Stimulatio(PES)

Electrical stimulatiorfollowing nerve repair is clinically safe and promotes nerve
regeneratiorfChan et al., 2016; Wong et al., 201B)ectrical stimulatiorof the nerve at 20 Hz
for one hourfollowing surgical transection and reppiomoted nerve regeneratiOhl-Majed et
al., 2000).Increased time of electrical stimulation (up to 2 weeks) and increased frequency (up to
200 Hz) either failed to improve oat poorer outcomes, respectively, on nerve regeneration
(Al-Majed et al., 2000). Blockingetrograde action potential transmission reduced the effect of
electrical stimulation oregeneratiomndicating electrical stimulation relies on a cell body
respons€Al-Majed et al., 2000). Importantlf2ESincreases the number of axons extending
across the coaptation siteut it does not inherently acceler#te rate oherve regeneration
(Brushart et al., 2002RES increases the amount of correct axonal projezf both motor and
sensory axons, thereby limiting the amount of inappropriate growth that hinders recovery (Al
Majed et al., 2000; Brushart et al., 200=)rthermore, the clinically useful effects of PES are
associated with upregulated RAGs, promiheimcluding BDNFand GAR43, as well as
upregulation of the PI3K pathw@pl-Majed et al., 200; Geremia et al., 200Bingh et al.,
2015. BDNF is induced following nerve injury and has been shown to have neuroprotective
effects, as well as enhanced sproutmyitro, whereas blocking BDNF after injury leads to
deficits in regeneration and remyelinati@hang et al., 2000; Streppel et 2002 Al-Majed et
al., 20®@; Geremia et al., 20)0These actions of BDNF are mediated through the cAMP
pathway a$ES upregulates cAMP levels, increasing the activation of this pathway and

downstream effects (Geremia et al., 20G-lixthermore, PES hasdreshown to improve
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Schwann cell functioand remyelination, not solely regenerationyitro andin vivo (Huang et
al., 2010;Singh et al., 201;2McLean et al., 2014

Following the abundance of promising data completed in mouse and Sjpragiey rat
animal models, PES has undergone clinical trials demonstrating its effectiveness for peripheral
nerve injury patientsThe first trial demonstrated significantly increaseotor unit number
estimation (MUNE) in patients undergoing carpal tunnel decompression sungkcgting a
higher amount of muscle innervation by motor neu@wdon et al., 2010). Further, PES was
demonstrated to be effective in patients with tramsednjury, traction injury, and chronic
compression neuropathy as it was associated with improved MUNE scores, compound muscle
action potential (CMAP) amplitudes, and sensory function (Wong et al., 2015; Barber et al.,
2018; Power et al., 202@uo et al. 2020. Overall, PES is effective in reducing staggered
regeneration and improving recovery after multiple types of nerve injury, but does not inherently
accelerate the rate of-ggowth
1.6.2 Conditioning Crush Lesion

Forty years of research have extensively studied the conditioning crush lesion (CCL) that
has been found to enhance the growth rate of neurdsfsld (Richardson and Issa, 1984;
McQuarrie and Jacob, 1993enger et al., 2018). CCL involves the applicatba proximal
nerve crush one week prior to nerve transection and surgical repair, and in this way, the injured
neurons are already primed for regeneration by the time that the second injury occurs (Allodi et
al., 2012). Unfortunately, CCL is not clinibaapplicable due to the invasive nature of applying
an intentional nerve crush on patients; therefore, CCL remains useful in research to study
enhanced regeneration and as a positive control, but alternative strategies to enhance nerve

regeneration withat such an invasive nature remain necessary and soughQaftére other
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hand, in instances of deliberate surgical repair that require a transection as part of the procedure,
CCL (and CES below) might improve surgical outcome.

The mechanisms associatethACCL include upregulation of regeneratipnomoting
pathways, RAGs, and inflammation. Like PES, the cAMP pathway is upregulated following
conditioning ultimately leading to increases in RAGsich as GAR3 andactivating
transcription factor 3ATF3) (Senger et al., 2018\ttempts to produce the conditioning effect
without causing prior injury infused the cAMP analogue, dibutyryl cCAMP, were promising as
they increased neurite lengthvitro and overcame MAG inhibitio(Cai et al., 1999; Blesch et
al., 2012) Furthermore, upregulation of the cAMP pathway via constitutive CREB activation
produces similar proegenerative effects (Gao et al., 2004). However, solely increasing the
CAMP pathwayultimatelydid not acceleratthe rate of nerve growtlilemonstrating that this
approach, at least alone, would not be beneficial in pati€aiset al., 1999; Blesch et al., 2012).
In summary, CCL upregulates the cAMP pathway which, alongside the activation of other
growthsupportingfactors, produces the conditioning effect and results in more robust growth
after subsequent injury.

Other pathways altered by CCL include the PI3K/AKT #r&Janus Kinase and Signal
Transducer and activator of transcription 3 (JAK/STAT3) pathway. Gondig produces an
increase in cytokines such @sITFandLIF from adjacent Schwann cells or infiltrating
macrophages which bind to the gp130 receptor on injured neurons causing JAK phosphorylation
(Wu et al., 2007; Cafferty et al., 2000AK then activaas STAT3 to dissociate from the
receptor and translocate to the nucleus where it upregulates RAG transctiptiand Snider,
2001;Qui et al., 2005Senger et al., 2018Blocking this pathway via JAK2 inhibition by

pharmacological inhibitionecreaseseurite outgrowth, STAT3 phosphorylation, spinal axon
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regeneration, and GA®3 upregulation (Qui et al., 2005)mportantly, the cAMP and
JAK/STAT3 pathways are linked as ligands of the JAK/STAT3 pathway such as CNTF and LIF
are also products of the cAMfathway(Cao et al., 2008Yu et al., 2007Senger et al., 2018)
As a result, both the JAK/STAT3 and cAMP pathways are highly upregulated to produce
enhanced growth following CCL, but these pathways do not display enhanced regeneration when
inherently upregulated together due to the cmss between therfWu et al., 2007; Hannila
and Filbin, 2008; Senger et al., 2018

RAGs associated with the conditioning effestich assAP-43, BDNF, and ATF3are
induced downsteam of cCAMP elevation atigplay JAK/STAT3 interactions. GAB3 is highly
expressed in the developing nervous system and following jnjuboth the cell bodies and
found at the distal growth cones of regenerating afdiesi et al., 1986; Skene and Willard,
1981;Jacobson etla 1986) Deficiencies in GAR3 are associated with deficits in pathway
finding and neurite extension, whereas GAFoverexpression is associated wvitbreased
axonal sprouting and growth (Fu and Gordon, 199@yever, GAP43 is not solely responsible
for nerve outgrowth as its removal does not inhibit &@@duced axon regeneration; therefore, it
is defined as a neassential regeneration marker correlating with nerve outgr@AR-43 is
hypothesized to interact with-&ctin at the growth cone follomg phosphorylation by protein
kinase C Meiri et al., 1986Zochodne, 208). Similarly, BDNF is a neurotrophic factor
synthesized by nonneuronal cells following injury with westablished roles in survival and
growth (Fu and Gordon, 199Geremia et al., 201@uraikannu et al., 2019). In addition to its
role in PES, BDNF is strigly upregulated in DRG neurons following conditioniBgpcking
the increase of endogenous BDNF following conditioning is associated with poor axon

outgrowth, remyelination, and reduced GA®R expression (Song et al., 20@eremia et al.,
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2010. Conversb, exogenous BDNF treatment produces increased regeneration of sensory
axons and improvement of motor functions (Song et al., 2008). However, exogenous BDNF
treatment potential is limited by the fact thasitlso associated with hyperalgesia and aldaly
highlighting its role in chronic pain (Duraikannu et al., 20P9)F3 is a transcription factor that
is upregulated following nerve injuries and conditioning lesiamgch lead to its grouping as a
RAG (Seijffers et al., 2006; Seijffers et al., 20@Patodia and Raivich, 2013gnger et al.,
2018). However, it is better used as a marker for injugonditioning paradigms rath#rana
RAG, even though ATF3 overexpression has been found to increase neurite outejifrg
et al., 2006). One reas is that solely upregulating ATF3 is not enough to overcome MAG
inhibition, as well as the fact that these effects are more likely mediated by interactions with
other preregenerative factors including CREB and STA&Bd ATF3 is not induced following
electrical stimulation or other pn@generative paradigniSeijffers et al., 2007; Senger et al.,
2018 Tsujino et al., 2000; Geremia et al., 2DOXtogether the conditioning effect associated
with CCL strongly upregulates RAG®wnstream opathway activation to produce enhanced
growth

The CCL conditioning effect also relies on a robust inflammatory response to produce
pro-regenerative effect3he upregulation of inflammation viaorynebacterium parvuidRG
injectionprior to a second lesigmroduces praegenerative effects similar to conditioning
including increased regeneration, and upregulatiddcbivann cell and satellite glial cell
proliferation (Lu and Richardson, 1998imilarly, theoverexpression dhe chemotactic ligand
CCL2 resllts in increased axaregeneration(Kwon et al., 2015; Niemi et al., 201Riemi et al.,
2016. Conversely, dpletion of macrophagekrough clodronate liposomedrug delivery

vehicles containing dichloromethylene diphosphonatsylts in a lack of regenerative capacity
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following conditioning sciatic nerve injurwé&n Rooijen and van Nieuwmegen, 1984jegio et
al., 2011) A reduction in macrophage infiltration in CCR2mice or CCL2/- micesimilarly
abolishes the conditioningsion effect Niemi et al., 2013Kwon et al., 2015). Overall, CCL
relies on inflammation produced by macrophage infiltration to produceegemerative effects.
1.6.3 Upregulating PreRegenerative Pathways

In addition to the previously mentioned pattysthat promotdRAG upregulation and
have been targeted as potential therapeutic molecules, there are many other avenues in peripheral
regeneration that have been identified similamigtably the PI3K pathway and neurotrophins.
Within the PI3Kpathway there are many candidates that could be manipulated to improve
peripheral nerve growth. For example, inhibition of PTEN would increase activity of the PI3K
pathway with subsequent growth promoting eff¢Ciistake et al., 2015T his increase in gseth
was demonstratellowing both inDRG in vitro andin vivo studies where PTEN
pharmacological inhibition by dipotassium bisperoxo(pyrie2agarboxyl) oxovanadate or using
siRNA was associated with increased neurite extension, and axonal outgrowsti€Et al.,
2010).In addition toBDNF, other members of the neurotrophin family with growth promoting
effects includeNGF, neurotrophin 3 (N33) and neurotrophin 4/5 (N4/5). NGF has traditional
roles in survival and differentiation during developmamd injury Levi-Montalcini, 187; Rich
et al., 1987; Horie et al., 199Duraikannuet al., 2019). However, the effect of NGF varies by
receptor activation. When solely p75, the low affipanneurotrophirreceptor, is activated,
NGF causeseuronalapoptosis which would be detrimental to groifluraikannu et al., 2019)
Typically following nerve injury, theres an upregulation of both NGF and the TrkA receptor,
causing neurotrophic effects and protecting from apoptosis (Rich et al;,\1&&e et al., 1989

Exogenous NGF treatment is associated with increased neurite outgrowtinatrore and
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conduction velocity (Horie et al., 1991; Chen and Wang, 1®5jilarly, NT-3 increases
neurite outgrowth and promotes survival following peripheral nerve injury by actions mediated
through its TrkC receptor (Rosenthal et al., 199€rge efal., 1996§. Likewise, NF4/5 increases
axonal regeneration, myelination, and functional recovemgdman et al., 199%;in et al.,
200% Duraikannu et al., 20)90verall, agents that promote the PI3K pathway or neurotrophin
release have growgpromotirg effects on peripheral nerve regeneration and present potential
therapeutic targets.
1.6.4 Conditioning Electrical Stimulation

CESis arother conditioning paradigm that upregulates RAGs, accelerates nerve
regeneration and promotes functioredovery to the same extent as C(Senger et al., 2018,
2019, 2020)Prior to our laboratyr Girsvivowork, the Fouad laboratory demonstrated that i
culture, CES for one hotio an intact sciatic nerve prior o vitro assays 1 or 7 days later
enhanceseurite outgrowth 4 times that of control which is similar to the maximum pro
regenerative effects from CCL (Udina et al., 20@®)lowing this studyin vivowork
demonstrate€ES to the tibial or common peroneal nerve for 60 minutes at 20Hz one viaek pr
to nerve transection enhances RAG expression, accelerates sensory and motor nerve regeneration
and reinnervation, and promotes functional recovery similar to thestgrdlard CCL (Senger et
al., 2018, 2019)The electrical stimulation paradigms for E&re identical ttheclinically safe
PESparadigm(Senger et al., 20199ES is applied following nerve repair surgery whereas
animal studie€ES is applied one week prior to the nerve repair su(@ayger et al., 2019;
Sengetet al., 2020)Important for clinical translation,rgss observation of the conditioning site
after CES indicates an absence of an inflammatory response and lack of macrophage infiltration

(Senger et al., 2020). Part of the mechanistic effect of CE® igategulation of RAGs
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including BDNF, pCREB, GAR3, andglial fibrillary acidic protein GFAP) (Senger et al.,

2018 2019; 202D These RAGs are also upregulated through the conditioning effect associated
with CCL, indicating that these two methods torgase nerve regeneratiomay act through

similar mechanisms; however, the absence of an overt inflammatory resporesee swelling

in CES suggests convergent pathways where the ultimate result is that both CCL and CES
upregulate RAGsTIo elucidate thenechanism associated with CES, the absence of an
inflammatory response and possible key players in producing the enhanced regeneration must be
thoroughly investigatedlltimately, CES is a clinically feasible method to accelerate

regeneration, unlike CCIif confirmed at a cellular level to be namurious and non

inflammatory.



29

1.7 Thesis Statement and Aims
HypothesisCES and CClbothpromote nerve regeneration through convergent Ri®ns
however,CES unlike CCL,initiates this process dependently of the inflammatory response.
Aim 1: Determine if CES upregulates RAGs and increases nerve regeneration in a
mouse model
Aim 2: Determine the immune profile and role of macrophages following CES and CCL.
Aim 3: Investigate the role of AlphaBCrystallin, as a keynote inflammatory mediator,

intheproor egenerative effects of CES and @CL wusir

)-
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CHAPTER 2: Investigation of conditioning electrical stimulation as a strategy to promote

peripheral nerve regeneration in a wildtype mouse model
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2.1Introduction

To date, the research conditioning electrical stimulatiofCES solely as a
conditioning paradignhas been applieid vivoto SpragueDawley rats Electrical stimulation
applied as a conditioning paradigm to SpraBaevley rat tissuén vivo 3 days prior to culturing
showed neurite extension was increased to the same agthatonditioning crush lesion
(CCL) (Udina et al., 2008)n mice, dectrical stimulation applied tdorsal rooganglia DRG)
neuronsgn vitro promotes neurite extensioandin vivo, postcrushelectrical stimulation
improved regeneration, electrophysiological scores, and behavioral if8ingh et al., 2009
2015. Theeffect of dectrical stimulationin vitro will likely utilize the same key molecular
playersfor CES (which is performeith vivo). Pharmacological ihibitors, agonists, and
antagonistapplied to DRG neuroria vitro at the time of electrical stimulation may help unveil
the mechanism of CES8 vivo. Alternatively, DRG neurons from transgenic mice couldused
to determine the effects of CESvivo. Prior tothe utilization oftransgenic mousstudies,
however,CES must first be demonstrated to promote nerve regeneration in wildtype mice in a
similar manner to rat (Senger et al., 2018; 2019; 20@®ugh electrical stimulation anmbst
operative eldrical stimulation PES have been studied in midbe effect of CES, has not been
studied(Singh et al., 2009; 2015l is likely that, since the PES had identical effects to promote
nerve regeneration and functaional recovery in both rat and micewlllEB&o exert a
conditioning effect in both rodent modelsis not uncommon to assume that rat and mouse
research should be considered identical, however, there are several differences between these
species highlighting the importance of fully evalagtCES in mice before moving to
transgenicsA microarray study in hippocampal neurons demonstrated that 4713 genes were

differentially expressed from the total 10 833, dramatically contrasted from only 54 genes being
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differentially expressed in two diffence mouse strains (Francis et al., 2014). Furthermore, rat
and mouse have been shown to display different neurotransmitter distributions, particularly in
the case of serotonias well as various other neurotransmitters and hormones (Ellenbroek and
Youn,2016). Due to the evident species differermfamt and mouset is essential to evaluate

the effectiveness of CES to promote nerve regeneration in wildtype Tnecesspecies
effectiveness of CES may support tikelihood of clinical CES tanslation tqgoromote human
nerve regeneratioffraditionally, the use of solely rat animal data to support human clinical
trials has not been reliabded transspeciegtudies mnay limit any speciesspecificvariables that
could confound data (Kaplan et al., 201=)rthermore, there is an abundance of rat data in the
peripheral nerve field; therefore, usimgce could also provide a fuller understanding of nerve
regeneration aswahole Kaplan et al., 2015/ela et al., 2020).

The use of transgenic mice allows for molecular manipulations to investigate the
mechanism of CESResearch on CCL has demonstrated its effectiveness in upregulating
regeneration associated gen@aGs) and increasing the rate of nerve regeneration both in
SpragueDawley rats and in wildtyper genetically modifiednousestrains; therefore, CCL will
be usedis a positive contrdbr conditioning, whereas naive mice tdatnot undergo
conditioningwill serve as negative contrglsleumann and Woolf, 1999; Gardiner et al., 2007;
Navarro and Kennedy, 1990; Tanaka et al., 19825ummary evaluating the effectiveness of
CES in wildype miceto accelerate nerve regeneration will allow us to begin investigating the

mechanism of CES through molecular manipulation, first through transgenic mouse models.
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2.2 Methods

Animals:Adult 129S6/SvEvTacwildtype) micewere obtained from TaconiiosciencegNew
York, USA) (and housed with the Health Sciences Laboratory Animal Services (HIRAP
00003032 at the University of AlbertéSimpson et al., 1997The mice were housed in flat
bottomed betachipned cages wh ad libitum standard mice chow and water. Lighting was

cycled with 12h on/off rotations.

