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Abstract 
 

Nerve injury is a common clinical challenge that has a considerable impact on an 

individual’s quality of life and function. Despite multiple surgical strategies, functional outcomes 

following nerve injury remain poor. Increasing the rate at which axons regenerate could 

profoundly improve the success of recovery. The goal of this thesis was to investigate whether 

the dual ErbB1-ErbB2 inhibitor lapatinib or the ErbB1 inhibitor gefitinib could promote nerve 

regeneration in both in vivo and in vitro models. Using a mouse transection and repair sciatic 

nerve injury model, lapatinib was found to increase the number of regenerated myelinated axons 

at 28 days following nerve repair. For elucidation of the molecular pathway that could be 

promoting nerve regeneration, in vivo neurite growth assays interestingly demonstrated that 

gefitinib, more than lapatinib rescued the inhibitory effects by chondroitin sulfate proteoglycan 

on neurite growth. Furthermore, a mouse forelimb model of nerve injury was characterized 

which can be used to study the cellular and molecular effects of ErbB inhibitors in transgenic 

mice. The repurposing of ErbB inhibitors to enhance nerve regeneration requires further study to 

determine whether this therapy could be translated to improve functional recovery in people with 

nerve injury. 
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Chapter 1: Introduction 
 

Functional recovery following nerve injury remains poor despite the advent of several 

surgical techniques for the repair of injured peripheral nerves. While axon regeneration in the 

central nervous system is limited, axons in the peripheral nervous system have a greater capacity 

to regenerate and restore functional connections. Increasing the rate of axonal regeneration and 

thus decreasing the time of chronic denervation of Schwann cells and chronic axotomy could 

profoundly improve time to recovery and success of functional reinnervation.1 Numerous 

therapeutic strategies have been explored to increase the rate of nerve regeneration including 

neurotrophic factors, immunosuppressants and electrical stimulation. Despite this, there are no 

FDA-approved therapies that increase the rate of nerve regeneration. As reviewed in Chapter 2, 

the ErbB family has an important role in nerve regeneration2 and recent experiments have 

demonstrated the potential for the ErbB2 inhibitor trastuzumab to promote regeneration in a rat 

model of peripheral nerve injury.3 The repurposing of an approved FDA therapy to nerve injury 

treatment could have an impact on the approximately 20 million people in the United States each 

year with nerve injuries and the associated $20 billion cost to the healthcare system.4,5 Currently, 

no studies have conclusively elucidated the mechanism by which ErbB inhibitors may promote 

nerve regeneration, or investigated the use of small molecule ErbB inhibitors in in vivo models of 

nerve injury. The rationale for this thesis is thus based on two previous findings. First, that the 

ErbB family has a role in nerve regeneration and second, that ErbB inhibitors can promote 

regeneration following injury.3,6 We sought to expand on this work by further exploring the 

ability of two novel ErbB inhibitors to promote nerve regeneration following injury. 

The primary goal of this thesis was to investigate the regulatory impact of the small 

molecule ErbB1-ErbB2 inhibitor lapatinib and ErbB1 inhibitor gefitinib on nerve regeneration 
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following injury (Chapter 3). Our main hypothesis was that both lapatinib and gefitinib would 

promote nerve regeneration by preventing a recently identified inhibitory dimerization between 

the ErbB1-ErbB2 heterodimer.3 A secondary goal of this thesis was to characterize a forelimb 

median nerve injury model using functional and histological metrics that will be used for future 

studies to elucidate the ErbB family role in nerve regeneration in transgenic mice (Chapter 4).  

 These research objectives were investigated using experiments organized around two 

separate aims involving in vivo and in vitro models of nerve regeneration. 

Aim 1. Does lapatinib promote nerve regeneration in a mouse model of sciatic nerve 

injury?  

 This aim compared peripheral nerve regeneration in a mouse sciatic nerve transection and 

repair model between animals treated with lapatinib and vehicle controls. The extent of nerve 

regeneration was evaluated using retrograde labelling and nerve histomorphometry. Retrograde 

labelling assessed the number of motor and sensory neurons that regenerated 10 mm into the 

tibial nerve at 10 or 28 days after sciatic nerve injury and repair. Nerve histomorphometry 

assessed the number of myelinated axons, myelin thickness, fiber diameter and g-ratio in the 

tibial nerve at 10 or 28 days after sciatic nerve injury and repair, compared between groups. We 

hypothesized that treatment with lapatinib would enhance regeneration by increasing the 

number of myelinated axons and labelled sensory and motor neurons. 

Aim 2. Does lapatinib or gefitinib promote neurite outgrowth in cultured dorsal root 

ganglion neurons in the presence of chondroitin sulfate proteoglycan? 

 In this aim, the mechanism by which ErbB inhibitors act was investigated using neurite 

outgrowth assays. The ability of lapatinib and gefitinib to rescue the neurite growth inhibiting 

effects of chondroitin sulfate proteoglycan (CSPG) on cultured DRG neurons was evaluated by 
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measuring neurite elongation. We hypothesized that lapatinib or gefitinib would rescue the 

inhibition of neurite growth that occurs with CSPG. 
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Chapter 2: Literature Review 
 

2.1 Nerve anatomy 

 
 Like all systems of the human body, the nervous system is composed of cells that 

collectively form tissues, and tissues that form organs. At a cellular level, nervous tissue is 

formed by neurons and glia. Structurally, the nervous system is divided into the central nervous 

system (CNS) and the peripheral nervous system (PNS). Functionally, the nervous system can 

also be divided into the autonomic nervous system (ANS) and the somatic nervous system. The 

CNS is composed of the brain and spinal cord and contains a distinct population of glia that 

includes astrocytes, oligodendrocytes, microglia and ependymal cells. The PNS is composed of 

nerves and ganglia. It contains two types of glia, Schwann cells and satellite cells. The PNS, with 

a focus on nerves will now be explored further. 

Peripheral nerves (hereafter referred to as ‘nerves’) along with ganglia, form the majority 

of the PNS and connect the CNS to sensory receptors in the skin and muscle. A nerve is a bundle 

of myelinated and unmyelinated axons in the PNS. There are 12 pairs of cranial nerves and 31 

pairs of spinal nerves. Notably, the optic nerve (CN II) is not part of the PNS since it is derived 

from an outgrowth of the diencephalon and its axons are myelinated by oligodendrocytes instead 

of Schwann cells.7 A nerve is composed of axons and Schwann cells along with connective 

tissue, that will now be reviewed. 

2.1.1 Axons and Schwann cells 

 Peripheral axons are elongated processes from a neuron cell body that innervate distal 

motor or sensory end organs. An axon is composed of both a cell membrane (axolemma) and 

cytoplasm (axoplasm). The functional unit of nerves are myelinated and unmyelinated axons that 

are surrounded by myelinating and non-myelinating Schwann cells, respectively. Several non-
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myelinated axons are ensheathed by a non-myelinating Schwann cell forming what is termed a 

Remak bundle.8 For uninjured myelinated axons, there is a 1:1 relationship between a 

myelinating Schwann cell and its axon. Along a myelinated axon’s length, it is surrounded by 

numerous myelinating Schwann cells which produces an insulating multilayered, myelin sheath 

composed of numerous lipids.9  

The regions of a myelinated axon can be separated into repeating anatomically and 

functionally distinct domains called the node of Ranvier, paranode, juxtaparanode and internode 

(see Figure 2.1).10 The node of Ranvier was first described by the French histologist Louis-

Antoine Ranvier in 1878. It is the 0.8-1.1 µm region where the axolemma is exposed between 

adjacent Schwann cells.10 At the node of Ranvier, voltage-gated sodium channels are clustered in 

the axolemma allowing for the saltatory conduction of action potentials.11 Other proteins found 

at the node of Ranvier include neuronal cell adhesion molecule (NrCAM), neurofascin-186 and 

the actin-binding protein spectrin IV.10 While mostly exposed, the node of Ranvier is also in 

contact with microvilli from the outer collar of Schwann cell cytoplasm. Interestingly, the 

diameter of the nodal axon is usually significantly smaller than that of the internodal axon, 

especially in large axons.12 The paranode is the region adjacent to the node of Ranvier where the 

paranodal loops of Schwann cell cytoplasm are connected to the axon by septate-like junctions 

that involve caspr-1 and neurofascin 155.13,14 This axo-glial connection prevents diffusion 

between the periaxonal spaces of the node of Ranvier and juxtaparanode. The juxtaparanode is 

the region of an axon near a node of Ranvier, between the paranode and internode.12 It contains 

delayed-rectifier potassium channels (Kv1.1, Kv1.2) and caspr-2.12 The internode is the region of 

an axon between juxtaparanodes where the Schwann cell’s myelin sheath provides electrical 

insulation. The Schwann cell nucleus is usually located near the middle of an internode where 
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the Schwann cell cytoplasm expands. A fascinating feature of the internodal myelin sheath are 

Schmidt-Lanterman incisures. Schmidt-Lanterman incisures are conical, tube-like, 

noncompacted regions of the myelin sheath that contain cytoplasm and connect the Schwann 

cell’s outer (abaxonal) cytoplasm to the inner (adaxonal) cytoplasm.15 The function of Schmidt-

Lanterman incisures is unknown, but thought to facilitate the transport of molecules across the 

myelin sheath.15 

Figure 2.1 Molecular domains of a myelinated axon. Longitudinally, a myelinated axon can 

be divided into distinct structural and functional domains called the internode (1), juxtaparanode 

(2), paranode (3) and node of Ranvier (4). The adaxonal membrane of the Schwann cell, 

axolemma and axonal cytoskeleton are structurally and functionally distinct at these domains. 

Image adapted by hand from Salzer et al., 2008. 
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Axons can be classified not only by their presence of myelin, but also by their diameter 

and conduction velocity into group A, group B or group C.16 Group A axons are the largest in 

diameter, fastest conducting and correspond to most somatic sensory axons and all motor axons. 

Group A axons can be further subdivided into type A (70-120 m/s), A (30-70 m/s) and A 

(12-30 m/s).16 Group B axons are smaller than group A and correspond to preganglionic 

autonomic axons. Group C are the smallest and slowest conducting axons being the only group 

that are unmyelinated. They correspond to postganglionic autonomic axons and somatic sensory 

axons for pain and temperature sensation. Nociceptive neurons which respond to pain have 

relatively small diameter axons, being classified as A or C. Alternatively, another classification 

system limits group A to somatic motor axons and classifies sensory axons as type I (large 

myelinated), type II (intermediate myelinated), type III (small myelinated) and type IV 

(unmyelinated).17 

As axons travel within a nerve, they don’t take a linear path, rather they undulate back 

and forth. This undulating pattern of axons forms visual transverse and oblique bands on the 

surface of the nerve that are visible with the naked eye or more easily with a surgical 

microscope. These bands were first described by the Italian scientist Felice Fontana in 1781 and 

were thus termed ‘bands of Fontana’.18,19 Fontana also identified that this undulating pattern 

could explain a nerve’s ability to accommodate stretching.19 Over the following hundreds of 

years there was controversy as to whether the bands of Fontana was actually caused by 

undulating axons or was based on the arrangement of nerve connective tissue.20,21 In 2018, Alvey 

et al. superimposed reflected light images with confocal images and conclusively showed that 

bands of Fontana are caused exclusively by undulating axons in a nerve.22 
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2.1.2 Connective tissue layers 

Nerves contain a significant amount of connective tissue that organizes the axons within. 

