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Abstract 

 

Peripheral nerves are one of the few adult tissues which can regenerate following injury, and 

macrophages have many important roles in this multicellular process. Following nerve injury, regrowing 

axons must traverse tissue termed the ‘nerve bridge’, which forms spontaneously between the nerve 

stumps (proximal and distal), to reconnect with their original tissue target. Previously, we found that 

hypoxic macrophages in the bridge induce the formation of a polarised vasculature which 

dedifferentiated Schwann cells subsequently use as a scaffold to migrate along, taking axons with them 

into the distal stump. Here, macrophages together with Schwann cells function to clear debris and 

remodel the environment to facilitate axonal regeneration, demonstrating distinct functions for 

macrophages within discrete areas of the regenerating nerve. This thesis aims to characterise nerve 

macrophage populations and to determine whether there is a specific Schwann cell chemoattractant 

within the bridge. 

Resident nerve macrophages displayed a distinct gene expression pattern compared to other 

resident macrophage populations. Moreover, we found two distinct nerve resident populations which 

can be distinguished by CX3CR1 expression and physiological location. In the injured nerve, the origin 

and phenotype of macrophage populations is currently unknown. We determined that the majority of 

macrophages in the bridge and distal stump are monocyte-derived. In further characterisation of bridge 

macrophages, we have identified an intrinsic ability to differentially sense hypoxia.  

Here we show data to support a novel role for hypoxic bridge macrophages in promoting 

Schwann cell migration. Using in vitro chemotaxis assays, we found that hypoxic macrophages are able 

to induce Schwann cell migration and an unbiased screen identified the chemoattractant factor as 

CCL3. CCL3 is able to induce Schwann cell migration in chemotactic assays, and knockdown studies 

showed that CCL3 is the primary chemoattractant secreted by hypoxic macrophages. We also present 

preliminary in vivo experiments investigating the role of CCL3 following injury, as well as in models of 

nerve repair. A Schwann cell chemoattractant factor has wide therapeutic implications in peripheral 

nerve injury, as well as potential uses in the treatment of aberrant nerve growth and tumour spread.  
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Chapter One:  Introduction 

 

1.1. The peripheral nervous system 

1.1.1. Structure 

The peripheral nervous system (PNS) consists of neurons and supporting cells which allows 

the transmission of sensory and motor signals between the central nervous system (CNS, consisting of 

the brain and spinal cord) and the periphery (Catala and Kubis, 2013). The PNS can be divided into the 

somatic and autonomic nervous systems which regulate voluntary and involuntary nerve function 

respectively (Catala and Kubis, 2013). Each tissue is innervated by axons, which as they travel towards 

the spinal cord become organised into fascicles and larger nerve structures until reaching the spinal 

cord (Figure 1.1). Spinal nerves enter the spinal cord via the dorsal root, and leave via the ventral root, 

which is where the cell bodies of sensory and motor neurons reside (Catala and Kubis, 2013). 

Peripheral nerves vary greatly in size in humans, ranging from the cranial trochlear nerve which 

innervates a single muscle, to the sciatic nerve which extends out from the lower back to the thigh and 

innervates multiple muscles in the leg as well as the skin (Geuna, 2015, Catala and Kubis, 2013). 

For all nerves, large and small, the mechanism of transmitting signals is the same: via the 

propagation of action potentials (Barnett and Larkman, 2007). First described in squid neurons in the 

1950s (Hodgkin and Huxley, 1952), an action potential refers to a transient (<1 millisecond) reversal in 

polarity of the neuronal transmembrane which is propagated along the length of axons to axon terminals 

(Barnett and Larkman, 2007, Kress and Mennerick, 2009). The change in membrane polarity is caused 

by voltage gated sodium channels, which activate and subsequently inactivate, together with potassium 

channels to form the characteristic electrophysiological up- and downstroke of the action potential 

(Kress and Mennerick, 2009).  
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Adapted from (Kisner and Colby, 2012). 

