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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 regeneration (1-3mm/day) of a  

proximal injury requires up to two years to reach the distal target, whereas significant muscle  

atrophy occurs after 6-12 months; therefore, even if the regenerating axons reach these muscles 

they may 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 can severely 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 growth 2-4-fold 

(Richardson and Issa, 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) upregulates the same regeneration-

associated genes (RAGs) as CCL to accelerate nerve regeneration and promote sensorimotor 

functional recovery (Senger et al., 2018; Senger et al., 2019). Prior to clinical application of CES 

we sought to confirm that unlike CCL, CES is non-injurious and non-inflammatory. Infiltrating 

and resident macrophages did not play a role in the pro-regenerative effects of CES, with 

decreased IBA-1 and dectin-1 immunofluorescence compared to CCL. Furthermore, macrophage 

ablation reduced the conditioning effect associated with CCL but not CES. We also investigated 

the heat-shock protein, alphaB-crystallin, previously found to support remyelination. Proteomics 

and mass spectrometry identified a five-fold decrease in alphaB-Crystallin protein expression in 

CES compared to CCL sensory neurons, which was not reproduced in Western Blot Analysis. 

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



iii 
 

regeneration-associated genes were not different from wildtype mice, and the conditioning effect 

was unaffected.  
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1.1 Peripheral Nerve Injury 

Of the two divisions 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 to expectations, 

successful peripheral nerve regeneration is often associated with poor or incomplete 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 growth required, and cortical reorganization 

(Faroni et al., 2015). One of the major barriers to achieving functional recovery following nerve 

injury is that the rate of regeneration is only 1-2 mm/day in humans which means that proximal 

nerve injuries can require up to two years to reach distal targets even under ideal circumstances 

(Grinsell and Keating, 2014). As significant muscle atrophy occurs at 6-12 months following 

denervation, these muscles may no longer support reinnervation (Grinsell and Keating, 2014). 

Therefore, these nerve injury patients may not achieve satisfactory recovery due to lifelong 

disability and reduced quality of life.  

To understand how the type of nerve injury can impact prognosis, nerve and axonal 

structure must be considered. At the smallest level, each individual axon (myelinated or not) is 

surrounded by a connective tissue layer, together called the endoneurium, composed of Type I 

and Type III collagen where mast cells, tissue-resident macrophages (TRMs), fibroblasts, and 

blood vessels reside (Zochodne, 2008; Richner et al., 2019). The endoneurium forms part of the 

blood-nerve barrier (BNB) as tight junctions between cells restrict the passage of most molecules 

to access axonal components, though it is less restrictive than the central nervous systems’ 

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 
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individual axons along with their endoneurial layer into fascicles (Zochodne, 2008; Richner 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 found (Zochodne, 2008; Topp and Boyd, 2006). Overall, injury affecting the deepest 

nerve layers and varying on degree to which subsequent levels of the nerve are injured can cause 

increasing severity of dysfunction in patients.  

Peripheral nerve injury is most often classified according to Seddon and/or Sunderland’s 

criteria (Seddon, 1942; Sunderland, 1951) The Seddon categories of injury include: neurapraxia, 

axonotmesis, and neurotmesis. Neurapraxia is the least severe injury of focal demyelination with 

no axonal injury. Axonotmesis is a lesion of axonal function with intact connective tissue, for 

example, a crush injury in which the epineurium remains intact while axons are severed. Finally, 

neurotmesis includes the complete separation of both connective tissues and axons, thereby 

creating a proximal and distal end such as the case of transection injuries. Sunderland’s 

classifications are similar but grouped from first degree-fifth degree injury. First degree injury 

involves local demyelination without structural deficits, akin to neurapraxia. Next, Seddon’s 

axonotmesis is separated into three categories: second-degree includes axonal damage without 

endoneurial injury; third-degree includes axonal and endoneurial damage without perineurial 

injury; and fourth-degree includes axonal, endoneurial, and perineurial damage without complete 

transection of the epineurial sheath. Finally, fifth-degree injury is analogous to neurotmesis.  

Due to the differing types of peripheral nerve injury, the prognosis of axonal re-growth 

and subsequent functional recovery varies clinically. For 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 such difficulties by reconnecting 
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nerve bridges with coaptation by sutures and fibrinogen glue, whereas larger gaps are traversed 

by allo- (engineered) or autografts (typically a sensory nerve from the same patient that provides 

non-critical sensation). Though surgical techniques have made significant advancements in nerve 

recovery, approximately half of the patients who receive nerve repair surgeries have 

unsatisfactory outcomes as they experience lifelong sensory and motor deficits (Ruijs 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. 

 

1.2 Nerve Injury Signalling 

Understanding the multicellular degeneration and regeneration processes following 

peripheral nerve injury is important to create clinical strategies. Following peripheral nerve 

injury, cellular changes occur at both the axonal injury site and where the neuronal cell bodies 

reside, which is the dorsal root ganglion (DRG) for sensory neurons or the ventral horn of the 

spinal cord for motor axons (Topp and Boyd, 2006; Zochodne, 2012). First and foremost, for the 

necessary cellular changes that support regrowth to occur, the event that an injury has occurred 

must be signalled to both the axon and their cell bodies. Therefore, the various signalling 

pathways that commence at the injury site and propagate to the cell bodies can be grouped into 

two classes: early and delayed. Early signalling involves ion propagation, happening within 

seconds to minutes after injury, whereas delayed signalling typically happens within hours to 

days following injury and involves protein translation and retrograde transport along dynein 

(Ambron and Walters, 1996). 

1.2.1 Early Signalling 
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The early signal from the injured axon to the cell body primarily involves calcium waves. 

The rupture of the axonal membrane at the damaged distal nerve segment activates voltage-

dependent sodium channels (Iwata et al., 2004). The subsequent intracellular rise in sodium in 

the distal axon causes the inversion of sodium/calcium exchange pumps (Mandolesi et al., 2004; 

Rishal and Fainzilber, 2014). Concurrently, the opened voltage-gated calcium channels at the 

injury site promotes calcium release from intra-axonal endoplasmic reticulum stores through 

ryanodine receptors and inositol triphosphate receptors. This increase in intracellular calcium 

levels at the injury site causes a propagation of transient calcium waves along the axon to alert 

the cell bodies of injury occurrence and activate the necessary downstream pathways (Zochodne, 

2012; Ohtake et al., 2018).  

One of the most important early signalling pathways downstream of calcium involves cyclic 

adenosine monophosphate (cAMP). The elevated intracellular calcium at the cell body activates 

calcium/calmodulin-dependent protein kinase which in turn activates the enzyme adenylyl 

cyclase to catalyze the formation of cAMP from adenosine triphosphate (ATP) (Sassone-Corsi, 

2012; Senger et al., 2018). Following its activation, cAMP can 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 phosphorylation to influence gene transcription in favour of 

regeneration (Wei et al., 2016; Senger et al., 2018). PKA can also initiate dual leucine zipper-

bearing kinase (DLK) activation, a component of delayed injury signalling discussed below 

(Mahar and Cavalli, 2018). 

1.2.2 Delayed Signalling 
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The delayed injury signal from the axon to the cell body involves a large variety of 

macromolecular signalling complexes that travel along the established retrograde transport 

mechanisms, dynein (Rishal and Fainzilber, 2014). Importins were considered as a candidate 

injury signal in early studies completed in Aplysia californica (Ambron et al., 1995) due to their 

role in nucleocytoplasmic transport as karyophilic proteins with nuclear localization signals 

(NLS)). Importin-α and importin-β were both identified in axons; importin-α is constitutively 

expressed in axons and is associated with dynein, whereas importin-β is locally translated 

following axonal injury (Hanz et al., 2003; Perry and Fainzilber, 2009; Rishal and Fainzilber, 

2014). Upon axonal injury, importin-α and importin-β form heterodimers with high-affinity 

NLS-binding sites, allowing their retrograde transport to the cell body through dynein 

association (Rishal and Fainzilber, 2014). With the creation of this high-affinity NLS, other 

proteins present at the injury site can bind to it, thus accessing the retrograde signalling motors 

by dynein (Hanz et al., 2003). Specifically, the intermediate filament vimentin is locally 

translated after injury (Perlson et al., 2005; Mahar and Cavalli, 2018). The calcium-dependent 

cysteine protease, calpain, cleaves vimentin allowing the pieces to bind phosphorylated 

extracellular signal-related kinase (pERK), which lacks an NLS. Furthermore, vimentin blocks 

dephosphorylation of pERK, allowing it to function as an important retrograde signal (Perlson et 

al., 2006). Then, a macromolecular complex forms with the binding of importin-β1 to vimentin 

in the vimentin-pERK complex, allowing it to be marked for nuclear transport via dynein (Rishal 

and Fainzilber, 2014).  Once at the cell body, pERK activates transcription factors through 

phosphorylation to support regeneration and inhibits cAMP phosphodiesterases, thereby further 

increasing cAMP activity at the cell body after axon injury (Perlson et al., 2005; Zochodne, 

2008). 
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Another member of the MAPK family, DLK is a mitogen-activated protein kinase III 

(MAPK3) implicated in processes such as axon growth, neuronal migration, and regeneration 

(Tedeschi and Bradke, 2013). Following injury, both elevations of cAMP and microtubule 

instability activate DLK which then associates with the mitogen-activated protein kinase 

(MAPK), JNK3, initiating its activation (Mahar and Cavalli, 2018). As part of the retrograde 

signalling complex JNK3 binds to the JNK scaffolding protein, JNK-interacting protein 3 (JIP3), 

and DLK-KN3-JIP3 is retrogradely transported to the cell body via dynein retrograde transport. 

DLK can also activate the transcription factor and injury signal, signal transducer and activator 

of transcription 3 (STAT3), which is locally translated at the injury site following calcium 

elevation, phosphorylated during injury, and transported retrogradely via importins (Mahar and 

Cavalli, 2018). At the soma, DLK-JNK-JIP3 signalling induces the activation of the transcription 

factor, Jun, to change the pattern of gene expression to support injury processes instead of 

homeostatic gene transcription. Both JNK and STAT3 can also be activated by microtubule 

disruption for retrograde transport 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 regeneration in the PNS. 

 

1.3 Wallerian Degeneration 

As retrograde signalling to the cell body occurs, the myelin and axonal debris from injured 

axons must be cleared to remove inhibition and support regrowth, in a process first described by 

Augustus Waller in 1850, now collectively described as “Wallerian Degeneration” to refer to the 

sequenced axonal changes that occur following nerve transection which are remarkably similar 

in other types of nerve injury (Conforti et al., 2014). The rapid depolarization at the site of injury 
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is not only involved in retrograde signalling, but also hypothesized to initiate degeneration of the 

distal nerve segment which is maintained by ongoing calcium influx (George et al., 1995; 

Zochodne, 2008). This ongoing calcium influx triggers downstream pathways necessary for 

degeneration including the activation of proteases such as calpain (Yang et al., 2013; Christie 

and Zochodne, 2013). Much of what is known about degeneration was discovered through the 

spontaneous mutation of the “slow Wallerian degeneration” (Wlds) mouse, which resulted in 

axons resistant to degeneration, producing a delayed injury response, and providing the first 

piece of evidence that Wallerian Degeneration is an active process, not merely passive cell death 

as previously thought (Brown et al., 1994; Wang et al., 2018). 

There are two key molecular events during Wallerian Degeneration that lead to the 

degradation of cellular debris: one of which is the removal of the survival factor nicotinamide 

mononucleotide adenylyltransferase 2 (NMNAT2) and the other involves the activation of sterile 

alpha and armadillo motif-containing protein 1 (SARM1), a degeneration trigger protein (Ding 

and Hammarlund, 2019). NMNAT2 is an axonal enzyme made at the cell body responsible for 

the catalysis of nicotinamide mononucleotide (NMN) to form nicotinamide adenine dinucleotide 

(NAD+) using ATP. In axons, NMNAT2 undergoes frequent anterograde transport due to its 

short half-life, thereby providing necessary survival signalling for proper axonal function 

(Walker et al., 2017). Anterograde transport is blocked following nerve injury and causes the 

reduction of NMNAT2 at the injury site and lack of its pro-survival cues. MAPK signalling 

induced following injury contributes to NMNAT2 breakdown, thereby allowing degeneration to 

occur (Walker et al., 2017; Ding and Hammarlund, 2019). The Wlds mouse undergoes slow 

degeneration due to the formation of a chimeric protein containing the N-terminal fragment of 

the ubiquitination factor, Ube4b, and the typically nuclear-bound NMNAT1 (Conforti et al., 
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2000; Mack et al., 2001; Cohen et al., 2012; Ding and Hammarlund, 2019). With the abnormal 

formation of this chimeric protein, NMNAT1 is found axonally, where it remains following 

injury, thus compensating for the loss of NMNAT2 during injury and protecting the axons from 

degeneration (Ding and Hammarlund, 2019). Furthermore, any event that increases NMNAT2 

levels such as the loss of Highwire, an E3 ubiquitin ligase responsible for NMNAT2 turnover, or 

even loss of a component of this E3 ubiquitin ligase results in delayed axon degeneration (Xiong 

et al., 2012; Yamagishi and Tessier-Lavigne, 2016) Conversely, SARM1 is found inactivated 

during healthy states. Following injury, the inhibition is released which allows dimerization of its 

C-terminus, Toll/interleukin-1 receptor (TIR) domain. When dimerized, TIR can induce rapid 

NAD+ loss through enzymatic cleavage and ATP depletion, causing cytoskeletal and axonal 

degradation (Ding and Hammarlund, 2019; Essuman et al., 2017). Since NMNAT2 is 

responsible for NAD+ synthesis, SARM1 pro-degenerative signaling requires removal of the 

pro-survival signal, NMNAT2 to promote Wallerian degeneration. The induction of SARM1 is 

largely unknown; however, it is hypothesized that removal of NMNAT2 induces SARM1 

activation (Ding and Hammarlund, 2019). Overall, the actions of these two molecular proteins 

are important for Wallerian Degeneration to proceed to eventually make space for regeneration.   

1.3.1 Multicellular Involvement in Wallerian Degeneration 

Wallerian degeneration is not only a neuronal event, but also relies on the activation of 

nearby glial and immune cells, including Schwann cells and macrophages, respectively (Chen et 

al., 2015; Jang et al., 2016). Schwann cells can envelope healthy axons to form myelin sheaths 

(myelinating Schwann cells) or support unmyelinated axons in Remak bundles (unmyelinating 

Scwhann cells). After sensing that injury has occurred, due in part through the induction of toll-

like receptors (TLRs), it is necessary for the previously myelinating Schwann cells to withdraw 
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their production of structural and myelin-associated glycoproteins (MAGs) as they de-

differentiate to a proliferative state through the upregulation of JUN, peaking at 4 days post-

injury (De-Francesco-Lisowitz et al., 2015). Schwann cells then commence phagocytosis of 

myelin and extracellular debris following the activation of phospholipase-A2 ,which is activated 

in the cytosol upon injury (Gaudet et al., 2011; Murakami et al., 1997). This enzyme hydrolyzes 

phosphatidylcholine to lysophosphatidylcholine and arachidonic acid, thereby initiating myelin 

degradation (Gregson and Hall, 1973; Gaudet et al., 2011). 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, 1972; Gregson and Hall, 1973; Ousman and David, 2000; Ousman 

and David, 2001; De et al., 2003; Gaudet et al., 2011) 

Schwann cells further contribute to immune cell recruitment to the axonal injury site by 

producing pro-inflammatory cytokines and chemokines (Chan et al.,2014). The loss of the BNB 

allows access to the immune cells of the blood. The first immune cell to infiltrate to the injured 

nerve are neutrophils where they start phagocytosis of axonal and myelin debris before their 

rapid apoptosis after 24 hours (Gaudet et al., 2011; Perkins and Tracey, 2000). At day 2-3 post-

injury, the release of inflammatory cytokines by both the Schwann cells and axotomized neuron 

leads to subsequent infiltration of monocyte-derived macrophages, the most dominant cell for 

phagocytosis of myelin debris (Rotshenker, 2011; Shen et al., 2000). Major cytokines that 

produce the macrophage infiltration following peripheral nerve injury includes leukemia-

inducible factor (LIF), class c chemokine ligand I (CCL2, also known as monocyte 

chemoattractant protein-1), interleukin 1-beta (IL-1β) and tumor necrosis factor-α (TNFα), some 

of which are partly dependent on calpain activity as neither TNF- α nor IL-1 β are induced 
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following injury with calpain block (De-Francesco-Lisowitz et al., 2015). Monocyte-derived 

macrophages express class c chemokine receptor 2 (CCR2), the major receptor mediating 

macrophage infiltration due to neuronal and Schwann cell regulated release of its ligand CCL2 

(Kuziel et al., 1997; Rossi and Zlotnik, 2000; White et al., 2005) CCR2-/- mice exhibit deficient 

macrophage infiltration following sciatic nerve injury, but interestingly, Wallerian Degeneration 

remains unaffected (De-Francesco-Lisowitz et al., 2015). Further studies demonstrated that 

neutrophils compensate for the lack of CCR2 in these mice as their depletion via anti-Ly6G 

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 proteins (Brück and Friede, 1990; Vargas and Barres, 

2007; Vargas et al., 2010). Macrophage interactions with B cells are evidenced during Wallerian 

degeneration as endogenous autoantibodies are upregulated following nerve injury. Further, the 

complement system is activated during nerve injury and phagocytosis of myelin debris is 

opsonin-dependent (Vargas and Barres, 2007; Vargas et al., 2010). Following opsonization of 

myelin by the complement protein C3, binding to macrophages through their receptor CR3 

allows for subsequent phagocytosis (Rotshenker 2003; van der Laan et al., 1996). Depletion of 

complement proteins during nerve injury produces defective macrophage phagocytosis leading to 

sustained myelin presence and delayed nerve regeneration (Vargas et al., 2010). Interestingly, a 

second site of macrophage infiltration was identified at the cell body, leading to increased 

recognition of macrophages beyond Wallerian degeneration, which will be discussed below 

(Niemi et al., 2013). Ultimately, the removal of myelin and axonal debris clears a path for 

subsequent regenerating axons to ideally reach their distal targets.  
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1.4 Nerve Regeneration  

As degeneration occurs at the distal stump, nerve regeneration commences proximally. 

Following the integration of retrograde signalling, the cell body produces several changes 

associated with injury that impacts the subsequent regenerative processes (Schmidt and Modert, 

1984). For instance, morphological changes including early cell body swelling, delayed atrophy, 

loss of Nissl bodies in the ribosomes, and displacement of the nucleus from the centre of the 

neuron to a lateral placement occur (Zochodne, 2012). Akin to the Schwann cell de-

differentiation from myelinating to a proliferative phenotype following axonal injury, the neuron 

changes its phenotype from a mature, innervating neuron to a regenerating neuron. Nuclear 

displacement makes room for newly synthesized proteins (Levine et al., 2004; Zochodne, 2008). 

Importantly, neurons change their pattern of protein expression to downregulate constitutively 

expressed molecules and myelin-related proteins while upregulating those involved in 

regeneration, collectively referred to as regeneration-associated 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 

respective targets prior to myelination, which highlights the regenerative response that is found 

in injured neurons (Gordon, 2020; Hilton et al., 2022). Though there are many RAGs, some 

examples include brain-derived neurotrophic factor (BDNF), growth-associated protein 43 

(GAP-43), and phosphorylated-CREB (pCREB) which promote the upregulation of structural 

proteins that will be trafficked to the growing axon including tubulin and actin (Chan et al., 

2014). Aside from the pathways previously mentioned that upregulate transcription of RAGs 

including cAMP, EPAC, pERK, and STAT3 (discussed in Chapter 1.2 and 1.3), prominent 
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pathways implicated in nerve regeneration are the phosphoionositide 3-kinase (PI3K)-Akt 

pathway and the Ras-MEK-MAPK pathway. 