The connective tissue is divided into three layers from inner to outer named the endoneurium, 

perineurium and epineurium (see Figure 2.2). The endoneurium is composed of a matrix of type 

I and III collagen fibers that forms the intrafascicular connective tissue.23 The term endoneurial 

channels is often used to describe the tunnels of endoneurium within which the axons and 

Schwann cells are located. The internal surface of the endoneurium is in direct contact with a 

continuous basal lamina which is produced by the Schwann cells within. The perineurium 

organizes a nerve into discrete fascicles and is composed of type I collagen, and layers of 

flattened polygonal cells called perineurial cells which form the blood-nerve barrier for the 

endoneurium, axons and Schwann cells within. The epineurium can be divided into an outer 

(external) epineurium forming the outermost protective layer and an inner (internal) epineurium 

between fascicles.24 The epineurium contains fibroblasts, type I and III collagen as well as elastin 

fibers.25,26 This meshwork of fibers allows the nerve to accommodate some stretching and 

provides protection for the fragile axon within. The epineurium forms between 30-75% of the 

cross-sectional area of a nerve, and is especially prevalent in multifascicular nerves.27 

Proximally, a nerve is usually unifascicular and becomes multifascicular as it nears its target. As 

a nerve travels distally and becomes multifascicular, the nerve develops a consistent fascicular 

arrangement, termed the internal topography.28 This consistency has allowed for nerve surgeons 

to develop surgical techniques that involve internal neurolysis to dissect out specific fascicles 

and coapt them to a denervated recipient nerve, termed a ‘nerve transfer’. Surrounding the outer 

epineurium of a nerve is loose connective tissue called the mesoneurium which contains the 

segmental blood supply that enters a nerve to become the vasa nervorum. The connective tissue 



 9 

layers of nerves are also innervated by nervi nervorum through free nerve endings throughout 

and Pacinian corpuscles in the endoneurium.7 

 

Figure 2.2 Nerve histology. A nerve is a bundle of axons in the PNS, and contains three layers 

of connective tissue, the endoneurium, perineurium and epineurium. The endoneurium surrounds 

an individual axons and associated Schwann cells. The perineurium surrounds a group of axons 

known as a fascicle. The epineurium can be divided into an inner epineurium between fascicles 

and an outer epineurium which surrounds the entire nerve. Image adapted by hand from 

Peripheral nerve compression syndromes of the upper limb.29 

 

 

 

 

 



 10 

2.2 Nerve injury 

 

Nerve injury leads to substantial disability which considerably impacts on an individual’s quality 

of life.30 Following upper or lower limb trauma, the estimated incidence of nerve injury is 

1.64%.5 Recovery of function following nerve injury is greatly influenced by the distance from 

the injury site to the target. The more proximal the injury, the fewer axons that can successfully 

elongate and form functional reconnections. The reduced success results from chronic 

denervation, chronic axotomy and denervation atrophy of targets.1,31 Nerve injury can be divided 

into different types based on the mechanism of the injury. The common mechanisms of injury 

are stretch, laceration, compression and mechanical deformation.32 

2.2.1 Classification of nerve injury 

 Nerve injuries are classified based on their severity to assist physicians in devising 

treatment plans and communicating prognoses to patients. Two nerve injury classification 

systems are used in clinical practice, the Seddon classification and the Sunderland classification 

(see Table 2.1 for comparison).  

The Seddon classification was created by Herbert J. Seddon in 1942, with specific names 

suggested by Henry Cohen.33–35 Using the Seddon classification, a nerve injury is classified as 

neurapraxia, axonotmesis or neurotmesis. Neurapraxia is the mildest form of nerve injury in 

which there is damage to myelin but not axons, resulting in only a localized conduction deficit. 

Since there is no damage to axons, Wallerian degeneration (the breakdown of the distal segment 

of the transected axon; described in detail in Section 2.3) does not occur, and the injury usually 

completely resolves within 12 weeks. Neurapraxia is often caused by compression or ischemia. 

Axonotmesis describes a nerve injury in which there is damage to both myelin and axons, but the 

endoneurium, perineurium and epineurium remain partially or fully intact. Since there is damage 



 11 

to axons, Wallerian degeneration occurs; however, since the endoneurium is preserved, 

functional recovery usually follows. Axonotmesis is often seen in crush and traction injuries. 

Neurotmesis is the most severe type of injury in which the nerve is completely transected. 

Without surgical intervention, no spontaneous recovery occurs because of nerve discontinuity 

and scar formation that prevents axon regeneration.32 

The Sunderland classification was created by Sydney Sunderland in 1951 and elaborated 

on the classification by Seddon, creating five degrees of nerve injury.36 While first-degree and 

fifth-degree are identical to neurapraxia and neurotmesis, respectively, Sunderland further 

categorized axonotmesis into second, third or fourth-degree. In second-degree injuries, axons are 

damaged, but the endoneurium remains intact, allowing for the guidance of regenerating axons to 

their original target. In third-degree injuries, axons and the endoneurium are damaged, with only 

the perineurium and epineurium intact. Without the presence of endoneurial channels that guide 

regenerating axons to their original target, there is disordered regeneration that is further 

inhibited by scar tissue at the injury site. In fourth-degree injuries, there is damage to the 

perineurium resulting in significant scar formation at the injury site known as a neuroma-in-

continuity. These injuries have very limited expectation of spontaneous recovery without 

neuroma excision and nerve grafting. A sixth-degree classification has also been added to 

describe the heterogeneity of injury pattern often encountered in ‘real-world’ context, where 

multiple degrees of injury can be found in the same injured nerve.37,38 
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Table 2.1: Classification of nerve injury 

Sunderland 

classification 

Seddon 

classification 
Parts of the nerve injured 

First-degree Neurapraxia Myelin sheaths 

Second-degree Axonotmesis Myelin sheaths and axons 

Third-degree Axonotmesis Myelin sheaths, axons and endoneurium 

Fourth-degree Axonotmesis 
Myelin sheaths, axons, endoneurium and 

perineurium 

Fifth-degree Neurotmesis 
Myelin sheaths, axons, endoneurium, 

perineurium and epineurium 

 

2.3 Nerve regeneration 

 Unlike axons in the CNS, axons in the PNS have a greater ability to regenerate because 

of the more growth supportive environment that exists following injury. When an axon is 

transected (termed axotomy), a neuron is split into two cellular components. The proximal part 

of the axon, which is still attached to the cell body, has the potential to regenerate. However, the 

distal component of the axon is separated from its cell body and will undergo anterograde 

degeneration which was first described by the English physician Augustus Waller in 1850 and is 

thus termed Wallerian degeneration.39 Wallerian degeneration encompasses axonal and myelin 

degeneration, Schwann cell de-differentiation and proliferation. The mechanisms of Wallerian 

degeneration have been widely studied in the WldS mouse in which a chance spontaneous 

mutation in C57Bl/6 mice resulted in significantly delayed Wallerian degeneration.40 It was later 

shown that increased expression of an enzyme in the nicotinamide adenine dinucleotide pathway 

was responsible for axonal protection that delayed Wallerian degeneration in these mice.41 The 

process of Wallerian degeneration and subsequent nerve regeneration will be reviewed by 

focusing on the response in the neuron and the role of Schwann cells and neurotrophic factors. 

  

 



 13 

2.3.1 Response of the neuron 

The closer the neuron cell body is to the axotomy, the more likely cell death will occur.42 

Injury very close to the neuron cell body, such as in brachial plexus root avulsion injuries, 

eliminates the potential for nerve regeneration.43 Within six hours of axotomy the neuron cell 

body responds through a process called chromatolysis (also called the “neuron reaction”). During 

chromatolysis, the nucleus is displaced from its central location to the periphery, the nucleolus 

enlarges and the rough endoplasmic reticulum (Nissl bodies) disperse.44 As the neuron reaction 

occurs in the cell body, the axon also undergoes degenerative changes. Within two days 

following axotomy, the endoplasmic reticulum fragments, neurofilaments and microtubules 

disintegrate and mitochondria swell.45 As the axon degenerates, it fragments and is phagocytosed 

by Schwann cells and invading macrophages. Interestingly the response of a neuron to axotomy 

differs depending on the setting of a previous nerve injury.46 This response has been termed the 

conditioning effect and was first theorized to occur following the clinical observation that the 

rate of nerve regeneration was increased following a delayed repair compared to an immediate 

repair. A variety of conditioning lesions have been found to increase the rate of nerve 

regeneration including crush, vibration,47 pulsed electromagnetic fields,48 local inflammation49 

and compression.50 The discovery of the conditioning effect resulted in significant interest in the 

identification of cellular and molecular changes that were improving the intrinsic growth state of 

the neuron. In the early 2000’s one of the multiple pathways that results in neuron conditioning 

was discovered.51 In conditioned DRG neurons it was revealed that increased cystic adenosine 

monophosphate (cAMP) activates protein kinase A (PKA) which then phosphorylates the 

transcription factor cAMP response element-binding protein (CREB), resulting in the activation 

of numerous gene pathways that increase nerve regeneration. cAMP also increases the 
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production of growth-associated protein-43 (GAP-43) by activation of the transcription factor 

STAT3.52 Increased GAP-43 expression, along with actin and tubulin, leads to the conversion of 

the neuron into a regenerating phenotype and the development of a growth cone at the tip of the 

regenerating axon. The growth cone (also present during embryonic development) guides the 

axon as it elongates towards its target through endoneurial channels. The role of the ErbB family 

in guiding this regeneration will be discussed further in section 2.8. Numerous regeneration-

associated genes are also upregulated in the neuron after injury which facilitate it in transitioning 

to a regenerative state. Examples of regeneration associated genes include c-Jun,53 activating 

transcription factor-354 and SRY-box containing gene 11.55  

 2.3.2 Role of Schwann cells  

 Within 48 hours following nerve injury, denervated Schwann cells proliferate, de-

differentiate and transition to a non-myelinating phenotype, similar to the embryonic phenotype 

of Schwann cells in developing nerves.56,57 Unlike Schwann cell proliferation during 

development, proliferation following injury is highly dependent on cyclin D1.58,59 As they 

proliferate, Schwann cells also de-differentiate from a myelinating phenotype to a regenerative 

phenotype. De-differentiation results in the Schwann cell downregulating proteins important in 

myelin formation, including myelin basic protein, myelin-associated glycoprotein and protein 0. 