Figure 1.1 | Structure of the peripheral nervous system 

Schematic showing the structure of a peripheral nerve. Single axons are grouped and organised into 

bundles to form fascicles, which may be further grouped to form larger nerves. All nerves enter the 

spinal cord via the dorsal roots, which are where the axon cell bodies are located.  
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Sodium channels are located on the soma, dendrites and axons, and the variations in ion 

channels contribute to the various action potential waveforms which can be observed in neurons (Kress 

and Mennerick, 2009).To carry out certain motor and sensory functions, the PNS requires the rapid 

transmission of action potentials. This is achieved by insulating axons with multiple layers of glial 

membrane (myelin) provided by oligodendrocytes in the CNS, and Schwann cells in the PNS (Barnett 

and Larkman, 2007, Nave and Werner, 2014). Action potentials are propagated along the length of 

nerves by the presence of Na+ channels at high density in gaps in the myelin sheath known as Nodes 

of Ranvier, which allow the signals to jump from node to node via ‘saltatory conduction’ (Catala and 

Kubis, 2013, Barnett and Larkman, 2007). The presence of myelin surrounding axons allows nerve 

conduction to occur 20-100X faster compared to unmyelinated nerves (Nave and Werner, 2014). The 

ratio of myelin sheath thickness to axon diameter is crucial to ensure appropriate signal conduction, 

with the optimal ratio of axon diameter to myelin fibre diameter, or g-ratio, being on average 0.6-0.7 in 

humans (Kidd et al., 2013). Any significant changes from these values may indicate pathologies such 

as neuropathies (Nave and Werner, 2014).  

Peripheral nerves have an organised structure which is intended to protect and support the 

axons and thus ensure the successful transmission of action potentials. Peripheral nerves consist of 

bundles of axons which are closely associated with Schwann cells, the main glial cell type within the 

PNS. To exert their function of providing insulation and/or support for axons, Schwann cells can either 

myelinate axons by associating in a 1:1 ratio with large diameter axons, or group together smaller 

diameter axons to form Remak bundles (Figure 1.2) (Bhatheja and Field, 2006, Kidd et al., 2013). 

Surrounding the individual axon and Schwann cell units is a matrix structure known as the endoneurium. 

The nerve fibres and endoneurium are further grouped into fascicles which are surrounded by a layer 

of fibroblast like cells, termed the perineurium. Peripheral nerves may consist of single or multiple 

fascicles, depending on the size of the nerve, which are surrounded by the epineurium. The epineurium 

consists of two distinct layers: the inner layer composed of densely structured collagen fibrils and elastic 

fibres, and the outer layer is composed of areolar connective tissue and collagen bundles which are 

arranged in a loose structure (Stolinski, 1995). The epineurium also contains vascular and lymphatic 

vessels. 

Similarly to the blood brain barrier (BBB), the blood nerve barrier (BNB) functions to regulate 

and restrict the exchange of material between the privileged nerve microenvironment and the 
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extracellular space (Weerasuriya and Mizisin, 2011, Nakatsuji, 2017, Napoli et al., 2012). The BNB 

consists of the perineurium which contains zona occludens tight junctions between the cells to prevent 

the exchange of material, as well as the endoneurial vascular endothelium. The BNB interface is highly 

complex and regulated, and the integrity of this structure is important for ensuring the nerve is protected 

from harmful blood-borne materials and to maintain the homeostatic exchange of molecules necessary 

for correct nerve function (Nakatsuji, 2017). There are also blood vessels located within the space 

between the perineurium and the epineurium, which do not have a barrier function, and together with 

blood vessels in the endoneurium provide the nerve with oxygen and nutrients.  

 

 

Figure 1.2 | Structure of the peripheral nerve 

Schematic of a cross section of a peripheral nerve. There are multiple layers of organisation, including 

the outer epineurium which can enclose multiple fascicles. Each fascicle consists of bundles of 

myelinated axons, and Remak bundles, together with blood vessels, and resident populations of 

fibroblasts and macrophages, which are surrounded by the perineurium. 