1.4.1 PI3K-Akt and Ras-MEK-MAPK Pathways 

After injury, a transient upregulation of nerve growth factor (NGF) at the injury site evokes 

PI3K activation following tropomyosin receptor A (TrkA) binding and the subsequent activation 

of adaptor proteins Gab-1 or Ras which have separate effects on PI3K signalling (Kaplan and 

Miller, 2000; Chan et al., 2014). PI3K is activated by phosphorylation of PIP2 to 

phosphatidylinositol 3,4,5 triphosphate (PIP3) which then phosphorylates the downstream 

pathway associated with Gab-1 (Hemmings and Restuccia, 2012). Through Gab-1-mediated 

PI3K activation, Akt is activated by phosphorylation, whereas Ras activation causes downstream 

ERK-1/2 phosphorylation (Chan et al., 2014). Akt is anti-apoptotic by inhibition of pro-apoptotic 

transcription factors Forkhead and Bad, causing subsequent downregulation of the Fas ligand 

Akt and reduced apoptosis (Brunet et al., 1999; Vanhaesebroeck and Alessi, 2000; Dudek et al., 

1997; Read and Gorman, 2009; Chan et al., 2014). To promote growth through upregulation of 

protein and ribosome synthesis, Akt phosphorylates the mammalian target of rapamycin 

(mTOR), activating this pathway (Jaworski et al., 2005; Read and Gorman, 2009; Christie and 

Zochodne, 2013). Furthermore, Akt inhibits glycogen synthase kinase 3β (GSK-3 β), an 

inhibitory brake on nerve regeneration found at the growth cone involved in targeting proteins 

for proteolysis (Cross et al., 1995; Zochodne, 2009). Another brake on nerve regeneration is 

phosphatase and tensin homolog deleted on Chromosome 10 (PTEN), that typically 

dephosphorylates PIP3, thereby decreasing neural regeneration and inhibiting growth by 

reducing activity of the PI3K pathway (Leslie et al., 2008; Christie and Zochodne, 2013). The 

increase in NGF following nerve injury inhibits PTEN through phosphorylation by casein kinase 
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II, allowing nerve growth to occur (Arevalo and Rodríguez-Tébar, 2006; Christie and Zochodne, 

2013). Similarly, the activation of ERK-1/2 occurs following Ras activation of the serine-

threonine kinase Raf which can subsequently activate MAP/ERK kinase (MEK) (Klesse et al., 

1999; Pernet et al., 2005). MEK phosphorylation of ERK-1/2 then promotes neural regeneration, 

and upregulates CREB (Mazzoni et al., 1999; Atwal et al., 2000; Chan et al., 2014). MEK 

phosphorylation also activates anti-apoptotic pathways. Instead of inhibiting pro-apoptotic 

factors like Akt, EKR-1/2 typically activates anti-apoptotic proteins such as Bcl-2 (Hetman et al., 

1999; Kaplan and Miller, 2000; Hausott and Klimaschewski, 2019). Overall, the activation of 

PI3K and Ras pathways promote growth and reduce cell death through downstream effectors 

including Akt and ERK, while reducing the activity of inhibitory brakes on regeneration.  

1.4.2 Schwann Cell and Macrophage Responses during Nerve Regeneration  

Similar to Wallerian degeneration, nerve regeneration is not solely a neuronal response, 

and involves pro-regenerative actions by Schwann cells, satellite glial cells, and even 

macrophages (Zochodne, 2012). In their proliferative, de-differentiated state, Schwann cells 

produce high levels of neurotrophic factors and ultimately guide axonal growth along the 

endoneurium tube by forming the Bands of Bunger after degeneration has occurred (Parrinello et 

al., 2010; Jopling et al., 2011; Rosenberg et al., 2014; Xiao et al., 2015; Cattin 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 Schwann cells, macrophages, 

and fibroblasts (Tonge et al., 1998; Chen et al., 2007; Webber and Zochodne, 2010). This 

environment then entices regenerating neurons to extend forwards, albeit there is much hesitation 

by regenerating neurons. Fibroblasts can activate Schwann cell migration, and then the 

subsequent neuronal regeneration follows, by their release of ephrin B. This binds to the 
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receptor, EphB2, on Schwann cells, which ultimately produces an attractive behavior that allows 

Schwann cells to migrate across the gap (Parrinello et al., 2010; Jessen et al., 2015). A key 

signalling molecule involved in the interactions of regenerating neurons and Schwann cells is 

neuregulin-1, a growth factor typically found in developing axons that is associated with proper 

migration of Schwann cells and eventual myelination phenotypes (Harrisingh et al., 2004; 

Woodhoo and Sommer, 2008; Webber and Zochodne, 2010). After injury, neuregulin is once 

more produced by axons following the expression of growth factors by Schwann cells, thereby 

further contributing to their proliferation, survival, and eventual myelination (Stassart et al., 

2013; Fricker et al., 2011; Zochodne, 2012). The Raf-ERK pathway is also important for 

maintaining the regenerative phenotype of Schwann cells as exogenous activation can trigger 

Schwann cell de-differentiation and breakdown of the myelin-barrier without injury which is 

subsequently resolved following removal of ERK activation (Harrisingh et al., 2004; Napoli et 

al., 2012). Furthermore, the activation of transcription factor c-Jun is particularly important in 

the regenerative response of Schwann cells as knock-out Schwann cells fail to upregulate 

neurotrophic factors required for neuronal growth and produce abnormal regeneration, resulting 

in reduced functional recovery and cell death (Mirsky et al., 2008; Arthur-Farraj et al., 2012). 

Overall, Schwann cells de-differentiate and proliferate to aid in nerve regeneration by producing 

neurotrophic factors and guiding regenerating axons to distal targets (Chen et al., 2007; 

Parrinello et al., 2014; Xiao et al., 2015; Cattin and Lloyd, 2016).  

Satellite glial cells are another supportive cell ensheathing the perikarya of sensory 

neurons with functions that are being increasingly recognized in peripheral nerve regeneration 

research. Findings that support their potential role in nerve regeneration includes their production 

of neurotrophins including BDNF, NGF, and NT-3 and cytokines following injury (Wetmore and 
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Olson, 1995; Pannese and Procacci, 2002; Zhou et al., 1999; Ohtori et al., 2004; Hanani, 2005). 

Furthermore, satellite glial cells have been shown to proliferate extensively after neuronal 

damage including axotomy, and even phagocytose debris similar to Schwann cells and 

macrophages (Shinder et al., 1999; Aldskogius and Arvidsson, 1978). Overall, following nerve 

regeneration these perineuronal satellite glial cells proliferate, release neurotrophic factors, and 

perform some degree of phagocytosis.  

 Traditionally thought to be involved primarily in Wallerian or Wallerian-like 

Degeneration, macrophages have recently been shown to participate in regenerative processes 

(Lu and Richardson, 1993; Niemi 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). Additionally, macrophages are hypothesized to 

contribute to peripheral nerve regeneration by their release of inflammatory cytokines, which 

recently has been suggested to act as trophic factors once regeneration commences, alongside 

more traditional neurotrophic factors produced by proliferative Schwann cells and macrophages 

(Hikawa and Takenaka, 1996; Fleur et al., 1996; Heumann et al., 1987; Gaudet et al., 2011; Liu 

et al., 2019; Jha et al., 2021). At the nerve bridge, macrophages also drive angiogenesis by 

producing vascular endothelial growth factor A (VEGF-A), which may contribute to the 

migration of Schwann cells during regeneration as they move across the bridge along new blood 

vessels (Cursiefen et al., 2004; Pollard, 2009; Fantin et al., 2010; Cattin et al., 2015). 

Furthermore, macrophage-derived VEGF-A 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, plexin-b2 (Li et al., 2022). Altogether, it 

is evident that neuronal regeneration is a multicellular process involving Schwann cells, satellite 

glial cells, and macrophages alongside the injured neurons.  

1.4.3 Growth Cone Extension and Guidance 

Regeneration occurs through the formation of a dynamic structure called a growth cone 

emerging at the distal tip of the proximal nerve stump. Extensively studied in vitro, the growth 

cone is composed mostly of actin and microtubules and displays exploratory behavior during 

regeneration: collapsing and extending in response to environmental cues. Guiding growth cone 

extension is both substrate-bound cues and chemotropic cues, including neurotrophins, and 

Netrin-1 that can lead to subsequent activity by Rho guanosine triphosphate (GTP) hydrolase 

enzymes (GTPases) within the axon to mediate extension or collapse (Hall and Lalli, 2010). The 

GTPase RhoA promotes myosin II contractile activity leading to growth cone retraction and 

collapse and is typically decreased in areas where the growth cone is attracted (Wu et al., 2005; 

Cheng et al., 2008; Lowery and Vactor, 2009). Other members of the GTPase family instead 

mediate growth cone extension such as cell division cycle 42 (CDC42) and Rac (Wang et al., 

2007; Zochodne, 2008; Hall and Lalli, 2010). The filopodia are finger-like 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 receptors including growth or guidance receptors (such as TrkA) that 

can respond to and grow towards concentration gradients of secreted guidance molecules. 

Similar to developmental states, NGF can facilitate growth cone attraction in in vitro turning 

assays following injury (Webber et al., 2008). Most often studied during CNS development, 

Netrin-1 has also been shown to be involved in peripheral nerve regeneration (Zochodne, 2012). 

At the nerve, one of Netrin-1’s receptor’s, deleted in colorectal cancer (DCC), is upregulated 
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following injury, whereas another, uncoordinated 5H (Unc5H) is decreased. DCC is increased at 

the injury site and localizes with de-differentiated Schwann cells, indicating a role in axonal 

regrowth whereas Unc5H is inhibitory to nerve regeneration and knock-down of its function 

produces increases in regeneration (Webber et al., 2011). Overall, the complex interplay between 

guidance cues can contribute to axonal outgrowth past transection sites and eventual 

reinnervation of target tissues following injury. 

1.4.4 Staggered Regeneration 

Cajal’s work with silver staining suggested regenerating axons taking roundabout routes 

at differing lengths following injury, in lieu of axons projecting straight to their targets (Cajal, 

1928). These findings were later expanded on and confirmed, as regenerating neuronal growth 

was found to be asynchronous and officially referred to as ‘staggered regeneration’ (Al-Majed et 

al., 2000; Zochodne 2008). After 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 process. It also explains certain 

limitations of peripheral nerve injury recovery since the supposed speed of axonal growth is 

around 1-2mm/day, but many axons do not behave according to these standards and take much 

longer to extend past the injury site. As the first neurons extend past this site of injury, it has 

been hypothesized that their early passage could be another neurotrophic signal that further 

directs the delayed axonal outgrowth to regenerate (Zochodne, 2008). Furthermore, the growth 

of regenerative axons 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 process of preferential motor regeneration (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, 2020). Overall, 

reducing staggered regeneration and improving correct target reinnervation 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 results in complete 

recovery. Deficits at any stage of regeneration could negatively impact recovery while the 

intrinsic properties of re-growing nerve, such as staggered regeneration, may also limit complete 

reinnervation. Aside from the relative severity of the injury, 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 denervation, degeneration of the motor end plate occurs and cannot be reversed 

(Grinsell and Keating, 2014). This is exacerbated in proximal nerve injuries, where regenerating 

axons have a large distance to grow before reaching targets compared to distal injuries, at the 

fingertips for example. Further, 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, 2020). A lack of neuronal contact at all will result in 

Schwann cell loss and subsequent downregulation of growth factors; highlighting the importance 

of axonal guidance by neurotrophic Schwann cells to support neuronal survival, and ultimately 

impact recovery (Cattin and Lloyd, 2016). The combination of slow nerve regeneration and 

progressive muscular atrophy strongly indicates a need to increase the intrinsic rate of 

regeneration to ultimately support functional recovery in patients. Transection injuries are most 
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prominently severe as regenerating axons need to find the correct pathway forward, and without 

their endoneurium to guide them to their correct target, the axons can be misguided to the wrong 

tissue or even form neuromas. At the target tissue, misdirection of regenerating axons is limited 

by pruning of growth cones that extend towards an incorrect target; however, misdirection 

remains a problem difficult to address. With misdirection comes potential cortical 

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

regain appropriate function (Abrams and Widenfalk, 2005). 

Peripheral nerve injury can be associated with retrograde neuronal loss, meaning that the 

number of regenerating axons is inherently reduced, thereby decreasing the number of axons 

available to eventually regenerate to the end target, though these findings are debated in the 

literature (Oliveira, 2001; Scholz et al., 2005; Zochodne, 2008). Likewise, advanced age is 

associated with fewer numbers of regenerating axons, as well as decreased capacity to complete 

processes such as Wallerian degeneration and production of growth factors (Verdú et al., 2000; 

Abrams and Widenfalk, 2005). Overall, there are many factors that negatively impact recovery 

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

 

1.6 Strategies to Accelerate Nerve Regeneration 

Current strategies to improve outcomes following nerve injury often target one or 

multiple events that occur during the multicellular degeneration/regeneration processes. Though 

microsurgery has advanced nerve regeneration, even patients who undergo repair surgeries have 

deficits with only approximately 50% of patients achieving satisfactory recovery (Ruijs et al., 

2005). As a result, strategies to improve nerve injury recovery alongside microsurgeries have 

been considered, including post-operative electrical stimulation (PES), conditioning crush 
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lesions (CCL), upregulating pro-regenerative pathways, and conditioning electrical stimulation 

(CES).  

1.6.1 Post-operative Electrical Stimulation (PES) 

Electrical stimulation following nerve repair is clinically safe and promotes nerve 

regeneration (Chan et al., 2016; Wong et al., 2015). Electrical stimulation of the nerve at 20 Hz 

for one hour following surgical transection and repair promoted nerve regeneration (Al-Majed et 

al., 2000). Increased time of electrical stimulation (up to 2 weeks) and increased frequency (up to 

200 Hz) either failed to improve or had poorer outcomes, respectively, on nerve regeneration 

(Al-Majed et al., 2000). Blocking retrograde action potential transmission reduced the effect of 

electrical stimulation on regeneration indicating electrical stimulation relies on a cell body 

response (Al-Majed et al., 2000). Importantly, PES increases the number of axons extending 

across the coaptation site, but it does not inherently accelerate the rate of nerve regeneration 

(Brushart et al., 2002). PES increases the amount of correct axonal projections of both motor and 

sensory axons, thereby limiting the amount of inappropriate growth that hinders recovery (Al-

Majed et al., 2000; Brushart et al., 2005). Furthermore, the clinically useful effects of PES are 

associated with upregulated RAGs, prominently including BDNF and GAP-43, as well as 

upregulation of the PI3K pathway (Al-Majed et al., 2000; Geremia et al., 2007; Singh et al., 

2015).  BDNF is induced following nerve injury and has been shown to have neuroprotective 

effects, as well as enhanced sprouting in vitro, whereas blocking BDNF after injury leads to 

deficits in regeneration and remyelination (Zhang et al., 2000; Streppel et al., 2002; Al-Majed et 

al., 2000; Geremia et al., 2010). These actions of BDNF are mediated through the cAMP 

pathway as PES upregulates cAMP levels, increasing the activation of this pathway and 

downstream effects (Geremia et al., 2007). Furthermore, PES has been shown to improve 
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Schwann cell function and remyelination, not solely regeneration, in vitro and in vivo (Huang et 

al., 2010; Singh et al., 2012; McLean et al., 2014).  

Following the abundance of promising data completed in mouse and Sprague-Dawley rat 

animal models, PES has undergone clinical trials demonstrating its effectiveness for peripheral 

nerve injury patients. The first trial demonstrated significantly increased motor unit number 

estimation (MUNE) in patients undergoing carpal tunnel decompression surgery, indicating a 

higher amount of muscle innervation by motor neurons (Gordon et al., 2010). Further, PES was 

demonstrated to be effective in patients with transection injury, 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., 2020; Zuo 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 re-growth. 

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 neurons 2-4-fold (Richardson and Issa, 1984; 

McQuarrie and Jacob, 1991; Senger et al., 2018). CCL involves the application of a 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 clinically applicable 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 without such an invasive nature remain necessary and sought after. On the 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 associated with CCL include upregulation of regeneration-promoting 

pathways, RAGs, and inflammation. Like PES, the cAMP pathway is upregulated following 

conditioning, ultimately leading to increases in RAGs, such as GAP-43 and activating 

transcription factor 3 (ATF3) (Senger et al., 2018). Attempts to produce the conditioning effect 

without causing prior injury infused the cAMP analogue, dibutyryl cAMP, were promising as 

they increased neurite length in vitro and overcame MAG inhibition (Cai et al., 1999; Blesch et 

al., 2012). Furthermore, upregulation of the cAMP pathway via constitutive CREB activation 

produces similar pro-regenerative effects (Gao et al., 2004). However, solely increasing the 

cAMP pathway ultimately did not accelerate the rate of nerve growth, demonstrating that this 

approach, at least alone, would not be beneficial in patients (Cai et al., 1999; Blesch et al., 2012). 

In summary, CCL upregulates the cAMP pathway which, alongside the activation of other 

growth-supporting factors, produces the conditioning effect and results in more robust growth 

after subsequent injury.  

Other pathways altered by CCL include the PI3K/AKT and the Janus Kinase and Signal 

Transducer and activator of transcription 3 (JAK/STAT3) pathway. Conditioning produces an 

increase in cytokines such as CNTF and LIF 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., 2001). JAK then activates STAT3 to dissociate from the 

receptor and translocate to the nucleus where it upregulates RAG transcription (Liu and Snider, 

2001; Qui et al., 2005; Senger et al., 2018). Blocking this pathway via JAK2 inhibition by 

pharmacological inhibition decreases neurite outgrowth, STAT3 phosphorylation, spinal axon 
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regeneration, and GAP-43 upregulation (Qui et al., 2005).  Importantly, 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 cAMP pathway (Cao et al., 2006;Wu et al., 2007; Senger 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 cross-over between them (Wu et al., 2007; Hannila 

and Filbin, 2008; Senger et al., 2018).  

RAGs associated with the conditioning effect, such as GAP-43, BDNF, and ATF3, are 

induced downsteam of cAMP elevation and display JAK/STAT3 interactions. GAP-43 is highly 

expressed in the developing nervous system and following injury, in both the cell bodies and 

found at the distal growth cones of regenerating axons (Meiri et al., 1986; Skene and Willard, 

1981; Jacobson et al., 1986). Deficiencies in GAP-43 are associated with deficits in pathway 

finding and neurite extension, whereas GAP-43 overexpression is associated with increased 

axonal sprouting and growth (Fu and Gordon, 1997). However, GAP-43 is not solely responsible 

for nerve outgrowth as its removal does not inhibit CCL-induced axon regeneration; therefore, it 

is defined as a non-essential regeneration marker correlating with nerve outgrowth. GAP-43 is 

hypothesized to interact with F-actin at the growth cone following phosphorylation by protein 

kinase C (Meiri et al., 1986; Zochodne, 2008). Similarly, BDNF is a neurotrophic factor 

synthesized by nonneuronal cells following injury with well-established roles in survival and 

growth (Fu and Gordon, 1997; Geremia et al., 2010; Duraikannu et al., 2019). In addition to its 

role in PES, BDNF is strongly upregulated in DRG neurons following conditioning. Blocking 

the increase of endogenous BDNF following conditioning is associated with poor axon 

outgrowth, remyelination, and reduced GAP-43 expression (Song et al., 2008; Geremia et al., 
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2010). Conversely, 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 that it is also associated with hyperalgesia and allodynia, 

highlighting its role in chronic pain (Duraikannu et al., 2019). ATF3 is a transcription factor that 

is upregulated following nerve injuries and conditioning lesions, which lead to its grouping as a 

RAG (Seijffers et al., 2006; Seijffers et al., 2007; Patodia and Raivich, 2012; Senger et al., 

2018). However, it is better used as a marker for injury in conditioning paradigms rather than a 

RAG, even though ATF3 overexpression has been found to increase neurite outgrowth (Seijffers 

et al., 2006). One reason 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 pro-regenerative factors including CREB and STAT3, and ATF3 is not induced following 

electrical stimulation or other pro-regenerative paradigms (Seijffers et al., 2007; Senger et al., 

2018; Tsujino et al., 2000; Geremia et al., 2007). Altogether, the conditioning effect associated 

with CCL strongly upregulates RAGs downstream of pathway activation to produce enhanced 

growth. 