This de-differentiation is thought to be mediated by the expression of the transcription factors 

cJun and Notch.60 As part of Wallerian degeneration, denervated Schwann cells activate resident 

macrophages and recruit hematogenous macrophages to assist in the phagocytosis of axonal and 

myelin debris.61 To prepare for axonal regeneration, these Schwann cells line the now empty 

endoneurial channels to form regenerative conduits referred to as “bands of Büngner” that guide 

regenerating axons to their targets.62 The Schwann cells also secrete factors that guide 
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regenerating axons including nerve growth factor,63 neural cell adhesion molecules64 and 

cytokines of the interleukin family.65 The use of autologous Schwann cells within a nerve 

conduit has been explored as a method to enhance nerve regeneration and found some success in 

animal models.66 

2.3.3 Role of neurotrophic factors 

 Neurotrophic factors are a family of proteins that support the growth, differentiation and 

survival of neurons.67 The prototypical neurotrophic factor is nerve growth factor (NGF), which 

was discovered by Rita Levi-Montalcini and Stanley Cohen in 1956.68 NGF, along with brain-

derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) form a 

subgroup of neurotrophic factors termed neurotrophins.69 Other neurotrophic factors include glial 

cell-line derived neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF). All 

members of the neurotrophin family bind to p75 and to one or more of the Trk receptor tyrosine 

kinases. NGF binds to TrkA, BDNF and NT-4 bind to TrkB and NT-3 binds to TrkC. 

 Neurotrophic factors are also important in regulating myelination and regeneration.70,71 

BDNF binding to p75 at low doses increases nerve regeneration, while NT-3 binding to TrkC 

and BDNF binding to p75 at high doses decreases regeneration.71 In addition, following nerve 

injury expression of BDNF, GDNF and p75 increases in the distal stump, while NT-3 expression 

decreases transiently.72,73 Following this discovery, the addition of GDNF at the nerve injury site 

was researched as a method to enhance regeneration.74–76 Despite the expression of neurotrophic 

factors that can support axonal regeneration, this upregulation is only transient since chronically 

denervated Schwann cells lose their ability to produce neurotrophic factors and promote axonal 

regeneration.1 
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2.3.4 Role of time and distance  

 Initial estimates of regeneration speed focused on clinical observations of moving areas 

of paresthesia or by observing the difference in the time of reinnervation of two adjacent 

muscles.77 Subsequent experiments have demonstrated that the rate of regeneration depends on 

the species, injury and type of axon. In the human clinical domain, nerve regeneration is 

commonly referred to as occurring at a rate of 1 mm per day. Once an axon re-establishes 

connection with its target, the axon matures by enlarging in diameter and developing a myelin 

sheath.78 The success of nerve regeneration following injury is highly dependent on the time it 

takes for regenerating axons to reach their target. Chronic axotomy, in which there is prolonged 

loss of contact between an axon and its target decreases the likelihood that functional recovery 

will occur.31 Furthermore, chronic denervation of both Schwann cells, which is the loss of 

contact between Schwann cells in the denervated distal stump and their axons, decreases their 

receptiveness to support functional reinnervation.79 While it was originally thought that chronic 

muscle denervation was the most important factor that limited nerve regeneration, it is now 

understood that chronic axotomy and chronic denervation are the greatest limiters of success.31 

 2.3.5 Inhibitors of nerve regeneration 

 The success of nerve regeneration following injury is not only dependent on the intrinsic 

growth state of the neuron but also on growth supportive and inhibitory environmental cues that 

impact axonal regeneration.80,81 In both the CNS and the PNS, numerous molecules have been 

identified as having an inhibitory role in axonal regeneration.81 

 In the CNS, a glial scar produced at the injury site prevents regeneration across it. The 

glial scar is predominantly composed of reactive astrocytes. These astrocytes produce molecules 

that inhibit regeneration including keratan sulfate proteoglycans and chondroitin sulfate 
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proteoglycans (CSPG). Three CNS myelin proteins – myelin associated glycoprotein (MAG), 

Nogo-A and oligodendrocyte myelin glycoprotein, also inhibit axonal regeneration and are 

present within a glial scar.82 These myelin proteins all bind to the Nogo receptor which, with p75 

and Lingo-1, activate intracellular signalling cascades that inhibit axonal regeneration.83,84 

 In the PNS, there is a more permissive growth environment that allows for axonal 

regeneration as compared to the CNS. However, within the PNS exist some of the same 

inhibitors that exist in the CNS, such as CSPG. CSPGs are a family of extracellular proteins 

covered in sulfated glycosaminoglycans.85 These include aggrecan, versican, neurocan and 

brevican which are produced by neurons and glia.86 Following nerve injury, CSPG is upregulated 

and accumulates at the injury site, inhibiting axonal regeneration.87 The mechanism by which 

CSPG inhibits axonal regeneration is thought to involve multiple pathways. Initially, it was 

thought the CSPG non-specifically blocks the binding of matrix molecules to cell surface 

receptors.88 Subsequent studies have also shown that binding of CSPG to the leukocyte common 

antigen related phosphatase subfamily, protein tyrosine  allows for its inhibitory effects.89 

CSPGs can be deactivated by the bacterial glycosaminoglycanase chondroitinase ABC and 

studies that have injected this enzyme into the nerve repair site have found an increase in the 

number of regenerating axons in the distal stump four days following injury.90–92 Finally, CSPG 

may also activate ErbB16 which will be described in section 2.7 on the role of the ErbB family in 

nerve regeneration.  

2.4 Treatment of nerve injury 

 

 Treatment of nerve injury is primarily based on surgical strategies through nerve repair, 

nerve grafting, and nerve transfer combined with physical therapy. Nerve repair is the process in 

which the distal stump of a transected nerve is sutured to the proximal stump. Unfortunately, 
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following nerve injury there is often a significant gap between the nerve stumps that does not 

allow for a tensionless coaptation. In setting of a significant nerve gap an autologous nerve graft 

is often used to bridge the gap between the injured proximal and distal nerve stumps. However, 

in the setting of a substantial gap, and a more proximal injury, nerve transfer has emerged as a 

revolutionary strategy to improve functional recovery following nerve injury. Nerve transfer will 

now be explored further.  

2.4.1 Nerve transfer 

 Over the past two decades, nerve transfer has emerged as a promising technique to 

support both motor and sensory reinnervation.93–95  Surgically, nerve transfer involves suturing a 

transected non-critical healthy ‘donor’ nerve to a more important injured ‘recipient’ nerve closer 

to the target of reinnervation. The donor nerve is transected as distally as possible, while the 

recipient is transected proximal to allow for a tensionless coaptation. The success of nerve 

transfer relies heavily on the time to target reinnervation and on the number of axons reaching 

the target.  

Multiple nerve transfer coaptations have been developed based on the orientation of the 

donor and recipient nerves, including end-to-end, end-to-side and supercharged end-to-side 

(SETS) (see Figure 2.3). The choice of coaptation varies depending on the extent of the injury 

and the likelihood of native regeneration. The most common coaptation is the end-to-end, in 

which the proximal stump of the donor nerve is sutured to the distal stump of the injured nerve. 

The end-to-side nerve transfer was reintroduced by Viterbo in 1992.96 It has also been referred to 

as the terminolateral nerve transfer. In an end-to-side coaptation, the distal stump of the injured 

recipient nerve is sutured to the side of a donor nerve, which acts as a source of collaterally 

sprouting axons. Unfortunately, while sensory axons undergo collateral sprouting, motor axons 
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only sprout following injury, requiring a proximal injury to the donor nerve if any motor 

sprouting is to be expected.97 The end-to-side coaptation has fallen out of use in favour of the 

end-to-end and SETS coaptations. The SETS coaptation can be seen as a combination of the end-

to-end and end-to-side coaptations. In this coaptation, a donor nerve is transected and sutured to 

the side of the injured recipient nerve through an epineurial or perineurial window.  

Figure 2.3 Nerve transfer coaptations. (A) An injured ‘recipient’ nerve (red) adjacent to a 

healthy ‘donor’ nerve (green). (B) In end-to-end (ETE) nerve transfer, the donor nerve is sutured 

end-to-end with the recipient nerve. (C) In end-to side (ETS) nerve transfer, the distal stump of 

the recipient nerve is sutured to the side of the donor nerve. (D) In supercharged end-to-side 

(SETS) nerve transfer, the proximal stump of the donor nerve is sutured to the side of the injured 

nerve near the target. 
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Many examples of nerve transfers have been proposed and performed for a variety of 

nerve injuries, and in recent years, spinal cord injury.98 A common nerve transfer employed 

using the SETS coaptation is for proximal ulnar nerve injuries. This coaptation is used instead of 

an end-to-end transfer when the possibility of regeneration across the ulnar nerve injury site 

remains. In the transfer the pronator quadratus branch of the anterior interosseous nerve is 

transferred to the side of the ulnar motor nerve for the restoration of intrinsic muscle function. 

The transfer has no donor morbidity and successfully restores function to intrinsic muscles.99 In 

recent years it has also found use in the treatment of severe cubital tunnel syndrome.100,101 

2.6 ErbB family 

 The ErbB (EGFR) family is a group of four homologous receptor tyrosine kinases named 

ErbB1, ErbB2, ErbB3 and ErbB4. Each receptor is composed of a glycosylated extracellular 

region, hydrophobic transmembrane segment and an intracellular domain composed of a 

juxtamembrane segment, intracellular protein kinase domain and a carboxyterminal tail with 

tyrosine phosphorylation sites.102 The extracellular region is composed of four highly conserved 

domains (I-IV).103 Domains I and III facilitate ligand binding while cystine-rich domains II and 

IV allow for receptor dimerization. When ligand is not present, a binding loop of domain II is 

buried within a pocket of domain IV forming a closed conformation that is stabilized by 

hydrogen bonds and prevents receptor dimerization.104 Signalling within the ErbB family follows 

a similar sequence of steps. Ligand binding triggers a conformational change that exposes the 

binding loop of domain II allowing for receptor dimerization.105 Following dimerization, the 

intracellular protein kinase domain is activated resulting in the autophosphorylation of tyrosine 

residues and the stimulation of intracellular signalling cascades involved in cell survival, 

proliferation and adhesion.106 The ‘lateral’ communication provided by receptor dimerization 
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allows for a greater number of responses than possible if only vertical signal transmission was 

possible. The ErbB family is named after the avian erythroblastosis virus in which an aberrant 

form of ErbB1 was found.107 11 ligands are able to bind to members of the ErbB family, 

including epidermal growth factor (EGF), transforming growth factor alpha (TGF-), 

amphiregulin, betacellulin, epiregulin and the neuregulins (NRG).106 The ErbB family has been 

especially implicated in the pathogenesis of cancer, and because of this numerous inhibitors have 

been developed and approved for various cancers. See Table 2.2 for an overview of each 

receptor. 