 

 

Within individual fascicles there are also resident populations of fibroblasts (Jessen and Mirsky, 

2005) and macrophages (Griffin et al., 1993, Ydens et al., 2012). In particular the resident macrophages 

are thought to play an important role in peripheral nerve homeostasis as well as contributing to the PNS 

injury response which will be discussed further in later sections (Mueller, 2003). The roles of 

macrophages in the nerve during health and disease will be discussed in more detail in later sections 

of this thesis. 
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In its homeostatic state, the adult nerve is a quiescent tissue compared to many others in the 

body such as the intestine or the skin, which have populations of epithelial cells which have a high 

turnover (Richardson et al., 2014). Recent unpublished data from our lab using long term labelling 

studies have shown that within the stable, quiescent nerve environment, cells have extremely slow rates 

of turnover (Stierli et al., in preparation), which is perhaps beneficial for the stable transmission of 

signals between the periphery and the brain. Despite this highly complex structure and quiescent state, 

the PNS is one of the few tissues in the adult mammal which has the ability to extensively regenerate 

following injury. This is in contrast to the central nervous system (CNS) which is unable to recover 

substantially after damage is sustained. In part, this ability to regenerate is due to Schwann cells and 

their highly plastic nature which allows them to dedifferentiate following injury, and coordinate a repair 

response.  

 

1.1.2. Schwann cell biology and development 

Schwann cells are main glial cell type of the PNS and are the most prevalent cell type (~70%) in the 

sciatic nerve (Salonen et al., 1988) (Stierli et al., in preparation). Schwann cells in the quiescent adult 

nerve can exist in one of two types: myelinating or non-myelinating (Nave and Werner, 2014, Monk et 

al., 2015, Jessen and Mirsky, 2016). Myelinating Schwann cells associate in a 1:1 ratio with large calibre 

axons and function to insulate the axons through the formation of a myelin membrane (Bhatheja and 

Field, 2006, Nave and Werner, 2014, Monk et al., 2015). Non-myelinating Schwann cells group together 

bundles of small calibre axons to form Remak bundles (Armati and Mathey, 2013). The main functions 

of Schwann cells are to protect and support axons by providing nutrients, as well as being responsible 

for the myelin production required for salutatory conduction, which forms in response to axonal-derived 

signals (Nave and Werner, 2014, Catala and Kubis, 2013, Kidd et al., 2013).  

 

1.1.2.1. Schwann cell development 

 Neurulation occurs from embryonic day 8 (E8) in mice and during this time the neural tube is 

formed, with the neural groove deepening before folding and closing, and subsequently forming the 

CNS (Copp et al., 2003). Crucially, a subpopulation of cells from the neural tube known as neural crest 

cells migrate to form the PNS, giving rise to multiple cell types such as neurons, endocrine cells and 

Schwann cells (Figure 1.3) (Bhatheja and Field, 2006, Monk et al., 2015, Catala and Kubis, 2013). 
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Neural crest cells differentiate into a number of intermediate cell types (such as neural crest-

derived progenitors) before differentiating into Schwann cells, a process which involves endothelin and 

Notch signalling, and is controlled by the transcription factor Sox10 (Bhatheja and Field, 2006, Jessen 

and Mirsky, 2005, Finzsch et al., 2010). Sox10 is highly expressed in the developing PNS, specifically 

within Schwann cells, and genetic knockout studies have shown that without Sox10, Schwann cells are 

absent from axons, indicating the essential requirement of this transcription factor for Schwann cell 

identity (Finzsch et al., 2010, Bhatheja and Field, 2006). 

Forming one of the transient, intermediate stages between neural crest cells and mature 

Schwann cells are Schwann cell precursors (SCP) which are present at E12-13 in mice, and require 

trophic support from sensory and motor neurons in order to survive (Jessen and Mirsky, 2005). SCPs 

are defined as migratory Sox10+, neural crest-derived cells which are associated with neuronal 

projections, and are able to migrate the length of developing nerves (Monk et al., 2015, Adameyko et 

al., 2009). Contact with axons is crucial for Schwann cell fate, as well as their survival, proliferation and 

differentiation. These signals are mediated partly by neuronal Neureguin-1 (NRG1) and Schwann cell 

ErbB2/3 receptor signalling (Adameyko et al., 2009). Upon contact with axons, SCPs upregulate 

markers such as protein 0 (P0) and proteolipid protein (PLP) as they mature into Schwann cells (Jessen 

and Mirsky, 2005). Schwann cells function to support axonal outgrowth through a number of Schwann 

cell derived growth factors such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) 

and glial cell line-derived neurotrophic factor (GDNF) (Kidd et al., 2013, Jessen and Mirsky, 2005).  