The CCL conditioning effect also relies on a robust inflammatory response to produce 

pro-regenerative effects. The upregulation of inflammation via Corynebacterium parvum DRG 

injection prior to a second lesion produces pro-regenerative effects similar to conditioning 

including increased regeneration, and upregulation of Schwann cell and satellite glial cell 

proliferation (Lu and Richardson, 1991). Similarly, the overexpression of the chemotactic ligand 

CCL2 results in increased axon regeneration. (Kwon et al., 2015; Niemi et al., 2013; Niemi et al., 

2016). Conversely, depletion of macrophages through clodronate liposomes, drug delivery 

vehicles containing dichloromethylene diphosphonate, results in a lack of regenerative capacity 
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following conditioning sciatic nerve injury (van Rooijen and van Nieuwmegen, 1984; Salegio et 

al., 2011). A reduction in macrophage infiltration in CCR2-/- mice or CCL2-/- mice similarly 

abolishes the conditioning lesion effect (Niemi et al., 2013; Kwon et al., 2015). Overall, CCL 

relies on inflammation produced by macrophage infiltration to produce pro-regenerative effects.  

1.6.3 Upregulating Pro-Regenerative Pathways 

 In addition to the previously mentioned pathways that promote RAG upregulation and 

have been targeted as potential therapeutic molecules, there are many other avenues in peripheral 

regeneration that have been identified similarly, notably the PI3K pathway and neurotrophins. 

Within the PI3K pathway 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 effects (Ohtake et al., 2015). This increase in growth 

was demonstrated following both in DRG in vitro and in vivo studies where PTEN 

pharmacological inhibition by dipotassium bisperoxo(pyridine-2-carboxyl) oxovanadate or using 

siRNA was associated with increased neurite extension, and axonal outgrowth (Christie et al., 

2010). In addition to BDNF, other members of the neurotrophin family with growth promoting 

effects include NGF, neurotrophin 3 (NT-3) and neurotrophin 4/5 (NT-4/5). NGF has traditional 

roles in survival and differentiation during development and injury (Levi-Montalcini, 1987; Rich 

et al., 1987; Horie et al., 1991; Duraikannu et al., 2019). However, the effect of NGF varies by 

receptor activation. When solely p75, the low affinity pan-neurotrophin receptor, is activated, 

NGF causes neuronal apoptosis which would be detrimental to growth (Duraikannu et al., 2019). 

Typically following nerve injury, there is an upregulation of both NGF and the TrkA receptor, 

causing neurotrophic effects and protecting from apoptosis (Rich et al., 1987; Verge et al., 1989). 

Exogenous NGF treatment is associated with increased neurite outgrowth, myelination, and 
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conduction velocity (Horie et al., 1991; Chen and Wang, 1995). Similarly, NT-3 increases 

neurite outgrowth and promotes survival following peripheral nerve injury by actions mediated 

through its TrkC receptor (Rosenthal et al., 1990; Verge et al., 1996). Likewise, NT-4/5 increases 

axonal regeneration, myelination, and functional recovery (Friedman et al., 1995; Yin et al., 

2001; Duraikannu et al., 2019). Overall, agents that promote the PI3K pathway or neurotrophin 

release have growth-promoting effects on peripheral nerve regeneration and present potential 

therapeutic targets.  

1.6.4 Conditioning Electrical Stimulation 

CES is another conditioning paradigm that upregulates RAGs, accelerates nerve 

regeneration and promotes functional recovery to the same extent as CCL (Senger et al., 2018, 

2019, 2020). Prior to our laboratory’s in vivo work, the Fouad laboratory demonstrated that in 

culture, CES for one hour to an intact sciatic nerve prior to in vitro assays 1 or 7 days later 

enhances neurite outgrowth 4 times that of control which is similar to the maximum pro-

regenerative effects from CCL (Udina et al., 2008). Following this study, in vivo work 

demonstrated CES to the tibial or common peroneal nerve for 60 minutes at 20Hz one week prior 

to nerve transection enhances RAG expression, accelerates sensory and motor nerve regeneration 

and reinnervation, and promotes functional recovery similar to the gold-standard CCL (Senger et 

al., 2018, 2019). The electrical stimulation paradigms for CES are identical to the clinically safe 

PES paradigm (Senger et al., 2019). PES is applied following nerve repair surgery whereas in 

animal studies CES is applied one week prior to the nerve repair surgery (Senger et al., 2019; 

Senger et al., 2020). Important for clinical translation, gross 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 CES is the upregulation of RAGs 
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including BDNF, pCREB, GAP-43, and glial fibrillary acidic protein (GFAP) (Senger et al., 

2018; 2019; 2020). These RAGs are also upregulated through the conditioning effect associated 

with CCL, indicating that these two methods to increase nerve regeneration may act through 

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

in CES suggests convergent pathways where the ultimate result is that both CCL and CES 

upregulate RAGs. To elucidate the mechanism associated with CES, the absence of an 

inflammatory response and possible key players in producing the enhanced regeneration must be 

thoroughly investigated. Ultimately, CES is a clinically feasible method to accelerate 

regeneration, unlike CCL, if confirmed at a cellular level to be non-injurious and non-

inflammatory. 
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1.7 Thesis Statement and Aims 

Hypothesis: CES and CCL both promote nerve regeneration through convergent RAG actions; 

however, CES, unlike CCL, initiates this process independently 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 AlphaB-Crystallin, as a keynote inflammatory mediator, 

in the pro-regenerative effects of CES and CCL using a transgenic mouse model (αBC-/-

). 
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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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2.1 Introduction 

 To date, the research on conditioning electrical stimulation (CES) solely as a 

conditioning paradigm has been applied in vivo to Sprague-Dawley rats. Electrical stimulation 

applied as a conditioning paradigm to Sprague-Dawley rat tissue in vivo 3 days prior to culturing 

showed neurite extension was increased to the same extent as the conditioning crush lesion 

(CCL) (Udina et al., 2008). In mice, electrical stimulation applied to dorsal root ganglia (DRG) 

neurons in vitro promotes neurite extension and in vivo, post-crush electrical stimulation 

improved regeneration, electrophysiological scores, and behavioral indices (Singh et al., 2009; 

2015). The effect of electrical stimulation in vitro will likely utilize the same key molecular 

players for CES (which is performed in vivo). Pharmacological inhibitors, agonists, and 

antagonists applied to DRG neurons in vitro at the time of electrical stimulation may help unveil 

the mechanism of CES in vivo. Alternatively, DRG neurons from transgenic mice could be used 

to determine the effects of CES in vivo. Prior to the utilization of transgenic mouse studies, 

however, CES must first be demonstrated to promote nerve regeneration in wildtype mice in a 

similar manner to rat (Senger et al., 2018; 2019; 2020). Though electrical stimulation and post-

operative electrical stimulation (PES) have been studied in mice, the effect of CES, has not been 

studied (Singh et al., 2009; 2015). It is likely that, since the PES had identical effects to promote 

nerve regeneration and functaional recovery in both rat and mice, CES will also exert a 

conditioning effect in both rodent models. It is 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 evaluating CES in mice before moving to 

transgenics. A 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 difference mouse strains (Francis et al., 2014). Furthermore, rat 

and mouse have been shown to display different neurotransmitter distributions, particularly in 

the case of serotonin, as well as various other neurotransmitters and hormones (Ellenbroek and 

Youn, 2016). Due to the evident species differences of rat and mouse, it is essential to evaluate 

the effectiveness of CES to promote nerve regeneration in wildtype mice. Transspecies 

effectiveness of CES may support the likelihood of clinical CES translation to promote human 

nerve regeneration. Traditionally, the use of solely rat animal data to support human clinical 

trials has not been reliable and transspecies studies may limit any species-specific variables that 

could confound data (Kaplan et al., 2015). Furthermore, there is an abundance of rat data in the 

peripheral nerve field; therefore, using mice could also provide a fuller understanding of nerve 

regeneration as a whole (Kaplan et al., 2015; Vela et al., 2020).  

The use of transgenic mice allows for molecular manipulations to investigate the 

mechanism of CES.  Research on CCL has demonstrated its effectiveness in upregulating 

regeneration associated genes (RAGs) and increasing the rate of nerve regeneration both in 

Sprague-Dawley rats and in wildtype or genetically modified mouse strains; therefore, CCL will 

be used as a positive control for conditioning, whereas naïve mice that do not undergo 

conditioning will serve as negative controls (Neumann and Woolf, 1999; Gardiner et al., 2007; 

Navarro and Kennedy, 1990; Tanaka et al., 1992). In summary, evaluating the effectiveness of 

CES in wildtype mice to 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/SvEvTac (wildtype) mice were obtained from Taconic Biosciences (New 

York, USA) (and housed with the Health Sciences Laboratory Animal Services (HSLAS) (AUP 

00003034) at the University of Alberta (Simpson et al., 1997). The mice were housed in flat-

bottomed betachip-lined cages with ad libitum standard mice chow and water. Lighting was 

cycled with 12h on/off rotations.  

 

Surgical Procedures: The University of Alberta Animal Research Ethics Board approved all 

experimental procedures (AUP 00003034). Cohorts consisted of CCL (positive control for DRG 

RAG upregulation and accelerated nerve regeneration), CES (experimental group), and 

unconditioned/naive animals (negative control to demonstrate there is no DRG RAG 

upregulation or accelerated nerve regeneration). Eighteen animals were used for nerve 

regeneration (n=6/cohort) and 24 animals were used for RAG analysis (n=4/cohort). All surgical 

procedures were adapted from the Webber laboratory’s previous experimental procedures on 

Sprague Dawley rats (Senger et al., 2019). Surgeries were performed in a dedicated animal 

surgery facility at the University of Alberta.  

Conditioning: Animals were given analgesics by subcutaneous buprenorphine injection (0.05 

mg/Kg/animal) and anesthetized by oral isoflurane (2%, titrated at 1-2L/min). A 2 cm incision 

was made at the mid-thigh and the sciatic nerve was isolated via blunt dissection proximal to the 

trifurcation point. CES animals received 20Hz electrical stimulation at 0.1 ms duration for 60 

minutes to the sciatic nerve using an SD-9 stimulator (Grass Instruments, Quincy, MA). CCL 

animals received a sciatic crush injury with a non-toothed fine hemostat for 10 s. Unconditioned 
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(naïve) animals did not receive conditioning or surgical intervention. Sham electrical stimulation 

was not used as previous studies indicated no difference between unconditioned and sham 

animals (Senger et al., 2018; Senger et al., 2019). The skin was closed using 5-0 vicryl sutures 

(Ethicon, USA, Somerville, NJ). Seven days following, all 18 animals per cohort underwent 

nerve transection and repair by Dr Jenna-Lynn Senger. These animals received 0.05 mg/Kg 

buprenorphine analgesic and isoflurane anesthesia (2%, titrated at 1-2 L/min). The sciatic nerve 

was exposed, transected distally to the conditioning site (for CES and CCL groups), and 

subsequently repaired using 10-0 ethilon sutures supplemented with Evicel fibrinogen gel 

(Ethicon, USA). The skin was closed with 5-0 vicryl sutures. 4 animals per cohort were 

harvested at day 1 and day 3 to measure RAG expression and macrophage accumulation at both 

the nerve and DRG. 

 

Tissue Collection: Eighteen animals were harvested for nerve regeneration studies and twenty-

four animals were harvested for RAG analysis: twelve at 1 day post-conditioning and twelve at 3 

days post-conditioning. 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) (American MasterTech Scientific, Lodi, 

CA) overnight at 4°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 at 4°C. The following day, harvested tissue was rinsed in 30% 

sucrose in phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA) before 

postfixation in 30% sucrose for 48 hours at 4°C. Tissue was then frozen in Optimal Cutting 

Temperature medium (OCT; Tissue-Tek) (Sakura Finetek, Torrance CA) by indirect exposure to 
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liquid nitrogen and stored in -80°C until cryosectioning (Leica) at 9 μm. The nerve and DRG 

sections were thaw-mounted on Superfrost Plus microscope slides (Thermo Fisher Scientific) 

and stored at -80°C. 

 

Immunohistochemistry: Specific antibody procedures and concentrations are listed below (Figure 

2.5.1). Slides were warmed to room temperature before undergoing three washes for five minutes 

in 0.01 M phosphate-buffered saline (PBS) (Thermo Fisher Scientific) followed by 

permeabilization with 0.1% Triton-100 x (Thermo Fisher Scientific) for five minutes. Slides 

were blocked in 10% normal goat serum (MP Biomedicals, Santa Ana, CA) with 3% bovine 

serum albumin (Sigma-Aldrich, St Louis, MO) in 0.01M PBS for 90 minutes. Primary antibodies 

included BDNF, GAP-43, ATF3, pCREB, and NF200 and were applied overnight at 4°C in a 

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 washes for five minutes in PBS. Secondary antibodies were 

applied for 60 minutes at room temperature in a solution of 3% BSA and 0.01M PBS. The nuclei 

were stained with DAPI (NucBlue) (Thermo Fisher Scientific) which was applied to DRG 

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

sealed with aquapoly mount (Polysciences) and stored at -20°C.  

 

Imaging: All digital images taken were processed in a parallel manner with identical fluorescent 

exposures using either a 20X (DRG analysis) or 10X (nerve regeneration analysis) objective with 

a Zeiss Axio Imager fluorescence microscope. Two representative DRG sections were analyzed 

for each animal using Image J software. BDNF and GAP-43 were analyzed through cytosolic 

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

processing of two nerve sections for each animal followed by serial capture of each image and 

post-production ‘stamping’ of the image to display the extent of nerve regeneration past the 

injury site. A minimum of 10 axons were required for length of regeneration, and axons were 

counted every 500 μm’s.  

 

Statistical Analysis: Experimental results are written as the mean ± standard error mean (s.e.m).  

Significance of RAG analysis and length of regeneration was determined using a one-way 

analysis of variance (ANOVA) to determine any differences in the mean between groups 

followed by a post-hoc Dunnett’s test to compare experimental groups against unconditioned 

animals. A level of p<0.05 was the cut-off for statistical significance. To determine statistical 

significance between axon counts, a two-way ANOVA was completed to determine differences 

between the mean of each group in a paired data set followed by Dunnett’s post-hoc for 

comparison against unconditioned animals. Statistics were completed using Prism 9.3.1 

(GraphPad Software, San Diego, CA). 
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2.3 Results  

2.3.1 CES and CCL upregulate DRG RAGs following nerve repair surgery.  

The sciatic nerve of 129S6/SvEvTac (WT) mice were conditioned by CES, CCL, or 

remained unconditioned (n=4/cohort). Three days post-conditioning, the animals were 

euthanized and their L4 and L5 DRGs were harvested and processed for tissue sectioning (9 μm) 

and brain-derived neurotrophic factor (BDNF), growth-associated protein 43 (GAP-43) and 

phosphorylated-cyclic adenosine monophosphate (cAMP) response element binding protein 

(pCREB) RAG immunohistochemistry. Using identical methods in rat studies, these RAGs were 

upregulated following both CES and CCL compared to unconditioned (naïve) DRGs (Senger et 

al., 2018, 2019, 2020). Immunohistochemistry demonstrated increased cytosolic expression of 

BDNF following CCL (91.8 a.u. ± 6.2 a.u.; p < 0.01) compared to unconditioned animals (65.2 

a.u. ± 6.5 a.u.). CES BDNF was not significantly upregulated compared to naïve (73.0 a.u. ± 2.7 

a.u.; p>0.05) and (Figure 2.5.2). The cytosolic immunofluorescence of GAP-43 was significantly 

upregulated in CES (79.8 a.u. ± 3.0 a.u.; p< 0.05) and CCL (88.5 a.u. ± 3.7 a.u.; p < 0.01) 

compared to the baseline expression of GAP-43 in the unconditioned animals (68.2 a.u. ± 0.8 

a.u.). Furthermore, CES and CCL showed a significant increase in nuclear pCREB 

immunofluorescence (24.1% ± 0.9%, p< 0.05; 28.6% ± 3.0%, p < 0.01 respectively) compared 

to unconditioned control animals (10.1% ± 4.5%) (Figure 2.5.2). 

 

2.3.2 CES and CCL promote nerve regeneration in mice, similar to Sprague-Dawley rats.  

The extent of regeneration was determined by analyzing nerves seven days following a 

sciatic nerve repair surgery in which the animals were previously conditioned by CES, CCL or 

unconditioned controls (n=6/cohort). As regenerating and degenerating axons have differing 
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morphology, neurofilament 200 (NF200) labelling allowed for quantification of the number of 

regenerating axons past the cut/coaptation site (Figure 2.5.3). Both CES and CCL had 

significantly increased mean numbers of axons extending past the site of coaptation with 

maximums reaching 66.6 ± 2.5 axons and 65.6 ± 5.9 axons, respectively, compared to 

unconditioned animals with 34.2 ± 3.7 axons. This pattern of significantly more regenerating 

axons at every 0.5 mm intervals distal to the coaptation site continued throughout the 

regenerating length (at least p<0.05). Further, both CES and CCL groups attained significantly 

greater distances of regeneration. The maximum length of regeneration following CES was 5.4 

mm ± 0.2 mm (p < 0.05) and CCL was 5.6 mm ± 0.6 mm (p < 0.05), whereas unconditioned 

animals only reached 3.1 mm ± 0.7 mm. Together, these data demonstrate that CES increases the 

extent of regeneration and upregulates RAGs including pCREB and GAP-43 in WT mice, like 

Sprague-Dawley rats. 

 

2.3.3 CES, unlike CCL, does not upregulate ATF3, display overt inflammation, or cause 

Wallerian Degeneration compared to unconditioned controls. 

Activating transcription factor 3 (ATF3) is an early injury marker that upregulates in 

DRG nuclei following nerve injury and our rat studies showed that ATF3 was increased in DRG 

nuclei 24 hours following CCL but not CES, suggesting that CES does not cause axonal injury 

(Senger et al., 2020). A new cohort (n=4/cohort) of wildtype animals underwent CES, CCL, or 

remained unconditioned, and their L4, L5 DRGs were harvested the following day. The neuronal 

nuclei of animals conditioned with CCL displayed upregulated expression of the injury marker 

ATF3 (41.7% ± 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, indicating CES does not cause axonal injury 

response in mice (Figure 2.5.4).  

 Gross observation of the conditioning site (asterisk) at 7 days post-CES, CCL, was 

compared to naïve nerve and it was observed that the sciatic nerve was swollen following CCL, 

but not CES (Figure 2.5.5). Immunohistochemistry against NF200 was performed to assess 

axonal morphology and indicated that axons underwent Wallerian degeneration past the CCL 

conditioning site. The axons were intact distal to the site of CES, similar to naïve nerves, 

suggesting the CES axons did not undergo Wallerian Degenreation (Figure 2.5.5). We assessed 

immune cell proliferation or infiltration at the conditioning site using IBA-1 

immunohistochemistry which labels both tissue resident and infiltrating macrophages. There was 

an obvious increase in macrophage presence following CCL, compared to CES and naïve mice 

(Figure 2.5.5).  
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2.4 Discussion  

 

Our data demonstrates that, similar to our Sprague-Dawley rat studies (Senger et al., 

2018, 2019, 2020), CES upregulates RAGs and accelerates nerve regeneration in WT mice. The 

RAGs GAP-43, and pCREB were upregulated at three days following conditioning, indicating 

the presence of a regenerative environment at the DRG. Compared to naïve rat data, BDNF 

levels in the mouse had higher innate expression. We predict this increase in baseline BDNF 

expression in our WT mice could be attributed to either the stress that animals might have had 

during transport to the surgery suite or the relatively low number of animals (n=4) used in this 

study. We believe that an increase in the number of animals, it is likely both CES and CCL 

would show significantly higher BDNF expression compared to naive mice.  

Similar to Sprague-Dawley rats, CES and CCL allowed for an increased number of axons to 

regenerate past the cut/coaptation site, as well as an increased lengths of regeneration compared 

to unconditioned animals (Senger et al., 2018). Overall, the upregulation of RAGs and increased 

extent of regeneration indicates that CES promotes a pro-regenerative response in wildtype mice. 