Table 2.2 Overview of the ErbB family 

ErbB family Other names Ligands 

ErbB1 EGFR, HER1 
EGF, TGF-, HB-EGF, amphiregulin, betacellulin, 

epiregulin, epigen 

ErbB2 
HER2, neu, 

CD340 
prolidase108 

ErbB3 HER3 NRG1, NRG2, heregulin 

ErbB4 HER4 
neuregulins (1, 1ß, 2, 2ß), betacellulin, epiregulin, HB-

EGF 

 

2.6.1 ErbB1 

 ErbB1 is also known as epidermal growth factor receptor (EGFR). Seven ligands bind to 

ErB1 including EGF, TGF-, HB-EGF, amphiregulin, betacellulin, epiregulin, and epigen.109 

ErbB1 often forms a heterodimer with ErbB2 which amplifies the effect of ErbB1 signalling.110 

Signalling via ErbB1 is important in organogenesis and oncogenesis.111 

2.6.2 ErbB2 

 ErbB2 (HER2, neu or CD340) was previously thought to be an orphan receptor and 

signal exclusively as a heterodimer, however recent work demonstrates prolidase as a high-

affinity ligand.108 With that said, the function of ErbB2 is thought to be as the preferred 
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dimerization partner with other members of the ErbB family that amplifies signal transduction, 

especially with ErbB3.110,112 Unlike the other ErbB receptors, ErbB2 is not dependent on ligand 

binding for dimerization since its extracellular domains I and III are fused together permanently 

exposing the binding loop of domain II.113 Despite the binding loop being constitutively exposed, 

ErbB2 homodimers are only seen in the presence of overexpression, since electrostatic repulsion 

prevents homodimerization.113,114 ErbB2 is strongly implicated in the pathogenesis of solid 

cancers such as 20-30% of breast cancers, in which it is associated with a poor prognosis.115 

2.6.3 ErbB3 

 ErbB3 (HER3) is unique since it lacks a functional tyrosine kinase domain and is thus 

dependent on the formation of heterodimers with other members of its family.116 Since it lacks a 

kinase domain, theoretical ErbB3 homodimers would not be able to participate in signal 

transduction. Within the ErbB family, the ErbB2-ErbB3 heterodimer is the strongest signaller of 

cell growth.110 ErbB3 is able to bind neuregulin 1-2 and heregulin, and when dimerized with 

ErbB2 the affinity for neuregulin is increased.110 Binding of neuregulin-1 to the ErbB2-ErbB3 

heterodimer is incredibly important in the regulation of Schwann development and in nerve 

regeneration.117 

2.6.4 ErbB4 

 Like ErbB1, ErbB4 (HER4) is a classical receptor tyrosine kinase able to bind ligands 

and autophosphorylate via its kinase domain. ErbB4 has seven identified ligands including 

neuregulins 1-4, betacellulin, epiregulin and HB-EGF.118 ErbB4 primarily signals by forming 

heterodimers with ErbB2, though it can also form dimers with itself, ErbB1 and ErbB3. 

Signalling via ErbB4 is important in the development of the heart, neural crest and mammary 
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glands.119 ErbB4 knockout mice die by embryonic day 11 because of defective heart 

development.120  

2.7 ErbB inhibitors 

ErbB tyrosine kinase inhibitors were developed following the discovery that the ErbB 

family plays a role in the pathogenesis of many cancers.106 Following this, an effort was made to 

identify molecules which could inhibit these oncogenic pathways by binding to the ErbB family. 

In 1990 Fendly et al. screened numerous monoclonal antibodies for their ability to bind to ErbB1 

or ErbB2.121 They identified six anti-ErbB1 antibodies and 10 anti-ErbB2 antibodies that each 

bound to a specific epitope of the extracellular regions of the receptors. The antibodies that 

bound the 4D5 and 2C4 epitopes were further developed into the drugs trastuzumab and 

pertuzumab, respectively.  In the succeeding years, numerous types of ErbB inhibitors were 

developed, which can be classified based on the receptor they inhibit and structurally as a 

monoclonal antibody or small molecule. ErbB1 inhibitors include monoclonal antibodies 

cetuximab and panitumumab, as well as small molecule inhibitors gefitinib, erlotinib, afatinib. 

ErbB2 inhibitors include the therapeutic monoclonal antibodies trastuzumab, pertuzumab. 

Lapatinib is a dual small molecule inhibitor of ErbB1 and ErbB2. Trastuzumab, lapatinib and 

gefitinib will be described in more detail because of their past and present investigation in 

promoting nerve regeneration. 

2.7.1 Trastuzumab 

Trastuzumab (trade name Herceptin) is a humanized IgG1-kappa monoclonal antibody 

that binds to the 4D5 epitope of the extracellular domain IV of the ErbB2 receptor.121,122 In 1989, 

it was shown that the murine precursor to trastuzumab had a strong inhibitory effect on the 

growth of cultured breast cancer cells.123 Cells that overexpress HER2 (ErbB2) undergo 
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antibody-dependent cellular cytotoxicity in the presence of trastuzumab, thus preventing their 

proliferation.124 Other mechanisms by which trastuzumab may also inhibit ErbB2 signalling 

includes the promotion of internalization and subsequent degradation of membrane bound ErbB2 

and inhibition of the PI3K pathway.124 Clinically, trastuzumab was approved by the FDA in 

1998, and is used in the treatment of HER2+ breast cancer where it reduces mortality and delays 

disease progression.125,126 In patients treated intravenously with trastuzumab there is a moderate 

risk of cardiotoxicity which in some cases can lead to heart failure.127 

2.7.2 Lapatinib 

Lapatinib (trade name Tykerb) is a small molecule dual reversible inhibitor of ErbB1 and 

ErbB2. It was approved by the FDA in 2007, as an additional option for combination therapy in 

the treatment of advanced and metastatic HER2+ breast cancer.128,129 Unlike trastuzumab, it is 

taken orally as lapatinib ditosylate. Being a small molecule inhibitor, lapatinib can pass through 

the cell membrane and selectively inhibit the intracellular kinase domains of ErbB1 and ErbB2 

preventing the activation of downstream second messengers.130 

2.7.3 Gefitinib 

Gefitinib (trade name Iressa) is a substituted anilinoquinazoline small molecule selective 

inhibitor of ErbB1. Gefitinib competes with ATP for the tyrosine kinase domain of ErbB1 

inhibiting autophosphorylation which prevents signal transduction.131 Clinically, it is indicated 

for the treatment of advanced non-small cell lung cancer with ErbB1 activating mutations.132 

2.8 Role of ErbB family in nerve regeneration 

 The ErbB family is involved in numerous signalling pathways in nervous system 

development and nerve injury that may promote or inhibit nerve regeneration. ErbB family 

receptors are expressed throughout the PNS, including sensory and motor neurons and Schwann 
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cells.133 The most elucidated role of the ErbB family is in Schwann cells which strongly express 

ErbB2 and ErbB3.2,134 Neuregulin signalling through the ErbB2-ErbB3 heterodimer stimulates 

Schwann cell proliferation, migration and differentiation to promote nerve regeneration 

following injury.2,135 This heterodimer formation is important since ErbB2 is unable to bind 

neuregulins and ErbB3 has no kinase activity and thus must rely on ErbB2 for signalling. ErbB3 

knockout mice have a significantly decreased number of Schwann cells, demonstrating the 

importance of ErbB3 in the differentiation and survival of Schwann cells.136 When ErbB2 is 

absent, Schwann cells are present but their myelin sheaths are reduced in thickness.137 

Axolemma-bound neuregulin-1 type III isoform is thought to be the ligand that regulates 

myelination by binding the ErB2-ErbB3 heterodimer.134 Studies in which neuregulin-1 

expression was inhibited have demonstrated a decrease in myelination and rate of regeneration 

following nerve injury.138,139 Similarly, neuregulin-1 overexpression causes hypermyelination, 

demonstrating the importance of it and its receptor pair in regulating myelin thickness. However, 

other studies have found that in adult mice which were prevented from expressing ErbB2 

specifically in Schwann cells, there was no impact on the myelination of regenerating axons 

following nerve injury.140 

Following nerve injury, the expression profile of the ErbB family is altered in comparison 

to uninjured nerves. In a rat model of nerve injury it was found that ErbB1 and ErbB4 were 

downregulated, ErbB 3 upregulated and ErbB2 expression did not change in the injured sciatic 

nerve.141 Overall, this demonstrates a dynamic response of the ErbB family following nerve 

injury. 

A less elucidated but important role of the ErbB family in nerve regeneration involves 

ErbB1 signalling. In 2005, Koprovica et al. showed that in the CNS, inhibitory substrates 
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including myelin proteins and CSPG activate ErbB1 through a calcium-dependant pathway to 

inhibit axonal regeneration.6 In the experiment, cultured cerebellar granule cells were 

immobilized on an inhibitory substrate and several small molecules were added to characterize 

their effect on neurite growth.6 Several ErbB1 kinase inhibitors were found to rescue the 

inhibitory effects of the substrate and promote neurite growth.6 In an optic nerve injury model, 

treatment with an ErbB1 inhibitor was also found to increase the number of regenerated axons 

0.25 mm from the injury site compared to control.6 The ability of ErbB1 to inhibit axonal 

regeneration may also explain why ErB1 expression is downregulated by approximately 50% 

following nerve injury.141 However, other studies have found that instead of acting through 

directly through ErbB1, ErbB1 inhibitors may promote neurite outgrowth by stimulating the 

secretion of neurotrophic factors by glia and neurons which then act in a paracrine or autocrine 

fashion.142,143 A follow-up study using ErbB1 knockout mice instead found that as previously 

thought, Erb1 inhibitors act directly through ErbB1 receptors to promote axonal regeneration.144 

Following the discovery that the ErbB family has numerous roles in the repair of the 

nervous system, the FDA approved ErbB2 inhibitor trastuzumab was investigated for its ability 

to regulate both acute and chronic nerve regeneration.3,145 Paradoxically, it initially was observed 

that trastuzumab increased the number of regenerating axons after immediate nerve repair in the 

rat sciatic nerve injury model.145 4 weeks following acute nerve injury and repair, there were 

significantly more myelinated axons in the common peroneal nerve 10 mm from the repair site, 

in mice treated with trastuzumab than with control.3 However this pro-regenerative effect was 

only observed in acutely and not chronically axotomized motor neurons.3 In the proximal nerve 

stump the presence of phosphorylated ErbB1 was also found to be downregulated in 

trastuzumab-treated rats compared to controls. It was hypothesized that trastuzumab was able to 
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promote axonal regeneration by a newly identified mechanism independent of neuregulin 

signalling, by preventing signalling through the ErbB1-ErbB2 heterodimer.3 Overall, the 

regulatory impact of the ErbB family on nerve regeneration appears diverse with many areas 

remaining to be investigated. The therapeutic potential of small molecule inhibitors of ErbB1 and 