SCPs also have the capacity to differentiate into melanoblasts, which give rise to melanocytes 

in the skin (Adameyko et al., 2009), however it is their association with axons which induces maturation 

into a Schwann cell (Adameyko et al., 2009, Jessen and Mirsky, 2005). SCPs are able to comigrate 

along with developing axons, and are dependent on axons for survival, proliferation and migratory 

signals (Monk et al., 2015). Intermediate Schwann cells are generated from SCPs from E13-15, which 

coincides with a major stage in the development of peripheral nerves (Jessen et al., 2015, Jessen and 

Mirsky, 2005). Intermediate Schwann cells are easily distinguishable from SCPs due to their lack of 

migration, the dependence on autocrine, rather than axonal-derived, survival signals, as well as the 

deposition of an organised basal lamina (Monk et al., 2015).  
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Adapted from (Jessen and Mirsky, 2016).  

Figure 1.3 | Schwann cell development 

The differentiation stages of Schwann cell development. Neural crest cells differentiate into SCPs, 

which can also produce melanocytes and endoneurial fibroblasts. Immature Schwann cells develop, 

and radial sorting results in Schwann cells associating in a 1:1 manner with axons in the nerve, or the 

formation of Remak bundles. Following injury, mature Schwann cells may dedifferentiate into a ‘repair’ 

phenotype which may proliferate and migrate, and have key roles in nerve regeneration. 

 

The association of Schwann cells with axons during this time determines whether mature 

Schwann cells will be myelinating or non-myelinating in the adult nerve, and occurs via a process known 

as radial sorting, which begins during development and continues until approximately post-natal day 10 

(P10) in mice (Feltri et al., 2016). In the process of radial sorting, bundles of axons are progressively 

sorted and segregated by Schwann cells which subdivide the axons until the larger calibre axons remain 

in contact with a single Schwann cell, and any remaining groups of axons form Remak bundles (Feltri 

et al., 2016). The ability of Schwann cells to sort axons in this manner is dependent on the formation of 

cytoplasmic protrusions which can extend into the bundles of axons, as well as many molecular 

components such as cell surface receptors (e.g. Gpr126 (Mogha et al., 2013)), adhesion molecules 

(e.g. β-integrin) and extracellular matrix (ECM) components (e.g. laminins) (Jessen and Mirsky, 2005, 

Feltri et al., 2016).  
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Myelinating Schwann cells associate in a 1:1 manner with large calibre (>1m diameter) axons. 

For large diameter axons, Schwann cells wrap many layers of tightly packed myelin cell membrane 

around a section of axon, this is unlike in the brain where a single oligodendrocyte may enwrap several 

adjacent axons (Nave and Werner, 2014, Monk et al., 2015, Catala and Kubis, 2013). Wrapped sections 

of axon are termed internodes which can be >2mm in length, which requires 20mm2 myelin membrane 

(Nave and Werner, 2014). In between these wrapped sections are the nodes of Ranvier, which contain 

large numbers of sodium ion channels which help to potentiate action potentials along the length of the 

axon, and ensure correct signal propagation (Catala and Kubis, 2013).  

Immature and mature Schwann cells can also support their own survival in an autocrine manner 

through the release of survival factors such as insulin-like growth factor 2, neurotrophin 3 and platelet 

derived growth factor- (Jessen and Mirsky, 2005). Once Schwann cells have associated with axons 

and differentiated into their mature form, there must be a regulated exit from the cell cycle, which results 

in a loss of proliferative capacity and a switch to a quiescent cell state (Feltri et al., 2016, Woodhoo et 

al., 2009). The transcription factor Krox20/Egr2 (expressed from E16 in mice) together with Sox10, a 

nuclear transcription factor, is critical for the differentiation of immature Schwann cells into mature, 

myelinating cells (Monk et al., 2015).This transition out of the cell cycle is regulated by a number of 

factors including Jun, the cAMP/PKA signalling axis, as well as neuregulins (Monk et al., 2015). 