These data are supported by in vitro studies that demonstrated an increase in neurite extension 

and RAG expression following electrical stimulation (Singh et al., 2009, 2015). Similar to our rat 

studies, the injury marker, ATF3 was significantly upregulated in the nuclei of the CCL DRGs, 

compared to both CES and unconditioned animals. These data add support to our hypothesis that 

unlike CCL, CES is non-injurious. 

 This data supports the published data in Sprague-Dawley rats, showing that CES and 

CCL upregulate similar RAG expression, highlighting a convergence of their pathways (Senger 

et al., 2018, 2019, 2020). Further, the absence of Wallerian degeneration and macrophage 
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presence in CES nerve and the lack of ATF3 activation in their neuronal nuclei further supports 

that this modality is non-injurious as it does not evoke nerve degeneration or evoke an immune 

cell response. This chapter did not discern between tissue resident or blood born macrophages at 

the nerve or the DRG. There is a possibility that while CES did not demonstrate an obvious 

increase in the number of macrophages at the conditionind site, the tissue-resident macrophages 

(TRMs) could have been activated. Exploration into the relative contributions of TRMs to the 

conditioning effect associated with CCL is also unknown.   

Overall, this data supports that CES is translatable from Sprague-Dawley rats to mice and 

therefore transgenic mice can be used to try to determine the mechanism through which CES 

evokes its conditioning effects.  
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2. 5 Figures 
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Figure 2.5.1 Primary and Secondary Antibodies used for Immunohistochemistry 

Primary Antibody Antigen 

Retrieval 

40 minutes in 60 

°C citrate buffer 

(10mM sodium 

citrate, 0.05% 

Tween-20, pH 

6.0) 

Primary 

Antibody 

Dilution 

Secondary Antibody Secondary 

Antibody 

Dilution 

ATF3 (rabbit) 

Abcam 

207434 

Yes 1:500 AlexaFluor 488 goat anti-

rabbit 

Invitrogen, Carlsbad, CA 

A-11008 

1:1000 

pCREB (rabbit) 

Cell Signalling 

9198 

Yes 1:500 AlexaFluor 488 goat anti-

rabbit 

1:1000 

NF200 (rabbit) 

Sigma-Alrich 

N4142 

No 1:500 AlexaFluor 488 goat anti-

rabbit 

1:500 

GAP-43 (rabbit) 

Novus 

Biochemicals 

Centennial, CO 

NB300-143 

No 1:500 Alexa Fluor 488 goat anti-

rabbit 

1:1000 

BDNF (rabbit) 

Abcam 

Cambridge, UK 

Ab108319 

Yes 1:200 AlexaFluor 488 goat anti-

rabbit 

1:1000 
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Figure 2.5.2: CES and CCL upregulate similar RAGs in wildtype mice.  

A) The average intensity of BDNF immunofluorescence in arbitrary units 3 days following B) CES (n=4), C) CCL (n=4), or D) no-

conditioning (n=4). E) The average intensity of GAP-43 immunofluorescence in arbitrary units 3 days following F) CES (n=4), G) 

CCL (n=4), or H) no-conditioning (n=4). I) The immunohistochemical expression of p-CREB 3-days following J) CES (n=4) K) CCL 

(n=4) or L) no-conditioning (n=4). The scale bar in B indicates a distance of 100 µm.  CCL had significant increases in the expression 

of RAGs including BDNF, GAP-43, and pCREB (*<0.05; **p< 0.01). CES had significant increases in RAG expression of GAP-43 

and pCREB (*p<0.05), and an increase in BDNF, though not statistically significant. 
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Figure 2.5.3: CES and CCL accelerate nerve regeneration in 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 received either A) CCL (n=6) B) CES (n=6) or C) no-conditioning 

(n=6). The scale bar in C measures 500 µm 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 counted. D: Extent of nerve regeneration from the surgery repair site is 

quantified by the number of axons (y-axis) and distance in micrometers (x-axis) every 500 µm 

distal to the site of coaptation. Statistical significance at each 500 µm length where the number of 

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

unconditioned axons is indicated on the graph (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 2.5.4: CES does not upregulate the injury marker, ATF3.  

A) The immunohistochemical expression of ATF3 at the L4 and L5 DRGs 1 day following A) 

CES (n=4) B) CCL (n=4) or C) no-conditioning (n=4). The scale bar in A indicates a distance of 

100 µm.  D) The percentage of ATF3 positive neuronal nuclei. CCL had a significant increase in 

the injury marker, ATF3 (***p< 0.001).  
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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) nerves confirms swelling 

in the CCL but not CES or naïve nerves 5 days post-conditioning. Conditioning site in D, G is 

shown by asterisks. B, E, H) NF200 immunofluorescence shows healthy axons in naïve (B) and 

CES (E) but Wallerian degeneration following CCL (H). C, F, I) IBA-1 labels tissue resident and 

monocyte-derived macrophages. Naïve nerve (C) and CES (F) has little macrophage presence 

unlike CCL (I) which demonstrates a large number of macrophages. Nuclear staining with DAPI 

confirms the increase in cells at the nerve conditioned with CCL (I) compared to CES (F) or 

naïve nerve (C). Scale bar in G is 100 µm. 
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CHAPTER 3: The immune profile and role of macrophages following CES and CCL 

 

 

 

 

 

 

 

 

 

 

  



51 
 

3.1 Introduction 

3.1.1 Inflammatory responses in the peripheral nerve 

Macrophages are largely responsible for the inflammatory response that is initiated 

following peripheral nerve injury. The pro-regenerative effect of a conditioning lesion benefits 

from the inflammation produced by monocyte-derived macrophages as they clear the injury site 

of axonal, myelin, and other cellular debris which produces an environment conducive to axonal 

regrowth (Lu and Richardson, 1991; Dahlin, 1992; Senger et al., 2018). The infiltration of 

monocytes to the site of injury occurs following the production of inflammatory cytokines, such 

as class C chemokine ligand 2 (CCL2), by injured Schwann cells and neurons (Tanaka et al., 

2004; Kwon et al., 2015; Zhang and De Koninck, 2006). The binding of CCL2 to the class C 

chemokine receptor 2 (CCR2) receptor expressed on the plasma membrane of these circulatory 

monocytes binds CCR2 after their infiltration and initiates the participation of monocyte-derived 

macrophages in Wallerian Degeneration (Perrin et al., 2005). Once activated in the injured nerve, 

macrophages participate in the phagocytosis of 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 similar to the conditioning crush 

lesion (CCL), and CCR2-/- mice display deficient regeneration even following CCL conditioning 

(Niemi et al., 2013; 2016; Kwon et al., 2015). CCR2-/- mice do not continue to exert their 

conditioning effect following nerve crush injury, while Wallerian degeneration is intact due to 

compensation from neutrophils (Niemi et al., 2013, 2016). Neutrophil ablation in CCR2-/- mice 

allows Wallerian degeneration to occur, indicating redundancy in these mice, while the 

conditioning effect of CCL relies on macrophages. It is not known if CCR2 macrophages are 

involved in CES-induced conditioning.  
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3.1.2 Tissue-resident macrophages (TRMs) and monocyte-derived macrophages are found in the 

PNS  

Macrophages can be divided into two separate classes: monocyte-derived macrophages 

that are derived from bone-marrow monocytes, or TRMs which fate-mapping studies have 

indicated derive from the yolk sac or fetal liver (Zhao et al., 2018; Hashimoto et al., 2013). 

TRMs are found in all tissues, including the dorsal root ganglia (DRG) and peripheral nerves. In 

the peripheral nerve, the role of circulatory monocyte-derived macrophages following injury is 

well-described, whereas due to the more recent discovery of TRMs and methods to study them, 

their role following peripheral nerve injury, including conditioning, is unclear. It is accepted that 

TRMs are responsible for the upregulation of interleukin-13 expression as early as 4 hours post-

injury since monocyte-derived macrophages are not yet found in the injured nerve (Ydens et al., 

2012; Ydens et al., 2020). Furthermore, TRMs proliferate following nerve injury, contributing to 

the inflammatory response and phagocytosis of myelin debris (Davies et al., 2013; Mueller et al., 

2001). Due to their expression of major histocompatibility complex II (MHC II) molecules and 

complement receptor 3 (CR3), TRMs are thought to be involved in antigen presenting and 

surveillance 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 potential role in the conditioning 

effect to promote nerve regeneration is unknown.  

3.1.3 Macrophage Ontogeny 

 The ontogeny of macrophage subtypes is important when discerning between their 

unique roles. Traditionally, TRMs were thought to originate from bone marrow derived 



53 
 

monocytes (BMDMs) that were replenished as necessary (Fogg et al.,2006; Yona et al., 2013) . 

However, it is now accepted that these TRMs have embryonic origins of either the yolk sac or 

the fetal liver before they migrate to peripheral tissues including peripheral nerves and the DRG 

(Yona et al., 2013; Ydens et al., 2020). TRMs maintain themselves locally and are capable of 

proliferation and self-renewal, in contrast to the previously assumed monocyte-derived 

replenishment (Ydens et al., 2020; Ginhoux et al., 2010; Ajami et al., 2007). Though TRMs and 

monocyte-derived macrophages share similarities including phagocytotic function, cytokine 

release, and tissue repair, they have differing roles as TRMs are already present in the event of 

injury and help initiate the injury and inflammatory response (Mueller et al., 2001; Mueller et al., 

2003; Krishnan et al., 2018; Bautista and Krishnan, 2022). Both monocyte-derived macrophages 

and TRMs are increasingly demonstrating further subtypes. monocyte-derived macrophages are 

typically subdivided into Ly6ChighCCR2+ and the Ly6ClowCX3CR1+, with CCR2+ monocytes 

having a more evident role in inflammation and CX3CR1+ in patrolling endothelium layers 

(Ydens et al., 2020; Bautista and Krishnan, 2022). Evidence suggests that the function and gene 

expression of TRMs is highly tailored to the specific tissue and physiological needs of that 

region (Lavin et al., 2014). For example, TRMs of either the endoneurium or epineurium within 

the sciatic nerve were found to differentially express genes, and even further, endoneurial 

macrophages were more associated with immediate-early genes following injury compared to 

epineurial macrophages, with endoneurial macrophages much more active overall (Ydens et al., 

2020). Furthermore, the skeletal system is increasingly being recognized as an additional 

reservoir for myeloid cells as monocytes and neutrophils have been shown to infiltrate to the 

central nervous system (CNS) in injury conditions from adjacent bone marrow (Cugurra 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 (Herisson et al., 2018; Yao et al., 2018; Cai et al., 2019; Cugurra et al., 2021). Following 

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

injury, Cugurra et al., traced a substantial portion CNS-infiltrating monocytes separately from 

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

also following injury (Cugurra et al., 2021). It could be possible, therefore, that monocytes from 

the vertebrae could infiltrate into the nearby DRG or nerve post-injury. In summary, 

macrophages display vast heterogeneity which could impact their activation and function 

following peripheral nerve injury and conditioning. To our knowledge, the role of TRMs in the 

nerve regenerating effects of CCL and CES is not known. We hypothesize that CES is non-

injurious and non-inflammatory; therefore, both TRMs and monocyte-derived macrophages will 

not have a significant role in the CES conditioning effect. Alternatively, we hypothesize that 

CCL promotes both TRM and monocyte-derived macrophage activation to accelerate nerve 

regeneration. 

3.1.4 Genetically modified mouse models to study macrophage populations 

 Distinguishing TRMs from monocyte-derived macrophages has been difficult due to the 

fact that they express similar receptors and cytokines. For example, ionized calcium binding 

adaptor molecule 1 (IBA-1), a pan-macrophage marker, labels both TRMs and monocyte-derived 

macrophages (Imai et al.,1996; Köhler, 2007). The use of genetically modified mice is necessary 

to distinguish between the two populations. Tamoxifen inducible timed expression of CX3CR1+ 

fluorescence using the CreER system can differentiate TRMs from monocyte-derived 

macrophages depending on the timing of tamoxifen injection (Zhao et al., 2019; Bautista and 

Krishnan, 2022). Overall, the use of these genetically modified mice is crucial to immune cell 
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research and will allow the investigation of TRMs separately from monocyte-derived monocytes 

in the conditioning effect.  

Herein we use two transgenic mice, the CX3CR1CreER; Rosa26 mice were used as a tracer 

for TRMs while the iDTR;CX3CR1 mice were used to ablate CX3CR1 expressing cells, 

including both TRMs and monocyte-derived macrophages (Buch et al., 2005; Zhao et al., 2019; 

Plemel et al., 2020). Of note, CX3CR1 is also expressed in microglia and therefore in addition to 

the effects on macrophages, these mice have fluorescently labeled microglia and ablated 

microglia, respectively. We did not investigate microglia in our studies as it was outside the 

scope of these experiments.  

Neonatal tamoxifen injection induces CX3CR1CreER; Rosa26 mice to express TdTomato, 

a red fluorescent marker, in CX3CR1 cells. Infiltrating monocytes expressing TdTomato 

eventually die, and without a consistent source of tamoxifen, the bone-marrow stem cells 

replenish these infiltrating monocytes without TdTomato fluorescence. Alternatively, TRMs 

perform self-renewal and continue to express TdTomato. Thus, a 1-3 day neonatal tamoxifen 

treatment followed by a 4 week washout results in animals with TRM CX3CR1 TdTomato 

fluorescence and no labelling of infiltrating monocytes (Plemel et al., 2020). 

 Alternatively, iDTR;CX3CR1 express the inducible diphtheria toxin receptor (iDTR), not 

endogenous to mice, downstream of the Rosa26 locus. With tamoxifen injection into adult mice, 

iDTR is expressed in CX3CR1 cells. One week after tamoxifen, injection of diphtheria toxin 1 

day prior to and during the week of conditioning (CCL and conditioning electrical stimulation 

(CES)) ablates CX3CR1 macrophages. Littermate controls did not express iDTR and were 

insensitive to diphtheria toxin mediated cellular ablation.  
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In summary, we aimed to determine the presence and activation of TRMs by utilizing a 

mouse model in which these macrophages fluoresce (CX3CR1CreER; Rosa26). We then went on 

to determine if the conditioning effect associated with CES persists in the absence of tissue-

resident and monocyte-derived macrophages (iDTR;CX3CR1). These genetic mouse models 

allowed us to both label TRMs and ablate macrophages to explore their potential role in CES and 

CCL.  
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3.2 Methods  

Animals: CCR2-/- mice were obtained from the Jackson Laboratory (Bar Harbor, MA, USA) and 

housed as above (Boring et al., 1997). Animals used for RAG and immune cell analysis at the 

DRG were culled 1 and 3 days post-conditioning (n=4/cohort).  

CX3CR1CreER; Rosa26 mice were obtained from the Plemel Laboratory at the University 

of Alberta and bred at the Health Sciences Laboratory Animal Services (HSLAS). Tamoxifen 

dissolved in corn oil (Sigma, T-5648) was injected intraperitoneally once/day for 3 days to each 

animal at 100mg/kg at 12-15 days post-birth to enable tissue-resident macrophage fluorescence. 

At 8 weeks of age these mice were used to analyze regeneration associated gene (RAG) 

expression and macrophage quantification and activation analysis at 1 and 3 days post-CES and 

CCL conditioning (n=4/cohort).  

CX3CR1CreER; Rosa26 mice were crossed with iDTR;Rosa26 mice to produce 

CX3CR1creER+/-;Rosatdtom+/-;RosaiDTR+/-mice, abbreviated hereafter as iDTR;CX3CR1 mice 

(n=4/cohort) from the Plemel laboratory at the University of Alberta. All mice were genotyped 

by the Plemel laboratory and transferred to the Webber laboratory at 9 weeks old for 

experimental procedures. Half of the mice had the genotype DTR+, tdRFP- and the remaining 

mice had the genotype DTR-, tdRFP+. Similar to the CX3CR1CreER;Ai9 mice, 100 mg/kg 

tamoxifen dissolved in corn oil (Sigma, T-5648) was injected intraperitoneally once/day for 3 

days into each animal. Five days following tamoxifen injections, 1 μg of diphtheria toxin 

(Cedarlane; #150) injections were given intraperitoneally 1/day for seven days (10µL of DT in 

2000µL of Sterile 1X PBS; 1 μg).  
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Surgical Procedures: Conditioning and cut/coaptation surgical procedures were completed as 

described in Chapter 2. CCR2-/- mice underwent CES or CCL conditioning and surgical 

transection/repair surgeries to the tibial nerve, whereas all other mice underwent sciatic nerve 

surgeries. The timeline for surgical procedures of the iDTR;CX3CR1 mice was executed as 

follows: conditioning (Day 1) was completed on the second day of diphtheria injections; surgical 

transection and repair was completed one week after conditioning (Day 7) and tissue was 

harvested one week later (Day 14). 

 

Tissue Collection: L4, L5 DRG tissue collection was completed as stated in chapter 2 at days 1 

and 3 post-conditioning with the addition of a 2cm nerve segment from the conditioning site 

being harvested at 3 days post-conditioning for CCR2-/- and CX3CR1CreER; Rosa26 mice. 

Likewise, tibial and sciatic nerves were harvested at day 14 as stated in chapter two for nerve 

regeneration studies of CCR2-/- and iDTR;CX3CR1 mice including the harvest of L4, L5 DRG 

tissue from each animal. 

 

Immunohistochemistry: Immunohistochemistry was completed as stated above for activating 

transcription factor 3 (ATF3), phosphorylated cyclic adenosine monophosphate (cAMP) 

response element binding protein (pCREB), and neurofilament 200 (NF200) primary antibodies. 

For macrophage analysis, DRG and conditioning site slides with 3 day post-conditioning tissue 

were warmed to room temperature before washing with 1X phosphate-buffered saline (PBS) for 

10 minutes. Slides were then blocked in 10% Normal Donkey Serum, 0.1% fish stain gelatin, 

0.1% TritonX100, and 0.05% Tween-20 in 0.01M PBS for 45 minutes. The primary antibodies 

included IBA-1, and Dectin-1 and were applied in 0.01M PBS, 0.1% fish stain gelatin, and 0.5% 
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Triton X-100 overnight at 4°C. The following day, slides were washed 7 times for 6 minutes 

each in PBS before application of the secondary antibodies in 0.01M PBS, 0.1% fish stain 

gelatin, and 0.5% Triton X-100 at room temperature for 1 hour. Slides were then rinsed 7 times 

for 6 minutes before DAPI application for five minutes. Slides were mounted with aqua-poly 

mount. Specific procedures are listed in Figure 3.5.1. 

 

Polymerase Chain Reaction (PCR) 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 digested in 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 cycling according to protocol for CCR2-/- mice from the Jackson 

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

dNTPs, 10μM Common F, 10 μM Wt R, 10 μM Ko R, 0.1 μL Platinum Taq and 1.95 μL water. 

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: Imaging for RAG analysis and nerve regeneration analysis was completed as in chapter 

two. For macrophage analysis, slides were visualized with a Laser Scanning Confocal 

Microscope (Leica TCS SP5) at the Cell Imaging Core of the University of Alberta. Macrophage 

area was determined with thresholding FIJI analysis of IBA-1 fluorescence divided by total DRG 

area. Macrophage cell numbers were counted with binary evaluation of IBA-1 and TdTom 
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fluorescence with a DAPI nucleus and total nonneuronal DAPI cells were counted. Two DRG 

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

 

Statistical Analysis: Experimental results are written as the mean ± standard error mean (s.e.m).  

Significance of RAG analysis, length of regeneration, and macrophage areas and cell counts 

were determined using a one-way analysis of variance (ANOVA) to determine any differences in 

the mean between groups followed by a post-hoc Dunnett’s test to compare experimental groups 

against unconditioned animals. A level of p<0.05 was the cut-off for statistical significance. To 

determine statistical significance between axon counts, a two-way ANOVA was completed to 

determine differences between the mean of each group in a paired data set followed by Dunnett’s 

post-hoc for comparison against unconditioned animals. To compare between genetically 

modified mice conditions and littermate controls, unpaired t-tests were performed on each group.  