ErbB2 warrants further investigation and is the subject of this thesis. 
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Chapter 3: Inhibition of the ErbB1 and ErbB2 receptors increases 

the number of regenerating myelinated axons in a mouse model of 

nerve injury 
 

3.1 Introduction 
 

 Nerve injury is a common clinical challenge that has considerable impact on an 

individual’s quality of life and function.5,30,146 Unfortunately, there are currently no approved 

non-surgical treatments that directly increase the rate of nerve regeneration and improve 

functional recovery. Chronic axotomy and chronic Schwann cell denervation combined with 

long regenerative distances result in poor functional outcomes following nerve injury.31,79 The 

ErbB family is involved in both the promotion and inhibition of nerve regeneration. The most 

elucidated role is in the ErbB2-ErbB3 heterodimer which binds neuregulin-1 and promotes 

Schwann cell de-differentiation, proliferation and migration following injury.2,135 However, it 

has been paradoxically observed that inhibition of the ErbB2 receptor by the monoclonal 

antibody trastuzumab increased the number of regenerating myelinated axons in a rat sciatic 

nerve injury model.3 Furthermore, phosphorylated ErbB1 levels were found to be downregulated 

in the distal stump of the injured nerve.3 These findings led to the hypothesis that trastuzumab 

disrupts an inhibitory dimerization between ErbB1 and ErbB2. This hypothesis was also 

informed by priorly demonstrating that activated ErbB1 signalling inhibits axonal regeneration 

following activation by chondroitin sulfate proteoglycan (CSPG).6 Furthermore, use of an ErbB1 

inhibitor was found to rescue the inhibitory effect of CSPG on axonal regeneration.6 Despite this, 

it is still unknown how inhibition of ErbB1 and ErbB2 impacts the success of nerve regeneration.  

The primary aim of this study was to evaluate how ErbB1-ErbB2 inhibition using 

lapatinib or solo ErbB1 inhibition using gefitinib could affect nerve regeneration in vivo and in 

vitro model of nerve injury. Lapatinib is a dual ErbB1-ErbB2 tyrosine kinase inhibitor currently 



 29 

used in the combination treatment of HER2+ breast cancer.128–130 We hypothesized that 

preventing the dimerization of the ErbB1-ErbB2 heterodimer using lapatinib would promote 

nerve regeneration. This hypothesis was tested using a sciatic nerve transection and immediate 

repair mouse model, followed by retrograde labelling and nerve histomorphometry to evaluate 

regenerative success. Furthermore, neurite growth assays were performed to evaluate how 

neurite length differs between lapatinib and gefitinib when in the presence of the axonal 

regeneration inhibitor CSPG. The repurposing of currently approved therapeutics to enhance 

nerve regeneration could one day improve the rate of functional recovery following nerve injury. 

3.2 Methods 

 3.2.1 Experimental design and animal numbers 

To investigate the impact on regeneration by lapatinib, 24 male, 25-week-old C57Bl/6 

mice were divided into a 10-day or 28-day cohort each containing treatment and control group. 

On day 0 all mice underwent hindlimb surgery for right sciatic nerve transection and repair. 

From day 0 until the 10- or 28-day endpoint, mice were administered lapatinib or vehicle via oral 

gavage in the treatment and control groups, respectively. Outcomes measured at both time points 

were the number of regenerated sensory and motor neurons through retrograde labelling. For the 

group with a 28-day endpoint, nerve histomorphometry was performed to determine the number 

of regenerating myelinated axons, fiber diameter and g ratio. 

Animal cages were housed in a temperature and humidity-controlled room with 12-hour 

light/dark cycles. Animals were fed with standard chow and water ad libitum. All animal 

procedures were approved by the Queen’s University Animal Care Committee, in accordance 

with the guidelines set forth by the Canadian Council on Animal Care.  
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Table 3.1 Summary of experiment groups and animal numbers in lapatinib nerve 

regeneration experiment. 

Timepoint Treatment Animal Numbers 

10-day 
lapatinib 6 

vehicle 6 

28-day 
lapatinib 6 

vehicle 6 

 

 3.2.2 Lapatinib and vehicle administration 

For the administration lapatinib, a 100 mg/kg suspension was created in 0.5% 

hypromellose and 0.1% of Tween 80 in sterile water as described in Gustafson, 2013.147 The 

concentration of lapatinib was chosen based on studies that evaluated the permeability of 

lapatinib to brain tumors across the blood-brain barrier, which may best model restricted delivery 

across the blood-nerve barrier.148–150 Mice were individually weighed and 0.1 mg/g of lapatinib 

was administered via oral gavage daily until the 10- or 28-day endpoint.   

 3.2.3 Surgical procedures 

 All surgical procedures were performed with aseptic technique and the use of an 

operating microscope (Leica Microsystems). Mice were induced into general anesthesia via 

inhaled isoflurane and maintained under a sufficient plane of anesthesia titrated to respiratory 

rate. The mouse was positioned prone, the limbs secured to the table and the right hindlimb 

shaved and sterilized with povidone iodine from the greater trochanter to the knee joint. The line 

from the palpable greater trochanter to the knee joint was used as a reference point. 2 mm below 

this line and parallel to it, an incision was made to expose a plane between the biceps femoris 

and vastus lateralis. Upon retraction of the biceps femoris the sciatic nerve was visualized which 

distally bifurcated into the tibial and common peroneal nerves. After identifying the sciatic 

nerve, it was transected immediately distal from its emergence beneath the gluteal muscles using 
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micro-scissors and repaired using two 9-0 epineurial sutures. Following repair, the wound was 

irrigated and closed in layers. 

Tibial nerve retrograde labelling 

On day 10 or 28, the previous site of sciatic nerve repair containing epineurial sutures 

was identified and 10 mm distal to this site, the tibial nerve was transected using micro-scissors. 

A 1 mm segment of the distal tibial nerve stump was harvested for quantitative 

histomorphometry. Next, the proximal tibial nerve stump was submerged in a Vaseline well 

constructed on a parafilm base containing 10 µL of Fluorogold (hydroxystilbamidine 

bis[methanesulfonate]; Sigma, St. Louis MO; #39286; 4% [wt./vol.]). After 1 hour, the well was 

removed, the wound irrigated and closed in layers. This process labels all sensory neurons in the 

lumbar DRG and motor neurons in the ventral horn of the lumbar spinal cord that regenerated 

their axons 10 mm into the tibial nerve following sciatic nerve transection and repair.  

3.2.4 Retrograde labelled tissue: harvesting, processing and analysis 

One week following retrograde labelling, mice were euthanized via intraperitoneal 

injection of sodium pentobarbital (32.5 mg/kg) and immediately perfused with 100 mL of 4% 

paraformaldehyde (PFA) Subsequently, the lumbar spinal cord and the L3/L4 dorsal root ganglia 

(DRG) were harvested and placed in 4% PFA. Tissue was cryoprotected in 4% PFA with 30% 

sucrose for 5 days and embedded in OCT medium (Tissue-Tek; Andwin Scientific, Woodland 

Hills, CA) and sectioned using a cryostat. The lumbar spinal cord was sectioned coronally at 50 

µm, while the DRG were sectioned at 25 µm. Using a fluorescent microscope, the number of 

motor and sensory neurons in the spinal cord and DRG, respectively were counted with the slides 

blinded. The counted raw total was corrected by multiplying it by a correction factor described 
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by Abercrombie, based on the diameter of 20 neuron cell bodies and the section thickness to 

reach the corrected total.151  

Figure 3.1 Surgical techniques. (A1) Diagrammatic representation of surgical procedures. The 

right sciatic nerve was transected immediately distal to its emergence beneath the gluteal 

muscles (red line) and repaired using two 9-0 epineurial sutures (blue). (A2) 10 mm distal to the 

repair site on day 10 or 28, the tibial nerve was transected (red line) and retrogradely labelled 

using Fluorogold (yellow). Fluorogold labels sensory neurons in the DRG and motor neurons in 

the ventral horn of the spinal cord that regenerate into the tibial nerve. A 1 mm segment of the 

tibial nerve was harvested immediately distal the site of retrograde labelling for nerve 

histomorphometry (B) Surgical image of proximal stump of tibial nerve exposed to Fluorogold 

within a petroleum jelly well. (C) 1 hour following retrograde labelling, the proximal stump of 

the tibial nerve was visibly labelled. 
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3.2.5 Nerve histomorphometry 

For each mouse, a 1 mm segment of the right tibial nerve was harvested 10 mm distal to the 

sciatic nerve repair site and placed in 2.5% glutaraldehyde at 4˚C for 2 days. The nerves were 

then postfixed in 1% osmium tetroxide, serial methanol dehydrated, embedded in Jembed 812 

resin (Canemco. Inc., Montréal, Québec) and cross-sectioned at 1.5 µm using an ultramicrotome 

(RMC Products, Tucson, AZ). For each tibial nerve segment, from each animal, a cross-section 

was imaged at 100x magnification using Neurolucida software (MBF Bioscience, Williston, 

VT). The number of myelinated axons, average axon diameter, average fiber diameter and 

average g-ratio were measured using a semi-automated custom program in MATLAB 

(MathWorks Inc, Natick, MA).152 

 3.2.6 Neurite outgrowth assay 

 To investigate the mechanisms responsible for the effects of ErbB1 inhibition on sensory 

and motor neurons following nerve injury, we carried out neurite outgrowth assays. In these 

assays, we tested the in vitro effects of ErbB inhibitors lapatinib and gefitinib on DRG neurite 

outgrowth exposed to the inhibitor chondroitin sulfate proteoglycan (CSPG). DRGs from the 

cervical, thoracic and lumbar spinal cord were harvested as according to Sleigh et al, 2016.153 

DRG neurons were dissociated, cultured for 48 hours in Neurobasal A complete medium and 

divided into six groups depending on the presence of an ErbB inhibitor, CSPG or both. Six 

exposure groups were compared including control, CSPG alone (200 ng/mL), lapatinib alone (10 

µmol/L), gefitinib alone (10 µmol/L), CSPG + lapatinib and CSPG + gefitinib. Concentrations of 

the ErbB inhibitors lapatinib and gefitinib were chosen based on previous concentrations found 

to be active in studies of lapatinib distribution across the blood-brain barrier to HER2+ brain 

metastases and in vitro assays.148 The ability of lapatinib and other small mol Each plate was 
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immunostained for beta-tubulin to provide visualization of the entire neuron including its 

neurites. From each plate a representative number of neurons were imaged with a high-resolution 

scanning digital camera mounted on a fluorescent microscope (Carl Zeiss Vision, München-

Hallbergmoos, Germany). AxioVision software (version 4.2) was used to capture 48-bit RGB 

color images at 1300x1300 pixels. Images were then adjusted for brightness and contrast in 

Photoshop (Adobe Systems, San Jose, CA) to ensure all neurites were visible. Finally, the length 

of the longest neurite from its origin at the neuron cell body to its tip was measured using the 

semi-automated neurite tracing program NeuronJ.154 

 3.2.7 Statistical analysis 

 The number of retrogradely-labelled neurons and nerve histomorphometry parameters 

between the lapatinib and vehicle groups were statistically compared using one-tailed unpaired t-

tests. An alpha of 0.05 was used in all statistical analyses and significance was defined as p < 

0.05. Mean and standard error of the mean were calculated and presented. The mean length of 

the longest neurite in neurite outgrowth assays with or without the presence of an ErbB inhibitor 

and/or CSPG were statistically compared using one-way ANOVA.  