Premature exit from the cell cycle and differentiation has been associated with polyaxonal myelination, 

where multiple axons are myelinated by a single Schwann cell (Jessen and Mirsky, 2005).  

 

1.1.2.2. Schwann cell myelination  

Schwann cells provide key nutritional and metabolic support for axons, and myelin/lipid 

homeostasis is a key factor in maintaining the stability of myelinating axons (Nave, 2010, Monk et al., 

2015). Schwann cells increase lipid production, and decrease lipid oxidation which results in the lipid 

content (cholesterol and sphingolipids) of myelin membranes being higher than that found in most other 

cell membranes (Barrette et al., 2013). The high concentration of lipid in the myelin sheath is important 

to ensure neuron integrity is retained, as well as allowing fast saltatory conduction to occur (Barton et 

al., 2017).  

Following Schwann cell association with an axon, as the Schwann cell wraps a single axon, it 

differentiates into a myelin-forming cell through changes to gene expression mediated by Krox-20, a 
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transcription regulator, and this begins a process where myelin membranes are wrapped in a spiral 

shape around the axon (Kidd et al., 2013). Krox-20 interacts with Sox-10 to promote myelin gene 

induction and lipid biosynthesis pathways, which are crucial for myelination (Jacob et al., 2014, Monk 

et al., 2015). In Krox-20 null mice, although Schwann cells are able to successfully associate in a 1:1 

manner with axons, they are not myelinated, which highlights the important transcriptional role of Krox-

20 in this process (Topilko et al., 1994, Parkinson et al., 2004). Additionally, expression of Krox-20 in 

non-Schwann cells is sufficient to induce transcriptional programs to leave the cell cycle and induce 

myelin gene expression, and therefore can be termed a ‘master regulator’ (Parkinson et al., 2004). 

Interactions between axons and Schwann cells are key for inducing the transcriptional 

programming that is essential for myelination to occur. In particular NRG1 type III expression by axons, 

which binds to ErbB2/3 receptors on Schwann cells (Newbern and Birchmeier, 2010, Raphael and 

Talbot, 2011), is a key determinant in the switch to the myelinating Schwann cell fate as well as 

regulating myelin thickness. Moreover, this pathway has also been linked to the formation of Remak 

bundles (Fricker et al., 2009, Taveggia et al., 2005). Overexpression of NRG1 type III in vivo leads to a 

significant increase in myelin sheath thickness and the myelination of axons that normally would not be 

myelinated (Monk et al., 2015). Moreover, genetic studies in mice have shown that deficiencies in either 

NRG1 type III or ErbB receptors leads to a failure to myelinate (Kidd et al., 2013). The myelination 

process is also controlled by factors such as BDNF which act via neurotrophin receptors as a pro-

myelination signal, and Notch signalling which acts as a myelin inhibitor (Woodhoo et al., 2009). 

The G-protein coupled receptor (GPCR) GPR126 has also been described to be essential for 

Schwann cell myelination (Mogha et al., 2013). GPR126 drives the differentiation of Schwann cells 

through an increase of cAMP, and subsequent phosphorylation of PKA which causes Oct6 and Krox-

20 transcription and therefore promotes myelin gene activity (Mogha et al., 2013). Elevated cAMP levels 

also repress the expression of proteins implicated in maintaining Schwann cells in an immature state, 

which further promotes differentiation into a mature, myelinating state (Liebscher et al., 2014, Monk et 

al., 2015). 