Statistics were completed using Prism 9.3.1 (GraphPad Software, San Diego, CA). 
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3.3 Results  

3.3.1 In both wildtype and CCR2-/- mice, CCL, but not CES, increased ATF3 expression in DRG 

neuronal nuclei  

 PCR genotyping on wildtype (WT) and CCR2-/- spleen tissue was performed to confirm 

that wildtype mice expressed the Ccr2 gene at the expected 494 bp (lanes 1-3). As expected, the 

CCR2-/- mice had the lower signal at 390 bp (lanes 4-6) (Figure 3.5.2).  

We first wanted to confirm our previous findings that CCL, and not CES, upregulated 

ATF3 expression at the DRG (Lindå et al., 2011; Senger et al., 2020). The sciatic nerve of 

wildtype (WT) and CCR2-/- mice were conditioned by CES, CCL (positive control ATF3 DRG 

expression), or remained unconditioned (negative control for ATF3 DRG expression) 

(n=4/cohort). On days 1 and 3 post-conditioning, the animals were euthanized and their L4, L5 

DRGs as well as nerves at their conditioning sites, were harvested and processed for tissue 

sectioning (9 μm) and ATF3 immunohistochemical analysis (Figure 3.5.2). Similar to Sprague-

Dawley rat models (Senger et al., 2018; 2019) and the WT mouse results of Chapter 2, there was 

a significant upregulation of ATF3 1 and 3 days following CCL in WT mouse DRG neuronal 

nuclei (Day 1: 63.5% ±8.4%, **p<0.01; Day 3: 80.5% ±4.3%, ***p<0.001) compared to 

unconditioned animals. CES and unconditioned animals displayed low levels of ATF3 at 1 day 

(1.9% ±0.3%; 0.0±0.0%) and 3 days (7.2% ±1.0%; 3.2% ±1.0%), respectively (Figure 3.5.2).  

This pattern of ATF3 upregulation persisted in CCR2-/- animals, despite their deficient 

macrophage infiltration. One- and 3-days following CCL, CCR2-/- mice DRG neurons had a 

mean ATF3 expression of 66.8% ±12.7% (**p<0.01) and 89.6% ±0.7% (***p<0.001) compared 

to unconditioned animals of 4.2% ±4.2% and 8.3% ±0.6% (Figure 3.5.2), respectively. CES 

continued to display low levels of ATF3 at one and three days in CCR2-/- mice (7.9% ±4.2%; 
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8.0% ±3.4%) indicating a lack of injury. In summary, there were no significant differences 

between ATF3 expression in CCR2-/- and WT mice as CCL-induced axonal injury upregulates 

ATF3 in the presence and absence of CCR2-expressing macrophages (Figure 3.5.2).  

 

3.3.2 IBA-1 is upregulated post CCL-conditioning in mice with deficient macrophage infiltration 

at the nerve, but not the DRG 

 We next assessed whether macrophage levels were reduced following CCL in CCR2-/- 

mice. WT and CCR2-/- mice underwent CCL, CES, or no conditioning to the sciatic nerve and 3 

days later the L4, L5 DRGs and nerve conditioning sites were harvested and processed for IBA-1 

immunohistochemistry (Figure 3.5.3). At the DRG, CCL to WT mice increased the proportion of 

cells expressing IBA-1 (44.2% ±2.5%; **p<0.01) compared to naïve mice (21.6% ±3.9%), 

demonstrating that there was an accumulation of macrophages within the DRG following CCL to 

the sciatic nerve (Figure 3.5.3). CES did not result in DRG macrophage accumulation (19.5% 

±3.4%). In CCR2-/- mice, there was a significant decrease in IBA-1+ macrophages at the DRG 

following CCL (20.1% ±5.9%; **p<0.01) mice compared to WT CCL. CES (14.8% ±1.1%) and 

naïve (16.5% ±2.3%) CCR2-/- mice were similarly expressed to their WT counterparts.  

 At the conditioning site of the sciatic nerve, WT mice that underwent CCL displayed 

upregulated IBA-1 macrophages (83.7% ±3.5% (***p<0.001) compared to CES (20.2% ±2.1%) 

and naïve (12.4% ±0.7%) mice (Figure 3.5.4). Despite the decrease in CCR2-expressing 

macrophages post-CCL in CCR2-/- mice, macrophages were still significantly upregulated 

compared to CES (21.0% ±2.6%; ***p<0.001) and naïve (13.6% ±3.4%; ***p<0.001) at the 

conditioning site. Notably, fewer macrophages accumulated at the conditioning site post-CCL 
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(51.6% ±2.8%; ***p<0.001) in the CCR2-/- mice compared to the CCL WT mice (***p<0.001) 

(Figure 3.5.4). 

 

3.3.3 CCR2-/- mice continue to upregulate pCREB post-CCL and CES conditioning.  

 We confirmed that similar to our findings in Chapter 2, both CCL (79.4% ±8.8% 

;*p<0.05) and CES (83.6% ±2.7%; *p<0.05) promoted pCREB upregulation at the DRG 

compared to naïve (51.1% ±4.1%) in the WT mice. CCR2-/- mice that underwent CCL and CES 

expressed similar levels of pCREB at their DRGs (CCL:75.9% ±8.7%, *p<0.05; CES: 87.5% 

±2.9%, **p<0.01) compared to naïve CCR2-/- mice (41.8% ±4.8%) (Figure 3.5.5) 

 

3.3.4 CX3CR1CreER; Rosa26 mice upregulate pCREB following CES and CCL, and the injury 

marker ATF3 is only increased following CCL 

Next, we visualized TRMs through a genetically modified mouse model with tracer 

TdTomato fluorescence to analyze the separate macrophage populations following CES and 

CCL conditioning. Newly weaned CX3CR1CreER; Rosa26 mice had early tamoxifen exposure to 

evoke TdTomato expression in all CX3CR1 cells. One month later, the monocyte-derived 

CX3CR1-expressing macrophages were replaced by bone-marrow progenitors without 

TdTomato fluorescence, whereas the TRMs and their progeny remained TdTomato positive 

(Buch et al., 2005; Zhao et al., 2019; Plemel et al., 2020). This TRM tracing experiment was 

devised to discern the involvement of TRMs post nerve injury and following CES or CCL 

conditioning.  

As the fluorescent marking of CX3CR1 TRMs should not have an impact on the function 

of these cells, we expected CES and CCL to have growth promoting effects at the DRG and 
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regenerating nerve front in these mice. The sciatic nerve of CX3CR1CreER; Rosa26 mice were 

conditioned by CES, CCL, or remained unconditioned (n=4/cohort). On days 1 and 3 post-

conditioning, the animals were euthanized and their L4, L5 DRGs were harvested and processed 

for tissue sectioning (Figure 3.5.5). Immunohistochemistry was performed to determine if similar 

patterns of pCREB upregulation and the injury marker, ATF3, were present despite the insertion 

of TdTomato fluorescence into CX3CR1+ cells.  Immunohistochemistry demonstrated a 

significant increase in immunofluorescence of the RAG, pCREB at the nuclei of both CES and 

CCL mice (38.1% ± 7.1%, p<0.05; 44.2% ± 2.4%, p<0.01) compared to unconditioned mice at 3 

days post-conditioning.  

Similar to our wildtype findings, 1 day post-conditioning, CX3CR1CreER; Rosa26 mice 

displayed an upregulation of the injury marker ATF3 following CCL (27.6% ± 6.3%, *p<0.05) 

whereas following CES (5.0% ± 1.0%, p>0.05) ATF3 levels were similar to unconditioned 

CX3CR1CreER; Rosa26 animals (5.1% ± 4.8%) (Figure 3.5.5). Overall, these data indicate that 

similar to our wildtype findings, both CCL and CES upregulate RAG expression at the DRG 

whereas CCL alone causes neuronal injury.  

 

3.3.5 CCL promotes monocyte-derived macrophage infiltration at the DRG and conditioning site 

compared to CES and unconditioned animals.  

To confirm the accumulation of macrophages in CX3CR1CreER; Rosa26 mice after CCL 

we measured IBA-1 three days post-conditioning in the DRG and nerve. We found that IBA-1+ 

DRG area was higher in CCL (2.4% area ± 0.3% area, *p<0.05) as compared to CES (1.4% area 

± 0.4% area) and unconditioned mice (1.1% area ± 0.4% area) (Figure 3.5.6). Furthermore, there 

was a significant increase in IBA-1 expression at the conditioning site, with CCL upregulating 
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IBA-1 levels (3.1% area ± 0.9% area; **p<0.01) compared to unconditioned mice (0.5%. ± 

0.04% area). CES (0.4% area ± 0.1% area) mice were similar to the unconditioned controls 

(Figure 3.5.7). 

The CX3CR1CreER; Rosa26 mice have TdTomato-expressing (TdTom+) TRMs whereas 

the monocyte-derived macrophages are TdTomato negative (TdTom-). Therefore, these 

genetically modified mice can determine the effect of conditioning on these populations of 

macrophages. To determine whether the macrophage accumulation is due to monocyte-derived 

infiltration or tissue-resident macrophages expansion we examined the percentage of 

macrophages (IBA1+) expressing the TRM-specific fluorophore TdTom in the DRG and 

conditioning site after CCL, CES, or in naïve mice. There were no significant differences in 

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 (Figure 3.5.6). Similarly, there were no significant 

differences in numbers of TRMs at the conditioning sites of CCL (15.6% ± 2.8%) and CES 

(16.4% ± 5.2%) mice compared to unconditioned (17.1%  ± 2.1%) animals (Figure 3.5.6; Figure 

3.5.7). In addition to measure the percentage of TRMs at the DRG we also determined 

macrophage density to ensure our quantity determination was unaffected by any alterations in 

adjacent cell populations. The densities of TRMs at the DRG post-CCL (189.7 cells/mm2 ± 47.4 

cells/mm2) and post-CES (453.4 cells/mm2 ± 62.2 cells/mm2) were not significantly different 

from naïve (300.6 cells/mm2 ± 62.6 cells/mm2). The densities of TRMs at the conditioning site 

were similarly unaffected by conditioning post-CCL (1.4E-4 cells/mm2 ± 2.5E-5 cells/mm2) and 

post-CES (1.4E-4 cells/mm2 ± 5.1E-5 cells/mm2) compared to naïve (9.1E-5 cells/mm2 ± 1.2E-5 

cells/mm2). Overall, these data suggest TRMs do not alter their overall population in the DRG or 

nerve following CCL or CES compared to unconditioned animals. 
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To determine if monocyte-derived macrophage infiltration was responsible for the 

increased IBA-1 levels at the DRG and nerve following CCL, the number of IBA-1+ cells that 

were TdTom- were quantified. Following CCL, there was a mean percentage of 26.6% ± 2.8% 

IBA-1+/TdTom- cells at the L4, L5 DRGs (***p<0.001), whereas both CES and unconditioned 

mice displayed low levels at 6.4% ± 1.1%, and 4.4% ± 1.1%, respectively (Figure 3.5.6). 

Likewise, this increase of infiltrating macrophages was also observed at the conditioning sites, 

with CCL displaying significantly increased IBA-1+/TdTom- cells (24.6% ± 9.2% p<0.05), 

compared to CES (2.4% ± 1.0%), and unconditioned mice (1.3%  ± 0.5%) (Figure 3.5.7). Density 

measurements similarly indicated an increase in monocyte-derived macrophages post-CCL 

(550.6 cells/mm2 ± 218.7 cells/mm2; 349.1 cells/mm2 ± 98.1 cells/mm2; p<0.05; p<0.01) 

compared to CES (160.1 cells/mm2 ± 44.5 cells/mm2; 22.2 cells/mm2 ± 11.5 cells/mm2) and 

naïve (66.5 cells/mm2 ± 18.6 cells/mm2; 8.3 cells/mm2 ± 3.8 cells/mm2) at the DRG and 

conditioning sites, respectively. In summary, these data suggest that CCL causes monocyte-

derived macrophage infiltration at the conditioning sites and at their DRG. 

 

3.3.6 CCL promotes activation of monocyte-derived macrophages 

 To determine if the TRMs or monocyte-derived macrophages were activated following 

CCL and CES conditioning, immunohistochemistry against dectin-1 was performed on 

CX3CR1CreER; Rosa26 mice. Dectin-1 is a C-type lectin receptor found on macrophages that is 

most characterized in response to 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., 2015). Therefore, we hypothesized that 

dectin-1+/IBA-1+ cells could be identified as activated macrophages. Given that macrophages 
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can respond without necessarily recruiting monocytes or proliferating, we wanted to determine if 

CCL and CES increased macrophage activation based on dectin-1 expression. Thus, we 

quantified the number of dectin-1 expressing IBA-1+/TdTom+/- cells at the DRG and 

conditioning sites. Both at the DRG and nerve conditioning sites respectively, there were no 

differences in dectin-1 upregulation in TRMs of CCL (2.6% ± 1.1%; 5.4% ± 2.0%) and CES 

(3.3% ± 1.2%; 3.4% ± 0.2%) mice compared to unconditioned (3.1% ± 1.2%; 6.2% ± 1.3%) mice 

(Figures 3.5.6; 3.5.7). Overall, these data suggest TRMs do not alter their activity levels in the 

DRG or nerve following CCL or CES compared to unconditioned animals.  

 We quantified the number of activated monocyte-derived macrophages following CCL, 

CES, or no conditioning at the DRG with dectin-1 immunofluorescence overlaying the 

infiltrating macrophages (Figure 3.5.6). There was a significant dectin-1 increase in the 

infiltrating macrophages in the DRG of mice that underwent CCL (9.5% ± 2.9%; p<0.01) 

compared to unconditioned mice (0.9% ± 0.5%). CES (0.7% ±0.3%; p>0.05) animals had similar 

dectin-1 levels in the monocyte-derived macrophages to the unconditioned mice (Figure 3.5.6). 

This finding persisted at the CCL conditioning site with a significant dectin-1 upregulation in 

IBA-1+/TdTom- cells of CCL mice (16.6% ± 4.4%; p<0.01), compared to CES (0.4% ± 0.3%) 

or unconditioned mice (0.8% ±0.4%) (Figure 3.5.7). In summary, these data suggest that unlike 

CES, CCL causes monocyte-derived macrophage activation at the conditioning sites and at their 

DRG. Alternatively, it is possible that monocyte-derived macrophages express dectin-1, and due 

to their enhanced presence, there was a rise in dectin-1 that does not necessarily signify 

activation.  
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3.3.7 Unlike CCL, the pro-regenerative effects of CES persist following macrophage depletion in 

iDTR;CX3CR1 mice.  

 We obtained 16 iDTR;CX3CR1 mice to assess whether the depletion of CX3CR1 

macrophages would abolish the pro-regenerative effects of CES or CCL. The experimental 

animals received intraperitoneal tamoxifen injections one week prior to CES or CCL 

conditioning to drive the expression of the iDTR in all CX3CR1 cells (n=4/cohort) so that both 

monocyte-derived and TRMs could be targeted. The control mice were littermate controls with 

the CX3CR1CreER; Rosa26 genotype and thus did not receive the insertion of the diphtheria toxin 

receptor onto the plasma membrane of CX3CR1 expressing cells during tamoxifen injections. 

One day prior to conditioning and daily for 6 days, all animals underwent diphtheria toxin i.p. 

injections to ablate the CX3CR1 macrophage populations in the experimental animals for the 

duration of the conditioning effect. On day 7, all animals underwent a sciatic nerve transection 

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 of CX3CR1 macrophages in the experimental 

animals one week following nerve repair surgery, anti-IBA-1 immunofluorescence at the DRGs 

was performed (Figure 3.5.9). Littermate control mice lacking the iDTR demonstrated the 

expected increase in IBA-1 immunofluorescence in CCL (12.9% ± 3.7%), CES (6.7% ± 1.2%), 

and unconditioned (7.6% ± 0.4%) animals one week following nerve repair surgery (Figure 

3.5.9). These studies measured macrophage expression levels at the DRG at the time of nerve 

harvest, 2 weeks after CCL and CES were performed. The nerve repair surgery understandably 

resulted in an increased of macrophages in the CES and naïve DRG as this procedure involves 

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

nerve repair surgery.  

The experimental mice expressing the iDTR (CX3CR1;iDTR+ mice) had decreased IBA-

1 expression following both CCL (2.8% ± 0.8%; p<0.05) and CES (2.1% ± 0.8%; p<0.05) one 

week following nerve repair surgery. This data suggests that CCL conditioning did not increase 

macrophage levels. Surprisingly, unconditioned animals (8.0% ± 0.9%) did not display a 

decrease in IBA-1 immunofluorescence, indicating that the macrophage ablation was 

unsuccessful in this group and thus, these animals were discounted from further analysis. This 

experiment is scheduled to be repeated.  

We went on to determine if CX3CR1 macrophages are required for the conditioning 

effects of CCL and CES. First, the sciatic nerves of all iDTR- animals (CX3CR1; DTR-) 

underwent immunohistochemistry against NF200 to confirm that the conditioning effect of CCL 

and CES persisted in these littermate control mice. As anticipated, both CES and CCL 

significantly increased the mean numbers of axons extending past the site of coaptation with 

maximums reaching 73.3 ± 6.8 axons and 56.5 ± 5.8 axons, respectively, compared to 

unconditioned animals with 35.8 ±3.4 axons (Figure 3.5.10). The pattern of significant increases 

in axon numbers continued throughout the regenerating length (at least p<0.05). Further, both 

conditioned groups accelerated nerve regeneration compared to unconditioned nerves. The 

distance of regeneration following CES was 6.9 mm ± 1.0 mm (**p < 0.01) and CCL was 6.0 

mm ± 0.5 mm (*p < 0.05), whereas unconditioned animals only reached 3.1 mm ± 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, the length of regeneration obtained in axons following sciatic nerve repair in 

CX3CR1; DTR+ mice following CES or CCL conditioning were compared to their littermate 

control mice (Figure 3.5.10). DTR+ mice that underwent CES (5.8 mm ± 0.5 mm) displayed no 

significant differences in length of regeneration to littermate controls with CES (6.9 mm ± 1.0 

mm), whereas DTR+ mice that underwent CCL (3.0 mm ± 0.5 mm) displayed a significant 

decrease in regeneration length compared to DTR- mice (6.0 mm ± 0.5 mm; p<0.01) indicating 

that the conditioning effect associated with CCL did not persist following CX3CR1 macrophage 

ablation (p<0.01). Furthermore, there were significant decreases in numbers of axons 

regenerating in CCL DTR+ mice compared to CCL DTR- mice (p<0.05-p<0.001). 

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

macrophages to exert the conditioning effect to promote nerve regeneration.  
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3.4 Discussion 

ATF3 upregulation persisted in mice that underwent CCL, despite a lack of CCR2+ 

macrophage infiltration to the conditioning site and DRG, suggesting that other cell types 

including the damaged neurons and de-differentiated Schwann Cells, are involved in the 

multifaceted injury response of peripheral axons. Further, this ATF3 upregulation was not seen 

in mice following CES, corroborating that CES is non-injurious. As expected, there was a large 

increase in macrophage accumulation at both the DRG and conditioning site following CCL 

conditioning, but not CES. The increase of macrophages further supports our hypothesis that 

CES does not rely on the inflammatory response by macrophages to produce its pro-regenerative 

effects. Interestingly, the reduction of macrophage accumulation was more drastic at the nerve 

compared to the DRG following CCL. This draws attention to possible compensatory 

mechanisms, likely by neutrophils, by these CCR2-/- mice to still produce inflammation, despite 

lacking CCL2-CCR2 signalling responsible for CCR2+ macrophage infiltration to the nerve 

(Niemi et al., 2013, 2016). Furthermore, the upregulation of DRG pCREB expression associated 

with both CES and CCL following conditioning was maintained in CCR2-/- mice. We 

anticipated that pCREB upregulation would persist in mice that underwent CES, as thus far the 

pro-regenerative effects have been shown to be non-inflammatory and non-injurious; however, 

we anticipated if CCL relies on inflammation, then its pCREB upregulation would cease. As a 

result, both the upregulated IBA-1 and pCREB immunofluorescence that persist in CCR2-/- mice 

indicate a compensatory mechanism that could potentially be responsible for these data. 