Surgical ProceduresThe University of Alberta Animal Research Ethics Board approved all
experimental procedurédUP 00003034)Cohorts consisted @ CL (positivecontrol for DRG

RAG upregulation and accelerated nerve regeneration), CES (experimental group), and
unconditionethaiveanimals(negative control to demonstrate there is no DRG RAG
upregulation or accelerated nerve regeneratighteenanimals were uskfor nerve
regenerationr=6/cohor) and 24 animals were used for RAG analysisi(cohor). All surgical
procedures were adapted from the Webber | abor
Sprague Dawley rats (Sengaral., 2019). Surgeries were performed in a dedicated animal
surgery facility at the University of Alberta.

Conditioning: Animals were giveanalgesics bgubcutaneous buprenorphiingaction (0.05
mg/Kg/animal) and anesthetized by oral isoflurane ({@%ted at 12L/min). A 2cm incision

was made at the mithigh and the sciatic nerve was isolated via blunt dissection proximal to the
trifurcation point. CE&nimalsreceived 20Hz electrical stimulation at % duration for 60
minutes to the sciaticemve using an SD stimulator (Grass Instruments, Quincy, MA). CCL

animals received sciaticcrush injury with a no#toothed fine hemostat for HdUnconditioned
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(naive)animals did not receive conditioning or surgical intervention. Sham electricalationu
was not used as previous studies indicatedifference between unconditioned and sham
animals (Senger et al., 2018; Senger et al., 2019). The skin was closed-0siregyb sutures
(Ethicon, USA, Somerville, NJ). Seven days followiaty,18 animals per cohort underwent

nerve transection and repaly Dr Jenna_Lynn SengerThese aimals received 0.081g/Kg
buprenorphin@nalgesi@and isoflurane anesthegi22o, titrated at 22 L/min). The sciatic nerve
was exposed, transected distally to the dbmling site(for CES and CCL groupsand
subsequently repaired using-Q@thilon sutures supplemented with Evicel fibrinogen gel
(Ethicon, USA). The skin was closed witkD5sicryl sutures. 4 animals per cohort were
harvested at day 1 and day 3 to meafRAG expression and macrophage accumulation at both

the nerve and DRG.

Tissue CollectionEighteen animals were harvested for nerve regeneration studies and twenty
four animals were harvested for RAG analysis: twelve at 1 daycpasiitioning and twele at 3

days postonditioning.Animals were euthanized via deep isoflurane inhalation followed by
cardiac puncture. At 1 and 3 days following conditioning, the ipsilateral L4 and L5 DRGs were
harvested and placed in 4% paraformaldehyde (PFA) (AmericareiMiasth Scientific, Lodi,

CA) overnight atd°C. Seven days following transection and repair (day 14 post conditioning),
the injury site and distally at the sciatic nerve was harvested, stabilized against a toothpick, and
placed in 4% PFA overnight 4tC. The following day, harvested tissue was rinsed in 30%
sucrose in phosphatriffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA) before
postfixation in 30% sucrose for 48 hour&L. Tissue was then frozen in Optimal Cutting

Temperature medium (OT; TissueTek) (Sakura Finetek, Torrance CA) by indirect exposure to
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liquid nitrogen and stored #80°C until cryosectioning (Leica) at® mThe nerve and DRG
sections were thaxmounted on Superfrost Plus microscope slides (Thermo Fisher Scientific)

andstoredat-80°C.

ImmunohistochemistnBpecific antibody proceduresmd concentrationare listed belowHigure

2.5.1). Slides were warmed to room temperature before undergoing three washes for five minutes
in 0.01M phosphatéuffered saline (PBS) (Thao Fisher Scientific) followed by

permeabilization with 0.1% Trited00x (Thermo Fisher Scientific) for five minutes. Slides

were blocked in 10% normal goat serum (MP Biomedicals, Santa Ana, CA) with 3% bovine
serum albumin (SigmaAldrich, St Louis, MO) n 0.01M PBS for 90 minutes. Primary antibodies
included BDNF, GAP43, ATF3, pCREB, and NF200 and were applied overnight@inta

solution of 3% BSA and 0.01M PBS. The following day, slides were washed two times in 0.05%
Tween in PBS followed by two wass for five minutes in PBS. Secondary antibodies were
applied for 60 minutes at room temperature in a solution of 3% BSA and 0.01M R88uclei

were stained witlbAPI (NucBlue) (Thermo Fisher Scientifig)hichwas applied to DRG

sections in PBS for fiveninutes before a final PBS rinse was applied to slides. Slides were

sealed witraquapoly mount (Polysciences)d stored a20°C.

Imaging:All digital images taken were processed ipaaallel manner with identical fluorescent
exposures using either a 20X (DRG analysis) or 10X (nerve regeneration aruddjesiiye with
a Zeiss Axio Imager fluorescence microscope. Two representative DRG sedreanalyzed
for each animal using Imag) softwareBDNF and GAP43 were analyzed through cytosolic

pixel intensity (a.u.), whereas ATF3 and pCREB were analyzed through binary evaluation
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(positive or negative nucleilror length of nerve regeneration, each image required the

processing of twaerve sections for each animal followed by serial capture of each image and
postpr oduction 6stampingd of the iIimage to displ
injury site.A minimum of 10 axons were required for length of regeneration, and aeras

counted every 50mo6 s .

Statistical AnalysisExperimental results are written as thean + standard error megme.n).

Significance of RAG analysis and length of regeneratias determined using a enay

analysis of variance (ANOVAp determine any differences in the mean between groups

followed by a poshocD u n n eest toéospare experimental groupgainst unconditioned

animals A level ofp<0.05 was the ceff for statistical significance. To determine statistical

significance between axon counts, atway ANOVA was completed to determine differences

bet ween the mean of each group i 4océor paired da
comparison against unconditixh animals. Statistics were completed u$tngm 9.3.1

(GraphPad Software, San Diego, CA).
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2.3Results
2.3.1 CES and CCL upregulddRG RAGsfollowing nerve repair surgery

The sciatic nerve df29S6/SvEvTaéWT) mice were conditioned by CES, CCL, or
remained unconditioned (n=4/cohoihree daygostconditioning, the animals were
euthanized and their LAndL5 DRGs were harvested and processed for tissue sectiorgngn(9
andbrain-derived neurotrophic faor (BDNF), growth-associated protein 4&AP-43) and
phosphorylatedyclic adenosine momphosphate (CAMP) response element binding protein
(PCREB) RAG immundiistachemistry Using identical methods in rat studies, these RAGs were
upregulated followindpoth CES and CCL compared to unconditioned (naive) DRB&sder et
al., 2018, 2019, 2020mmunohistochemistry demonstrated increased cytosolic expression of
BDNF following CCL (91.8a.u.£ 6.2 a.u; p<0.01) compared to unconditioned animals @5.
a.u.x 6.5a.u). CESBDNF was not significantly upregulated compared to naive (73.0 a.u. £ 2.7
a.u.; p>0.05) an¢Figure2.52). Thecytosolic immunofluorescence of GARB was significantly
upregulated in CES (M®a.u.x 3.0a.u; p< 0.06) and CCL (8& a.u.x 3.7a.u; p < 0.01)
compared to thbaseline expression of GAEB in theunconditionedanimals(682 a.u.x 0.8
a.u). Furthermore, CES and CCL showed a significant increaseciearpCREB
immunofluorescece (241% £ 0.9%, p< 0.05; 286% * 3.0%, p < 0.01 respectively) compared

to unconditioned contr@nimals(10.1%z+ 4.5%) (Figure2.52).

2.32 CESand CCL promote nerve regeneration in misienilar to Spragudawley rats.
Theextent of regeneration was determifgdanalyzing nerveseven days following a
sciatic nerve repair surgery in which the animals were previously conditioned by CES, CCL or

unconditionectontrols(n=6/cohort). As regenerating and degenerating axonsditigeng
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morphology neurofilament 200F200 labelling allowed for quantification of the number of
regeneratingxons past theut/coaptatiorsite (Figure 25.3). Both CES and CCL had
significantly increasecheannumbers of axons extending past the site of coaptation with
maximums reaching 66+ 2.5 axonsand65.6+ 5.9 axons, respectively, compared to
unconditioned animals witB4.2+ 3.7 axons. Tis pattern ofsignificanty more regenerating
axons aevery 0.5mm intervals distal to the coaptation sitmtinued throughout the
regenerating lengttaf leastp<0.05). Further, botlCES and CClgroups attained significantly
greater distances of regeneration. Tieximum lengttof regeneration following CES was4s
mm = 0.2 mm(p < 0.05) and CCL was.6 mm £ 0.6 mm(p < 0.05), whereas unconditioned
animals only reached Bmm + 0.7 mm Togetherthesedata demonstrate that CES increases the
extent of regeneration and upregulates RA®Riding pCREB and GAR3in WT mice, like

SpragueDawley rats.

2.3.3CES, unlike CCL, does not upregulate AT#3play overt inflammatiqror cause
Wallerian Degeneratiosompared to unconditioned controls

Activating transcription factor 3NTF3) is an early injurymarker that upregulates in
DRG nuclei following nerve injurand our rat studies showed that ATF3 was increased in DRG
nuclei 24 hours flowing CCL but not CES, suggesting that CES does not cause axonal injury
(Senger et al., 2020A newcohort(n=4/cohort)of wildtype animals underwent CES, CChr
remained unconditionednd their L4, L5 DRGs were harvested the following day. The neuronal
nuclei of animals conditioned with CCL displayed upregulatqutession of the injury marker

ATF3 (417% + 6.2%, p<0.001), while the DRG nuclei of CES (3.5%1.9%; p>0.05) and
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unconditioned (0.09% 0.09%) animals did not, indicatinGES does not cause axonglry
response imice (Figure2.54).

Gross observation of the conditioning g@sterisk)at 7 days posCES, CCLwas
compared to naive nerve and it was observedhieatciatic nerve was swollen followi@LCL,
but not CESFigure 2.5.5)Immunohistochemistry against NF20@s performedo assess
axonal morphologwndindicated that axons underwent Wallerian degeimragast the CCL
conditioning site The axons were intadistal to the site o€EES, similar to naive nerves
suggesting the CES axons did not undergo Wallerian Degenraigome 2.5.5)We assessed
immune cell proliferation or infiltratioat the condioning siteusing IBA-1
immundistochemistry whicHabek both tissue resident and infiltratingacrophagesrhere was
an obvious increase in macrophage presence following CCL, compaté&sbtand naive mice

(Figure 2.5.5)
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2.4 Discussion

Our data demonstrates that, similar to our Sprddmweley rat studies (Senger et al.,
2018, 2019, 2020), CES upregulates RAGs and accelerates nerve regeneration in Whanice.
RAGsGAP-43, and pCREB were upregulated at three days following conditiomidigating
the presence of a regenerative environment at the. @RfBpared to naive rat data, BDNF
levels in the mouse had higher innate expres$Mmpredict this increase in baseline BDNF
expression in our Wiice couldbe attributed t@ither thestresghat animals might have had
during transporto the surgery suiter therelativelylow number of animals (n=4jsed in this
study. We believe thaan increasé the number of animals, it is likely both CES and CCL
would show significantly higher BDNEXxpression compared naivemice.
Similarto SpragueDawley rats, CES and CCdllowed for an increasatlimber of axonto
regenerat past the cut/coaptation site, as welbasncreased lengths of regeneratmmpared
to unconditioned animal$Senger gal., 2018) Overall, the upregulation of RAGs and increased
extent of regeneration indicates that GE8motesa proregenerative response in wildtype mice
These data are supported by in vitro studies that demonstrated an increase in neurite extension
and RAG expressiofollowing electricalstimulation (Singh et al., 2009, 2015)jmilar to our rat
studies, lhe injury marker, ATF3 was significantly upregulated in the nuclei of the CCL DRGs,
compared to bot@ESandunconditioned animals. These data adlgp®rt to our hypothesis that
unlike CCL,CES is noAnjurious.

This datasupports the published data in Spra@aavley rats, showing that CES and
CCL upregulatesimilar RAG expression, highlighting a convergence of their pathways (Senger

et al., 2018, 2019, 202@urther the absence of Wallerian degeneraaod macrophage
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presencén CESnerve and the lack of ATF3 activation in their neuronal ndakéiier supports
that thismodalityis noninjurious as it does not evoke nerve degenerati@voke anmmune
cell response. This chapter did not discern between tissue resident or blootbcoophages at
the nerve or the DRQ here is a possibility that while CES did mimonstrate an obvious
increase in the number of macrophages at the conditisitmdhetissueresident macrophages
(TRMs) could have been activated. Exploration hirelativecontributions of TRMs to the
conditioning effect associated with C@&Lalso unknown.

Overall, this data supports that CES is translatable from Spauwey rats to mice and
therefore transgenic mice canumedto try to determine the meahiam through which CES

evokes its conditioning effects.
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Primary Antibody Antigen Primary Secondary Antibody | Secondary
Retrieval Antibody Antibody
40 minutes in 6( Dilution Dilution
°C citrate buffer
(10mM sodium
citrate, 0.05%
Tween20, pH
6.0)
ATF3 (rabbit) Yes 1:500 AlexaFluor 488 goat anti| 1:1000
Abcam rabbit
207434 Invitrogen, Carlsbad, CA
A-11008
pCREB (rabbit) Yes 1:500 AlexaFluor 488 goat anti| 1:1000
Cell Signalling rabbit
9198
NF200 (rabbit) No 1:500 | AlexaFluor 488 goat anti 1:500
SigmaAlrich rabbit
N4142
GAP-43 (rabbit) No 1:500 | Alexa Fluor 488 goat anti| 1:1000
Novus rabbit
Biochemicals
Centennial, CO
NB300-143
BDNF (rabbit) Yes 1:200 | AlexaFluor488 goat anti 1:1000
Abcam rabbit
Cambridge, UK
Ab108319

Figure 2.5.1 Primary and Secondary Antibodies used for Immunohistochemistry
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Figure 2.5.2: CES and CCL upregulate similar RAGsin wildtype mice.

A) The average intensity of BDNmmunofluorescencm arbitrary units3 days followingB) CES 6=4), C) CCL (=4), or D) ne
conditioning 6=4). E) The average intensity of GA®3 immunofluorescenda arbitrary units3 days followingF) CES (=4), G)

CCL (n=4), or H) neconditioning (=4). I) The immunohistochemical expression eEREB 3days followingJ) CES (=4) K) CCL
(n=4) or L) naconditioning (=4). The scale bar in B indicates a distance of fai0 CCL had significant increases in the expression
of RAGs including BDNF, GARI3, and pCREB (*<0.05; *p< 0.01). CES had significant increases in RAG expression of-GAP
and pCREB (p<0.05), and an increase in BDNF, though not statistically significant.
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Figure 2.53: CES and CCL accelerate nerveegenerationin wildtype mice following

surgical transection and repair compared to unconditioned animals.

NF200 immunofluorescence of the sciatic nerve at 7 days following surgical transection and
repair of animals who had reged either A) CCL1§=6) B) CES (=6) or C) neconditioning

(n=6). The scale ban C measureS00um A-C) White line indicates the site of surgery repair

and is the location from which regeneration is measured. Red line indicates the distance at which
< 10 axons were counteld: Extent of nerve regeneration from the surgery repaiisite

quantified bythe number of axong/-axis)and distance in micrometefs-axis)every 500um

distal tothe site of coaptatiorStatistical significance at each 50 length where the number of

axon counts of CES or CCL animals were different than the rate of regenefatien

unconditioned axons is indicated on the gragdx(:05, **p<0.01, ***p<0.001).
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Figure 2.54: CES does notupregulate the injury marker, ATF3.

A) The immunohistochemical expressionAdiF3 at the L4 and L5 DRGs day followingA)
CES 6©=4) B) CCL (n=4) orC) no-conditioning (=4). The scale bar iA indicates a distance of
100um. D) The percentage of ATF3 positive neuronal nu€l€L hadasignificant increase in
theinjury marker, ATF3(***p< 0.001).
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NF200 IBA-1, DAPI

Figure 2.5.5 CES does not display overt inflammation, Wallerian degeneration, or
macrophage upregulation.