3.3 Results 

 3.3.1 Animal survival 

All surgeries and oral gavage administration of lapatinib and vehicle were tolerated well 

with two exceptions. A moderate amount of weight loss was observed in most animals and was 

theorized to be the result of the physical stress of the multiple surgeries and daily oral gavage. 

Two mice in the 28-day lapatinib group were euthanized on postoperative day 23 because of 

greater than 20% weight loss. Thus, these two mice were not retrogradely labelled and did not 

have a segment of their tibial nerve harvested for histomorphometry.  
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3.3.2 Lapatinib does not increase the number of regenerating sensory or motor 

neurons, 10- or 28-days following nerve repair 

Retrograde labelling of the tibial nerve demonstrated positive labeling in the lumbar 

spinal cord and lumbar DRG. For the 10-day group the L4 DRG and lumbar spinal cords were 

blindly counted for the number of labelled sensory neurons. For the 28-day group, the L3/L4 

DRG and lumbar spinal cords were counted. The number of regenerated sensory neurons did not 

differ significantly between lapatinib (222  71) and vehicle (232  52) at 10 days (p > 0.05), or 

between lapatinib (343  69) and vehicle (499  128) at 28 days (p > 0.05) (Figure 3.2 A-B). The 

number of regenerated motor neurons at 10 days did not differ significantly between mice treated 

with lapatinib (120  43) compared to vehicle (84  21) (p > 0.05). Similarly, the number of 

regenerated motor neurons at 28 days did not differ significantly between lapatinib (169  30) 

compared to vehicle (128  26) (p > 0.05) (Figure 3.2 C-D). As expected, following a longer 

time for regeneration, the number of regenerated sensory and motor neurons was significantly 

increased at 28 days compared to 10 days in both the lapatinib and vehicle groups (p < 0.05).  

3.3.3 Lapatinib increases the number of regenerating myelinated axons following 

nerve repair 

In the 28-day cohort a cross-section from the 1 mm segment of the right tibial nerve was 

analyzed histologically for the number of myelinated axons, average myelin thickness, fiber 

diameter and g-ratio (Figure 3.3). The number of myelinated axons in the tibial nerve was 

significantly higher in mice treated with lapatinib (1042  108) compared to vehicle (729  110; 

p < 0.05). However, no differences in average myelin thickness, fiber diameter or g-ratio were 

observed between lapatinib and vehicle groups (p < 0.05). Nerve histomorphometry analysis was 
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not performed in the 10-day group because of excessive axonal and myelin debris, and limited 

remyelination that prevents analysis of regenerating myelinated axons.155 

3.3.4 Gefitinib promotes neurite extension in cultured DRG neurons 

The effect of lapatinib and gefitinib in the axonal regeneration inhibitor was evaluated 

using in vitro neurite growth assays to evaluate neurite growth. CSPG is a known inhibitor of 

axonal regeneration, which in cultured neurons inhibits the formation of neurites. Measurement 

of the longest neurite for each cultured DRG neuron demonstrated differences in the average 

neurite length depending on the presence of CSPG or the ErbB inhibitors lapatinib and gefitinib 

(Figure 3.4). The mean length of the longest neurite was significantly greater in DRG cultures 

containing an ErbB inhibitor in the presence of CSPG (lapatinib: 85.9  21.0 µm; p < 0.01, 

gefitinib: 277  26.5 µm; p < 0.0001) than CSPG alone (23.6  5.0 µm). However, in DRG 

cultures containing only lapatinib, the mean longest neurite was significantly decreased (74.4  

27.4 µm) compared to control (294  21.3 µm; p < 0.0001). This indicates a possible neurotoxic 

effect of lapatinib at this concentration that while possibly preventing some CSPG-mediated 

inhibition, prevents normal growth. Furthermore, interference of cell adherence to the plate could 

have prevented normal growth. Dose titrations of lapatinib are currently being performed to 

assess whether different concentrations may alleviate this neurotoxic effect. 
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Figure 3.2 The number of regenerated sensory or motor neurons following sciatic nerve 

transection is not statistically different between lapatinib and vehicle treated mice. 

Retrograde labelling of regenerated motor and sensory neurons of the tibial nerve, following 

sciatic nerve transection and repair, did not show enhancement of nerve regeneration by 

lapatinib. (A-B) No difference in the number of regenerated sensory neurons in lumbar DRG was 

observed in the lapatinib treated mice compared to vehicle. (C-D) Similarly, no difference in the 

number of retrogradely labelled regenerated motor neurons in the spinal cord was observed in the 

lapatinib treated mice compared to vehicle. A greater number of motor neurons was identified at 

28-days in both groups, compared with 10 days, as would be expected. Error bars represent 

standard error of the mean. 
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Figure 3.3 Administration of lapatinib increases the number of regenerated myelinated 

axons 28 days following nerve repair. (A) Representative cross-section of a tibial nerve 

postfixed with osmium tetroxide in a mouse 28 days following sciatic nerve transection and 

repair treated with lapatinib. (B) Zoomed in region from A showing myelinated axons which 

were quantitatively assessed in each nerve for the number of myelinated axons (C), average 

myelin thickness (D), average fiber diameter (E) and average g-ratio (F). The number of 

regenerated myelinated axons was significantly increased in lapatinib treated mice. 
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Figure 3.4 Gefitinib rescues the effect of CSPG mediated neurite growth inhibition.  

(A) Average neurite length compared between six cell cultures plated with the axonal 

regeneration inhibitor CSPG and/or an ErbB inhibitor. Both gefitinib and lapatinib were able to 

rescue some of the inhibitory effect of CSPG on neurite growth inhibition. However, compared 

to control cultures lapatinib may have also had a neurotoxic effect. (B) The presence of the 

ErbB1 inhibitor gefitinib with CSPG significantly increased the average length of the longest 

neurite compared to cell cultures that contained only CSPG. (C-D) Representative cell culture 

images of DRG neurons immunstained for beta-tubulin plated with CSPG (C) or CSPG and 

gefitinib (D), demonstrating a rescue of CSPG mediated neurite growth inhibition. Error bars 

represent standard error of the mean. Scale bars: 50 µm (C) and 200 µm (D). Mean neurite 

length was statistically compared using one-way ANOVA in both A and B (p < 0.05: *, p < 0.01: 

**, p < 0.001: ***, p < 0.0001: ****). 
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3.4 Discussion 

 This study used both in vivo and in vitro models to evaluate the ability of lapatinib and 

gefitinib to promote nerve regeneration. This study did not find an increase in the number of 

regenerated motor or sensory neurons as was found in prior studies using the ErbB2 inhibitor 

trastuzumab in a rat model.3 Retrograde labelling of sensory and motor neurons that regenerated 

into the tibial nerve demonstrated significant variance within and between groups that likely 

confounded interpretation of the results (see Figure 3.2). This variance could have been caused 

by multiple factors including variable staining intensity with Fluorogold, lost tissue during 

sectioning and fascicular misalignment during nerve repair that could have directed neurons of 

interest variably into the tibial or common peroneal nerve. Quantitative analysis of the tibial 

nerve revealed a greater number of regenerated myelinated axons in mice treated with lapatinib 

(see Figure 3.3). This finding is consistent with previous studies in which the ErbB2 inhibitor 

trastuzumab was found to increase the number of regenerated myelinated axons in a rat model of 

nerve injury.3,145 

 The mechanism by which ErbB1-ErbB2 inhibition facilitates regeneration is believed to 

occur separate from the neuregulin-1 pathway and involving a potential inhibitory dimerization 

between ErbB1 and ErbB2.3 In a previous study, activated ErbB1 was significantly decreased in 

the proximal stump of the transected common peroneal nerve in rats treated with trastuzumab.3 It 

had been suggested that the mechanism by which ErbB1 inhibition promotes axonal regeneration 

is through off target effects,143 however follow up studies using a ErbB1 conditional knockout 

model disputed this theory.144 Furthermore, CSPG, a known inhibitor of axonal regeneration, has 

been shown to activate ErbB1, which may explain the ability of ErbB inhibitors to promote nerve 

regeneration.6 In contrast to the neuregulin-1 ErbB2-ErbB3 signalling pathway, CSPG mediated 
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activation of the ErbB1-ErbB2 heterodimer may function as an axonal stop signal during growth. 

We hypothesize that this signal may be vital during normal development of the peripheral 

nervous system but following nerve injury in which regeneration inhibitors are especially 

prevalent at the injury site, this signalling pathway may prevent more robust axonal growth. This 

hypothesis is supported by the finding that while the number of regenerated neurons was not 

significantly different, there were a greater number of regenerated myelinated axons which may 

suggest a role of Erb1-ErbB2 signalling in limiting axonal sprouting. Previous studies have 

similarly found that axonal regeneration is enhanced in retinal ganglion cell neurons following 

injury6 and that in nrg-1 knock out mice there is increased axonal sprouting at the neuromuscular 

junction.138 Axonal sprouting is the process by which myelinated axons form collateral branches 

at nodes of Ranvier. Sprouting occurs profusely following nerve injury and may function to 

protect from chronic Schwann cell denervation by filling the maximum number of endoneurial 

channels. Although lapatinib may have been able to increase axonal sprouting, this does not 

mean that functional recovery would have improved, and follow-up studies should include a 

functional metric of regenerative success. Analysis of the axon diameter distribution was unable 

to be completed because of software limitations. In rat, the normal axon diameter distribution of 

the tibial nerve is unimodal with a range of 2 – 12 µm and a peak at approximately 8 µm.156 In 

the setting of nerve transection and repair, regenerating axons are of smaller diameter and have 

decreased myelin sheath thickness.3 The distribution of axon diameters of mice treated with 

lapatinib is not expected to differ significantly from vehicle, as in Hendry et al., 2016 in which 

there was no significant difference in the histograms of common peroneal nerves between the 

ErbB2 inhibitor trastuzumab and saline treated mice. 
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The inhibitory ErbB1-ErbB2 pathway was further elucidated in this study using neurite 

growth assays, in which it was unexpectedly shown that the ErbB1 inhibitor gefitinib has a 

stronger neurite growth promoting effect than the dual ErbB1-ErbB2 inhibitor lapatinib. This 

effect must be confirmed by follow-up assays which evaluate multiple titrations of both gefitinib 

and lapatinib to determine the ideal concentration that minimizes toxicity and enhances growth. 