 Non-myelinating Schwann cells sort small calibre (<1m diameter) axons and bring them 

together to form Remak bundles (Monk et al., 2015, Feltri et al., 2016). Remak bundles consist of a 

single Schwann cell, which does not form myelin, which has multiple axons embedded within 

invaginations in the plasma membrane (Armati and Mathey, 2013, Catala and Kubis, 2013). A single 
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non-myelinating Schwann cell may enwrap different kinds of axons such as mixtures of sensory and 

autonomic axons. Additionally, unmyelinated axons may interchange between different Remak bundles 

along the length of the nerve which means that the same axons are not likely to remain surrounded by 

the same neighbouring axons for any significant distance (Kidd et al., 2013, Feltri et al., 2016).  

Both myelinating and unmyelinating Schwann cells contribute to the stable and quiescent 

environment in the healthy, adult nerve. An important feature of Schwann cells however, is their 

phenotypic plasticity, which allows dedifferentiation from their mature phenotype back into a progenitor-

like cell, which has the ability to proliferate and migrate; a property which is particularly significant 

following nerve injury (Jessen et al., 2015). 

 

1.2. Cell migration 

1.2.1. Principles of cell migration 

Cell migration is required for many different physiological processes in both health and disease 

(Scarpa and Mayor, 2016, Paul et al., 2017, te Boekhorst et al., 2016). For many cell types, migration 

is limited to periods during development or morphogenesis, however for some cells such as leucocytes, 

the ability to migrate is required for their biological function (Friedl and Wolf, 2010). The immune system 

relies on monocytes to migrate and patrol the vascular system as an immunosurveillance mechanism 

(Trepat et al., 2012, Das et al., 2015) and in response to inflammation or injury, the rapid recruitment of 

immune cells initiates the healing process (Trepat et al., 2012). The ability of tumour cells to migrate 

and metastasise results in an increase the morbidity of most cancer types (Paul et al., 2017).   

Different cells may use different mechanisms to migrate, however the basic principles remain 

similar across all types. For cells to migrate in a particular direction, a front-rear axis of polarity is 

established which enables a cell to orientate itself and to organise the migration machinery to specific 

locations, depending on the mechanism of migration (Mayor and Etienne-Manneville, 2016, Theveneau 

et al., 2010, Jin et al., 2008). Cells may also migrate in response to an extracellular cue such as a 

gradient of chemoattractant, or another cell or cells (Theveneau et al., 2010, Trepat et al., 2012). Upon 

sensing an external cue, cells are able to repolarise and undergo intracellular reorganisation to allow 

directional migration. The surface upon which a cell migrates may also influence the mechanism of 

migration in 2D whereas the interactions with the surrounding matrix in 3D situations can affect the 

formation of focal adhesion complexes and their mode of migration (Liu et al., 2015). The surrounding 
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environment also affects the traction forces which are exerted, and the extent to which the environment 

is remodelled to permit cell migration (Liu et al., 2015, Trepat et al., 2012).  

The mechanism of cell migration is dependent on many different variables such as cell type, 

whether migration is occurring singly or as part of a group of cells, as well as the migration substrate 

(Charras and Sahai, 2014, Liu et al., 2015, Theveneau et al., 2010). Broadly however, cells may be 

classified as migrating either as an individual cell, in a mesenchymal or amoeboid manner, or as a 

collective, cohesive group of cells (Trepat et al., 2012). Cells such as fibroblasts can migrate in a 

mesenchymal manner which involves the formation of specialised cell-matrix focal adhesion complexes 

(Trepat et al., 2012). Cells which migrate in this way display high levels of attachment and cytoskeletal 

contractility (Liu et al., 2015). This tends to be a slower mechanism of migration with cells achieving 

0.1-1m/min (Friedl and Wolf, 2010, Liu et al., 2015). Amoeboid migration is typically described as 

occurring in the absence of focal adhesions or stress fibres, and is classically adopted by rounded cells 

(Liu et al., 2015). Amoeboid migration may also be divided into two subtypes of migration. The first is a 

blebby, rounded migration style of migration in which cells, such as Zebrafish macrophages, do not 

adhere to substrates and instead push or propel themselves in order to move (Bergert et al., 2015). 