A,D,G) Gross appearance of unconditioned (A), CES (D) or CCL (G) neordsms swelling

in the CCL but not CES or naive nengedays postonditioning Conditioning site in D, G is
shown byasterisksB, E, H) NF200 immunofluorescence shows healthy akonsive (B) and
CES (E) but Wallerian degeneration following CCL (B).F, 1) IBA-1 labels tissue resident and
monocytederivedmacrophages. Naive nerve (C) and CES (F) has little macrophage presence
unlike CCL (I) which demonstrates a large number of macrophages. Nsiagangwith DAPI
confirms the increase in cellsthe nerve conditioned with CCL (I) compared to CES (F) or

naive nerve (C)Scale bar in Gs 100 um.
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CHAPTER 3: The immune profile and role of macrophages following CES and CCL
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3.1 Introduction
3.1.1 Inflammatoryesponses in the peripheral nerve

Macrophagesare largely responsible for the inflammatory response thaitiested
following peripheral nerve injuryThe proregenerativeffect of a conditioning lesion benefits
from the inflammation produced bsnonocytederivedmacrophages as thelear the injury site
of axonaJ myelin, and other cellulatebriswhich produces an environment conduciveakmnal
regrowth (Lu and Richardswm, 1991; Dahlin, 1992Senger et al., 2018The infiltration of
monocytedo the site of injury occurs following the production of inflammatory cytokisesh
asclass C chemokine ligand €CL2), by injured Schwann cells and neurd@manaka et al.,
2004 Kwon et al., 2015; Zhang and De Koninck, 2D0Bhe binding of CCL2 tohteclass C
chemokine receptor ZCR2 receptorexpressed on the plasma membrafthese circulatory
monocytes binds CCR2 after their infiltration and initiates the participatioroabcytederived
macrophages in Wallerian DegeneratiBerrin et al., 20050nce activated in the injured nerve,
macrophages participate in the phagodgto$ debris necessary to clear the injury site, allowing
axons to regenerate through to their distal targets (Dahlin, 1992; Senger et al., 2018).
Overexpression of CCL2 enhances neurite regeneration in vitro simiker tmnditioning crush
lesion CCL), and CCR2/- mice display deficientegeneration evefollowing CCL conditioning
(Niemi et al., 2013; 20x8Kwon et al., 201p CCR2/- micedo notcontinue to exert their
conditioning effect following nerve crush injyryhile Wallerian degeneration istattdue to
compensation from neutrophils (Niemi et al., 2013, 2016). Neutrophil ablation in-C@R&e
allows Wallerian degeneration to occur, indicating redundancy in these mice, while the
conditioning effect of CClrelies on macrophagdsis not knavn if CCR2 macrophages are

involved in CESinduced conditioning.
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3.1.2 Tissuaesident macrophages (TRMs) amdnocytederivedmacrophages are found in the
PNS

Macrophages can be divided into two separate classgscytederivedmacrophages
that are derived from borrearrow monocytes, or TRMs which fateapping studies have
indicated derive from the yolk sac or fetal liver (Zhao et al., 2018; Hashimoto €118), 2
TRMs are found in all tissues, including tihersal root gangliaRG) and peripheral nerveln
the peripheral nerve, the role of circulatompnocytederivedmacrophages following injury is
well-described, whereas due to the more recent disco¥d@ighs and methods to study them,
their role following peripheral nerve injury, including conditioning, is unclias.accepted that
TRMs are responsible for the upregulation of interletkthexpression asarly as 4 hours post
injury sincemonocytederived macrophages are ngetfound in the injured nerve (Ydens et al.,
2012 Ydens et al., 2090Furthermore, TRMs proliferafollowing nerve injury, contributing to
theinflammabry responsand phagocytosis of myelin debris (Davies et al., 2013; Mueller et al.,
2001).Due to their expression of major histocompatibility complex Il (MHC II) molecules and
complement receptor 3 (CR3), TRMs are thought to be involved in antigen presenting and
sunveillance functions during homeostatic conditions (Mueller et al., 2003; Bruck and Friede
1991).Overall, it is accepted that these cells are involved in both homeostatic nerve maintenance
and proliferation and phagocytosis during injury, while their gaterole in the conditioning
effectto promote nerve regeneratienunknown.
3.13 MacrophageOntogeny

The ontogeny of macrophage subtypes is important when discerning between their

unique roles. Traditionally, TRMs were thought to originate from lmagow derived
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monocytes (BMDMs) that were replenished as necegbang et al.,2006; Yona et al., 2013)
However, it is now accepted that these TRMs have embryonic oafj@ther the yolk sac or
the fetal liver before they migrate peripheral tissues including peripheral nerves and the DRG
(Yona et al., 2013; Ydens et al., 202DRMs maintain themselves locally and are capable of
proliferationand seKrenewa) in contrast tdhe previously assumedonocytederived
replenishmenfYdens et al., 2020; Ginhoux et al., 2010; Ajami et al., 200Rpugh TRMs and
monocytederivedmacrophages share similarities including phagocytotic function, cytokine
releaseand tissue repaithey have differing roleasTRMs are already present in teeent of
injury andhelpinitiate theinjury and inflammatoryesponséMueller et al., 2001; Mueller et al.,
2003; Krishnan et al., 2018autista and Krishnan, 20RBoth monocytederivedmacrophages
and TRMs are increasingly demonstrating further qugymonocytederivedmacrophags are
typically subdivided intd.y6C""CCR2 and the Ly6EYCX3CRT', with CCR2+ monocytes
having a more evident role in inflammation and CX3CR1+ in patrolling endothelium layers
(Ydenset al., 2020; Bautista and Krishnan, 20R)idencesuggests that the function and gene
expressiorof TRMsis highly tailored to the specific tissue and physiological needs of that
region (Lavin et al., 2014). For example, TRMs of either the endoneori@pineurium within
the sciatic nervevere found to differentially express genes, and even further, endoneurial
macrophages were more associated with immee@itly genes following injury compared to
epineurial macrophages, with endoneurial macrophages more active overall (Ydens et al.,
2020).Furthermore, the skeletal system is increasingly being recognizedeaklitional
reservoir for myeloid cells as monocytes and neutrophils have been shown to infiltrate to the
central nervous syster@RNS) in injury conditions from adjacent bone marrow (Quig et al.,

2021). In the CNS, the infiltrating monocytes and neutrophils use direct ossified vascular
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channels that connect the skull bone marrow to the overlying meninges to gain access to the

brain (Herissn et al., 2018; Yao et al., 2018; Cai et al., 2019; Cugurra et al., Zalbwing

experimental autoimmune encephalomyelitis (EAE), spinal cord injury, and optic nerve crush

injury, Cugurra et al., traced a substantial portion @NiBrating monocyteseparately from

blood origins, indicating that these cells are not only involved during homeostatic conditions, but

alsofollowing injury (Cugurra et al., 2021t could be possiblegherefore, that monocytes from

the vertebrae could infiltraiato the nearby DRG or nengostinjury. In summary

macrophages display vast heterogeneity which could impacgittaiation andunction

following peripheral nerve injurgnd conditioningTo our knowledge, the role of TRMs the

nerve regenerating effects o€C and CES is not known. We hypothesize that CES is non

injurious and nofinflammatory; therefore, both TRMs anmtbnocytederivedmacrophages will

not have a significant role in t&ESconditioning effectAlternatively, we hypothesize that

CCL promotes both TRM armonocytederivedmacrophage activation to accelerate nerve

regeneration.

3.14 Genetically modified mouse models to study macrophage populations
DistinguishingTRMs from monocytederivedmacrophages has beeifficult due tothe

fact that they express similar recegtandcytokines. For exampleionized calcium binding

adaptor molecule 1BA-1), a panmacrophage markdgbels bothTRMs andmonocytederived

macrophage@mai et al.,1996K0ohler, 2007. Theuse ofgenetically modifiednice is necessary

to distinguish between the two populatiohamoxifeninducibletimed expression of CX3CR1+

fluorescenceaisingthe CreER systerman differentiate TRMs frormonocytederived

macrophages depending on the timing of tamoxifen inje¢dbao et al., 201Bautista and

Krishnan, 2022)Overall, the use of these genetically modified mice is crucial to immune cell
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research and will allowhe investigation of TRMs separately franonocytederivedmonocytes
in the conditioning effect.

Herein we use two transgenic midee CX3CRIC"ER Rosa2@micewereused as a tracer
for TRMs while theDTR;CX3CR1micewere used tablate CX3CR1 expresgrcells,
including both TRMs andhonocytederivedmacrophage@uch et al., 2005; Zhao et al., 2019;
Plemel et al., 2020Df note, CX3CR1 is also expressed in microglia and therefore in addition to
the effects on macrophages, these mice Aaveescently labeled microglia and ablated
microglia, respectivelyWe did not investigate microglia in our studies as it was outside the
scope of these experiments.

Neonatal amoxifeninjectioninducesCX3CRI°"®ER Rosa26@mice to express TdTomato
a redfluorescent marker, in CX3CR1 cells. Infiltrating monocytes expressing TdTomato
eventually die, and without a consistent source of tamoxifen, therharmew stem cells
replenish these infiltrating monocytes without TdTomato fluorescence. Alternativeiys T
perform selfrenewal and continue to express TdTomato. Thus3 ddyneonatatamoxifen
treatment followed by a 4 weekashoutresulsin animals with TRM CX3CR1 TdTomato
fluorescence and no labelling of infiltrating monocytekemel et al., 2020)

Alternatively,iDTR;CX3CR1express the inducible diphtheria toxin receptor (iDTR), not
endogenous to mice, downstream of the Rosa26 locus. &vhibixifen injectiorinto adult mice
IDTR is expressed in CX3CR1 cells. One week after tamoxifgaction ofdiphtheria toxinl
day prior to and during the week conditioning (CCL anaonditioning electrical stimulation
(CES) ablates CX3CR1 macrophagekittermate contra did notexpress iDTRand were

insensitive taiphtheria toxilmediated cellulaablaton.
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In summarywe ainedto determine the presence and activation of TRMs by utilizing a
mouse model in which these macrophages fluoré8¥8 CR1°"*ER Rosa26. Wethen wenbn
to determine if the conditioning effect associated with CES persi#its @bsence of tissue
resident anagnonocytederivedmacrophagesPTR;CX3CR1). Thesegenetic mouse models
allowedus to both label TRMs arablate macrophages ¢xplore their potential role in CEhd

CCL.
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3.2 Methods

Animals:CCR2/- mice were obtained from the Jackdaaboratory(Bar Harbor, MA, USA)xand
housed as aboV@oring et al., 1997)Animals used for RAGnd immune celhnalysis at the
DRG were culled 1 and 3 days pasinditioning(n=4/cohort)

CX3CRI"ER Rosa2@micewere obtained from the Plemel Laboratory at the University
of Alberta and bred at the Health Sciences Laboratory Animal Services (HSL#&Bxifen
dissolved in corn oil (Sigma,-$648) was injected intraperitoneally once/day for 3 days to eac
animal at 100mg/kgt 12-15 days posbirth to enable tissueesident macrophage fluorescence.
At 8 weeks of agéhese mice were useéd analyzeaegeneration associated geRAG)
expressiorand macrophagguantification and activatioanalysis at 1 an8 days posCES and
CCL conditioning (n=4/cohort).

CX3CRI‘"ER Rosa2@mice were crossed with iDTRpsa2@mice to produce
CX3CRI™ER*: Ros&"*M* RosdP ™R "mice, abbreviatediereaftems iDTR;CX3CR1 mice
(n=4/cohort)from the Plemelaboratory at the University of Alberta. All mice were genotyped
by the Plemel laboratory and transferred to the Webber laboratory at 9 weéids old
experimental proceduredalf of the micehad the genotypPTR+, tdRFP and theremaining
mice had the geotypeDTR-, tdRFP+.Similar to the CX3CR34"®ERAi9 mice, 100 mg/kg
tamoxifendissolved in corn oi{Sigma, F5648) was injected intraperitoneally once/day for 3
daysinto each animakFive days following tamoxifen injections, ofgliphtheria toxin
(Cedarlane; #150) injections were given intraperitoneally 1/day for severgldgtsof DT in

2000pL of Sterile XPBS1 X ¢
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Surgical ProceduresConditioning and cut/coaptation surgi@rocedures were completed as
describedn Chapter 2CCR2/- mice underwen€CES or CCLconditioning and surgical
transection/repair surgeries to the tibial nerve, whereas all other mice underwent sciatic nerve
surgeriesThe timeline forsurgical proceduresf theiIDTR;CX3CR1micewasexecuteds

follows: conditioning Day 1) was completed on the second day of diphtheria injections; surgical
transection and repair was completed one week after conditiddayg7) and tissue was

harvested ne week lateray 14).

Tissue Collectiont4, L5 DRG tssue collection was completedsdated in chapter & days 1
and 3 postonditioningwith the addition of a 2cm nerve segment from the conditioning site
being harvested at 3 days pesnditioningfor CCR2/- and CX3CR1I"®ER Rosa2@mice
Likewise, tibial and sciatic nervegereharvestedat day 14as statedh chapter twdor nerve
regeneration studief CCR2/- andiDTR;CX3CR1miceincluding the harvest of L4, L5 DRG

tissue from each animal.

Immunohistochemistrymmunohistochemistry was completed as stated atwmativating
transcription factor 3ATF3), phosphorylated cyclic adenosine monophosphate (CAMP)
response element bimg) protein pCREB), andneurofilament 200F200 primary antibodies
Formacrophaganalysis DRG and conditioning sitslides with 3 dayostconditioning tissue
were warmed to room temperature before washing witpHo§phatéuffered saline®BS for

10 minutes. Slides were then blocked in 10% Normal Donkey Serum, 0.1% fish stain gelatin,
0.1% TritonX100, and 0.05% Twe&® in 0.01M PBSor 45 minutes. The primary antibodies

included IBA1, and Dectinl and were applied in 0.01M PBS, 0.1% fish stain gelatin, and 0.5%
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Triton X-100 overnight at 4C. The following day, slides were washed 7 times for 6 minutes
each in PBS before applicatiohtbe secondary antibodies in 0.01M PBS, 0.1% fish stain
gelatin, and 0.5% Triton 2400 at room temperature for 1 hour. Slides were then rinsed 7 times
for 6 minutes before DAPI application for five minutes. Slides were mounted withpadya

mount Specifc procedures are listed Figure 3.5.1.

Polymerase Chain ReactioRCR Genotyping:Splenic tissue from each animal (approximately

10 mg) was processed using DNeasy Blood and Tissue Handbook Protocol with a Qiagen Kit.
Briefly, spleen tissue was digedtm proteinase K overnight at 56 °C in a water bath. The next

day, using spin column technology the genomic DNA was isolated and measured using a

NanoDrop Microvolume Spectrophotometer. The following day, PCR genotyping was

performing using touchdown cyrf according to protocol for CCR2mice from the Jackson

Laboratory. On ice, DNA master mix was made from 10x PCR buffer, 50mM Mg, 25mM

dNTPs, 10eM Common F, 10 ¢M Wt R, 10 ¢M Ko R,
DNA (150ng)was added to the master mix in each sample, alongside a negative control (master

mix and water), before undergoing PCR and gel electrophoresis (1.5% agarose). Each sample

was added to the gel with 6X TriTrack DNA Loading Dye and ran for 20 minutes at 120V

Imaging:Imagingfor RAG analysis and nerve regeneration analysis @ompleted as chapter
two. For macrophageanalysis, slides were visualized with a Laser Scanning Confocal
Microscope (Leica TCS SP5) at the Cell Imaging Core of the Universitybeirt&.Macrophage
area was determined with thresholding FIJI analysis of 1BAiorescence divided by total DRG

area.Macrophage cell numbers were counted with binary evaluation oftlBAd TdTom
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fluorescence with a DAPI nucleus and total nonneurond? Do&lls were countedwo DRG

and nerve sections for each animal were processed and analyzed in an identical manner.

Statistical AnalysisExperimental results are written as thean + standard error megme.n).

Significance of RAG analysi¢ength of regeneratigmnd macrophage areas and cell counts
weredetermined using a ongay analysis of variance (ANOVA) to determine any differences in

the mean between groups followed byagostc Dunnett 6s test to compa
against nconditioned animals. A level pk0.05 was the ceoff for statistical significance. To

determine statistical significance between axon counts, -avayodANOVA was completed to

determine differences between the mean of each group in a paired datmsetdol by Dunnet
posthoc for comparison against unconditioned animedscompare between genetically

modified mice conditions and littermate controls, unpairests were performed on each group.

Statistics were completed using Prism 9.3.1 (Grapl&edivare, San Diego, CA).
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3.3 Results
3.3.1In both wildtype and CCR2 mice,CCL, but not CESncreased ATF3 expression in DRG
neuronal nuclei

PCR genotyping owildtype (WT)and CCR2/- spleen tissue was performed to confirm
thatwildtype mice expressetie¢ Ccr2 gene at the expectd®4 bp(lanes 13). As expected, the
CCR2/- micehad the lower signal at 390 bp (lane€)4Figure 3.52).

We first wanted to confirm our prmws findings that CCL, and not CES, upregulated
ATF3 expression at the DREindaet al., 2011; Senger et al., 2020hesciaticnerve @
wildtype (WT) and CCR2/- mice were conditioned by CES, CQhositive controATF3 DRG
expressioly or remained unconditionddegative controlor ATF3 DRG expressign
(n=4/cohort). On dayy1 and3 postconditioning, the animals were euthanized and their L4, L5
DRGsas well aserves at theiconditioning sitesywere harvested amutocessed for tissue
sect i on ianddTF8immunahistochemical analygiBigure 3.52). Similar to Sprague
Dawley rat model§$Senger et al., 2018; 2018hd theWT mouseresults ofChapter 2there was
a significant upregulation of ATF3 1 andld@ys following CCL in WT mouse DRG neuronal
nuclei (Day 1635%+8.4%, **p<0.01; Day 380.5%+4.3%, ***p<0.001) compared to
unconditioned animal€ES and unconditioned animals displayed low levels of ATF3 at 1 day
(1.9%+0.3%; 0.0£0.0%) and 3 days/(2% £1.0%; 3.2% +£1.0%), respectivelyFigure 3.52).

This pattern oATF3 upregulation persisted in CCR2animals, despite their deficient
macrophage infiltratiorOne and 3daysfollowing CCL, CCR2/- mice DRG neurons had a
meanATF3 expressionf 66.86+12. 046 (** p<0.01) and 89.66 +0.7%%6 (*** p<0.00]) compared
to unconditioned animalsf 4.206 +4.2% and8.3% +0.6% (Figure 3.52), respectivelyCES

continued to display low levels of ATF3@te and three days in CCR2mice (7.9 +4.2%;
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8.0% +3.4%) indicating a lack of injuryln summary, here were no significant differences
betweenATF3 expression iICCR2/- andWT miceas GCL-induced axonal injury upregulates

ATF3 in the presence and a&lmse of CCRzZxpressingnacrophages (Figure 3.5.2).