  A major strength of this study is that it is the first to suggest and provide preliminary 

evidence for the mechanism by which ErbB inhibitors can promote histological regeneration 

following nerve injury. However, the gold-standard of evaluation of nerve regeneration is 

functional analysis and further studies must include this metric. This study is also limited in that 

it did not confirm that lapatinib administration was able to inhibit ErbB1 and ErbB2 signalling. 

In future studies, we will use a mouse median nerve model of nerve injury (described in Chapter 

4) to evaluate how both systemic and local gefitinib administration effects histological and 

functional outcomes of nerve regeneration. The ability of gefitinib to adequately prevent 

phosphorylation of ErbB1 will also be confirmed through Western blot analysis. 

 The repurposing of an FDA approved molecular therapies like the ErbB inhibitors 

lapatinib or gefitinib has significant therapeutic potential and a more streamlined translation into 

the clinical realm. The market for peripheral nerve injures is steadily increasing and impacts 

approximately 20 million people in the U.S. with nerve injuries each year and an associated $20 

billion cost to the U.S. healthcare system.4,5 This study provides additional evidence that the 

ErbB family can both promote or inhibit nerve regeneration depending on the receptors involved.  

3.5 Conclusion 

 In conclusion, the dual ErbB1-ErbB2 inhibitor lapatinib increased the number of 

myelinated axons that regenerated into the tibial nerve as measured by nerve histomorphometry. 
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In vitro neurite growth assays demonstrated a neurite growth promoting effect of gefitinib that 

was stronger than lapatinib. Future studies should assess the nerve regeneration effects of the 

ErbB1 inhibitor gefitinib in an in vivo model. These experiments are in the preparatory stage and 

will be carried out in the summer of 2021. 
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Chapter 4: Characterization of a mouse forelimb model of median 

nerve injury   

 
4.1 Introduction 

 The investigation of methods to enhance nerve regeneration and research nerve injury has 

led to the development of numerous animal models (for a review see Ronchi et al., 2019).157 The 

choice of an experimental model is dependent on many factors. Important qualities of a rodent 

nerve injury model include the degree to which the structure and cellular regulation mimic the 

pathological state. These are often reflected in the structural dimensions of the nerve (length and 

diameter) and preserved cellular regulation within mammals. The cost of the animal and 

associated housing is also important from a practical standpoint. The rat sciatic nerve injury 

model is the most common in vivo model in nerve regeneration research. Rats are easy to house 

and have adequately-sized nerves that require less intensive microsurgical expertise compared to 

smaller species. Rats also have robustly characterized functional metrics validated for sciatic 

nerve injures such as the sciatic functional index, tapered beam and walking track analysis.158 

While the sciatic nerve is chosen since it is the largest nerve in most species, in rodents, injury to 

the sciatic nerve results in paralysis of the hindlimb and joint contractures and automutilation 

behaviour that limits functional analysis.159 These drawbacks to sciatic nerve injury have led to 

increased use of the median nerve as an injury model.157,160 Following median nerve transection, 

rodents are less likely to develop joint contractures and automutilate, which facilitates functional 

assessment by forelimb grip strength.161,162 While originally it was thought that the rat forelimb 

finger flexors were innervated by both the ulnar and median nerves,163 Bertelli et. al, 1995 

demonstrated that they are solely innervated by the median nerve.160 Recovery of grip strength 

following median nerve transection is thus completely dependent on the success of median nerve 
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regeneration. Furthermore, the use of a forelimb model is also more clinically relevant since 

nerve injuries in humans occur more commonly in the upper limb. However, a limitation of any 

rat model is the availability of transgenic models for the investigation of molecular pathways that 

regulate nerve regeneration. The use of transgenic models allows for the knockout or over-

expression of specific genes of interest to identify their role in nerve regeneration. While a rat 

transgenic model exists for the visualization of nerves through expression of Thy1-GFP,164,165 

there are a limited number of  models available to investigate molecular pathways associated 

with nerve regeneration. The use of mouse models in nerve regeneration research thus comes 

with both advantages and drawbacks. In this study we sought to characterize a mouse forelimb 

nerve injury model to determine uninjured median nerve histological and functional metrics. 

This model will be applied to the future investigation of ErbB signalling and ErbB inhibitors in 

nerve regeneration. 

4.2 Methods 

 4.2.1 Experimental design and animal numbers 

 This experiment aimed to characterize the uninjured motor and sensory neuron pool as 

well as quantify the number and myelination parameters of axons within the proximal mouse 

median nerve. These baseline metrics will serve as a reference to interpret experimental nerve 

injury models in future work. To determine these uninjured parameters, six C57Bl/6 mice had 

their median nerve transected and retrograde labelled. A segment of the median nerve for 

quantitative histomorphometry was also harvested during this initial procedure. Seven days later, 

mice were perfused, the DRG and spinal cord harvested for labelled neuron counting and a 

segment of the median nerve harvested for nerve histomorphometry. Furthermore, baseline grip 
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strength measurements before and after median nerve transection were obtained to serve as a 

functional metric for nerve recovery. 

 Animal cages were housed in a temperature and humidity-controlled room with 12-hour 

light/dark cycles. Animals were fed with standard chow and water ad libitum. All animal 

procedures were approved by the Queen’s University Animal Care Committee, in accordance 

with the guidelines set forth by the Canadian Council on Animal Care. 

4.2.2 Retrograde labelling 

All surgical procedures were performed with aseptic technique and the use of an 

operating microscope (Leica Microsystems). Mice were induced into general anesthesia via 

inhaled isoflurane and maintained under a sufficient plane of anesthesia titrated to respiratory 

rate. The mouse was positioned supine, the limbs secured to the table and the left forelimb was 

shaved from the axilla to the wrist. A longitudinal incision was created from the axilla to the 

elbow and the median nerve was identified travelling with the brachial artery and then 

circumferentially mobilized. The median nerve was then transected 3 mm proximal to the medial 

epicondyle of the humerus using micro-scissors. A 1 mm segment of the median nerve distal to 

this transection site was harvested for histomorphometry and fixed in 2.5% glutaraldehyde. Next, 

the proximal median nerve stump was submerged in a Vaseline well constructed on a parafilm 

base containing 5 µL of Fluorogold (hydroxystilbamidine bis[methanesulfonate]; Sigma, St. 

Louis MO; #39286; 8% [wt./vol.]). After 1 hour, the well was removed, the wound irrigated and 

closed in layers. 

4.2.3 Retrograde labelled tissue: harvesting, processing and analysis 

One week following retrograde labelling, mice were euthanized via intraperitoneal 

injection of sodium pentobarbital (32.5 mg/kg) and immediately perfused with 100 mL of 4% 
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paraformaldehyde (PFA). The cervical spinal cord and the C5-T1 dorsal root ganglia (DRG) 

were then harvested and placed in 4% PFA. Tissue was cryoprotected in 4% PFA with 30% 

sucrose for 5 days and embedded in OCT medium (Tissue-Tek; Andwin Scientific, Woodland 

Hills, CA) and sectioned using a cryostat. The cervical spinal cord was sectioned coronally at 50 

µm, while the DRG were sectioned at 25 µm. Using a fluorescent microscope, the number of 

motor and sensory neurons in the spinal cord and DRG, respectively, were counted. The raw 

total was corrected by multiplying it by a correction factor described by Abercrombie. This 

correction factor is based upon the diameter of 20 neuron cell bodies and the section thickness to 

reach the corrected total.151 

 4.2.4 Nerve histomorphometry 

The 1 mm segment of the median nerve harvested at the time of retrograde labelling 

described above, was fixed in 2.5% glutaraldehyde at 4˚C for 2 days. The nerves were then 

postfixed in 1% osmium tetroxide, serial methanol dehydrated, embedded in Jembed 812 resin 

(Canemco. Inc., Montréal, Québec) and cross-sectioned at 1.5 µm using an ultramicrotome 

(RMC Products, Tucson, Arizona). For each median nerve segment, an entire section was 

imaged at 100x magnification using Neurolucida software (MBF Bioscience). The number of 

myelinated axons, average myelin thickness, fiber diameter and g-ratio were measured using a 

semi-automated custom program in MATLAB (MathWorks, MA).152 

 4.2.4 Forelimb grip strength 

Forelimb grip strength was assessed in four mice, three days before median nerve 

transection for retrograde labeling and four days following, using a grip meter designed for 

rodents, Bioseb BIO-GS3 (Bioseb Pinellas Park, FL). Mice were held by the tail and allowed to 

grip onto a metal grid using only their forepaws. Slowly, the mouse was pulled by the tail 
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parallel to the axis of the grip meter. The grip meter recorded the largest resisted force, measured 

in grams that the mouse was able to generate with its grip before letting go. Each mouse was 

tested five times with two minutes of rest between trials, with the average of the five trials used. 

In the setting where the mouse lacked motivation to grip or did not properly grasp the grid, the 

trial was repeated. 

4.3 Results 

 4.3.1 Mouse median nerve gross anatomy 

The mouse median nerve was first characterized anatomically in perfused mice by 

meticulous dissection of the median nerve from origin in the brachial plexus to its entrance to the 

carpal tunnel in the wrist (Figure 4.1). The median nerve originated from the medial and lateral 

cords in the brachial plexus and traveled through the arm with the brachial artery and ulnar 

nerve. As the median nerve approached the cubital fossa, it diverged laterally from the ulnar 

nerve to enter the forearm. No branches of the median nerve were observed until it entered the 

forearm. Transection and repair of the median nerve was notably more technically challenging 

than the sciatic nerve repair described in Chapter 3, owing to the smaller diameter of the median 

nerve. 