Blocking of the CCL-induced conditioning effect following neutrophil ablation by Ly6G 

injection in 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 CCR2-/- animals was studied by Niemi et al., (2013) in 

vitro and found that in DRG explants the CCL conditioning lesion effect from axotomy was 

abolished, and in dissociated neurons it was substantially reduced. These in vitro studies do not 

support our findings as the pro-regenerative environment associated with CCL persisted in our in 

vivo CCR2-/- mice. It is not surprisingly however, that the pro-regenerative effect of pCREB 

upregulation associated with CES persisted in 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 (CD68), ATF3 upregulation, and absence of Wallerian 

degeneration (Senger et al., 2020). Unfortunately, since our positive control did not establish 

altered pCREB immunofluorescence, the upregulated pCREB expression in CCR2-/- mice is not 

enough to fully support our hypothesis as we cannot discount the possibility that compensatory 

mechanisms are also involved in CES.  

There are several limitations to this experiment which could ultimately explain the 

discrepancy between our hypothesis and these findings. Firstly, a major limitation of this 

experiment lies in this mouse model itself as redundancy of other immune cells compensate for 

the loss of CCR2-expressing macrophages. CCR2-/- mice do not display significant reductions in 

myelin clearance following nerve injury despite a decrease in macrophage infiltration evidenced 

by decreased Cd11b staining (Niemi et al., 2013). Further, these knockout mice display increased 

phagocytic Schwann cell activity, increased neutrophil infiltration and phagocytosis, and do 

ultimately produce a reduction in Wallerian degeneration following neutrophil depletion 

(Lindborg et al., 2017). There is also the possibility that other chemokine/cytokine signalling 

pathways are responsible for infiltration of monocyte-derived macrophage populations in knock-

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 pathways have been shown to be involved such as LIF, IL-1α, IL-1β, and pancreatitis 

associated protein III (PAPIII) (Liu et al., 2019). The use of other signalling pathways to cause 

infiltration into the nerve could be responsible for non-CCR2+ macrophage infiltration or the 

infiltration of CCR2+ macrophages using other signalling methods to infiltrate. As we did 

continue to see a high amount of IBA-1 immunofluorescence in the CCL CCR2-/- mice at the 

conditioning site, it is possible that this is due to any of these methods of compensation. Lastly, 

the possibility that tissue-resident macrophages are involved both in wildtype mice as well as 

CCR2-/- mice during the conditioning response remains to be explored. It is known that TRMs 

residing in the DRG and nerves can proliferate and contribute to both pro-inflammatory and anti-

inflammatory actions during peripheral nerve injury (Lindborg et al., 2017; Mueller et al., 2003).  

Altogether, it is possible that the redundancy and lifelong genetic mutations made unforeseen 

changes in this mouse mode, ultimately showing that CCL retained a pro-regenerative 

environment with upregulated IBA-1 and pCREB immunofluorescence and the difference 

between CES and CCL cannot be determining using this mouse model.  

 CX3CR1CreER; Rosa26 mice were developed to evoke Tdtomato fluorescence in TRM to 

assess TRM proliferation or activation following CES and CCL compared to unconditioned 

animals. In order to confirm a similar phenotype to wildtype mice, immunohistochemistry was 

performed where the data indicated that fluorescent-labelling transgenic modifications causing 

TdTomato fluorescence in CX3CR1 cells does not alter the pro-regenerative effects associated 

with either CES or CCL. We confirmed an upregulation of the RAG, pCREB following CES and 

CCL in the TdTom TRM tracer mice. Further, the upregulation of the injury marker, ATF3, 

persisted in only CCL animals, confirming the injurious nature of the conditioning paradigm, 
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while CES animals did not display an upregulation of ATF3, like unconditioned animals. To 

compare the macrophage responses of CCL and CES, immunofluorescent analysis showed that 

infiltrating macrophages were increased both in quantity and activation levels at the DRG and 

conditioning site following CCL, but not CES. This supports the extensive previous literature 

describing that the conditioning effect associated with a crush lesion relies heavily on 

upregulated macrophage infiltration and inflammation to mount its robust regenerative response 

(Niemi et al., 2013; 2016). Further, this strongly supports our hypothesis that CES does not rely 

on pro-inflammatory infiltrating macrophages to evoke its pro-regenerative response.  

Our data suggest that TRMs 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 as upregulated following peripheral nerve injury to participate in events such 

as phagocytosis of myelin debris, TRMs showed no changes in quantity or activation in CCL and 

CES compared to unconditioned animals. It is possible that following CCL, the robust response 

by infiltrating monocyte-derived macrophages was sufficient to forego a response by TRMs, 

which remain inactivated unless absolutely necessary such as the case when infiltrating 

macrophages are abolished or under more injurious states, such as axotomy, not merely crush 

injury. Another possibility is that like neutrophils, TRMs may play a role earlier on in producing 

the conditioning effect and were deactivated at day 3. Indeed, research has shown that TRMs and 

other resident cells such as Schwann cells are activated early, at 1 day post-injury, in comparison 

to the slightly delayed infiltration of monocytes often commencing at day 2 and peaking around 

day 5 (Ydens et al., 2012). However, this research also shows that TRM proliferation peaks at 

day 2-3; 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 harvested (Ydens et al., 2012). 
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Together, this data supports that both TRM and monocyte-derived macrophages are not involved 

in producing the conditioning effect associated with CES, indicating that its mechanism is not 

based in the upregulation of inflammation. Our data does suggest that monocyte-derived 

macrophages, likely not TRMs, are required for CCL conditioning.  

We next utilized a tamoxifen induced diphtheria toxin receptor mouse model to ablate the 

CX3CR1 population of macrophages, allowing us to circumvent the redundancies such 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 TRMs and monocyte-derived macrophages. Due to the 

persistence of pro-regenerative responses associated with CCL and CES in DTR- mice, we 

concluded that diphtheria toxin and tamoxifen were not causing unwarranted toxic effects. 

Important to note are recent studies demonstrating that diphtheria toxin ablation through the 

iDTR system has been associated with CSF deficiencies and ventricular shrinkage (Bedolla et 

al., 2022). While the conclusions of this study remain important to be investigated thoroughly, 

we do not believe it to be an issue with the results of this experiment due to our controls and the 

fact that this is a PNS study that is assumed to not be impacted by ventricular deficits. To our 

knowledge, there is no interaction between ventricular function and PNS regeneration. Similar to 

data from the CCR2-/- mice, DTR+ mice that underwent 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 CCR2-/- mice, DTR+ mice that underwent 

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 discount the fact that this mouse model 
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does not distinguish between TRMs and monocyte-derived macrophage infiltration, both of 

which could be involved in CCL or CES, despite data from the CX3CR1CreER; Rosa26 mouse 

model previously discussed. It is important to note; however, that this experimental model using 

diphtheria toxin tends to target monocyte-derived macrophages 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 ablation of monocyte-

derived macrophages.   

Although not statistically significant, DTR+ mice that underwent CES demonstrated 

slight decrease in mean lengths of regeneration compared to DTR- mice that underwent CES. 

This alludes to the possibility that although CES does not seem to depend on macrophages for 

mounting a pro-regenerative response, combined with the CCR2-/- mice data, perhaps 

macrophages are involved to some extent, whether it is pro-inflammatory or anti-inflammatory 

in nature. Due to vast macrophage heterogeneity, it is possible that the reduction in macrophages 

was partly targeting CES’ mechanism, but not enough to produce complete abolishment. 

Similarly, it could also represent variability between groups associated with CES. Due to the lack 

of macrophage ablation in unconditioned DTR+ mice, this experiment is scheduled to be 

repeated to confirm the proper DTR+ control for this experiment. Furthermore, increasing the 

number of animals in this experiment might reduce any variability in individual animal 

responses.  

 These findings also generate intriguing concepts for further research. As the diphtheria 

toxin model used did not necessarily distinguish between monocyte-derived macrophages 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 length in CES animals with DTR+ genotypes. If 
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TRMs were involved in some capacity, for example by secretion of anti-inflammatory cytokines, 

this could both generate new concepts about how macrophages are involved in pro-regenerative 

responses, not solely for phagocytic debris clearance, as well as elucidate clinical avenues for 

human patients even beyond CES. Dectin-1 upregulation is strongly associated with pro-

inflammatory states and responses; therefore, looking into anti-inflammatory activation states 

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

CES as non-inflammatory. It will also be necessary to determine if the rise in dectin-1 is 

associated with increased activation, since it is possible that dectin-1 was solely upregulated 

because there was an increase in monocyte-derived macrophages which tend to express dectin-1. 

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

monocyte-derived macrophage 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 

inflammatory infiltration of monocyte-derived macrophages to produce its growth enhancing 

effect on peripheral nerve regeneration.  
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3.5 Figures 
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Figure 3.5.1: Primary and Secondary Antibody Protocols for Immunohistochemistry 

  

Primary Antibody Antigen Retrieval 

40 minutes in 60 

°C citrate buffer 

(10mM sodium 

citrate, 0.05% 

Tween-20, pH 

6.0) 

Primary 

Antibody 

Dilution 

Secondary Antibody Secondary 

Antibody 

Dilution 

ATF3 (rabbit) 

Abcam 

207434 

Yes 1:500 AlexaFluor 488 goat anti-

rabbit 

1:1000 

pCREB (rabbit) 

Cell Signalling 

9198 

Yes 1:500 AlexaFluor 488 goat anti-

rabbit 

1:1000 

NF200 (rabbit) 

Sigma-Alrich 

N4142 

No 1:500 AlexaFluor 488 goat anti-

rabbit 

1:500 

IBA-1 (rabbit)  

Wako Chemicals 

Richmond, VA  

019-19741 

No 1:1000 Alexa Fluor 488 goat anti-

rabbit 

1:400 

Dectin-1 (rat) 

Invivogen 

San Diego, CA 

Mabg-mdect 

No 1:50 AlexaFluor 647 donkey 

anti-rat 

Jackson ImmunoResearch  

712-606-153 

1:400 
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Figure 3.5.2 ATF3 is upregulated following CCL, but not CES, compared to unconditioned 

animals in both WT and CCR2-/- mice.   

A) PCR Genotyping of wildtype and CCR2-/- mice confirming the expected lower ccr2 

transcript at 390 bp in the CCR2-/- mice. The sciatic nerve of wildtype mice underwent B) CCL 

(n=2) C) CES (n=2) or D) remained unconditioned (n=2) and their L4, L5 DRGs were harvested 

1 day later. The sciatic nerve of CCR2-/- mice underwent E) CCL (n=2), F) CES (n=2) or G) 

remained unconditioned (n=2). ATF3 immunohistochemistry was performed and the positive 

nuclei were counted. H) Wildtype and CCR2-/- mice that underwent CCL had significantly 

higher ATF3 levels in the DRG nuclei (p<0.01) compared to unconditioned controls. I-O) Three 

days following CCL (I,L), CES (J,M), or no conditioning (K,N) both wildtype (I-K) and CCR2-

/- (L-N) L4, L5 DRGs were processed for immunohistochemistry against ATF3. O) ATF3 

immunofluorescence was significantly upregulated in CCL animals of both wildtype and CCR2-

/- mice (p<0.05; p<0.01) and there were no significant differences in baseline ATF3 expression 

in both CES or unconditioned mice for either wildtype or CCR2-/- mice. The scale bar in B 

indicates a distance of 100 µm. 
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Figure 3.5.3 IBA-1 expression is upregulated in the DRG following CCL conditioning.  

A-F) IBA-1 immunofluorescence at the L4, L5 DRGs three days following sciatic nerve 

conditioning in wildtype (A-C) and CCR2-/- (D-F) mice that underwent A,D) CCL, B,E) CES or 

C,F) naive (n=4/cohort). G) The percentage of IBA-1 positive cells was upregulated in WT mice 

following CCL compared to CES and naïve mice. There was a significant decrease in IBA-1 

immunofluorescence in CCR2-/- mice following CCL compared to WT CCL mice (**p<0.01) 

The scale bar in D indicates a distance of 100 µm. 
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Figure 3.5.4 IBA-1 expression is upregulated 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 CCL (A-D), CES (B,E), or naïve (C-F) 

(n=4/cohort). G) The percentage of IBA-1 positive cells was upregulated following CCL in both 

wildtype and CCR2-/- mice compared to CES and naïve mice. There was a significant decrease 

in IBA-1 immunofluorescence in CCR2-/- mice that underwent CCL compared to WT CCL mice 

(***p<0.001). The scale bar in A indicates a distance of 100 µm. 

  



84 
 

 

 

 

 
 

Figure 3.5.5: CCR2-/- mice upregulate pCREB post-CES and CCL conditioning.  

The sciatic nerve of A-C) wildtype and D-F) CCR2-/- mice underwent A,D) CCL, 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 CCR2-/- mice that underwent CCL and CES conditioning had significantly higher 

pCREB levels in the DRG nuclei (*p<0.05; **p<0.01) compared to unconditioned controls. 

There was no significant difference in baseline pCREB expression of naive mice for either 

wildtype or CCR2-/- mice. The scale bar in A indicates a distance of 100 µm. 
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Figure 3.5.6: CES and CCL of CX3CR1CreER; Rosa26 mice increase pCREB at the DRG, 

whereas CCL alone upregulates the injury marker ATF3.  

A-C) ATF3 Immunohistochemistry of L4, L5 DRGs from CX3CR1CreER; Rosa26 mice 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 mice (*p<0.05). E-G) pCREB 

immunohistochemistry of L4, L5 DRGs 3 days following E) CES, F) CCL, or G) no 

conditioning (n=4/cohort). H) Phospho-CREB was increased in CX3CR1CreER; Rosa26 mice 

three days following CES and CCL compared to unconditioned mice (*p<0.05, **p<0.01). The 

scale bar in E indicates a distance of 100 µm. 
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Figure 3.5.7 CES and CCL do not affect DRG tissue-resident macrophage numbers; however, CCL allows infiltration of 

monocyte-derived macrophages.  

IBA-1, TdTom, Dectin-1, and Dapi immunofluorescence of L4, L5 DRGs from CX3CR1CreER; Rosa26 mice 3 days following CCL 

(A-E) CES (F-J) and unconditioned (K-O) (n=4/cohort). P) Graph indicating area percentage of IBA-1+ immunofluorescence 

demonstrating a significant upregulation following CCL compared to CES or unconditioned mice (p<0.05). Q) Graph indicating the 

percentage of infiltrating monocyte-derived macrophages (IBA-1+/TdTom-; green) and tissue-resident macrophages (IBA-

1+/TdTom+; red) following CCL, CES, or no-conditioning. There was a significant upregulation of infiltrating macrophages at the 

DRG following CCL, not CES, compared to unconditioned animals (p<0.001). Tissue-resident macrophages were similar in all 

groups. R) Graph indicating density of TRMs or monocyte-derived macrophages in DRG area (p<0.01).  S) Graph indicating the 

percentage of dectin-1+ macrophages that were either IBA-1+/TdTom- or IBA-1+/TdTom+. There was a significant upregulation of 

dectin-1 in IBA-1+/TdTom- macrophages following CCL, not CES, compared to unconditioned animals (p<0.01). The scale bar in I 

represents 100 µm. 
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Figure 3.5.8 CES and CCL do not affect nerve tissue-resident macrophage numbers; however, CCL allows infiltration of 

monocyte-derived macrophages.  

IBA-1, TdTom, Dectin-1, and Dapi immunofluorescence of nerve from CX3CR1CreER; Rosa26 mice 3 days following CCL (A-E), 

CES (F-J). K-O) Unconditioned CX3CR1CreER; Rosa26 nerve served as negative controls (n=4/cohort). P) Graph indicating area 

percentage of IBA-1+ immunofluorescence demonstrating a significant upregulation following CCL compared to CES or 

unconditioned mice (p<0.05). Q) Graph depicting the percentage of infiltrating monocyte-derived macrophages (IBA-1+/TdTom-; 

green) and tissue-resident macrophages (IBA-1+/TdTom+; red) following CCL, CES, or no-conditioning. There was a significant 

upregulation of infiltrating macrophages at the DRG following CCL, not CES, compared to unconditioned animals (p<0.001). Tissue-

resident macrophages were similar in all groups. R) Graph indicating density of TRMs or monocyte-derived macrophages in sciatic 

nerve (p<0.01). S) Graph indicating the percentage of dectin-1+ macrophages that were either IBA-1+/TdTom- or IBA-1+/TdTom+. 

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

unconditioned animals (p<0.01). The scale bar in I represents 100 µm. 
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Figure 3.5.9 Macrophage numbers were significantly reduced in iDTR;CX3CR1 ablated 

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

A-F) IBA-1 immunofluorescence at the L4, L5 DRGs of iDTR;CX3CR1 mice 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 ablated (D-F) whereas the 

macrophages of the mice that did not express the diphtheria toxin receptor (DTR-) remained 

viable (A-C). Seven days post-conditioning, all animals underwent sciatic nerve transection and 

repair and the DRG and nerve were collected one week later. G) The area percentage of IBA-1 

immunofluorescence was quantified and confirmed a significant decrease in IBA-1 expression in 

DTR+ mice following CCL and CES (p<0.05), but not in unconditioned mice. The scale bar in D 

represents a distance of 100 µm. 
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Figure 3.5.10 The pro-regenerative effects of CCL and CES persist in littermate controls of 

iDTR;CX3CR1 mice.  

A-C) NF200 immunofluorescence of the sciatic nerve of iDTR;CX3CR1 control animals that do 

not express the inducible diphtheria toxin receptor (DTR-) on their CX3CR1 cells 7 days 

following surgical repair. Cohorts included animals that received either: CCL (A) CES (B) or no-

conditioning (C) one-week prior to 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. 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 diphtheria toxin receptor (DTR-) (*p<0.05; **p<0.01; ***p<0.001). The scale bar in A 

indicates a length of 500 µm.  
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Figure 3.5.11 Unlike CCL, the pro-regenerative effect of CES remains following 

macrophage ablation in iDTR;CX3CR1 mice. 

A-D) NF200 immunofluorescence at the sciatic nerve of iDTR;CX3CR1 control mice that did 

not express the inducible diphtheria toxin receptor (DTR-) on their CX3CR1-expressing cells 

(A,C) compared to mice that expressed the inducible diphtheria toxin receptor (DTR+) on their 

CX3CR1-expressing 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 week prior to 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 distally every 0.5 mm. CES conditioning accelerated the 

rate of regeneration in these mice in both DTR- and DTR+ iDTR;CX3CR1 mice whereas CCL 

did not exert its pro-regenerative effect in the absence of CX3CR1 macrophages (*p<0.05; 

**p<0.01; ***p<0.001). The scale bar in A indicates a length of 500 µm.  
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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 (αBC) is a small heat-shock protein initially discovered in the lens of 

the eye (Mörner, 1894). While other major proteins of the lens including beta-crystallin and 

gamma-crystallin are restricted to the lens, αBC has a widespread expression in other tissues 

including skeletal muscle, heart, the central nervous system (CNS), and the peripheral nervous 

system (PNS) (Mörner, 1894; Nagaraj et al., 2017). αBC has been shown to contribute to 

tauopathies such as Alzheimer’s disease, progressive supranuclear palsy, frontotemporal 

dementia with parkinsonism-17, and corticobasal degeneration, as upregulations are found in 

astrocytes, oligodendrocytes, microglia, and neurons of the brain post-mortem (Mao et al., 2001; 

Dabir et al., 2004; Richter-Lansberg and Goldbaum, 2003). Although αBC is deemed as 

neuroprotective earlier on in some neuro-degenerative disease states, particularly Parkinsons 

disease, its upregulation contributes to toxicity primarily through interactions with glial cell 

inclusions (Liu et al., 2015). It is possible that the overall benefit/deficit created by αBC depends 

on phosphorylation state: phosphorylation of serine residues -45 and -59 have been demonstrated 

to contribute to protection, whereas phosphorylation of Ser-19 supports degeneration (Li and 

Reiser, 2011; Kuipers et al., 2017). Further complicating this, phosphorylation of Ser-59 has 

been shown to cause reactive astrogliosis and demyelination in cuprizone-induced MS (Kuipers 

et al., 2017).  