3.3.2IBA-1 is upregulated post CCGtonditioning in mice with deficient macrophage infiltration
at the nerve, but not the DRG

We next assessdwhether macrophage levels were redulodidwing CCL in CCR2/-
mice WT and CCRZ2- mice underwent CCL, CES, or no conditioning to the sciatic nerv& and
days latethe L4, L5 DRGs anderveconditioning sites were harvestadd processefbr IBA-1
immunohistochemistryFigure 3.5.3) At the DRG,CCL to WT mice increased the proportion of
cells expressing IBAL (44.2%+2.5%; **p<0.01)compared to naive mice (21.688.9%),
demonstratinghat there was an accumulation of macrophagtsn the DRGfollowing CCL to
the sciatic nerve (Figure 3.5.3ES did not result iDRG macrophage accumulati¢h9.5%
1+3.4%). In CCR2/- mice, there \as a significant decrease in IBA& macrophages at tizRG
following CCL (20.1% +5.9%; ** p<0.01) mice compared to WTCL. CES(14.8%+1.1%)and
naive(16.5%+2.3%)CCR2/- micewere similarly expressed to their WT counterparts.

At the conditioning site of the sciatic nerve, WT mice that under@ént displayed
upregulated IBAL macrophages (83.7%3.5% (***p<0.001)compared to CE®0.26 +2.1%)
andnaive (12.4%0.7%)mice (Figure 3.5.4)Despite the decrease @CR2expressing
macrophages pe&ICL in CCR2/- mice, macrophages were still significantly upregulated
compared to CES (21.0%2.6%; ***p<0.00) and naive (13.6%3.4%; ***p<0.001) at the

conditioning site. Notably, fewenacrophages accumulated at the conditioning site Ot



63

(51.8%0 £2.8%; *** p<0.001) in the CCR2/- mice compared to the CCL WT mice (1%0.001)

(Figure 3.5.4).

3.3.3 CCRZ- mice continue to upregulate pPCREB pG€L and CES conditioning.

We confirmedhat similar to our findings in ChaptertathCCL (79.4%+8.8%
;*p<0.05)and CEY83.6%*2.7%:; *p<0.05)promotel pPCREBupregulatiorat the DRG
compared to naive (51.1%4.1%)in theWT mice CCR2/- mice that underwent CCand CES
expressed similar levels of pPCREB at their DRGs (0619%+8.7% *p<0.05 CES:87.5%

+2.9% ** p<0.01) compared to naive CCRR2nice (41.8%t4.8%)(Figure 3.5.5)

3.34 CX3CR1"™ER Rosa2émiceupregulatepCREB following CES and CCand the injury
markerATF3 is only increased following CCL

Next, we visualized TRMs throughgenetically modifiednouse modelith tracer
TdTomato fluorescende analyzethe separate macrophage populatiéifowing CES and
CCL conditioning Newly weanedCX3CRI"®ER Rosa2@micehad early tamoxifen exposure to
evoke TdTomato expression in all CX3CR1 cells. One month latemahecytederived
CX3CRZXexpressing macrophages were replaced by-bmareow progenitors without
TdTomato fluorescence, whereas the TRMs and their progeny remained TdTomato positive
(Buch et al., 2005; Zhao et al., 2019; Plemel et al., 20203 TRM tracing experiment was
devised to discern the involvement of TRptsst nerve injury antbllowing CES or CCL
conditioning

As the fluorescent marking of CX3CR1 TRMs should not havenpacton the function

of these cells, we expected CES and G&have growth promoting effexcat the DRG and
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regenerating nerve front in these mithe sciatic nerve cEX3CRI"®*ER Rosa26@mice were
conditioned by CES, CCL, or remained unconditioned (n=4/calf@ntdays 1 and 3 post
conditioning, the animals were euthanized and their L4, L&®Rere harvested and processed
for tissue sectioning={gure 3.55). Immunohistochemistryas performed to determine if similar
patterns opCREBupregulation and the injury marker, ATF3, were present dets@tmsertion

of TdTomato fluorescendato CX3CR1+ cells Immunohistochemistry demonstrated
significantincrease inmmunofluorescece of the RAG, pCRERat the nuclei of both CES and
CCL mice (381% + 7.1%, p<0.05; 442% + 2.4%, p<0.01)compared to unconditioned mice at 3
days postonditioning.

Similar to our wildtype findings] daypostconditioning CX3CRI"®ER Rosa2@mice
displayedan upregulation of the injury marker ATF3 following C(7.6% * 6.3%, *p<0.05)
whereas following CE$.0% + 1.0% p>0.05 ATF3 levels were similato unconditioned
CX3CRI°ER Rosa2@nimals (51% + 4.8%) (Figure 3.55). Overall, these data indicate tat
similar to our wildtype findings, both CCL and CES upregulate RAG expression at the DRG

whereas CCL alone causes neuronal injury.

3.35 CCL promotesnonocytederivedmacrophage infiltration at the DR&nd conditioning site
compared to CES and unconditioned animals.

To confirmthe accumulation of macrophage<OX3CR1I°"®ER* Rosa26@miceafter CCL
we measured IBA threedays postonditioningin theDRG and nerveWe found thatBA -1+
DRG areawas higher irCCL (2.4% area + 0.3% argg<0.05 as compared tGES (.4% area
+ 0.4% arepandunconditioned micel(1% area + 0.4% argéFigure 3.56). Furthermore, there

was a significant increase in IBAexpression at the conditioningesiwith CCL upregulating
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IBA-1 levels(3.1% area + 0.9% area; (#%¢0.01) compared to unconditioned mice (0.5%. *
0.04% area). CES (0.4% area * 0.1% pnai@e were similar to the unconditioned controls
(Figure 3.57).

The CX3CRI"ER Rosa2@mice have TdTomatexpressing (TdTom+) TRMs whereas
themonocytederivedmacrophages are TdTomato negative (Tdd)oifherefore, these
genetically modified mice can determine the effect of conditioning on these populations of
macrophageslo determine whettr the macrophage accumulation is due to monedgtéved
infiltration or tissueresident macrophages expansion we exantimegercentage of
macrophages (IBA1+) expressing the TRBEecific fluorophord&dTom in theDRG and
conditioning siteafter CCL, CES orin naive miceThere were no significant differencies
numbers of TRMs at the DRG in CCL (14.8%4.9%) or CES (19.6% 2.6%)compared to
unconditioned (17.7% 3.9%) animals (Figurd.56). Similarly, there wer@o significant
differences in numbers of TRMs at the conditioning sites of CCL (1%.8%8%) and CES
(16.4%= 5.2%) mice compared to unconditioned (17.1%.1%) animals (Figure 3&.Figure
3.57). In addition to measure the percentage of TRMs at the DR@seseletermined
macrophage density to ensure our quantity determination was unaffected by any alterations in
adjacent cell population¥he densities of TRMs at the DRG p&EL (189.7 cells/imrm+ 47.4
cells/mnt) and postCES(453.4 cells/mrh+ 62.2cells/mnt) were not significantly different
from naive(300.6 cells/mr+ 62.6cells/mnt). The densities of TRMs at the conditioning site
were similarly unaffected by conditioning pa3€L (1.4E* cells/mnt + 2.5E° cells/mnt) and
postCES(1.4E* cells/mnt + 5.1E° cells/mnf) compared to naivd.1E° cells/mnt + 1.2E°
cells/mn®). Overall, these data suggest TRMs do not alter their overall population in the DRG or

nerve following CCL or CE8ompared to unconditioned animals.
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To determine iimonocytederivedmacrophage infiltration was responsible for the
increased IBAL levels at the DRG and nerve following CCL, the number of-1BAcells that
were TdTom were quantified. Following CCL, there was a mean percentage of 26268%6
IBA-1+/TdTom cells at the L4L5 DRGs (***p<0.001), whereas both CES and unconditioned
mice displayed low levels at 6.4%4..1%, and 4.4% 1.1%, respectively (Figure 3.5.6).
Likewise, this increase of infiltrating macrophages was alis®rvedt the conditioning sites,
with CCL displaying significantly increased IBA+/TdTom cells (24.6%t 9.2% p<0.05),
compared t&€CES (2.46 + 1.0%),and unconditionednice (1.3%+ 0.5%) (Figure 3.5.7)Density
measurements similarly indicated an increagaamocytederivedmacrophages po§iCL
(550.6cells/mnt + 218.7cells/mnt; 349.1cells/mnt + 98.1cells/mnt; p<0.05;p<0.07)
compared to CEGL60.1cells/mnt + 44.5cells/mnt; 22.2cells/mnt + 11.5cells/mn?) and
naive(66.5cells/mnt + 18.6cells/mnt; 8.3cells/mnt + 3.8 cells/mnf) at the DRG and
conditioning sites, respectiveljn summary, these data suggest that CCL caunse®cyte

derivedmacrophage infiltration at the conditioning sites and at their DRG.

3.3.6 CCL promotes activation mfonocytederivedmacrophages

To determine if te TRMsor monocytederivedmacrophagewere actiated following
CCL and CES conditioningmmunohistochemistrggainst dectirl was performedn
CX3CRI°®ER Rosa26 miceDectinl is a Gtype lectin receptor found on macrophages that is
most characterized in respen® fungal pathogens; it is upregulated following events that
induce inflammation and exogenous injection elicits demyelination responses in the absence of
injury (Schorey and Lawrence, 2008; Gensel et al., 201refore we hypothesized that

dectin1+/IBA-1+ cells ould be identified as activated macrophagésienthatmacrophages
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can respond without necessgarecruiting monocytes or proliferating, we wantedi&éermine if
CCL and CES increased macrophage activation basddabin-1 expressionThus, we
guantified the number of dectihexpressing IBAL+/TdTom+- cells at the DRG and
conditioning sites. Both at the DRG anerveconditioning sites respectively, there ware
differences in dectil upregulation in TRMs of CCL (2.6%1.1%; 5.4%t 2.0%) and CES
(3.3%= 1.2%; 3.4%t 0.2%) mice compared to unconditioned (3.1%.2%; 6.2%t 1.3%) mice
(Figures 3.%; 3.57). Overall, these data suggest TRMs do not alter Hutivity levels in the
DRG or nerve following CCL or CES compared to unconditioned animals.

We quantified the number of activatembnocytederivedmacrophages following CCL,
CES, or no conditioning at the DR@th dectinl immunofluorescence overlaying the
infiltrating macrophage@~igure 3.56). There was a significamtectin1 increase in the
infiltrating macrophages in the DRG of mice that underwent CCL (9.5% * 2€04)1)
compared to unconditioned mid& 9% = 0.5%)CES (0.7% %0.3%p>0.05) animals had similar
dectinl levels in thanonocytederivedmacrophages to the unconditioned mice (FiguresB.5.
This finding persisted at tHéCL conditioning site with a significant dectihupregulation in
IBA-1+/TdTom cells of CCL mice (16.6% + 4.4%x0.01), compared to CES (0.4% % 0.3%)
or unconditioned mice (0.8% +0.4%) (Figure 3)5ln summary, these data suggest that unlike
CES, CCL causawmonocytederivedmacrophage activation at the conditioning sited artheir
DRG. Alternatively, it is possible that monocytierived macrophages express dedtiand due
to their enhanced presence, there was a rise in dettiat does not necessarily signify

activation.
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3.3.7 Unlike CCL, the preregenerative effects of CES persist following macrophage depletion in
iDTR;CX3CR1mice.

We obtainedl6 IDTR;CX3CR1miceto assess whether the depletiofC3CR1
macrophages woulabolishthe preregenerative effects of CE8 CCL The experimental
animals received intraperitoneal tamoxifen injections one week prior to CES or CCL
conditioningto drive the expression ttie iDTR inall CX3CR1 cell§n=4/cohort)so that both
monocytederivedand TRMs could be targetethe control micevere littermate controls with
the CX3CR£™ER Rosa26yenotype and thugid not receive thsertion of thediphtheria toxin
receptor onto the plasma membrane of CX3CR1 expressingluslhg tamoxifeninjections.
Oneday prior to conitioning and daily foré days all animals underwerdiphtheria toxin.p.
injections toablatethe CX3CRImacrophag@opulations in the experimental animfds the
duration of the conditioning effed@n day 7, all animals underwent a sciatic nerve &etitn
and repair surgery. On day 14, mice were euthanized and the sciatic nerve and L4,L5 DRGs were
harvested and processed for immunohistochemistry to determine the extent of regeneration.

First, to confirm a significant ablation GX3CR1macrophagem the experimental
animalsone week following nerve repair surgeant-IBA-1 immunofluorescence at the DRGs
was performedFigure 3.5.9)Littermate contromice lacking the iDR demonstrated the
expected increase in IBA immunofluorescerein CCL (12.9%t 3.7%%), CES (6.7% 1.20),
and unconditioned (7.6%0.4%) animalsone week following nerve repair surgépigure
3.59). These studies measured macrophage expression levels at the DRG at the time of nerve
harvest, 2 weeks after CCL an&E were performed. The nerve repair surgery understandably
resulted in an increased of macrophages in the CE8aind DRG as this procedure involves

cutting the sciatic nerve. Notably however, the CCL cohort have elevated macrophages at their
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DRG compard to CES and naive cohorts due to the nerve crush (CCL) 2 weeks prior to the
nerve repair surgery.

The experimental micexpressinghe iDTR(CX3CR1;iDTR+ micehad decreased IBA
1 expression followingpoth CCL (2.8%t 0.8%; p<0.05 and CES (2% + 0.8%; p<0.05 one
week following nerve repair surgerfhis data suggests that CCL conditioning did not increase
macrophage levelS&urprisingly, unconditioned animgl8.0%z= 0.%%) did not display a
decrease in IBAL immunofluorescence, indicating that thecnogphage ablation was
unsuccessful in this group and thus, these animals were discounted from further.atay/sis
experiment is scheduled to be repeated.

We went on to determine if CX3CR1 macrophages are required for the conditioning
effects of CCL ancCES. Firstthe sciatic nerves of all iIDTRanimals(CX3CR1; DTR)
underwent immunohistochemistry against NF200 to confirm that the conditioning effect of CCL
and CES persisted thesdittermate contromice As anticipated, oth CES and CCL
significanty increasedhemean numbers of axons extending past the site of coaptation with
maximums reaching3.3+ 6.8 axonsand56.5+ 5.8 axons, respectively, compared to
unconditioned animals witB5.8+3.4 axons(Figure 3.510). The pattern of significant increases
in axon numbers continued throughout the regenerating length (gb4€e85). Further, both
conditioned groupaccelerated nerve regeneration compared to unconditioned riEnees.
distance of regeneration followi@ES wa$s.9 mmz= 1.0 mm(** p< 0.01) and CCL wa$.0
mm £ 0.5 mm(*p < 0.05), whereas unconditioned animals only rea@ikedim +0.2 mm
These data demonstrate that diphtheria toxin injections, in lieu of the DTR, does not affect the

regenerative effects of CCL and CES conditioning on the sciatic nerve.
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Finally, thelength of regeneration obtained in axons following sciatic nerve rigpair
CX3CR1;DTR+ mice following CES or CCL conditioning were compared to their littermate
control mice(Figure 3.5.0). DTR+ mice thatunderwent CE$5.8 mmz+ 0.5 mnj displayedo
significant differences in length of regeneratiorittermate controlsvith CES(6.9 mm £ 1.0
mm), whereas DTR+ micthatunderwentCCL (3.0 mm + 0.5 mm) displayed a significant
decrease in regeneration lengttimpared to DTRmice ©.0 mm + 0.5 mmp<0.01)indicating
that the conditioning effect associated with CCL did not persist follo®@X8CR1macrophage
ablation <0.01). Furthermore, there were significant decreases in numbers of axons
regenerating in CCL DTR+ mice compared to CCL Dice (p<0.05p<0.001).

In summary, these data suggest that unlike CCL, CES does not rely on CX3CR1

macrophages to exerteltonditioning effecto promote nerve regeneration
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3.4 Discussion

ATF3 upregulation persistad micethatunderwent CCl.despite a lack cECR2+
macrophage infiltration to the conditioning site and DRG, sugget$taigther cell types
including the damaged neuroasdde-differentiated Schwann Cells, are involved in the
multifaceted injury response of peripheral axons. Further, this ATFEjufation was not seen
in micefollowing CES, corroborating that CES is nomurious.As expected, there was a large
increase iimacrophage accumulatia both the DRG and conditioning site following CCL
conditioning, but not CES. Thecrease of macropigesfurther supports our hypothesis that
CES does not rely on the inflammatory response by macrophages to produceetgeperative
effects. Interestinglythe reduction ofmacrophage accumulatievas more drastic at the nerve
compared to the DRG following CCL. This draws attention to possible compensatory
mechanismgdlikely by neutrophilshy these CCR2- mice to still produce inflammation, despite
lacking CCL2CCR2 signalling responsible for CRR macrophage infiltration to the nerve
(Niemi et al., 2013, 2016Furthermore, the upregulatiafi DRG pCREBexpressiorassociated
with both CES and CCL following conditioning wamintained in CCR2- mice.We
anticipated that pPCREB upregulation wouktgist in mice that underwent CES, as thus far the
pro-regenerative effects have been shown to beimitaanmatory and noinjurious; however,
we anticipated if CCL relies on inflammation, then its pCREB upregulation would cease. As a
result, both the upgailated IBA1 and pCREB immunofluorescence that persist in GGRi#ce
indicate a compensatory mechanism that could potentially be responsible for these data.
Blocking of the CCLinduced conditioning effect following neutrophil ablation by Ly6G
injectionin the CCR2/- mice prior to CCL would confirm if neutrophils were compensation for

the loss of CCR2+ macrophages.
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The conditioning lesion effect in CCH2animals was studied kyiemi et al.,(2013)in
vitro andfound that in DRG explants ti&CL condiioning lesion effect fronaxotomywas
abolished, and in dissociated neurons it was substantially rediteeskin vitro studiesdo not
support our findingas the preregenerative environment associated with CCL persistedriim
vivo CCR2/- mice It isnot surprisingly however, that the pregenerative effecf pPCREB
upregulatiorassociated with CERersistedn CCR2/- mice, as we hypothesized that CES does
not rely on macrophages or monocyte infiltration to produce a conditioning response due to its
lack of cluster of differentiation 68 (C&8), ATF3 upregulationand absence of Wallerian
degeneratioiiSengelet al., 202). Unfortunately, since our positive control did not establish
altered pCREB immunofluorescence, the upregulated pCREB expression in/QGRe is not
enough to fully support our hypothesis as we cannot discount the possibility that caonyensa
mechanisms are also involved in CES.