 4.3.2 Quantification of the uninjured median nerve motor neuron pool 

 In the cervical spinal cord, retrograde labelling of the median nerve demonstrated a 

robust population of motor neurons in the ventral horn (Figure 4.1). The mean number of 

labelled motor neurons was 188  9. Motor neuron counts for one of the mice were not possible 

because of significant folding of tissue that obscured the labelled neurons. Sensory neuron counts 

are still pending at the time of thesis composition due to the challenges posed by sectioning these 

very fine structures which required outsourcing to a third party. 
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4.3.3 Median nerve histomorphometry 

A cross-section from each median nerve was analyzed for the number of myelinated axons, 

average myelin thickness, fiber diameter and g-ratio (Figure 4.3). The mean number of 

myelinated axons was 1343  109, mean myelin thickness was 3.6  0.15 µm, mean fiber 

diameter was 7.8  0.45 µm, and mean g-ratio was 0.53  0.01.  

4.3.4 Forelimb grip strength 

 Forelimb grip strength was assessed both prior to and following median nerve transection 

for retrograde labelling. Two mice were not evaluated for forelimb grip strength since they were 

initially used for a proof of principle that the retrograde labelling technique would enable 

visualization of the median nerve neuron pool. Following median nerve transection, it was 

observed that the affected forepaw had lost all ability to grip the metal grid and would 

consistently use a ‘paddling’ motion to use the injured forelimb. Through multiple trials over 

several days, it was observed that measured grip strength demonstrated some variation between 

mice and between trials of the same mouse. As expected, there was approximately a 50% 

reduction in normalized grip strength following median nerve transection. We also observe that 

grip strength values slightly increased as the animal recovered from surgery and likely began to 

use its uninjured forelimb more dominantly (Figure 4.4). Since there was no repair of the 

transected median nerve and the timepoint following surgery was short, no significant recovery 

from nerve regeneration would be plausible.  
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Figure 4.1 The mouse brachial plexus. Dissection of the mouse brachial plexus revealed a 

similar structure as in humans. The terminal branches are visible on the left and include the 

axillary, musculocutaneous, radial, median and ulnar nerves. 

 

 

Figure 4.2 Retrograde labelled motor neurons of the median nerve. (A) Fluorogold labelled 

motor neurons of the median nerve are visible in the ventral horn of the cervical spinal cord. (B) 

The number of labelled motor neurons between each mouse median nerve was similar with a 

mean of 188. Mouse 2 spinal cord tissue was too folded to enable counting and was thus 

discarded. 
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Figure 4.3 Median nerve histomorphometry. (A) Representative whole cross-section of a 

mouse median nerve postfixed with osmium tetroxide. (B) Zoomed in region from A showing 

myelinated axons which were quantitatively assessed in each median nerve for the number of 

myelinated axons (C), average myelin thickness (D), fiber diameter (E) and g-ratio (F). Most 

parameters were similar between mice, as expected in these uninjured nerves. The dotted 

horizontal line in C-F represents the mean. 
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Figure 4.4 Forelimb grip strength following median nerve transection. Following left 

median nerve transection there was a significant decrease in forelimb grip strength (p <0.05) 

because of paralysis of forepaw digit and wrist flexors. 

 

4.4 Discussion 

 The use of a median nerve injury model in mice has numerous advantages over the 

common rat sciatic nerve injury model and allows for the investigation of recovery from nerve 

injury through functional and histological outcomes. Furthermore, the potential use of transgenic 

mice allows for the elucidation of molecular pathways that regulate nerve injury. Despite the 

differences between rat and mice models, all rodent models have notable limitations in their 

comparison to human nerve injuries because of the slower rate of nerve regeneration in humans 

and the longer regenerative distances. 

 This study defined baseline values for the assessment of functional and histological 

recovery in a mouse median nerve injury model. Nerve histomorphometry using semi-automated 

software was used to count the total number of myelinated axons, average myelin thickness, fiber 
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diameter and g-ratio. Interestingly, the number of myelinated axons counted was significantly 

less than counted through extrapolation via stereological principles by both light and electron 

microscopy in Jager et al., (2014).166 The use of stereological principles has multiple limitations 

in the accurate counting and morphological analysis of regenerating axons.167 Biological 

variation, particle misidentification and different sampling schemes can result in stereological 

estimates that are substantially different than would be determined through more exhaustive 

manual efforts.167 Methods such as the ‘ratio technique’ which multiple axon density but nerve 

cross-sectional area have been advanced by fractionator techniques that help eliminate bias.168 

By counting each myelinated axon individually through the entire median nerve section, this 

study provided a more accurate reference value for the number of myelinated axons in the 

uninjured median nerve than can be estimated using stereological principles. Our estimates did 

not include unmyelinated axons, which would require electron microscopy or correlation with 

neurofilament-stained cross sections.169 The mean myelinated axon number derived in this study 

may also be an underestimate given studies have demonstrated that use of transmission electron 

microscopy allows for the identification of more small myelinated axons than possible with light 

microscopy.166 Interestingly, other histological parameters also differed from Jager et al., (2014), 

both average myelin thickness and fiber diameter were greater than previously found.166 The 

ratio of the axonal diameter over the fiber diameter (g-ratio), was found to compare similarly to 

the commonly considered optimal g-ratio of 0.6.170  

 Functional testing of forelimb grip strength following median nerve transection 

confirmed that grip strength in the injured forelimb had no observable role of the ulnar nerve. 

This finding aligns with previous studies that evaluated mouse and rat forelimb grip strength 

following median nerve injury.161,162 Grip strength was observed to decrease by 50% following 
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median nerve transection, in which the animal was now only able to grip with one forelimb. We 

did not assess the time for median nerve regeneration to allow for some recovery of grip, as this 

will be evaluated in longer-term studies of either median nerve transection and repair or crush 

injury. 

 This study has developed histological and functional metrics in a mouse model of median 

nerve injury that will allow for the comparison in other surgical and therapeutic techniques to 

enhance nerve regeneration using the mouse median nerve as a model. This model also avoids 

some of the pitfalls associated with the rat sciatic nerve that limit functional analysis of 

regeneration.159 Furthermore, we believe that the use of transgenic mice with this forelimb model 

will enable for the further elucidation of the molecular mechanisms that regulate nerve 

regeneration following injury.157 In our lab, future experiments will utilize this model for the 

preclinical investigation of the ErbB family and ErbB inhibitors in nerve regeneration.  

 4.5 Conclusion 

 In conclusion, the mouse median nerve injury model has several advantages over the rat 

sciatic nerve injury model. In this study the anatomy and histological features of the mouse 

median nerve were characterized which will serve as an uninjured comparison group in future 

forelimb median nerve injury studies.  
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Chapter 5: General discussion, conclusions, and future directions 

 

 The primary aim of this thesis was to evaluate the ability of the ErbB inhibitors lapatinib 

and gefitinib to promote nerve regeneration. We hypothesized that lapatinib, a dual ErbB1-

ErbB2 inhibitor and gefitinib a sole ErbB1 inhibitor would promote nerve regeneration in in vivo 

and in vitro models. This hypothesis was supported by previous work demonstrating the role of 

ErbB1 signalling in inhibiting axonal regeneration,6,144 and the finding that ErbB inhibition by 

the monoclonal antibody trastuzumab could promote nerve regeneration in a rat model.145 To test 

this hypothesis histological metrics of regeneration in a mouse sciatic nerve injury model were 

compared in mice treated with lapatinib or vehicle. Furthermore, the mechanism by which the 

ErbB inhibitors may promote nerve regeneration was explored using neurite outgrowth assays.  

The number of regenerated sensory or motor neurons was not significantly different 

between mice treated with lapatinib compared to vehicle, however, there were a greater number 

of regenerated myelinated axons, which may suggest a role of Erb1-ErbB2 signalling in limiting 

axonal sprouting. The inhibitory ErbB1-ErbB2 pathway was further elucidated in this thesis 

using neurite outgrowth assays, in which it was unexpectedly shown that the ErbB1 inhibitor 

gefitinib had a stronger neurite growth promoting effect than the dual ErbB1-ErbB2 inhibitor 

lapatinib. This effect must be confirmed by follow-up assays which evaluate multiple titrations 

of both gefitinib and lapatinib to determine the ideal concentration that minimizes toxicity and 

enhances growth. Based on past studies6,144 and these present findings, it is suggested that CSPG-

mediated activation of the ErbB1-ErbB2 heterodimer is a negative regulator of axon regeneration 

in both the CNS and PNS. Solo ErbB1 (gefitinib), ErbB2 (trastuzumab), or dual ErbB1-ErbB2 

inhibition (lapatinib) is expected to promote axonal regeneration throughout the nervous system 

in in vivo and in vitro models by preventing the activation of this growth inhibitory pathway. 
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  A major strength of this study is that it is the first to suggest and provide preliminary 

evidence for the mechanism by which ErbB inhibitors can promote histological regeneration 

following nerve injury. However, to translate these findings to clinical use, it is essential to 

determine if the effects of ErbB inhibition also promote functional recovery. This study is also 

limited in that it did not confirm that lapatinib administration was able to inhibit ErbB1 and 

ErbB2 signalling. In future studies, we will use a mouse median nerve model of nerve injury to 

evaluate how both systemic and local gefitinib administration effects histological and functional 

outcomes of nerve regeneration. The ability of gefitinib to adequately prevent phosphorylation of 

ErbB1 will also be confirmed through Western blot analysis. Furthermore, the dose-response 

relationship of lapatinib and gefitinib should be explored to determine the ideal concentration 

which limits neurotoxicity and promotes growth. 

 The repurposing of an FDA-approved molecular therapies like the ErbB inhibitors 

lapatinib or gefitinib has significant therapeutic potential and a more streamlined translation into 

the clinical realm. The market for peripheral nerve injures is steadily increasing and impacts 

approximately 20 million people in the U.S. with nerve injuries each year and an associated $20 

billion cost to the U.S. healthcare system.4,5 This thesis provides additional evidence that the 

ErbB family can both promote or inhibit nerve regeneration depending on the receptors involved.  

 A secondary aim of this thesis was to characterize a mouse forelimb model of nerve 

injury for use in future experiments. Uninjured histological metrics of the mouse median nerve 

including the number of myelinated axons, mean axon diameter, mean myelin thickness and 

mean fiber diameter were determined. A functional metric of nerve regeneration using a forelimb 

grip strength meter was also characterized before and after transection of the median nerve.  
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This mouse model of median nerve injury that will allow for the comparison of other 

surgical and therapeutic techniques to enhance nerve regeneration using the mouse median nerve 

as a model. This model also avoids some of the pitfalls associated with the rat sciatic nerve that 

limit functional analysis of regeneration.159 Furthermore, we believe that the use of transgenic 

mice with this forelimb model will enable for the further elucidation of the molecular 

mechanisms that regulate nerve regeneration following injury.157 In our lab, future experiments 

will utilize this model for the preclinical investigation of the ErbB family and ErbB inhibitors in 

nerve regeneration.  
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