In the PNS, αBC 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 injury.  (Lim et al., 

2017). Recent studies demonstrate a key role for αBC in remyelination as it is highly expressed 

in Schwann cells during developmental myelination and remyelination post-inrury (after the 28 

day downregulation (D’Antonio et al., 2006; Ousman et al., 2017). Further, αBC may have an 



98 
 

anti-inflammatory role in the PNS as αBC-/- mice have increased pro-inflammatory macrophages 

following nerve injury, and macrophages treated with αBC peptide treatment following 

lipopolysaccharide (LPS) stimulation had decreased cytokine expression such as interleukin-6 

(IL-6), interleukin-1beta (IL-1β), interleukin-12p40 (IL-12p40), and tumour necrosis factor alpha 

(TNFα) in vitro (Lim et al., 2021). The role of αBC in regeneration determined through axonal 

measures is unclear as although there was no change in neurite outgrowth of αBC-/- dorsal root 

ganglion (DRG) neurons compared to their controls, there was an upregulation of 

phosphorylated protein kinase B (pAKT) which has been shown to promote nerve growth (Lim 

et al., 2017). The Ousman laboratory determined that the deficits seen in the knock-out mice 

were due to deficits during myelination and noted deficits in behavioral indices that also impact 

regeneration, not solely myelination. Our study investigated the role of αBC in nerve 

regeneration in vivo through immunohistochemistry in 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: αBC-/- animals were obtained from the Ousman Laboratory at the University of 

Calgary and bred with Health Sciences Laboratory Animal Services (HSLAS) at the University 

of Alberta under AUP 00003034 (Lim et al., 2017).  

 

Surgical Procedures: 1) To determine the effect of CES and CCL on WT and αBC-/- animals to 

determine the effect of αBC on DRG RAG expression (n=4/cohort) as described in Chapter 2.  2) 

To determine the effect of αBC on the ability of CES and CCL to accelerate nerve regeneration, 

CES and CCL were performed on WT and αBC-/- animals 7 days prior to cut/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 determine if the expression of αBC in the 

growing axons or within the regeneration mileux (including Schwann cells) is required for nerve 

regeneration. One week prior to graft surgeries, adult 129S6/SvEvTac (WT) mice and αB-C -/- 

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 WT and αBC-/- 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 trifurcation point, and a 5 mm section from the donor grafts 

was inserted with 10-0 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 buprenorphine (0.05 mg/Kg/animal). 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 nerve consisted of: i) WT 

nerve growing through the WT graft to the WT distal stump (WT →WT →WT); ii) αBC-/- 

nerve growing through the WT donor graft to the αBC-/- distal stump (αBC-/- →WT → αBC-/-); 

iii) the WT nerve growing through the αBC-/- donor graft to the WT distal stump (WT → αBC-/- 

→WT), and iv) αBC-/- nerve growing through the αBC-/-  donor graft to the αBC-/- distal stump  

(αBC-/- → αBC-/- → αBC-/-). 

 

Tissue Collection: Tissue collection was completed as described in Chapter 2 at 1 and 3 days for 

DRG analysis (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 my supervision.   

 

Microscopy: Microscopy was completed as described in Chapter 2.  

 

Western Blots: Western blots were completed by Susanne Lingrell. Protein was isolated from 

DRGs and sciatic nerve seven days following crush or from unconditioned naïve tissue 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 (Thermo 23227). This included 

loading 25 µL of each sample in RIPA buffer and HALT protease inhibitor into each well of gel 

cassettes and incubated at 37 °C for 30 minutes. The following day, the samples were loaded and 

underwent electrophoresis by first preparing the samples based on the BCA protein 
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quantification, supplementing with RIPA buffer and protease inhibitor, and boiling for five 

minutes. Protein samples (25 µL/lane) underwent electrophoresis at 60V for 20-30 minutes, and 

then increased to 100V until the bands 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 for 10 minutes three times. All membranes underwent blocking for one hour in 

5% BSA/TBS-T. Membranes were washed two times with TBS-T for 10 minutes each before the 

primary antibodies were added. Samples were covered and left to incubate overnight at 4°C. The 

following day, samples were washed twice with 1X TBS and twice with 1X TBS-T for 10 

minutes each before the secondary antibody (Anti-rabbit HRP; 1:5000; Invitrogen, 31430) was 

applied and left for one hour at room temperature. Membranes underwent washing twice with 1X 

TBS, twice with 1X TBS-T 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. 

 

Immunohistochemistry: IHC was completed as stated in Chapter 2, with specific antibody 

procedures listed below in Figure 4.5.2. 

 

Statistical Analysis: Experimental results are written as the mean ± standard error mean (s.e.m).  

Significance of RAG analysis and lengths of regeneration were determined using a one-way 

analysis of variance (ANOVA) to determine any differences in the mean between groups 

followed by a post-hoc Dunnett’s test to compare experimental groups against unconditioned 

animals. A level of p<0.05 was the cut-off for statistical significance. To determine statistical 
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significance between axon counts, a two-way ANOVA was completed to determine differences 

between the mean of each group in a paired data set followed by Dunnett’s post-hoc for 

comparison against unconditioned animals. To compare between knock-out mice and wildtype 

mice unpaired t-tests 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 

4.3.1 Biomics identifies a difference between DRG alphaB-crystallin expression following CES 

and CCL. 

To identify key players that might be involved in the conditioning effect of CES 

compared to CCL, DRG were harvested from Sprague-Dawley rats 1-day post-conditioning. 

These tissue samples alongside those from unconditioned animals (n=2 animals/cohort) 

underwent mass spectrometry and comparative microarray analysis. The heat shock protein, αBC 

was selected for further analysis as it was decreased 22-fold from naïve tissues following CES 

and decreased by 4.4-fold following CCL (Figure 4.5.3). We speculated that this 5-fold 

discrepancy between CES and CCL may lead to a further understanding of the mechanism of 

these conditioning effects on nerve regeneration.  

 

4.3.2 The heat-shock protein αBC is upregulated 3 days following CES, but not CCL 

conditioning.  

We performed western blot analysis to confirm the expression levels of αBC in CES and 

CCL conditioning paradigms (Figure 4.5.3). Unfortunately, we determined that unlike our 

biomics analysis, there were no significant differences in CES or CCL αBC expression 1-day 

post-conditioning, compared to naïve samples (Figure 4.5.3). Interestingly, we demonstrated that 

there was an upregulation of αBC in the DRG following CES whereas there was no change in 

CCL αBC expression.  

To investigate the role of αBC in peripheral nerve regeneration further, we obtained αBC 

-/- mice from the Ousman Laboratory at the University of Calgary (Lim et al., 2017). We first 
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confirmed that these knock-out mice were the correct phenotype through western blot analysis of 

αBC DRG and heart (positive control) of WT and αBC-/- mice. Our analysis confirmed αBC-/- 

mice had a decrease in the 22 kDa αBC protein compared to WT (Figure 4.5.3). We went on to 

assess Schwann cell protein MP0 to determine if an ablation of αBC affected myelination as it 

had been identified to be involved in the deficit of their ability to switch from de-differentiating 

Schwann cells to myelinating Schwann cells, thereby producing impaired remyelination and 

recovery after nerve injury (Lim et al., 2017). We observed a decrease in Schwann cell protein 

MP0 in αBC-/- mice which supports the findings by Lim et al., that loss of αBC protein affects 

Schwann cell function (Figure 4.5.3). 

4.3.3 CES and CCL promote DRG RAG upregulation in WT and αBC -/- mice 

To determine the role of αBC in the pro-regenerative response to CES and CCL at the 

DRG, regeneration-associated gene (RAG) levels were measured in αBC-/- and WT mice. The 

sciatic nerve of αBC-/- mice were conditioned by CES or CCL to compared to unconditioned 

mice (n=4/cohort). Animals were euthanized on days 1 or 3 post-conditioning, and their L4, L5 

DRGs were harvested and processed for tissue sectioning (9 μm). Immunohistochemistry 

demonstrated increased cytosolic expression of growth-associated protein 43 (GAP-43) in 

animals following CES (70.6 a.u. ± 2.3 a.u.; p<0.05) and CCL (70.9 a.u. ± 6.8 a.u.; p < 0.05) 

compared to the unconditioned, baseline expression (45.8 a.u. ± 18.9 a.u.) (Figure 4.5.4). These 

data confirm that CES and CCL promote RAG upregulation at the DRG regardless of αBC 

protein expression.  

 

4.3.4 Similar to WT mice, CCL, but not CES αBC-/- mice promotes ATF3 expression within DRG 

neurons.  
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One day post-conditioning, CCL showed a significant increase in ATF3 

immunofluorescence at the nucleus (42.3% ± 12.8%, p< 0.01), unlike CES (5.5% ± 1.6%, 

p>0.05) compared to unconditioned controls (0.0% ± 0.0%) (Figure 4.5.4). There were no 

significant differences between αBC-/- mice and WT mice (p>0.05; Figure 4.5.4).  

 

4.3.5 αBC-/- mice display inherently increased pCREB expression compared to WT mice. 

At 3 days post-conditioning, no difference was found in phosphorylated cyclic adenosine 

monophosphate (cAMP) response element binding protein (pCREB) expression at the DRG 

nuclei following CCL (42.9% ± 3.2%) or CES (45.4% ± 1.0%) compared to unconditioned 

animals (39.8% ± 0.4%). However, all αBC-/- groups had significantly increased pCREB protein 

expression compared to their WT counterpart (CES p<0.001; CCL p<0.05; unconditioned 

p<0.01) (Figure 4.5.4). Furthermore, Western Blot showed an upregulation of pCREB 

expression in DRGs of knock-out mice compared to WT animals (Figure 4.5.4). After this, we 

also completed western blot analysis to see if there was an upregulation of pathways interacting 

with pCREB. We found an upregulation of both phosphorylated extracellular signal-regulated 

kinases 1/2 (pERK-1/2) and ERK-1/2 protein in αBC-/- mice compared to WT mice DRGs 

(Figure 4.5.4). Overall, this data indicates αBC-/- mice have a baseline upregulation of pCREB 

and ERK-1/2 expression.   

 

4.3.6 The loss of αBC protein did not influence the pro-regenerative conditioning effects of CES 

or CCL.   

 We investigated the role of αBC in the pro-regenerative effects of CES and CCL by 

comparing nerve regeneration in WT and αBC-/- mice one week following nerve repair surgery 
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(Figure 4.5.5). The extent of regeneration in αBC-/- mice was determined seven days following a 

sciatic nerve repair surgery in which the animals were previously conditioned by CES, CCL or 

left unconditioned (n=6/cohort). Immunohistochemistry against neurofilament 200 (NF200) 

allowed the quantification of the number of axons regenerating past the site of coaptation (Figure 

4.5.5) Similar to WT animals, both CES and CCL conditioning in αBC-/- mice accelerated nerve 

regeneration. These nerves had highly significantly increased numbers of axons extending past 

the site of coaptation with the mean maximum numbers reaching 64.4 ± 6.8 axons and 46.6 ± 3.1 

axons, for CES and CCL animals respectively, compared to unconditioned animals with 34.1 ± 

3.6 axons. Further, both conditioned groups attained significantly greater distances of 

regeneration, despite a lack of αBC protein.  The distance of regeneration following CES was 5.4 

mm ± 0.6 mm (p < 0.01) and CCL was 4.8 mm ± 0.5 mm (p < 0.01), whereas unconditioned 

animals only reached 2.3 mm ± 0.4 mm, indicating the presence of a pro-regenerative 

conditioning effect following CES and CCL. Furthermore, there were no significant differences 

between αBC-/- mice and their WT counterparts including mean WT lengths following CCL (5.6 

mm ± 0.6 mm), CES (5.4 mm ± 0.2 mm), and unconditioned (3.1 mm ± 0.7 mm). 

 

4.3.7 Loss of αBC in the regenerating environment does not affect nerve growth.  

As αBC affects Schwann cell ability to switch back to a myelinating phenotype (Figure 

4.5.3; Lim et al., 2017), we sought to determine if the loss of this heat-shock protein would affect 

the proliferative environment which includes Schwann cells essential for nerve regeneration 

distal to the injury site. We investigated how the regenerating axons from αBC-/-mice and WT 

mice response to nerve grafts distal to the injury site comprised of αBC-/- or WT Schwann cells. 

A separate cohort of donor mice underwent sciatic nerve graft surgeries. Each donor animal 



107 
 

contributing their sciatic nerve, αBC-/- (n=8) and WT (n=8) underwent a sciatic nerve crush to 

evoke Wallerian degeneration and subsequent induction of a regenerative environment including 

enhanced proliferative Schwann cells. Seven days following the donor crush surgery, αBC-/- 

(n=8) and WT (n=8) host mice were placed under anesthesia, their sciatic nerves were transected, 

and a 5 mm donor nerve graft was coapted distal to the crush. Ten days following graft insertion 

these sciatic nerves, consisting of proximal host nerve coapted to donor graft coapted to the distal 

host nerve, were harvested, cryosectioned, and processed for NF200 immunohistochemistry and 

analysis to assess the extent of regeneration (Figure 4.5.6). Thus, the regenerating host nerve will 

extend through the graft to the host’s distal nerve stump, depicted hereafter as 

(Host→Donor→Host). Therefore, the groups consisted of WT nerve growing through the WT 

graft to the WT distal stump (WT →WT →WT); αBC-/- nerve growing through the WT donor 

graft to the αBC-/- distal stump (αBC-/- →WT → αBC-/-); the WT nerve growing through the 

αBC-/- donor graft to the WT distal stump (WT → αBC-/- →WT), and the αBC-/- nerve 

growing through the αBC-/-  donor graft to the αBC-/- distal stump  (αBC-/- → αBC-/- → αBC-

/-). The maximal mean lengths of regeneration attained were: 4.2 mm ± 0.2 mm (WT →WT 

→WT); 3.1 mm ± 0.4 mm (αBC-/- →WT → αBC-/-); 3.6 mm ± 0.6 mm (WT → αBC-/- →WT); 

and 3.0 mm ± 0.9 mm (αBC-/- → αBC-/- → αBC-/-). When all animals/cohort were averaged 

however, there were no significant differences between any of the experimental groups including 

no difference in growth through a regenerative environment lacking αBC compared to WT 

regenerative environments. Furthermore, there were no differences between inherent growth of 

αBC-/- mice compared to WT mice.  
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4.4 Discussion 

 Our western blot data observed a decrease in MP0 and S100 protein expression 

suggesting a decrease in Schwann cells in αBC -/- tissue. This supports similar findings from the 

Ousman laboratory who found a significant decrease in S100b protein expression in naïve nerve 

and a decrease in myelinated Schwann cells but not total Schwann cell counts following nerve 

injury. Their data demonstrated an increase in proliferating Schwann cells in αBC-/- mice (Lim 

et al., 2017). As this group showed a decrease in the number of myelinating Schwann cells and 

their in vitro work showed there was similar neurite extension associated with αBC-/- and WT 

mice following sciatic nerve injury, it suggested that αBC does not affect axonal regeneration. 

This led us to investigate if αBC affects the environment through which nerves regenerate in 

vivo. Our data showed that there was no difference in the extent of nerve regeneration between 

naïve αBC-/- and WT nerves. We went on to determine if αBC is involved in the conditioning 

effect. We confirmed that CES and CCL increased the number of regenerating axons and 

accelerated their length of nerve regeneration in both αBC-/- and WT mice suggesting that αBC 

does not have a role in axon regeneration or conditioning.  

Despite genetic modification, αBC-/-, animals portrayed a similar DRG phenotype to WT 

animals post-conditioning. ATF3 was upregulated in animals that underwent CCL, consistent 

with WT animals, supporting our Chapter 2 and 3 findings that demonstrated that CCL, unlike 

CES, is injurious. Further, animals displayed an upregulation of GAP-43 following both CES 

and CCL, indicating the persistence of a pro-regenerative effect following conditioning, 

compared to unconditioned, naïve animals. Interestingly, pCREB was not significantly different 

in αBC-/- CES, CCL, or unconditioned animals likely due to the increased innate pCREB 

expression in the αBC-/- mice compared to WT DRG counterparts. 
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Recent research by Wang et al., revealed a potential reciprocal relationship with CREB 

and αBC that could explain the discrepancy between αBC-/- mice and pCREB expression (Wang 

et al., 2020). Interestingly, CREB-/- animals demonstrated an upregulation of αBC protein 

expression under conditions of stress; CREB was found to suppress the αBC gene through 

negative regulation of the αBC promotor at multiple sites (Wang et al., 2020). With an inherently 

elevated expression of pCREB, it might follow that nerve regeneration could be increased in 

unconditioned αBC-/- animals similar to that produced by 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 regeneration of αBC 

-/- or WT mice in vivo. These data support previous studies showing that DRG neurite outgrowth 

from αBC-/- 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 absence of αBC in vivo.  

In addition to increased pCREB DRG expression in αBC-/- mice, we found an increase in 

baseline expression of ERK-1/2 and pERK-1/2 protein at the DRGs of unconditioned αBC-/- 

mice compared to WT. Increased pERK1/2 expression has been shown to increase nerve 

regeneration; however, in the αBC-/-, this elevated ERK and pERK did not translate into 

enhanced regeneration. As well, this finding contrasted with what the Ousman laboratory found, 

as they did not show changes in pERK1/2 protein expression in naïve and crushed sciatic nerve 

tissue from αBC-/- mice (Lim et al., 2019). Similarly, it is possible that these inherent 

upregulations of pCREB and ERK-1/2 are compensating for a loss of αBC, or some necessary 

interaction of αBC which is why we do not see any effects on nerve regeneration in these knock-

out mice compared to WT.  
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Interestingly, αBC-/- mice have been demonstrated to display enhanced inflammatory 

responses as there are elevated IBA-1+ cells and increased cytokine release including IL-6, IL-

1β, and TNF-α (Lim et al., 2021). As inflammation is associated with increased regeneration, as 

shown with our CCL conditioning effect on nerve regeneration discussed in Chapter 3), it is 

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 enhanced inflammation is not enough to elicit 

a conditioning effect and that potentially this pro-inflammatory response is also not detrimental 

to the health of these mice in nerve regeneration, though enhanced inflammation was 

hypothesized to be detrimental in nerve regeneration by prolonging macrophage presence (Lim 

et al., 2021). More research is needed to determine whether the enhanced inflammatory response 

associated with αBC-/- mice is detrimental to functional recovery following nerve injury or 

enhances the pain response 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 whether the regenerative environment lacking 

αBC affected nerve regeneration. Lim et al., established there is a prolonged presence of 

proliferative Schwann cells a month following nerve injury and a decrease in myelinating 

Schwann cell population (Lim et al., 2017). In addition, we observed a decrease in SC protein 

expression in αBC-/- following nerve injury (Figure 4.5.3). We speculated, therefore, that the 

regenerative milieu was altered in αBC-/- mice which could impact nerve regeneration across the 

injury site. The insertion of αBC-/- donor grafts into WT tissue, we allow us to determine if WT 

axon regeneration was affected as these axons grew into a graft from αBC-/- mice. Likewise, the 
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insertion of WT donor grafts into αBC-/- mice, could determine if the WT regenerative milieu 

rescued any deficits associated with the loss of αBC in the axons. However, we did not observe 

any differences in WT or αBC-/- axons regenerating through the WT or αBC-/- grafts (Figure 

4.5.6) leading us to conclude that nerve regeneration is unaffected by a loss of αBC. It is possible 

there is compensation by other heat-shock proteins or signaling pathways (such as the 

upregulation of CREB) that overcomes the loss of αBC. The small number of animals 

(n=4/cohort) is a limitation of this study and we plan to repeat this experiment to increase our n 

numbers.  