Thereare several limitations to this experiment which could ultimately explain the
discrepancy between our hypothesis and these findings. Fastigjor limitationof this
experimenties in thismouse model itselis redundancy of other immune cells compénor
the loss of CCR2xpressing macrophag€3CR2/- micedo not display significant reductions in
myelin clearance following nerve injury despite a decrease in macrophage infiltration evidenced
by decrease@d11b staining (Niemi et al., 2013). Furthérese knockout mice display increased
phagocytic Schwann cell actiyitincreased neutrophil infiltratioand phagocytosis, and do
ultimately produce a reduction in Wallerian degenerdtdlowing neutrophil depletion
(Lindborg et al., 2017)T'here is also the possibility that other chemokine/cytokine signalling
pathways are responsible for infiltrationmbnocytederivedmacrophage populations in kneck

out mice. Though signalling through the CCL2/CCR2 pathway is commonly thought to be the
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dominant pathway of macrophage infiltration to the peripheral nerve and DRG, other cytokine
signalling pathwaysave ber shown to be involveduch as LIF, IE1U, IL-16, andpancreatitis
associated protein IIFAPIII) (Liu et al., 2019)The use of other signalling pathways to cause
infiltration into the nerve could be responsible for #@@R2+ macrophage infiltration dne
infiltration of CCR2+ macrophages using other signalling methods to infilkateve did
continue to see a high amount of IRAmMmunofluorescence in the CCL CCR2nice at the
conditioning site, it is possible that this is due to any of these metfiadsmpensation_astly,

the possibility that tissueesident macrophages are involved both in wildtype mice as well as
CCR2/- mice during the conditioning response remains to be expltiiscknown that TRMs
residing in theDRG and nerves can proliferate and contributbdth pro-inflammatory and arti
inflammatory actions during peripheral nerve inj{icindborg et al., 2017; Mueller et al., 2003).
Altogether, it is possible that the redundancy and lifelong genetic mutatialesunfareseen
changes in this mouse mqdétimately shoving that CCL retained a pfegenerative
environment with upregulated IBA and pCREB immunofluorescence and the difference
between CES and CGtannot be determining using this mouse model.

CX3CRI‘®ER Rosa2@mice were developed to evoke Tdtomato fluorescence in TRM
asses3IRM proliferation or activation following CES and CCL compared to unconditioned
animals.In order to confirm a similar phenotype to wildtype mice, immunohistochemistry was
pefformed where théata indicatd thatfluorescemabellingtransgenic modifications causing
TdTomatofluorescence in CX3CRL1 cells does not alter therpgenerative effects associated
with either CES or CCLWe confirmed ampregulation of the RAG, pCREBIlowing CES and
CCL in the TdTom TRM tracer mic&urther,the upregulation of the injury marke&TF3,

persisedin only CCL animals, confirming the injurious nature of the conditioning paradigm,
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while CES animalsid not display an upregulation of ATF3, like unconditioned aniniads.

compare the macrophage responses of CCL and CES, immunofluorasalgsts showed that
infiltrating macrophages were increased both in quantity and activation levels at the DRG and
conditioning site following CCL, but n@ES. This supports the extensive previous literature
describing that the conditioning effect asstaglawith a crush lesion relies heavily on

upregulated macrophage infiltration and inflammation to mount its robust regenerative response
(Niemi et al., 2013; 2006 Further, this strongly supports our hypothesis that CES does not rely
on praeinflammatory nfiltrating macrophages to evoke its pegenerative response.

Our data suggest thARMs do not seem to be involved in the conditioning response of
both CCL and CES. Though capable of proliferation and activation under homeostatic
conditions, as well aspregulated following peripheral nerve injury to participate in events such
as phagocytosis of myelin debris, TRMs showedmngs in quantityor activation in CCL and
CES compared to unconditioned animélss possible that following CCL, th®bustresponse
by infiltrating monocytederivedmacrophages was sufficiaiatforegoa response byRMs,
which remaininactivated unless absolutely necessargh as the case when infiltrating
macrophages are abolish@dunder more injurious states, such as axotomy, not merely crush
injury. Another possibility is that like neutrophils, TRM®yplay a role earlier on in producing
the conditioningeffect andwere deactivated at day Bideed, research has shown that TRivid
other residentells such aSchwann cellsire activated early, at 1 day pagury, in comparison
to the slightly delayed infiltration of monocytefencommencing at day @&nd peaking around
day 5 (Ydens et al., 201Zlowever this research alsshowsthat TRM proliferation peaks at
day2-3; therefore, further supporting the idea that if TRMs were proliferating in CCL or CES, it

still would have been evident at day 3, when our tissue was har¢¥sieas et al., 2012)
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Together, this data suppottsat both TRM andnonocytederivedmacrophages are not involved
in producing the conditioning effect associated with CES, indicating that its mechanism is not
based in the upregulation of inflammati@ur data does suggest timabnocytederived
macrophags, likely not TRMs, are required for CCL conditioning.

We rext utilized a tamoxifemduced diphtheria toxin receptarouse modeio ablate the
CX3CRL1 population of macrophagedlowing us to circumvent the redundancesh as
described for the CCR2 mice After establishing a significant reduction in macrophages with
IBA-1+ immunofluorescence, we were able to compare the conditioning effects of CCL and CES
associated with a decrease in both TRMsrandocytederivedmacrophage®ue to the
persistence of proegenerative responses associated with CCL and CES inMiER, we
concluded that diphtheria toxin and tamoxifen were not causing unwarranted toxic effects
Important to note are recent studies demonstrating that diphtheria toxiomlkitetugh the
iDTR system has been associated with CSF deficiencies and ventricular shrinkage (Bedolla et
al., 2022). While the conclusions of this studynain important to be investigatdebroughly,
we do not believe it to be an issue with the resflthis experimentiue toour controls and the
fact that this is a PNS study thatissumed taotbeimpacted by ventricular deficit3.o our
knowledge, there is no interaction between ventricular function and PNS regen&iatider. to
data from the CR2/- mice, DTR+ miceghatunderwent CCL displayed significantly reduced
regeneration, indicating by a decrease in both axon numbers and lengths of regeneration past the
coaptation site. However, in contrast to data from the GERZce, DTR+ micahatunderwent
CES continued to display a robust regenerative response, with no significant differences found in
extent of regeneration. This supports our hypothesis that CES upregulates nerve regeneration

without macrophage involvement. This data does not digdbe fact that this mouse model
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does not distinguish between TRMs andnocytederivedmacrophage infiltration, both of
which could be involved in CCL or CES, despite data fromQK8CRI"®ER Rosa26mouse
model previously discussed. It is importanhtiie; however, that this experimental model using
diphtheria toxirtends to targetnonocytederivedmacrophages more robustly compared to
TRMs; therefore, combined with our data that TRMs do not seem to proliferate or activate
following CES and CCL, it is likely that any changes occurred due to ablatrooruicyte
derivedmacrophages.

Althoughnot statistically significant, DTR+ middatunderwent CESlemonstrated
slight decrease in mean lengths of regeneration compared torbit&hatunderwent CES.
This alludes to the possibility that although CES does not seem to depend on macrophages for
mounting a preegenerative response, combinethvwhe CCR2/- mice data, perhaps
macrophages are involved to some extent, whether it imxflasnmatory or antinflammatory
in nature Due to vast macrophage heterogeneity, it is possible that the reduction in macrophages
waspartlyt ar g et i n gnisGE8tdot emeught@aproduce complete abolishment.
Similarly, it could also represent variability between groups associated withBEiESo the lack
of macrophage ablation in unconditioned DTR+ mice, this experiment is scheduled to be
repeated to conin the proper DTR+ control for this experimeRurthermoreincreasing the
number of animals this experimenmight reduce any variability in individual animal
responses.

These findings also generate intriguing concepts for further research. Aphitieeda
toxin model used did not necessarily distinguish betweenocytederivedmacrophages and
TRMs, it would be relevant to complete the respective abolishment for both in the future. This

could provide insight as to the slight decrease in lemg@ES animals with DTR+ genotypes. If
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TRMs were involved in some capacity, for example by secretion efrdiaimmatory cytokines,

this could both generate new concepts about how macrophages are involvereeperative

responses, not solely for phagacydebris clearance, as well as elucidate clinical avenues for

human patients even beyond CE@ctin1 upregulation is strongly associated with-pro

inflammatory states and responses; therefore, looking intandliatinmatory activation states

might be ustil for a more comprehensive analysis of TRMs in CCL and CES, as well as support

CES as nofinflammatory.It will also be necessary to determine if the rise in detiim

associated with increased activation, since it is possible that-destas solelyupregulated

because there was an increase in monedgteyed macrophages which tend to express déctin

Furthermore, if the conditioning effect associated with CES were to persist similarly with

monocytederivedmacrophage abolishment, this would even further support our research that

has thus far indicated an absence of an inflammatory response associated with CES.
Ultimately, these findings strongly support our hypothesis that CES does not rely on the

inflammabry infiltration of monocytederivedmacrophages to produce its growth enhancing

effect on peripheral nerve regeneration.
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Primary Antibody | Antigen Retrieval | Primary Secondary Antibody Secondary
40 minutes in 60| Antibody Antibody
°C citrate buffer | Dilution Dilution
(10mM sodium

citrate, 0.05%
Tween20, pH
6.0)
ATF3 (rabbit) Yes 1:500 | AlexaFluor 488 goat anti| 1:1000
Abcam rabbit
207434
pPCREB (rabbit) Yes 1:500 AlexaFluor488 goat anti 1:1000
Cell Signalling rabbit
9198
NF200 (rabbit) No 1:500 AlexaFluor 488 goat anti 1:500
SigmaAlrich rabbit
N4142
IBA-1 (rabbit) No 1:1000 | Alexa Fluor 488 goat anti|  1:400
Wako Chemicals rabbit
Richmond, VA
01919741
Dectin1 (rat) No 1:50 AlexaFluor 647 donkey 1:400
Invivogen antirat
SanDiego, CA Jackson ImmunoResearg
Mabgmdect 712-606:153

Figure 3.5.1: Primary and Secondary Antibody Protocols for Immunohistochemistry
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Figure 3.52 ATF3 is upregulated following CCL, but not CES, compared to unconditioned
animals in both WT and CCR2-/- mice.

A) PCR Genotyping ofvildtype and CCR2/- mice confirming theexpected loweccr2
transcriptat 390 bpn the CCR2/- mice. The sciatic nervef avildtype mice underwer) CCL
(n=2) C) CES (=2) orD) remained unconditioned£2) and their L4, L5 DRGs were harvested
1 daylater. The sciatic nerve of CCR2 mice underwenE) CCL (n=2), F) CES (n=2) or G)
remained unconditioned (n=2). ATF3 immunohistochemistry was performed and the positive
nuclei were counted. H) Wildtypend CCR2/- mice that underwent CCL had significantly
higher ATF3 levels in the DRG nuclg<{0.01) conpared to unconditioned controlsOl) Three
days following CCL (l,L), CES (J,M), or no conditioning (K,N) both wildtypé&jland CCR2

/- (L-N) L4, L5 DRGs were processed for immunohistochemistry against ATF3. O) ATF3
immunofluorescence was significantlgregulated in CCL animals of both wildtype and CER2
/- mice (<0.05;p<0.01) and theravereno significant differences in baseline ATF3 expression
in both CES or unconditioned mice for either wildtype or C&RAice. The scale bar in B

indicates a distamcof 100um.
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Figure 3.53 IBA -1 expression isipregulatedin the DRG following CCL conditioning.

A-F) IBA-1 immunofluorescence at the L4, L5 DRtBsee dayd$ollowing sciatic nerve
conditioning inwildtype (A-C) and CCR2- (D-F) mice that underwent A,D) CCB,E) CES or
C,F)naive(n=4/cohor). G) The percentage of IBA positive cells waspregulated in WT mice
following CCL compared to CES and naive mice. There was a significant decreaseln IBA
immunofluorescence in CCR2mice following CCL compared to WT CCL mice (%0.01)

Thescale bar in D indicates a distance of 100 pum.
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Figure 3.54 IBA -1 expression isipregulated in the sciatic nerve following CCL
conditioning.

A-F) IBA-1 immunofluorescence at the nerve three days following sciatic nerve conditioning in
wildtype (A-C) and CCR2- (D-F) mice that underwent CQIA-D), CES(B,E), or naive (CF)
(n=4/cohor}). G) The percentage of IBA positive cells waspregulated follwing CCL in both
wildtype and CCRZ- mice compared to CES and naive mice. There was a significant decrease
in IBA-1 immunofluorescence in CCH2mice that underwent CCL compared to WT CCL mice
(***p <0.001). Thescale bar irA indicates a distance of 1Q@n.
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Figure 3.5.5 CCR2-/- mice upregulate pCREB postCES and CCL conditioning.

The sciatic nerve of &) wildtype and DF) CCR2/- mice underwent A,DCCL, B,E) CES or

C,F) remained unconditioned (n=4/cohort) and their L4, L5 DRGs were harvested 3 days later.
pCREB immunohistochemistry was performed and the positive nuclei were counted. G)
Wildtype and CCRZ- mice that underwent CCand CES conditiomig had significantly higher
pCREBIevels in the DRG nuclefp<0.06; ** p<0.01) compared to unconditioned controls

There was no significant difference in basef@REBexpressiorof naivemice for either

wildtype or CCR2/- mice. The scale bar iy indicates a distance of 1Q@n.
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Figure 3.5.6: CES and CCL of CX3CR1¢"ER; Rosa26mice increase pCREB at the DRG,
whereas CCL alone upregulates the injury marker ATF3.

A-C) ATF3 Immunohistochemistry of L4, L5 DRGs fro@X3CRI"™E? Rosa26mice 1 day
following CES (A) CCL (B) or unconditioned (C) (n=4/cohort). D) ATF3 is upregulated in the
DRG nuclei of CCL mice compared to CES or uninjured mipg@*05). EG) pCREB
immunohistochemistry of L4, L5 DRGs 3 days following E) CES, F) CCL, or G) no
conditioning (n=4/cohort). H) Phospi@REB was increased X3CRI*"ER Rosa2@mice

three days following CES and CCL compared to unconditioned nmpe® (35, **p<0.01).The

scale bar irkE indicates a distance of 1Q@n.
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Figure 3.57 CES and CCL do not affect DRG tissugesident macrophage numbers; however, CCL allows infiltration of

monocytederived macrophages.

IBA-1, TdTom, Dectirl, andDapiimmunofluorescencef L4, L5 DRGsfrom CX3CRI"®ER Rosa2@mice 3 days following CCL
(A-E) CES £-J) and unconditioned(-O) (n=4/cohort)P) Graph indicating area percentage of BA immunofluorescence
demonstrating a significant upregulation following CCL compared to CES or unconditionegs0c@5).Q) Graph indicating the
percentagef infiltrating monocytederivedmacrophages (IBA+/TdTom; green) and tissueesident macrophages (IBA
1+/TdTom+; red) following CCL, CES, or rronditioning. There was a significant upregulation of infiltrating macrophages at the
DRG following CCL, notCES, compared to unconditioned animg@ks((001). Tissugesident macrophages were similar in all
groups.R) Graph indicatinglensity of TRMs omonocytederivedmacrophages iDRG aregp<0.01). S) Graph indicating the
percentage of dectib+ macrophagethat were either IBA+/TdTom or IBA-1+/TdTom+. There was a significant upregulation of
dectinl in IBA-1+/TdTom macrophages following CCL, not CES, compared to unconditioned anipg@l91). The scale bar in |

represents 100m.



TdTom Dectin-1 DAPI Merge

Q 100
g = 80
< & %
O o 60
& 3 o A
a 2 a 40 r'y
D < 20
21 f =% 8 i ph
2, "' CCL CES Naive
CCL CES Naive IBA+/TdTom- ®IBA+/TdTom
800
R kxS »
— = 100
— 8
600 - L4 o 80
8 N
& £ 6 T
E 400 - & 40
2 n _A
© 200 g 20 han
E 0 @ ot e
- CCL CES Naive
0- B . N
IBA+/TdTom- ®IBA+/TdTom+

CCL CES Naive CCL CES Naive

Tissue Resident Monocyte-Derived
Macrophages Macrophages



89

Figure 3.58 CES and CCL do not affect nerve tissugesident macrophage numbers; however, CCL allows infiltration of
monocytederived macrophages.

IBA-1, TdTom, Dectirl, andDapiimmunofluorescence of nerve fro@X3CRI"™ER Rosa2@mice 3 daygollowing CCL (A-E),

CES F-J). K-0O) UnconditionedCX3CRI°"ER Rosa2@herve served as negative controls (n=4/cohBytisraph indicating area

percentage of IBAL+ immunofluorescence demonstrating a significant upregulation following CCL compared to CES o
unconditioned micepk0.05).Q) Graph depicting the percentage of infiltratmgnocytederivedmacrophages (IBA+/TdTom;

green) and tissueesident macrophages (IBB+/TdTom+; red) following CCL, CES, or rapnditioning. There was a significant
upreguation of infiltrating macrophages at the DRG following CCL, not CES, compared to unconditioned animals (p<0.001). Tissue
resident macrophages were similar in all grol)sGraph indicating density of TRMs oronocytederivedmacrophages iaciatic
nerve(p<0.01).S) Graph indicating the percentage of dedtinmacrophages that were either BA/TdTom or IBA-1+/TdTom+.