The second type involves the generation of actin-rich filopodia at the leading cell edge which weakly 

adhere to the substrate and allow cells, such as leucocytes, to pull themselves forward (Lämmermann 

et al., 2008). Using this method, cells may migrate at up to 10m/min which in the context of cell 

migration is quite fast; amoeboid migration typically has a higher velocity compared to mesenchymal 

migration (Friedl and Wolf, 2010, Liu et al., 2015). 

Many cell types, including Schwann cells and fibroblasts, also exhibit a degree of migration 

plasticity, and are able to change their mechanism of migration based on environmental variables and 

factors such as cellular contractility and cell adhesion (Charras and Sahai, 2014, Liu et al., 2015, 

Theveneau et al., 2010, Cattin et al., 2015). Cells can either undergo mesenchymal-amoeboid transition 

(MAT), or epithelial to mesenchymal transition which represents a change in the mechanism of 

migration (Liu et al., 2015). Cancer cells in particular exhibit changes to their migration which enables 

them to detach from a primary tumour site, and metastasise (Jin et al., 2008, Paul et al., 2017). Cancer 

cells in vitro have been observed to display multiple different modes of migration, and in vivo a similar 

variable phenotype is observed as the cancer cells metastasise, remodel the local environment and 

infiltrate new tissues (Clark and Vignjevic, 2015). 
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It is well established that collective cell migration relies on the same principles as single 

migrating cells (Mayor and Etienne-Manneville, 2016). Groups of cells adopt a front to rear polarity 

which is mediated by cell substrate interactions, such as focal adhesion complexes, as well as 

extracellular signals such as chemoattractants (Mayor and Etienne-Manneville, 2016, Theveneau et al., 

2010). In order to migrate, cells within the middle of the cluster maintain homotypic cell-cell adhesions 

and are inhibited from migrating, whilst cells at the outer edge of the group display homotypic cell-cell 

repulsion properties (Scarpa and Mayor, 2016, Friedl and Wolf, 2010, Trepat et al., 2012). As a result, 

groups of cells may migrate in sheets, for example epithelial cells, or as cords, for example Schwann 

cells following injury (Parrinello et al., 2010, Cattin et al., 2015). Collective cell migration is more 

effective than single cell migration at generating directed migration towards a stimulus, and therefore is 

often seen in development (Mayor and Etienne-Manneville, 2016, Friedl and Wolf, 2010). Collective cell 

migration is a fundamental part of development and morphogenesis, and aids processes such as tissue 

remodelling, as well as contributing to local tissue cancer cell invasion (Scarpa and Mayor, 2016, Liebig 

et al., 2009). Collective cell migration is clearly an important process which occurs during nerve 

regeneration, and how Schwann cells collectively migrate is one of the research areas of the Lloyd lab.  

 

1.2.2. Cell migration towards a stimulus: chemotaxis 

For most cells, non-directional migration is an inefficient way of migrating, whereas directional 

migration towards a particular stimulus or to a find a specific interacting cell or molecule forms a part of 

key physiological processes (Kay et al., 2008). Chemotaxis is the ability of the movement or migration 

of a cell or cells to be directed in response to an extracellular gradient (Roussos et al., 2011, Kay et al., 

2008). Chemotaxis was first described in bracken fern spermatozoa in 1884 (Pfeffer, 1884), and in the 

following years, in leucocytes which migrated toward the site of irritation in a rabbit cornea (Leber, 

1888), and the slime mould Dictyostelium discoideum which was observed to migrate towards the 

source of diffusible signals (Bonner, 1947). Subsequently, chemotaxis has been described in a wide 

variety of cell types and in many different processes such as the recruitment of inflammatory cells to 

sites of infection, organ development during embryogenesis, would healing as well as contributing 

towards cancer cell metastasis (Jin et al., 2008, Roussos et al., 2011, Kay et al., 2008, Weavers et al., 

2016).  
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Cells respond to gradients by sensing the difference between the front and the rear of the cell, 

which gives spacial information regarding the source of the chemoattractant (Van Haastert and 

Devreotes, 2004). In response to a chemoattractant gradient, cells then orientate themselves through 

actin repolarisation and migrate towards the source of the chemoattractant for a sustained period of 

time (Van Haastert and Devreotes, 2004, Roussos et al., 2011, Jin et al., 2008). Chemotaxis can occur 

in single cells, as well as in groups of cells, which is often seen during developmental processes and 

organogenesis as well as during regeneration. The direction of migration often occurs in response to a 

particular stimulus, for example well characterised chemoattractants for endothelial cells and fibroblasts 

are vascular endothelial growth factor (VEGF) (Cattin et al., 2015, Hobson et al., 2000) and platelet-

derived growth factor (PDGF) (Wu et al., 2012) respectively.  