Overall, the data from our studies on αBC indicate that this heat-shock protein does not 

have a role in innate nerve regeneration or the conditioning effect (CES or CCL) that accelerate 

nerve regeneration. Further, the innate increase in pCREB, ERK-1/2 and pERK-½ expression, 

we demonstrated in the αBC-/- DRG following nerve injury may compensate for the deficits 

associated with αBC loss. Alternatively, these changes in protein expression may have an 

independent and unknown role separate from nerve regeneration. In conclusion, the impaired 

functional recovery, and reduced conduction velocity in αBC-/- mice shown by the Ousman lab 

may be due solely to remyelination deficits, and not deficits in nerve regeneration (Lim et al., 

2017).  
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4.5 Figures  
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Figure 4.5.1 Primary and Secondary Antibody Protocols for Western Blot 

 

 

 

  

Primary 

Antibody 

Tissue Collected Gel 

Concentration 

Primary 

Antibody 

Dilution 

Tissue 

Concentration 

Loaded 

αBC 

Millipore 

ABN185 

DRG 

αBC-/-; WT 

12.5% 1:1000 16 µg 

αBC Nerve 

αBC-/-; WT 

12.5% 1:1000 16 µg 

αBC Heart 

αBC-/-; WT 

12.5% 1:1000 5 µg 

αBC Brain 

WT 

12.5% 1:1000 10 µg 

αBC RAT DRG 12.5% 1:5000 25 µg 

pCREB DRG 

αBC-/-; WT 

12.5% 1:1000 25 µg 

ERK1/2 

Santa 

Cruz sc-94 

DRG 

αBC-/-; WT 

12.5% 1:250 18.5 µg 

pERK-1/2 

Cell 

Signaling 

4377 

DRG 

αBC-/-; WT 

12.5% 1:1000 18.5 µg 

MP0  

Millipore 

ABN363 

DRG 

αBC-/-; WT 

15% 1:1000 5-6 µg 

S100 

Sigma-

Aldrich 

S2644 

 

DRG 

αBC-/-; WT 

15% 1:2000 5-6 µg 

GAPDH 

Ambion 

4300 

DRG 

αBC-/-; WT 

15% 1:10000 10 µg 
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Figure 4.5.2: Primary and Secondary Antibodies Used for immunohistochemistry 

  

Primary Antibody Antigen 

Retrieval 

40 minutes in 60 

°C citrate buffer 

(10mM sodium 

citrate, 0.05% 

Tween-20, pH 

6.0) 

Primary 

Antibody 

Dilution 

Secondary Antibody Secondary 

Antibody 

Dilution 

ATF3 (rabbit) 

Abcam 

207434 

Yes 1:500 AlexaFluor 488 goat anti-

rabbit 

Invitrogen, Carlsbad, CA 

A-11008 

1:1000 

pCREB (rabbit) 

Cell Signalling 

9198 

Yes 1:500 AlexaFluor 488 goat anti-

rabbit 

1:1000 

NF200 (rabbit) 

Sigma-Alrich 

N4142 

No 1:500 AlexaFluor 488 goat anti-

rabbit 

1:500 

GAP-43 (rabbit) 

Novus 

Biochemicals 

Centennial, CO 

NB300-143 

No 1:500 Alexa Fluor 488 goat anti-

rabbit 

1:1000 
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Figure 4.5.3 The heat-shock protein, αBC, is unchanged 1 day following CCL and CES 

compared to unconditioned Sprague-Dawley rats, but upregulated 3 days post-CES.  

A) Microarray analysis of Sprague-Dawley DRGs 1 day following CCL, CES, or no-

conditioning separated by mass spectrometry. B) Protein expression ratio of αBC from mass 

spectrometry showing a 22.2 fold decrease in CES compared to naïve DRG, 4.4 fold decrease in 

CCL compared to naïve, and a 5.0 fold decrease in CES compared to CCL. C) MP0 western blot 

analysis of naïve WT and αBC-/- mouse DRGs. D) Western blot densitometry quantification of 

MP0 protein in arbitrary units of WT and αBC-/- naïve mouse DRG (a.u.) (n=1). E) Western blot 

densitometry quantification of S100 protein in arbitrary units of WT and αBC-/- naïve mouse 

DRG (a.u.) (n=1). F) αBC western blot of unconditioned, CCL and CES L4, L5 DRGs. G) 

Western blot quantification indicating no change in αBC levels at 1 day post-conditioning with 

an upregulation at 3 days only following CES and not CCL. H) Western blots for αBC protein at 

22 kDa of the DRG and sciatic nerve in WT mice compared to αBC-/- mice.  
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Figure 4.5.4: CES and CCL upregulated RAGs in WT and αBC-/- mice, whereas there is an increase in pCREB expression in 

the unconditioned αBC-/- DRG. 

A-D) The immunohistochemical expression of ATF3 1-day post-conditioning following A) CES, B) CCL, or C) no-conditioning 

(n=4/cohort). D) The percentage of ATF3 positive nuclei.  E-H) The immunohistochemical expression of pCREB 3-days following E) 

CES, F) CCL, or G) no-conditioning (n=4/cohort). H) The percentage of pCREB positive nuclei. I-L) The average intensity of GAP-

43 immunofluorescence 3 days following I) CES J) CCL or K) no-conditioning (n=4/cohort). M) Western blot analysis showing 

increased pCREB protein at 43 kDa in knockout mice compared to WT. N-O) Western blot of N) ERK-1/2 and O) pERK-1/2 signals 

that are increased in αBC-/- DRG compared to WT control. The scale bar in A is 100 µm (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 4.5.5: αBC protein does not influence the pro-regenerative effects of CES and CCL.  

A-C) NF200 immunofluorescent images of longitudinal sciatic nerve sections at 7 days following surgical transection and repair of 

αBC-/- mice that had received either A) CCL, B) CES, or C) no-conditioning (n=6/cohort). The coaptation site was approximated by 

the white line (A-C). D) The number of axons and extent of nerve regeneration from the surgery repair site in αBC-/- mice was 

counted every 0.5 mm until less than 10 axons were observed. E-G) Representative NF200 immunofluorescent images of longitudinal 

sciatic nerve sections at 7 days following surgical transection and repair of WT animals that had received either E) CCL, F) CES, or 

G) remained unconditioned (n=6/cohort). The coaptation site was approximated by the white line in E-G. H) The number of axons and 

extent of nerve regeneration from the surgery repair site in wildtype animals were counted every 0.5mm until less than 10 axons were 

observed. The scale bar indicates a length of 500 µm (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 4.5.6 A lack of αBC in the nerve growth environment does not affect sciatic nerve 

growth through a graft.  

A-D) Representative longitudinal sections of NF200 immunolabelled sciatic nerves 10 days 

following 5 mm sciatic nerve graft surgery. Grafts (WT or αBC-/-) were inserted into sciatic 

nerves of host WT or αBC-/- 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 ‘host nerve →donor →host nerve’ (n=4/cohort). A) WT →WT →WT, B) αBC-/- →WT → 

αBC-/-, C) WT → αBC-/- →WT, D) αBC-/- → αBC-/- → αBC-/-. 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). F) The mean lengths achieved by each condition of growth. The scale 

bar in A indicates a length of 500 µm.  
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Discussion 

 Our present data indicate that CES is translatable from Sprague-Dawley rats to mice, with 

a persistent upregulation of RAGs and enhanced nerve regeneration. Furthermore, our data 

strongly supports the hypothesis that CES is non-inflammatory and non-injurious as both TRMs 

and monocyte-derived monocytes were not involved in the conditioning response, and not 

necessary for pro-regenerative effects following their ablation. Lastly, our data indicates that 

αBC does not play a role in the conditioning effect but could have potential interactions in 

various pathways associated with regeneration due to the inherently high pCREB expression 

associated with decreased αBC. 

Our data supports our hypothesis that CES is non-injurious and does not evoke an 

inflammatory response. In both Sprague-Dawley rats and WT mice, CES generates a pro-

regenerative environment through RAG upregulation at the DRG and increasing both the number 

of regenerating axons and accelerating nerve regeneration. CES does not generate an overt 

inflammation response as indicated by the lack of swelling through gross observation of the 

nerve, lack of Wallerian degeneration past the conditioning site, and the lack of injury marker 

ATF3 at the DRG.  

To further support CES as a pro-regenerative conditioning strategy safe for clinical 

translation, it would be pertinent to demonstrate more data through various other methodologies 

that indicate improved nerve regeneration. Our immunohistochemical analysis of regenerating 

axons consisted solely of NF200, which labels larger diameter axons. To be inclusive of all axon 

fiber types this analysis could be supplemented with other axonal markers including SCG10, a 

tubulin destabilization marker that accumulates in the regenerative tips of growing axons, PGP 

9.5 for small diameter axons, betaIII-tubulin, a pan-specific marker, or CGRP which accumulates 
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in the growth cones of small diameter neurons (Shin et al., 2014; Dalsgaard et al., 1989;  

Hossain-Ibrahim et al., 2007; Burry et al., 1992; Ferreira and Caceres, 1992; Zochodne 2009). 

Assessment of more regeneration markers and indices will allow for not only direct axonal 

regeneration data, but also whether or not this translates into better motor and sensory recovery 

in mice. 

Strategies other than immunohistochemistry are needed to assess functional recovery 

from nerve injury. Electrophysiological strategies such as compound muscle axon potentials 

(CMAPs) assess motor axon function/recovery, and sensory analyses such as von Frey filaments 

and Hargreaves can test for mechanosensory and heat sensitivity, respectively (Mallik and Weir, 

2005; Deuis et al., 2017; Hargreaves et al., 1988). Horizontal ladder testing and sciatic functional 

index analyses can measure motor and functional recovery (Metz and Whishaw, 2009; Antonow-

Schlorke et al., 2013; Shen and Zhu, 1995). We used these motor and sensory assays to show 

CES promotes nerve regeneration in rats; however, we did not 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 studies; however, these experiments should still be performed to ensure there 

are no interspecies differences that occur following CES.  

Our work did not include in vitro analyses of nerve regeneration and in the future, we 

will compare the effect of CES on Sprague-Dawley and WT mice (Filous and Silver, 2016; 

Zochodne, 2009). Singh et al., (2009) clearly showed electrical stimulation promoted neurite 

extension in DRG neuronal cultures compared to control (not electrically stimulated) neurons 

(Singh et al. 2009). We predict that CES prior to culturing mouse WT DRG neurons will have 

the growth promoting effects shown in rat (Udina et al., 2008; Wei et al., 2014). In vitro 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 for the CES-

induced growth promoting effect. Further, our laboratory would like to apply CES prior to 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., determined that the growth promoting effect of electrical stimulation 

in DRG neurons was blocked by pharmacological inhibition of the PI3K pathway (Singh et al 

2009). It would be interesting to utilize a transgenic mouse that could block the PI3K pathway in 

DRG neurons prior to CES to determine if this pathway is the mechanism through which CES 

exerts its conditioning effects in vivo.  

 To support the safe translation of CES, we confirmed this modality does not 

induce axonal injury of inflammation. PES is deemed clinically safe and uses the same 

paradigms as CES; however, it is performed after a nerve repair surgery when the nerve has 

already been transected. Therefore, it is difficult to determine if PES evokes inflammation or 

nerve injury. As CES is performed prior to nerve repair surgery, we are able to assess if it causes 

nerve injury or a local inflammatory response. (Chan et al., 2016; Gordon et al., 2010; Wong et 

al., 2015; Barber et al., 2018; Power et al., 2020; Zuo et al., 2020). Our data confirmed that CES 

does not cause Wallerian degeneration or gross inflammation (i.e. increase in Iba-1 macrophage 

expression) at the nerve and it did not upregulate injury marker ATF3 in the DRG neuronal cell 

bodies. We went on to directly measure specific immune cells responsible for the inflammatory 

response following nerve regeneration and CCL conditioning. Our data corroborated what is 

established in the literature: CCL relies on the infiltration and activation of monocyte-derived 

macrophages to produce a pro-regenerative response (Lu and Richardson, 1991; Kwon et al., 
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2015; Niemi et al., 2013; Senger et al., 2019). Alternatively, CES showed minimal monocyte-

derived macrophage infiltration comparable to naïve animals suggesting it is not inducing 

inflammation at the nerve or the DRG.   

We initially hypothesized that TRMs may be involved in the conditioning response of 

CES, as these immune cells have been shown to support homeostatic, reparative, and anti-

inflammatory responses more so that monocyte-derived macrophages (Mueller et al., 2003; 

Ydens et al., 2012; Zhao et al., 2018; Hashimoto et al., 2013). We also hypothesized that TRMs 

may be upregulated/activated in animals receiving CCL as they have been shown to proliferate 

and activate following nerve injury (Ydens et al., 2012; Ydens et al., 2020; Davies et al., 2013; 

Mueller et al., 2001; Krishnan et al., 2018). Our data did not support this conclusion, as the 

number of TRMs and their activity, determined by dectin-1 expression were comparable in CES 

and CCL. Though our data thus far indicates TRMs do not play a key role in the mechanisms of 

CCL and CES, the possibility that they do indeed have some kind of effect cannot be discounted. 

Repeating our TRM fate-mapping experiment at various time points following conditioning 

could elucidate a role in the conditioning effect if TRM proliferation happened much earlier than 

anticipated. A three-day time point was chosen to be able to assess both RAGs and macrophages, 

as data indicates infiltration of monocyte-derived macrophages starts around day 2 whereas TRM 

proliferation typically occurs around day 1 and remains elevated at day 3; however, it would be 

important to fully assess the possibility of a different time-point before completely discounting 

TRM proliferation in response to CCL or CES (Ydens et al., 2012; Ydens et al., 2020). Likewise, 

more markers of TRM activation could be assessed with the possibility that TRMs do not 

upregulate dectin-1 following conditioning. CD68 may be an additional marker of TRM 

activation and should be measured.  
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Not only applicable to conditioning, but the possibility of an activation marker unique to 

TRMs could support the use of analyses such as immunohistochemistry without the use of 

genetic models, which can be expensive and difficult to implement experimentally. It would be 

interesting to determine if any receptors or proteins expressed by activated TRMs are different in 

DRG and nerve, as unique roles of TRMs in various tissues are being increasingly recognized in 

the literature (Lavin et al., 2014; Ydens et al., 2020). Furthermore, an assessment of cytokines 

released in CES and CCL would add strength to our data to determine, by ELISAs, if there is an 

increase in inflammatory cytokines associated with CES. If in vivo analysis demonstrated an 

upregulation of specific cytokines such as IL-6, in CES, but not CCL (or vice-versa), in vitro 

neurite extension with exogenous cytokines added could be assessed. Pharmacological inhibition 

or antagonizing of these cytokines could determine if a conditioning effect persists, confirming 

their role in CES-induced neurite extension. Further, co-cultures of TRMs and monocyte-derived 

macrophages with DRG neurons in vitro could provide additional data on the conditioning effect 

of CES. It would also be possible to assess if there are anti-inflammatory cytokine upregulations 

during the conditioning effect of CES. As dectin-1 is associated with pro-inflammatory 

activation, both immunohistochemistry of an anti-inflammatory activation marker or an analysis 

of anti-inflammatory cytokines following CES could demonstrate if the mechanism associated 

with CES relies on anti-inflammatory actions by TRMs, or infiltrating monocyte-derived 

macrophages (Schorey and Lawrence, 2008; Gensel et al., 2015).  

Our data suggests that TRMs do not proliferate in response nerve conditioning via crush 

or electrical stimulation. Though research has shown increased TRM proliferation, activation, 

and phagocytotic roles in nerve injury, we did not observe these responses following CCL, which 

was contrary to our expectations (Ydens et al., 2012; Ydens et al., 2020; Davies et al., 2013; 
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Mueller et al., 2001; Krishnan et al., 2018). Potentially TRMs are only 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 treated, for example, if activation of 

TRMs is deleterious to recovery/conditioning, potentially anti-inflammatory treatments would be 

beneficial prior to nerve surgery in patients. Overall, our data supports that CCL relies on 

infiltrating macrophages to produce a pro-regenerative effect following nerve injury and both 

CCL and CES do not rely on an overt inflammatory response by TRMs. More research is needed 

to fully determine whether there is any response by TRMs following CES and CCL conditioning, 

and whether or not this can impact nerve injury treatments beyond supporting CES as clinically 

feasible.  

 Finally, our work demonstrated that BC expression does not affect nerve regeneration. 

This data supported the Ousman laboratory that showed BC null mice did not have any 

differences in neurite extension (Lim et al., 2017). Our data demonstrated an upregulation of 

pCREB and pERK expression in uninjured BC-/- mice DRG which is novel and could have 

ramifications in other research studies. It is surprising that an upregulation of pCREB and pERK 

did not enhance nerve regeneration as several lines of evidence indicate increases in pCREB and 

the cAMP have pro-regenerative effects on nerve growth, and upregulation of the cAMP 

pathway is partly responsible for the mechanism of CCL (Wei et al., 2016; Chan et al., 2014; 

Gao et al., 2004; Cai et al., 1999; Blesch et al., 2012). Further exploration of pathways and 

molecules to elucidate this interaction between pCREB, pERK, and BC will be important, not 

only to understand the relationship, but also potentially why there is no pro-regenerative 

response. By rescuing null mice with exogenous BC and measuring pCREB and pERK 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 knock-out mice that might be affected by a lack of BC and are creating the subsequent 

downstream effect of pCREB upregulation. As BC has been shown to have beneficial effects 

on myelination and reducing inflammation, it would be interesting to see if upregulating BC in 

WT animals could enhance nerve regeneration (Lim et al., 2017; 2021). As it is possible that the 

null mice experience deficits which mask any beneficial effects of increased pCREB, by further 

increasing BC, potentially naïve nerves will display a pro-regenerative response, similar to 

conditioning. Furthermore, with BCs connection to inflammation and the enhanced IBA-1 

expression seen with null mice, it would be interesting to explore whether this upregulation is a 

result of enhanced monocyte-derived monocyte infiltration or TRM proliferation, and elucidate a 

possible connection between BC and downregulating inflammation (Lim et al., 2021). Though 

BC 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 for BC, not only in supporting remyelination, but also in enhancing nerve 

regeneration.  

 Overall, this data indicates that monocyte-derived macrophages, TRMs, and BC are not 

responsible for the pro-regenerative effects of CES; therefore, more specific research to 

determine the underlying mechanism responsible for CES-induced pro-regenerative effects has 

yet to be determined. As of our research thus far, part of the mechanism of CES is due to its 

upregulation of DRG RAGs expression, including GAP-43, pCREB, GFAP, and BDNF (Senger 

et al., 2019; 2020). Much 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, cAMP pathway, and PI3K pathway in injured neurons (Senger et al., 
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2018; Wu et al., 2007; Cafferty et al., 2001 Cai et al., 1999). To further explore the mechanism 

of CES and how it may differ from CCL but ultimately produce the same RAG upregulation, 

targeting these pathways will be necessary. In vitro work suggests the PI3K pathway may be 

responsible for the RAG upregulation following electrical stimulation (Singh et al., 2009). 

Additionally, the pharmacological inhibition of the JAK/STAT3 pathway using AG490 could be 

used to assess whether or not CES continues to display a pro-regenerative 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 CCL may converge to upregulate the same RAGs, their means to 

this site must be divergent as CCL relies on the inflammatory reponse whereas CES does not. 

Potentially there is stimulation of specific receptors at the cell membrane by the electrical 

current. Since the injury response causes rapid depolarization at the cell membrane, opening of 

voltage-gated 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 al., 1995; Iwata et al., 2004; Ohtake et al., 2018). Furthermore, 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 upregulated in CES and tracing 

these pathways back to specific receptors could provide a detailed analysis of the mechanism 

associated with CES.  

 Our data support the clinical translation of CES for nerve injury patients. With the 

absence of an inflammatory response by monocyte-derived and tissue-resident macrophages and 

no ATF3 upregulation, coupled with the knowledge that electrical stimulation is routinely 

applied post-nerve repair surgery, suggests CES is likely safe for patients. Furthermore, while 

Sprague-Dawley rats 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 regeneration in humans 

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 denervation such as muscle atrophy (Grinsell 

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 trials were successful in scheduled nerve repair patients. 
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