There was a significant upregulation of dectim IBA-1+/TdTom macrophages following CCL, not CES, compared to

unconditioned animal§<0.01). The scale bar in | represents 100 pm.
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Figure 3.59 Macrophage numbers were significantly reduced inDTR;CX3CR1 ablated

mice that were conditioned with either CCL or CES prior to surgical repair.

A-F) IBA-1 immunofluorescence at the L4, L5 DRG3SDTR;CX3CR1mice that underwent

CCL (A,D) CES (B,E) or remained unconditioned (C,F) (n=4/cohort). Diphtheria toxin was
injected one day prior and daily for the duration of conditioning. Macrophages of mice that
expressed the inducible diphtheria toxin receptor (DTR+) were ablateyl\{iDereas the
macrophages of the mice that did not express the diphtheria toxin re@@pid) remained

viable (A-C). Seven days posbnditioning, all animals underwent sciatic nerve transection and
repair and the DRG and nerve were collected one week later. G) The area percentagé of IBA
immunofluorescence was quantified and confirmedyaificant decrease in IBA expression in
DTR+ mice following CCL and CE$€0.05) but not in unconditioned mice. The scale bar in D

represents a distance of 1.
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Figure 3.510 The pro-regenerative effects of CCL and CES persish littermate controls of

iDTR;CX3CR1 mice.

A-C) NF200 immunofluorescence of the sciatic nasf/@®dTR;CX3CR1control animals that do

not express the inducible diphtheria toxin receptor (D TR their CX3CR1 cell¥ days

following surgical repairCohorts included animals that received eitk#2i (A) CES 8) or no
conditioning C) oneweek prior to surgery (n=4/cohart)hite lines indicate the site of surgical
repair. Red lines indicate the lgehgt which less than 10 axons were counted. D) The number of
axons and extent of their regeneration were counted from the surgery repair site distally every
0.5 mm. CES and CCL conditioning accelerated the rate of regeneration in these mice lacking
the dphtheria toxin receptor (DTR(*p<0.05; **p<0.01;*** p<0.001).The scale bar iA

indicates a length of 5q0m.
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Figure 3.5.11 Unlike CCL, the pro-regenerative effectof CES remains following

macrophage ablation iniDTR;CX3CR1 mice.

A-D) NF200 immunofluorescena the sciatic nerve dDTR;CX3CR1control mice that did

not express the inducible diphtheria toxin receptor (DR their CX3CRiexpressing cells

(A,C) compared to mice that expressed the inducible diphtheria toxin receptor (DTR+) on their
CX3CRZLexpressing cells (B,D). The nerves were harvested one week following nerve repair
surgery of animals that were conditioned by CES (A, B) or CCL (C,D) one wiek@surgery
(n=4/cohort). White lines indicate the site of surgical repair. Red lines Indicate the length at
which less than 10 axons were counted. E) The number of axons and extend of their regeneration
were counted from the sugery repair site distallgry 0.5 mm. CES conditioning accelerated the
rate of regeneration in these mice in both DARd DTR+DTR;CX3CR1mice whereas CCL

did not exert its pr@egenerative effect in the absence of CX3CR1 macrophage8.05;

** n<0.01; ***p<0.001).The scaldar inA indicates a length of 5q0m.
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CHAPTER 4: Investigation of the role of AlphaB-Crystallin in the pro-regenerative effects

of CES and CCL
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4.1 Introduction

AlphaB-crystallin (BC) is a small heashock proteirinitially discovered in the lens of
the eye Morner, 1894).While other major proteins of the lens including betgstallin and
gammacrystallin are restricted to the let$B Bas awidespread expression in other tissues
including skeletal muscle, heart, tbentral nervous syster@lNS), and theperipheral nervous
system PNS (Mdrner, 1894; Nagaraj et al., 201TBC has beeshown to contribute to
tauopat hi es s uisehsepnogressive supranuabear padsyg, frontotemporal
dementia with parkinsonisth7, and corticobasal degeneratias upregulations are found in
astrocytesoligodendrocytes, microglia, and neurafishe brain posmortem(Mao et al., 2001,
Dabir et al. 2004 RichterLansberg and Goldbaum, 2Q03lthoughU B & deemed as
neuroprotectivearlier on insomeneuradegenerativelisease stateparticularly Parkinsons
diseaseits upregulatiorcontributes to toxicityrimarily through interactions with glial cell
inclusions(Liu et al., 2015)It is possible that the overall benefit/deficit createdBEZ depends
on phosphorylation statphosphorylation of serine residud® and-59 have been demonstrated
to contrikute to protection, whereas phosphorylation of Besupports degeneratighi and
Reiser, 2011Kuipers et al., 2007 Further complicating this,imsphorylation of Seb69 has
been shown tcauseeactive astrogliosis and demyelinatiorcuprizoneinduced MS (Kuipers
et al., 2017).

In the PNS|IBC is expressed in both Schwann cells and neuronal axons and cell bodies
and its expression is downregulated for up to 28 days following a crush igiumy et al.,
2017).Recent studies demonate a key role fo) B @ remyelination as it is highly expressed
in Schwann cells during developmental myelination and remyelinatiofinpasy (after the 28

day downregulation D6 Ant oni o et al ., 2 0 0 &BC mawhsv@ann et

al
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antiinflammatory role in the PNS &48C-/- mice have increased pioflammatory macrophages
following nerve injury, and macrophages treated WBIC peptide treatment following
lipopolysaccharidel(PS) stimulation had decreased cytokine expression sutteagukin-6
(IL-6), interleukinlbeta (L-1b), interleukin12p40(IL-12p40Q, andtumour necrosis factor alpha
(TNFU) in vitro (Lim et al., 2021). The role dd B @ regeneratiomletermined through axonal
measuress unclear as although there was no change in neurite outgrowttBe dorsal root
ganglion PRG) neurons compared to their controls, there was an upregulation of
phosphorylategrotein kinase BpAKT) which has been shown to promote nerve growth (Lim
et al, 2017).The Ousman laboratory determined that the deficits seie kmock-out mice

were due to deficitduringmyelination andhoted deficits irbehavioral indicethat also impact
regenerationnot solely myelinationOur study investigated the rolé 0 B @ nerve
regenerationn vivothrough immunohistochemistig addition to its potential role in the
conditioning effects associated with the conditioning crush lesion (CCL) and conditioning

electrical stimulation (CES)
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4.2 Methods
Animals:UBC-/- animalswere obtained from the Ousman Laboratory at the University of
Calgary and bred withlealth Sciences Laboratory Animal Servi¢eSLAS) at the University

of Albertaunder AUP 00003034.im et al., 2017).

SurgicalProcedures1) To determine the effect of CES and CCL on AAHU B ¢ animals to
determine the effect & B 6n DRG RAG expression (n=4/cohort) as described in Chapt2y 2.

To determine the effect &f B ©n the ability of CES and CCL to accelerate neageneration,

CES and CCL were performed Wil andU B -G animals 7 days prior tout/coaptation (n=6),

as described in Chapter 2. The extent of nerve regeneration was measured after 7 days. 3) In a
third cohort, we performed graft experiments to deteenfithe expression dj B @ the

growing axons or within the regeneration mileux (including Schwann cells) is required for nerve
regeneration. One week prior to graft surgerids|tal29S6/SVEvTadT) miceandU BC -/-

mice (n=8) underwent a crush lesion as described above to the sciatic nerve. On day 7, the
crushed sciatic nerves were isolated from the euthanized mice and placed on ice in saline to be
used for grafts (donor nerves). Graft recipients included WTUB®3/- animals (n=8). The

sciatic nerve from animals anesthetized with oral isoflurane was isolated via an incision at the
mid-thigh and blunt dissection through the hamstring muscles. A surgical transection to the
sciatic was made proximal to the trifurcatipoint, and a 5 mm section from the donor grafts

was inserted with 20 sutures and fibrinogen gel to the proximal and distal transected sciatic
nerve of the host mouse. The surgical site was closed as described above and animals were given

subcutaneous Ipuenorphine (0.0B5ng/Kg/anima). Ten days following graft insertion, the sciatic
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nerve was harvested as described above for nerve regeneration studies including 5 mm proximal
to the graft and 5 mm distal. The four cohorts of donor grafts to host nerustedrd: i) WT

nerve growing through the WT graft to the WT distal stutM¥( Y WT YWD BG

nerve growing through the WT donor graft to th® ¢ distal stcump{ BGYWT Y @BC

iii) the WT nerve growing through the B G donor graft to the WTistal stumpWT Y B -G

Y WT), and iv)U B G nerve growing through thd B -G donor graft to th&) B G distal stump

UBGY UBE UB-L

Tissue CollectionTissue collection was completed as described in Chapter 2 at 1 and 3 days for
DRG anaysis (1), 14 days for nerve regeneration analysis (2), and 17 days for nerve graft
regeneration analysis (3), respectively. Nerve regeneration microscopy and data analysis were

completed by Paige Hardy during an undergraduate research project under migisupe

Microscopy:Microscopy was completed as described in Chapter 2.

Western BlotsWestern blots were completed by Susanne Lingrell. Protein was isolated from
DRGs and sciatic nerve seven days following crush or from unconditionedtisaile by
homogenizing with RIPA buffer (Pierce 89901) supplemented with HALT protease inhibitor
(Thermo 1861281), sonication, and centrifuging at 14000 rpm for five minutes. Concentrations
of protein were determined using a BCA protein assay kit (TheB827). This included

loading 25uL of each sample in RIPA buffer and HALT protease inhibitor into each well of gel
cassettes and incubated at’@7/for 30 minutes. The following day, the samples were loaded and

underwent electrophoresis by first prepating samples based on the BCA protein
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guantification, supplementing with RIPA buffer and protease inhibitor, and boiling for five
minutes. Protein samples (R&/lane) underwent electrophoresis at 60V for3minutes, and

then increased to 100V until thands reached the bottom of gel. The samples were then
transferred onto PVDF membrane and imaged with GAPDH as a loading control. The following
day, the membranes were visualized with antibodies by first washing in methanol for 5 minutes
followed by TBS fo 10 minutes three times. All membranes underwent blocking for one hour in
5% BSA/TBST. Membranes were washed two times with TBfr 10 minutes each before the
primary antibodies were added. Samples were covered and left to incubate overnighTbe 4
following day, samples were washed twice with 1X TBS and twice with 1X-TBS 10

minutes each before the secondary antibédyi{rabbit HRP 1:5000; Invitrogen, 31430) was
applied and left for one hour at room temperature. Membranes underwent wasbéngith 1X

TBS, twice with 1X TBST for 10 minutes once more before the membranes were applied to the
Chemidoc machine for signal detection and band imaging. Specific procedures are listed below

in Figure 4.5.1.

ImmunohistochemistryHC was completeds stated in Chapter 2, with specific antibody

procedures listed below in Figure 4.5.2.

Statistical AnalysisExperimental results are written as the mean * standard error mean (s.e.m).
Significance of RAG analyssndlengtlrs of regeneration were detemned using a onevay

analysis of variance (ANOVA) to determine any differences in the mean between groups
followedbyaposhoc Dunnettds test to compare experi me

animals. A level 0p<0.05 was the cenff for statisticalsignificance. To determine statistical
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significance between axon counts, atway ANOVA was completed to determine differences

bet ween the mean of each group i 4océor paired da
comparison against unconditioned animals compare betwedmock-out mice andwildtype

mice unpaired ttests were performed on each group. Statistics were completed using Prism 9.3.1

(GraphPad Software, San Diego, CA).
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4.3 Results
4.3.1Biomicsidentifies a difference between DR{phaB-crystallin expression following CES
and CCL.

To identify key players that might be involved in the conditioning effect of CES
compared to CCLDRG were harvested from SpragDawley ratsl-day postconditioning.
These tissue samples alongside those from unconditioned animals (n=2 animals/cohort)
underwent mass spectrometry and comparative microarray andlysibeat shock proteitBC
was selectetbr further analysiss it was decreased-#ad from naive tissues followinGES
anddecreased by 4-#ld following CCL (Figure 4.5.3)We speculated that thisféld
discrepancy between CES and CCL may lead to a further understandingneafctienism of

these conditioning effects on nerve regeneration.

4.3.2 The heashock proteir) B & upregulated 3 days following CES, but not CCL
conditioning.

We performed wsterrblot analysis taonfirmthe expression levels @BC in CES and
CCL corditioning paradigmgFigure 4.5.3)Unfortunately, we determined thalike our
biomics analysighere were no significant differences in CES or GEIC expressiori-day
postconditioning compared to naive sampl@sgure 4.5.3) Interestinglywe demostrated that
there wasan upregulation ofBC in the DRGfollowing CESwhereas there was no change in
CCL U B @expression.

To investigate the role dBC in peripheral nerve regeneratiamther, we obtainedBC

-/- mice from the Ousmalaboratory at the University of Calgaflyim et al., 2017). Wdirst
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confirmed that these knoakut mice were the correct phenotytheoughwesterrblot analysis of
UBC DRG and heartpositive controljof WT andUBC-/- mice. Our analysis confirmdd3C-/-
mice had a decrease in the 22 RIBC protein compared to W{Figure 4.5.3)We went on to
assess Schwann cell protein MPO to determine if an ablatidd@#fffected myelination &t
had beendentifiedto be inwlved in thedeficit of their ability to switch from dalifferentiating
Schwann cells to myelinating Schwann cells, thereby producing impaired remyelination and
recovery after nerve injury (Lim et al., 2017). We observed a decrease in Schwammoteell
MPOQin UBC-/- micewhich supports the findings by Lim et al., that los€BE proteinaffects
Schwann cell functiofFigure 4.5.3)
4.33 CES and CCL promote DRG RAG upregulation in WT @B &- mice

To determine the role diBC in the preregenerative response to CES and CCL at the
DRG, regeneratiorassociated gen®AG) levels were measured UBC-/- and WT mice. Tie
sciatic nerve ofBC-/- mice were conditioned by CES CCL to compared tanconditioned
mice (n=4/cohort) Animals were euthanizechalays 1or 3 postconditioning,and their_4, L5
DRGs were harvested and processed for tissue
demonstrated increased cytosolic expressiar@fith-associated protein 4&AP-43) in
animalsfollowing CES {0.6a.u.+ 2.3 a.u; p<0.06) and CCL 70.9a.u.+ 6.8a.u; p< 0.(6)
compared to the unconditioned, baseline expresdi®8 &.u.+ 18.9a.u) (Figure 4.5.4)These
data confirm that CES and CCL promote RAG upregulation at the DRG regardi&s of

protein expression.

4.34 Similar to WT miceCCL, butnot CESU B G micepromotesATF3 expressiowithin DRG

neurons.
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Oneday postconditioning CCL showed a significant increaseAiF3
immunofluorescence at the nucled.8% * 12.8%, p< 0.01), unlike CES (%% + 1.6%,
p>0.05 compared to unconditioned contrals0® + 0.0%) (Figure4.5.4). There were no

significant differences betwed&BC-/- miceand WT micegp>0.05;Figure4.5.4)

4.35 U B 4G micedisplay inherently increased pCREB expression compared to WT mice

At 3 days postonditioning, no difference was foundphosphorylated cyclic adenosine
monophosphate (CAMP) response element binding prq@€REDB expression at thBRG
nucle following CCL (42.9%6 + 3.2%) or CES (4%1%+ 1.0%) compared to unconditioned
animals (38% + 0.4%). However all UBC-/- groupshadsignificantly increase@CREBprotein
expressiorcompared to their WT counterpd@ESp<0.001; CCLp<0.05; unconditioned
p<0.01)(Figure 4.5.4)Furthermore, Western Blot showed an upregulation of pPCREB
expressionn DRGs of knockout mice compared to WT animals (Figure 4.5.4). After this, we
also completeavesterrblot analysis to see if there was an upregulation of pathways interacting
with pCREB We found an upregulation of bgbhosphorylated extracellular sigralgulated
kinases 1/2ERK-1/2) and ERK1/2 proteinin UBC-/- mice compared to WT mice DRGs
(Figure 4.5.4)Overall, this data indicaté8C-/- mice have a baselingregulation of pPCREB

and ERK1/2 expression

4.36 The bss ofU B @rotein did not influence the pr@generative conditioning effects of CES
or CCL.
We investigated the role @BC in the preregenerative effects of CES and CCL by

comparing nerve regeneration in WT diRIC-/- mice one week following nerve repair surgery
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(Figure 4.5.5)The extent of regeneratiagn UBC-/- micewas determined seven days following a
sciatic nerve neair surgery in which the animals were previously conditioned by CES, CCL or
left unconditioned (n=6/cohortimmunohistochemistry againgeurofilament 200F200

allowed the quantification of the number of axons regenerating past the site of codpigtion
4.55) Similar to WT animals, &th CES and CCkonditioning inU B G mice accelerated nerve
regeneration. These nervesd highly significantly increased numbers of axons extending past
the site of coaptation wittihe mean maximum numbeaesachingé4.4 + 6.8 axonsand46.6+ 3.1
axons for CES and CCL animalespectively, compared to unconditioned animals @4t +

3.6 axons Further, both conditioned groups attained significantly greater distances of
regenerationdespite a lack diBC protein The distance of regeneration following CES wak 5
mm 0.6 mm(p < 0.) and CCL wa%l.8 mm+ 0.5 mm(p < 0.Ql), whereas unconditioned
animals only reache?2l 3 mmz+ 0.4 mm) indicating the presence of a pilegenerative

conditioning effect following CES and CCL. Furthermore, there were no significant differences
between BC-/- mice and their WT counterpaitluding mean WT lengths following CCE.6

mm £ 0.6 mn), CES 6.4 mm % 0.2 mr)) and unconditioned (3.1 mi0.7 mm).

4.37 Loss ofU B @ the regenerating environment does not affect nerve growth.

As UBC affects Schwann cadbility to switch back to a myelinating phenoty(Fégure
4.5.3; Lim et al., 2017), we sought to determine if the loss of thissheak protein would affect
the proliferative environmenthich includes Schwann cells essential for nerve regeneration
distal to the injury siteWe investigated how the regerating axons frotdBC-/-mice and WT
mice response to nerve grafts distal to the injury site comprideB®f- or WT Schwann cells.

A separate cohort afonormice underwent sciatic nerve graft surgeries. Each damoral
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contributing their sciatioerve, UBC-/- (n=8) and WT (n=8) underwent a sciatic nerve crush to
evokeWalleriandegeneration and subsequent induction of a regenerative environment including
enhancegroliferative Schwann cells. Seven days following the donor crush sutdpsy!-

(n=8)and WT (n=8hostmice were placed under anesthesia, their sciatic neregransected,

and a Gmm donor nervgraft was coaptedistal to the crush. Ten days following graft insertion
these sciatic nervesonsisting of proximal host nerve coaptediémor graft coapted to the distal
host nervewere harvestectryosectioned, and processedN#1200 immunohistochemistry and
analysis to assess the extent of regeneréfigure 4.5.6)Thus, the regenerating host nerve will
extend through the grafttoh e host 6s di st al nerve stump, dep
(HostY DonorY Host). Therefore, the groups consisted of WT nerve growing through the WT
graft to the WT distal sscumpT Y WT Y: WB G nerve growing through the WT donor

graft to theU B ¢ distal stumgUB-G Y WT Y 4)Btle WT nerve growing through the

U B ¢ donor graft to the WT distal stum@VT ¥ B -G Y WT), and theJ B -G nerve

growing through th&) B -G donor graft to thé) B ¢ distal stump(UBGY UB-Y UBC

/-). The maximal mean lemigs of regeneration attained were: théh +0.2mm(WT Y WT
YWT):3.1mm+04mmUBGYWT VYBE);36mm+0.6mmWT WYBGY WT);

and 3.0mm+09 mmUBGY UBG Y UB-G). When all animals/cohort were averaged
however, here were no significant differences between any of the experimental groups including
no difference in growth through a regenerative environment la¢kiBgcompared to WT
regenerative environments. Furthermore, there were no differences between inogrdnof

U B ¢ mice compared to WT mice.
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4.4 Discussion

Ourwestern blotlata observed a decreaséViRO and S100 protein expression
suggesting a decreaseScohwann cellin U B @- tissue This supports similar findings frothe
Ousman laboratory who found a significant decrease in SA@din expressiom naivenerve
and a decrease in myelinated Schwann cells but not total Schwann cell counts following nerve
injury. Their data demonstted an increase in proliferating Schwann celld B -G mice (Lim
et al., 2017). As this group showed a decrease in the number of myelinating Schwann cells and
theirin vitro work showed there was similar neurite extension associatedvBti&> and WT
mice following sciatic nerve injury, it suggested thiaB Goes not affect axonal regeneration.
Thisled us to investigate i) B @ffects the environment through which nervegereratén
vivo. Our data showed that there was no difference in the extent of nerve regeneration between
naiveU B -G and WT nerves. We went on to determing iB & involved in the conditioning
effect. We confirmed that CES and CCL increased the nuailsegenerating axons and
accelerated their length of nerve regeneration in BB and WT mice suggesting thatB C
does not have a role in axon regeneration or conditioning.

Despitegenetic modificationU B &, animals portrayed similar DRGphenotype to WT
animals postonditioning. ATF3 was upregulated in animédatunderwent CCL, consistent
with WT animalssupporting our Chapter 2 and 3 findings that demonstrated that CCL, unlike
CES, is injuriousFurther, animals displayed an upregolatof GAR43 following both CES
and CCL, indicating the persistence of a-pggenerative effect following conditioning,
compared to unconditioned, naive animals. Interestingly, pCREB was not significantly different
in U B ¢ CES, CCL, or unconditioned emalslikely due to the increased innate pCREB

expression in th&) B ¢ mice compared to WT DRG counterparts.
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Recent research by Wang et al., revealed a potential reciprocal relationship with CREB
andU B @at could explain the discrepancy betw&eB -G mice and pCREB expressiowgéng
et al., 202]. Interestingly, CREB- animalsdemonstrated an upregulationldB @rotein
expression under conditions of stress; CREB was found to suppré&Qigene through
negative regulation of the B @romotor at multiple sites (Wang et al., 202@)th an inherently
elevated expression of pCREB, it might folltlvat nerve regeneration could be increased in
unconditioned) B G animalssimilar to that produakby a conditioning paradigm, and indeed
in literature it has been demonstrated that constitutive activation of CREB increases regeneration
(Gao et al., 2004 However we did not observe a change in length of nerve regeneratldBot
-/- or WT micein vivo. These data support previous studies showing that DRG neurite outgrowth
from U B G DRG neurons is similar to WT mice (Lim et al., 2017). Further, the pro
regenerative effects of CES or CCL was not altered in the absebicB @ vivo.

In addition toincreased pCREB DRG expressiorliB -G mice, we found an increase in
baseline expression of ERK2 and pERK1/2 protein at the DRGs of unconditioned G
mice compared to WT. Increased pERK1/2 expression has been shown to increase nerve
regeneration; however, in theB G, this elevated ERK and pERK did not translate into
enhanced regeneration. As well, this finding contrasted with what the Ousmandgbfoand,
as they did not show changes in pERK1/2 protein expression in naive and crushed sciatic nerve
tissue from0 B G mice Lim et al., 2019. Similarly, it is possible that these inherent
upregulations of pPCREB and ERK?2 are compensating for a $osfU B @r some necessary
interaction ofU B @hich is why we do not see any effects on nerve regeneration in these knock

out mice compared to WT.
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| nt er e s t-fr miag haye, beed Be@onstrated to display enhanced inflammatory
responses as there atevatedlBA-1+ cells and increased cytokine release including,ILL-
16, anld (TLN mM202#&).tAs inflammation is associated with increased regeneration, as
shown with our CCL conditioning effect on nerve regeneration discussed in Chaptes 3), it
evident that this enhanced inflammation did not translate to mimicking the conditioning effect in
unconditioned animals, nor did it affect the impact of CCL or CES to accelerate nerve
regeneration. From this data, it is possible that the enhancednmdlion is not enough to elicit
a conditioning effect and that potentially this anflammatory response is also not detrimental
to the health of these mice in nerve regeneration, though enhanced inflammation was
hypothesized to be detrimental in nerveerggration by prolonging macrophage presence (Lim
et al., 2021). More research is needed to determine whether the enhanced inflammatory response
associ at eldmiceris detimedtBl @ functional recovery following nerve injury or
enhances the painggonse of such injuries, however, based on our findings it is likely that
functional recovery would be similar to WT mice, and therefore the elevated inflammatory
response is within an acceptable realm.

Next, we wanted to specifically assess whetherdhjenerative environmelgcking
UBC affected nerve regeneration. Lim et al., established there is a prolonged poésence
proliferaive Schwann cells a month following nerve injury and a decrease in myelinating
Schwann cell populatioriLim et al., 2017. In addition, we observed a decrease in SC protein
expression i) B-/- following nerve injury Eigure 4.5.3. Wespeculatedtherefore thatthe
regenerative milieu was alteredlihB G mice which could impact nerve regeneration across the
injury site. J-Waenorirafts iato WT tiesne, wefallow EBsd@termine ifWT

axon regeneration was affected as these axons grew graft fromU B G mice. Likewise, the
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insertion of WT donor grafts intd B <G mice, could determine if the WT regenexatimilieu
rescuechny deficits associated with the | oss of U
any differences in WT dtBC-/- axons regegrating through the WT ot B G grafts (Figure
4.56) leading us to concludbatnerve egener ati on is unaffected by
there is compensation by other hehbck proteins or signaling pathways (such as the
upregulation of CREB) that overcomes the los§ & CT'he small number of animals
(n=4/cohort) is a limitatio of this study and we plan to repeat this experiment to increase our n
numbers.

Overall, the data from our-sheckpraleineaesnotn UBC
have a role in innate nerve regeneration or the conditioning effect (CES or CCaQdbkerate
nerve regeneration. Further, the innate increase in pCREB;IEREnd pERKY2 expression,
we demonstrated in tHe B ¢ DRG following nerve injury may compensate for the deficits
associated with UBC | oss. AMiptessionmayjhavean y, t hes
independent and unknown role separate from nerve regeneration. In conclusion, the impaired
functional recovery, and -fmia shovweld the Qusntanlabt i on v

may be due solely to remyelination deficits, awod deficits in nerve regeneration (Lim et al.,

2017).
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4.5 Figures



Primary Tissue Collected Gel Primary Tissue
Antibody Concentration Antibody | Concentration
Dilution Loaded
UBC DRG 12.5% 1:1000 16 g
Millipore UBG; WT
ABN185
UBC Nerve 12.5% 1:1000 16 ug
UBC-/-; WT
UBC Heart 12.5% 1:1000 5 ug
UBG; WT
UBC Brain 12.5% 1:1000 10 pg
WT
UBC RAT DRG 12.5% 1:5000 25ug
pCREB DRG 12.5% 1:1000 25ug
UBG; WT
ERK1/2 DRG 12.5% 1:250 18.5ug
Santa UBG; WT
Cruz se94
PERK-1/2 DRG 12.5% 1:1000 18.5ug
Cell UBG;, WT
Signaling
4377
MPO DRG 15% 1:1000 5-6 ug
Millipore UBG; WT
ABN363
S100 DRG 15% 1:2000 5-6 g
Sigma UBG; WT
Aldrich
S2644
GAPDH DRG 15% 1:10000 10 ug
Ambion UBG; WT
4300

Figure 4.5.1 Primary and Secondary Antibody Protocols for Western Blot
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Primary Antibody Antigen Primary Secondary Antibody | Secondary
Retrieval Antibody Antibody
40 minutes in 6(¢ Dilution Dilution
°C citrate buffer
(10mM sodium
citrate, 0.05%
Tween20, pH
6.0)
ATF3 (rabbit) Yes 1:500 AlexaFluor 488 goat anti| 1:1000
Abcam rabbit
207434 Invitrogen, Carlsbad, CA
A-11008
pCREB (rabbit) Yes 1:500 | AlexaFluor 488 goat anti| 1:1000
Cell Signalling rabbit
9198
NF200 (rabbit) No 1:500 | AlexaFluor 488 goat anti 1:500
SigmaAlrich rabbit
N4142
GAP-43 (rabbit) No 1:500 | Alexa Fluor 488 goat anti| 1:1000
Novus rabbit
Biochemicals
Centennial, CO
NB300-143

Figure 4.5.2: Primary and Secondary Antibodies Used fommunohistochemistry
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Figure 4.53 The heatshock protein,U B dsunchanged 1day following CCL and CES

compared to unconditioned SpragueDawley rats, but upregulated 3 days postCES.

A) Microarrayanalysisof SpragueDawley DRGsL dayfollowing CCL, CES, or no
conditioningseparated bynass spectrometry. B) Protein expression ratid Bf @om mass
spectrometrghowinga 22.2 fold decrease in CES compared to naive DRG, 4.4 fold decrease in
CCL compared toaive, and a 5.0 fold decrease in CES compared to CCL. C) MPO western blot
analysis of naive WT and B G mouse DRGs. DWestern blot densitometry quantification of

MPO protein in arbitrary units of WT andi B G naive mouse DRG (a.u.) (n=1). E) Westemt bl
densitometryquantificationof S100proteini n ar bi t r ar y W/hnaivesnousd WT a n
DRG (a.u.) (h=1)F) U B @estern blot of unconditioned, CCL and CES L4, L5 DRGs.

Western blot quantification indicating no chang&iB ®@vels at 1 day postonditioning with

an upregulation at 3 days only following CES and not Gd)L\Western blots fot) B @rotein at

22 kDa of the DRG and sciatic nerve in WT mice comparédi BoG mice.
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Figure 4.54: CES and CCL upregulated RAGs in WT andU B & mice, whereas there is an increase in pCREB expression in
the unconditionedU B & DRG.

A-D) The immunohistochemical expressminATF3 1-day postconditioning followingA) CES,B) CCL, orC) no-conditioning
(n=4/cohor). D) The percentage of ATF3 positive nucl&-H) The immunohistochemical expression of pCRE&ays followingE)
CES,F) CCL, orG) no-conditioning =4/cohor). H) The percentage of pCREB positive nuddLi) The average intensity of GAP
43 immunofluorescence 3 days followilgCESJ) CCL orK) no-corditioning (h=4/cohor). M) Western blot analysis showing
increase@®CREBproteinat 43 kDa in knockout mice compared to VIIFO) Western blot of N) ERKL/2 and O) pERKL/2 signals
thatare increased i) B-/- DRG compared to WT contrdThe alebarin A is 100 pm(*p<0.05, **p<0.01, ***p<0.001).
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Figure 4.55: U B @rotein does not influence the preregenerative effects of CES and CCL.

A-C) NF200 immunofluorescent images of longitudinal sciatic nerve sections at 7 days following surgical transection afd repair
U B ¢ micethat had received either A) CCL, B) CES,C) noconditioning (n=6/cohort). The coaptation site was approximated by
the white line (AC). D) The number of axons and extent of nerve regeneration from the surgery repaitse/irmicewas

counted every 0.5 mm until less than 10 axons werereéd. EG) Representative NF200 immunofluorescent images of longitudinal
sciatic nerve sections at 7 days following surgical transection and repair of WT animals that had received either EJEX;1arF)

G) remained unconditioned (n=6/cohofithe coapdtion site was approximated by the white line #&EH) The number of axons and
extent of nerve regeneration from the surgery repair site in wildtype animals were counted every 0.5mm until less thanvéfeaxo
observedThe scale bar indicates a lengfhf600um (* p<0.05, **p<0.01, ***p<0.001).
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Figure 4.56 A lack of U B @ the nerve growth environment does not affect sciatic nerve

growth through a gratft.

A-D) Representative longitudinal sections of NF200 immunolabelled sciatic nerves 10 days
following 5 mm sciatic nerve graft surgery. Grafts (WTUoB ) were inserted into sciatic

nerves of host WT dd B -G mice. White lines depict proximal and distal sites of coaptation of

the donor graft into the host mouse. Nomenclature of donor graft to host combinations depicted
as 0 h o%dononYenrovse  n=&/concet O AWTY WTY WT,B)UBG Y WT Y
UB®G,C) WTUB YWT,D)UBGY UBGY UB . E) The number of axons and

the extent of regeneration from the first surgery repair site every 0.5 mm until less than 10 axons
were observed (red line). Fhe mean lengths achieved by each condition of grotta.scale

barin A indicates a length of 500m.
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Discussion

Our present data indicate that CES is translatable from SpEauikey rats to mice, with
a persistent upregulation of RAGs and enhanced nerve regeneration. Furthermore, our data
strongly supports the hypothesis that CES isinflammatory and noinjurious as both TRMs
andmonocytederivedmonocytes were not involved in the conditioning response, and not
necessary for proegenerative effects following their ablation. Lastly, our data indicates that
UBC does not play a r o koaldhave pdtental interaatiahsin i oni n g
various pathways associated with regeneration due to the inherently high pCREB expression
associated with decreased UBC.

Our data suppostour hypothesis that CES is narjurious and does not evoke an
inflammatory respnse. In bottspragueDawley ratsand WTmice, CESgenerates pro
regenerative environmetttroughRAG upregulation at the DRG and increasing both the number
of regenerating axons and accelerating nerve regeneratddoes noggenerate an overt
inflammation response as indicated by the lack of swelling through gross observation of the
nerve, lack ofValleriandegeneration past the conditioning site, eelack of injury marker
ATF3 at the DRG.

To further support CES agpao-regenerative conditioning strategafe for clinical
translation it would bepertinentto demonstrate more datarough various other methodoleg
thatindicat improvednerve regeneratio®urimmunohistochemical analysid regenerating
axons consited soly of NF20Q which labels larger diameter axons. To be inclusive of all axon
fiber types this analysis could bapplemented witbther axonal markers including SCG10, a
tubulin destabilizatiomarkerthat accumulates in the regenerative tipsrof\gng axons,PGP

9.5for small diameter axons, béatubulin, a parspecific markeror CGRP which accumulates
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in the growth cones of small diameter neurdsisirg et al., 2014Dalsgaard et al., 1989;
Hossainlbrahim et al., 2007Burry et al., 1992; Ferreira and Caceres, 1Z@zhodne 2000
Assessment of more regeneration markers and indices will allow for not only direct axonal
regeneration data, but also whethenot thistranslates into better motor and sensory recovery
in mice.

Strategies other than immunohistochemistrg needed tasses$unctionalrecovery
from nerve injury Electrophysiological strategies suchcasnpound muscle axon potentials
(CMAPsg) assess motaxon functiofrecovery andsensoryanalyses such as von Frey filaments
and Hargreaves can test for mechanosensory and heat sensitivity, resp@dtllddyand Weir,
2005;Deuis et al., 2017; Hargreaves et al., )98®rizontal ladder testing arstiatic functional
index analyses can measure motor and functional rec@Mety and Whishaw, 2009; Antonew
Schlorke et al., 201FBhen and Zhu, 1995)Ve used these motor and sensory assays to show
CES promotes nerve regeneration in;ratsvever we didnot confirm the role of CES in
functional recovery in our mice studies (Senger et al., 2019, 2020, 2021). It is reasonable to
assume that since CES accelerated nerve regeneration in our mice studies in a comparable
manner to our rat studigsowever thes experiments should still be performed to ensure there
are no interspecies differences that occur following CES.

Our work did not includén vitro analyses of nerve regeneration and in the future, we
will compare the effect of CES @pragueDawley and W mice (Filous and Silver, 2016;
Zochodne, 200985ingh et al., (2009) clearly showed electrical stimulation promoted neurite
extension in DRG neuronal cultures compared to controlgleatricallystimulated) neurons
(Singh et al. 2009)WVe predict thaCES prior to culturing mouse WT DRG neurons will have

the growth promoting effects shown in rat (Udina et al., 2008; Wei et al., 20Mfxo assays
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allow for pathway assessment, and the use of transgenic mice or various antagonistic or
pharmacological compounds may determine the signaling pathways responsible forthe CES
induced growth promoting effect. Further, our laboratory would like to applypZie6to mouse
neuronal culture as performed by Udina et al., (2008) in rat. Specificallly, we intend to quantify
neurite extension cultured for 24 hours from DRG neurons harvested 3 days after CES and CCL
conditioning. Singh et al., determinttht the gowth promoting effect of electrical stimulation
in DRG neurons was blocked by pharmacological inhibition of the PI3K pathway (Singh et al
2009).1t would be interesting tatilize a transgenic mouse that could block the PI3K pathway in
DRG neurons prior t€ES to determine if this pathway is the mechanism through which CES
exerts its conditioning effects vivo.

To support tk safe translation c€ES we confirmed this modality does not
induce axonal injury of inflammatioPES isdeemedlinically safeand uses the same
paradigms as CE®oweverit is performed after a nerve repair surgery when the nerve has
already been transectethereforejt is difficult to determine if PES evokes inflammation or
nerve injury. As CES is performed prior to nerveaiegurgerywe are able tassesif it causes
nerve injury or a local inflammatory responf&han et al., 2016; Gordon et al., 2010; Wong et
al., 2015; Barber et al., 2018; Power et al., 2020; Zuo et al., 2080fata confirmed that CES
does notauseéNallerian degeneratioor gross inflammatioii.e. increase in Ib4 macrophage
expressionat the nerve and it did not upregulate injury marker ATF3 in the DRG neuronal cell
bodies. We went oto directlymeasurespecific immune cells responsible the inflammatory
response following nerve regeneration and CCL conditioning. Our data corroborated what is
established in the literature: CCL relies on the infiltration and activatiomoabcytederived

macrophages to produce a ypegenerative respongieu and Richardson, 1991; Kwon et al.,
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2015; Niemi et al., 2013; Senger et al., 20Bernatively, CES showed minimahonocyte
derivedmacrophage infiltratiocomparable to naive animasggesting it is not inducing
inflammation at the nerve or the OR

We initially hypothesized that TRMs mée involved in the conditioning response of
CES, as these immune cells have been shown to support homeostatic, reparative, and anti
inflammatory responsasore so thamonocytederivedmacrophage@Mueller et al, 2003
Ydens et al., 2012; Zhao et al., 2018; Hashimoto et al., 208 also hypothesized thaRMs
may ke upregulatedictivated in animals receiving CCL as they have been shown to proliferate
and activate following nerve injuijrdens et al., 2012; Yahs et al., 2020; Davies et al., 2013;
Mueller et al., 2001; Krishnan et al., 2018ur data did not support this conclusionthaes
number ofTRMs and their activitydeterminedyy dectinl expressionverecomparable in CES
and CCL Though our data thus far indicates TRttsnotplay a keyrole in the mechanisms of
CCL and CES, the possibility that they do indeed have some keiffieaf cannot be discounted.
Repeating ouTRM fate-mapping experiment at various time points followiogditioning
could elucidate a role in the conditioning effectRM proliferation happened much earlier than
anticipated. A threelay time point was chosen to be able to assess both RAGs and macrophages,
as data indicates infiltration afionocytederivedmacrophages starts around day 2 whereas TRM
proliferationtypically occurs around day 1 and remains elevated at day 3; however, it would be
important to fully assess the possibility of a different tipoent beforecompletelydiscounting
TRM proliferationin response t&€CL or CES(Ydens et al., 2012; Ydens et al., 20A0kewise,
more markers of RM activation could be assessed with the possibility that TRMs do not
upregulate dectii following conditioning.CD68 may be an additional marker of TRM

activaton and should be measured
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Not only applicable to conditioning, but the possibility of an activation marker unique to
TRMs cauld support the use of analyses such as immunohistochemistry without the use of
genetic models, which can be expensive and diffto implement experimentally. It would be
interesting tadetermindf any receptors or proteins expressedabiivatedTRMs aredifferentin
DRG andnerve, as unique roles of TRMs in various tissues are ogngasingly recognized in
theliterature(Lavin et al., 2014; Ydens et al., 202Burthermore, an assessment of cytokines
released in CES and CCL would add strength to ourtdatetermire, by ELISAsif there is an
increase innflammabry cytokinesassociated with CE®. in vivo analysis demonstrated an
upregulation of specific cytokines such as6lLin CES, but not CCL (or vieeersa),in vitro
neurite extension with exogenous cytokines added could be as$&isaedacologicahhibition
or antagoizing of these cytokinesoulddetermine if a conditioning effect persist®nfirming
their role in CESnduced neurite extensioRurther co-culturesof TRMs andmonocytederived
macrophagewith DRG neurons in vitragould provideadditionaldata on the conditioning effect
of CES. It would also be possible to assess if there arnélathmatory cytokine upregulations
during the conditioning effect of CES. As deelins associated with prioaflammatory
activation, both immunohistochemisiy an antiinflammatory activation marker or an analysis
of anttinflammatory cytokines following CES could demonstrate if the mechanism associated
with CES relies on anthflammatoryactions by TRMs, or infiltratingnonocytederived
macrophage&Schoreyand Lawrence, 2008; Gensel et al., 2015

Our data suggests thBRMs do not proliferate in responserve conditioning via crush
or electrical stimulationThough research has shownreased TRMroliferation, activation,
and phagocytotic roles in nerirgury, we did not observe thesesponses following CCL, which

was contrary to our expectatiof&dens et al., 2012; Ydens et al., 2020; Davies et al., 2013;
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Mueller et al., 2001; Krishnan et al., 201BptentiallyTRMs areonly activated in more
injurious cases such as complete nerve transection, and any consequences of their activation
would need to be determined, as differing prognoses do exist following various types of nerve
injury. This could impact how nerve injury patients are tredtacexampe, if activation of
TRMs is deleterious to recovery/conditionipgtentially antinflammatory treatments would be
beneficial prior to nerve surgeny patients. Overall, our data supports that CCL relies on
infiltrating macrophages to produce a ypegererative effect following nerve injury and both
CCL and CES do not rely on an overt inflammatory response by TRble research is needed
to fully determine whether there is any response by TRMs following CES and CCL conditioning
and whether or not thisao impact nerve injury treatments beyond supporting CES as clinically
feasible.

Finally, our workdemonstrated th&BC expression does not affect nerve regeneration.
This data supportettie Ousman laboratothat showe@BC null mice did not have any
differences in neurite extensigim et al., 2017)Our data demonstratlan upregulation of
pCREBand ERK expression in uninjuredBC-/- mice DRG whichs novelandcould have
ramifications in other research studiltss surprising that an upregulatiof pPCREBand fERK
did not enhance nerve regeneration as several lines of evidence indicate increases in pCREB and
the CAMP have proegenerative effects on nerve growth, and upregulation of the cAMP
pathway is partly responsible for the mechanism of Q@ki et al., 2016; Chan et al., 2014;
Gao et al., 2004; Cai et al., 1999; Blesch et al., 2A&Yher exploration of pathways and
molecules to elucidate this interaction between pCRIHRK, andaBC will be important, not
only to understand the relatidnp, but also potentially why there is no pepenerative

responseBy rescuing null mice with exogenoa8C and measuring pCRE&nd [ERK levels,
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we would be able to determine if their relationship is direct, or if there are other factors involved
in these knoclout mice that might be affected by a lacka®C and are creating the subsequent
downstream effect of pCREB upregulation.a&C has beentown to have beneficial effects
on myelination and reducing inflammation, it would be interesting to see if upregd&@
WT animals could enhance nerve regenerdtiom et al., 2017; 2021)As it is possible that the
null mice experience deficitsch mask any beneficial effects of increased pCREB, by further
increasingaBC, potentially naive nerves will display a pregenerative response, similar to
conditioning. Furthermore, withBCsconnection to inflammation and the enhanced-IBA
expressiorseen wittull mice, it would be interesting to explore whether this upregulation is a
result of enhanceshonocytederivedmonocyte infiltration or TRM proliferation, and elucidate a
possible connection betweaBC and downregulating inflammatidhim et d., 2021) Though
aBC does not seem to play a role in the conditioning effect thus far, this research could provide
beneficial information about nerve regeneration and generate data further indicating therapeutic
potential foraBC, not only in supportingamyelination, but also in enhancing nerve
regeneration.

Overall, this data indicates thabbnocytederivedmacrophages, TRMs, amdBC are not
responsible for the prregenerative effects of CEfherefore, more specifiesearch to
determine the underlyingechanismesponsible foCESinduced preregenerativeffects has
yet to be determined. As of our research thus far, part of the mechanism of CES is due to its
upregulation oDRG RAGsexpressionincluding GAR43, pCREB, GFAP, and BDNKESenger
et al., 2019; 2020Much is known about the pathways leading to their upregulation from both
nerve injury paradigms and CCL conditioning including upregulation various pathways such as

the JAK/STAT3 pathway, cCAMP pathway, andBRIpathwayin injured neuronsSenger et al.,
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2018; Wu et al., 2007; Cafferty et al., 2001 Cai et al., 19B®¥urther explore the mechanism
of CES and how it may differ from CCL but ultimately produce the same RAG upregulation,
targeting these pathwaysll be necessaryin vitro work suggests the PI3K pathway may be
responsible for the RAG upregulation following electrical stimulation (Singh et al., 2009).
Additionally, thepharmacological inhibition of the JAK/STAT3 pathwasing AG490 could be
used toassess whether or not CES continues to display-eegemerative response. As we are
aware of what happens to CCL, it can be used as a control for targeting these pathways. Though
the mechanisms of CES and C@layconverge to upregulate the saR®&Gs, thé means to
this site must be divergent as CCL relies on the inflammatmpgnsevhereas CES does not.
Potentially there is stimulation of specific receptors at the cell membrane by the electrical
current. Since the injury response causes ragqldrization at the cell membrane, opening of
voltagegated sodium and calcium channels, and intracellular calcium release, it is possible that
even the spike pattern at the axonal membrane could convey a different signal to the cell bodies
(George et a).1995;Iwata et al., 2004; Ohtake et al., 201B)rthermore, there is the possibility
that different channels or channel subtypes are opened at the membrane leading to a different
retrograde signal. In summary, determining what pathways are upregul&é&sbiand tracing
these pathways back to specific receptors could provide a detailed analysis of the mechanism
associated with CES.

Ourdata support the clinical translation of CES for nerve injury patients. With the
absence of an inflammatory respongarimnocytederivedand tissugesident macrophages and
no ATF3 upregulationgoupled with the knowledge that electrical stimulation is routinely
applied posnherve repair surgery, suggests CES is likely safe for patiemthermore, while

SpragueDawleyrats and WT mice are much different from humans, the fact that CES has
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shown some degree of interspecies validity provides support for the hypothesis that CES will
also work in human patients. A strategy to accelerate the rate of nerve regeneratiomis huma
would greatly benefit those suffering from nerve injury, not only by speeding recovery, but also
the likelihood of recovery as it is important for regenerating nerves to reach target tissues to
avoid poor outcomes that increase with prolonged denemvatich as muscle atropfi@rinsell

and Keating, 2014)As peripheral nerve injury is widespread, and many patients suffer despite
surgical intervention, CES has the potential to improve quality of life, functional recovery, and

prognosis if clinical trialsvere successfuih scheduled nerve repair patients
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Recovering the regenerative potential in chronically
injured nerves by using conditioning electrical stimulation
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and comman fkular nerves. The authors' okjective was to defermine if CES could faster a proregeneraiive emviromment
following chromically injured nenve recorstruction.

METHODS The fivial nerve of 60 Serague Dawley rats was cut, and the provimal ends were inserted info the hamsiring
muscles fo prevent spontansous reinenation. Bleven wesks posfinjury, these chronically imured animals were ran-
domized, and half were treated with CES proximal to the: fikial nerve cut site. Three days |ater, 24 animals were killed fo
evaluabe the effects of CES on the expression of regeneration-associated genes at the cell kody (n = 18) and Schwann
cell proliferation (n = 6). In the remaining animals, the fivial nerve defect was reconstructed using a 10-mm isograft.
Length of nerve regeraration was assessed 3 weeks postgrafiing [ = 16), and funcional recovery was evaluated weeldy
between T and 19 weeks of regeneration (p = 20).

RESULTS Thres weeks after nerve isograft surgery, fibial nerves treated with CES prior to grafting had a significantly
longer length of nerve regemerafion (p < (L) Vian Frey aralysis idenfified improved sensory recovery amohg animals
freated with CES (p < 0,04). Motor reinnervalion, assessed by kinefics, kinemalics, and skilled motor tasks, showed sig-
rificant recovery (g < 005 fo p < 0.004). These findings were supported by immunchistochemical quantificalion of mator
endplate remnervation [p < 0.03). Mechanisms to suppart the rmle of CES in rervigoeating the regenerative response
mm&s&ﬂﬂtmdﬁuﬂaﬂﬂﬁtﬁmﬂhﬂ&mﬁm&nm”uu
nerves (p < 0005). Furthermare, CES upregulated reg d gene ion fo increase growth-associat-
ed protein—£3 (GAP-43), WSMMMW*WMMMREE}ENEWMHM
and upregquizted gial flsrilary acidic probein expression in the surmunding safelibe glial cells (p < 005 o p < 0001).
COMCLUSIONS Regeneration following chroric axotomy is impaired dus to dowmregulation of the proregenerative
enyiranmert generabed following perve injury. CES deliversd to a chronically injured nerve influences the cell body and
the nerve to re-upregulate an environment that sccelerates axon regeneration, resuliing in significant improvements in
sensory aned motor funclional recovery. Percutaneous CES may ke a preoperative strategy fo sigrificantly imgrove out-
comes for patients undergoing delayed nerve reconstruction.

Fitps:ithejns. orgidoiiabs 0. 317 1/2021 4. JN5213968

KEYWORDS chromic nerve injury; nerve reconstruction; condifioning electnical stimulatioe rat; peripheral nerve

ABBREVIATIONS ATF3 = achveiion transcription facier 3; CES = condifioning elecrical stimulaiion; DRG = dorsal roct ganglion; GAP-43 = growthraz=ocisted profein-43;
GFAP = glinl fibrllary acidic protein; NF200 = il 1-200; MM = l2r juncion; PEE = phosphale-buffered 2aline; pCREE = pheaphorylaied cAMP
resporse element binding poben; RAG = regenerabion-ss=ocisted gene.
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Conditioning Electrical Stimulation Is et gy 5300
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Stimulation in Enhanced Regeneration it

and Functional Recovery Following
Nerve Graft Repair
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K. Ming Chan, MDC', Terence Kwan-Wong, MD?, Leah Acton',
Jaret Olson, MD', and Christine A. Webber, PhD'

Abstract

Bockground. Autologous nerve graft & the most common dinkcal Intervention for repairing a nerve gap. However, Its
regenerative capactty ls decressed In part because, unlike a primary repalr, the regenerating axors must traverse 2 repalr
sltes. Means to promote nerve regeneration across a graft are needed. Postoperative electrical stimulation (PES) Improves
nerve growth by reducing staggered regeneration at the coaptation site whereas conditioning electrical stmulation (CES)
accelerates axon extension. In thi study, we directly compared these electrical stimulation paradigms In a model of nerve
autografi repalr. Methods. To lay the foundation for clinlcal translation, regeneration and relnnervation outcomes of CES and
PES In a 5-mm nerve autograft model were compared. Sprague-Dawley rats were divided Into: {a) CES, (B} PES, and (<) no
stimulation cohorts, CES was deltvered | wesk prior to nerve cuticoaptation, and PES was deliverad |mmediately following
coaptation. Lengeh of nerve regeneration (n = &fcohort), and behavioral testing (n = 1&/cohort) were performed at 14 days
and & to |4 weeks post-coaptation, respactively. Resuits. CES treated axone extended 5.9 = 0.2 mm, signficantly longar
than PES (3.8 = 0.2 mm), or no stimulation (.5 = 0.2 mm) (P = .01). Compared with PES animals, the CES animals had
slgnificantly Improved sensory recovery (von Frey fllament testing Intraepldermal nerve fiber relnnervation) (P < 001) and
mator relnnervation (horizontal dder, galt analysis, nerve conductlon studies, neuromuscular Junction analysis) (F < .01).
Conduslon. CES resulted In faster regeneration through the nerve graft and Improved sensorimotor recovery compared to
all other cohorts. It 1s 2 promising treatment to IMprove outcomes In patlents undergoing nerve autograft repalr.

conditdoning electrical stimulation, nerve graft, predinical, peripheral nerve, nerve regeneration

Introduction

Outcomes following peripheral nerve injury are stromgly
influenced by the time equired for regenerating motor and
sansory axons to reach their targst tissus. Functional out-
comes can be improved by accelerating the intrinsic rate of
narve regeneration. Although a conditioning crush lesion
{CCL) delivered to a nerve 1 weak prior to transaction and

‘While the use of CES is novel, postoparative electrical
stimulation (PES) is wall describad to improve outcomes
in animal and human models of nerve injury, and it is the
only adjunct to nerve repair that has been successfully
wanslated to the clinic.’® However, unlike a conditioning
lesion (CCL or CES), PES does not accalerate axon extan-
mion, but rather enhances regeneration of axons ag they

narve repair has been shown to be capable of marked]
accalerating nerve regrowth, it camnot be translated to the
clinic dus to its injurious nanwre.’ Recently, however, we
demonstrated that 1 hour of conditioning alectrical stimula-
tion (CES) dalivered to a narve 7 days priar to injury and
repair induces a conditioning affect comparabla to a CCL,
‘but in & noninjurious, s clinically faasible mamner>*
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