 

1.3. Peripheral nerve injury and regeneration 

1.3.1. Injury response 

Despite the cellular complexity of the peripheral nerve, it displays the remarkable ability to 

regenerate following injury (Figure 1.4) (Dolenc and Janko, 1976, Fawcett and Keynes, 1990, Ide, 1996, 

Chen et al., 2007, Huebner and Strittmatter, 2009, Fex Svennigsen and Dahlin, 2013, Cattin and Lloyd, 

2016). Peripheral nerve regeneration is a coordinated, multicellular process which requires directed 

migration, new tissue formation and remodelling as well as vascularisation (Zochodne, 2012, Cattin and 

Lloyd, 2016, Lundborg, 2003, Fawcett and Keynes, 1990, Fex Svennigsen and Dahlin, 2013). This 

ability to regenerate is even more extraordinary given the quiescent nature of many of the PNS cell 

types involved. 

Following a full nerve transection, the distal portion of the injured axons degenerate in a process 

known as Wallerian degeneration, and contact with the nerve target is lost. The two nerve stumps 

(proximal and distal) initially retract but are then reconnected by the formation of new tissue, termed 

the ‘nerve bridge’, that spontaneously forms as the result of an unknown mechanism between the two 

stumps (Figure 1.4a-b). The loss of contact between the nerve and target is the main problem following 

nerve injury, and therefore the primary aim of regeneration is to facilitate the repair of contact between  
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Adapted from (Cattin and Lloyd, 2016)  

Figure 1.4 | The peripheral nerve can regenerate following injury.  

Schematic of peripheral nerve regeneration following full transection. Following transection of a 

peripheral nerve, the stumps initially retract (a) but are reconnected by new tissue known as the nerve 

bridge (b). Initially the bridge is hypoxic due to lack of vascularisation. This is specifically sensed by 

macrophages, which secrete VEGF that promotes angiogenesis. Downstream of the transection in the 

distal stump, the axons degenerate in an active process known as Wallerian degeneration. In response 

to the injury, Schwann cells disassociate from the degenerating axons and dedifferentiate to a 

progenitor-like state that orchestrates many aspects of the regenerative process, including macrophage 

recruitment, clearance of axonal and myelin debris and remodelling of the environment to create a 

permissive environment for axonal regrowth. It also involves the formation of the bands of 

Büngner (c) that result from Schwann cells elongating along the length of their original basement 

membrane to create directional tubes, which occurs in the distal stump. Meanwhile, the bridge has 

become vascularised in response to the macrophage-induced VEGF signal and SCs migrate along the 

vasculature, taking the regrowing axons across the bridge and into the distal stump. Here, the axons 

re-innervate their targets and the Schwann cells recognising the axons, redifferentiate from the 

progenitor state, and the inflammatory response resolves to complete the regeneration process. 
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the damaged axon and its original tissue target (Cattin and Lloyd, 2016). A major challenge for the 

regrowing axons is to cross the nerve bridge, a tissue which appears to be a non-directional hostile 

environment lacking the directionality signals that guide growing axons during development.  

Schwann cells are central organisers of this multicellular regeneration process. Immediately 

following injury, Schwann cells dissociate from axons and dedifferentiate to a progenitor-like state and 

as a result re-acquire many of the properties from early developmental stages such as proliferation, 

growth factor production and the ability to migrate (Scheib and Hoke, 2013, Napoli et al., 2012). The 

dedifferentiated Schwann cells have major roles in the regeneration process. Firstly, Schwann cells 

play an important role in aiding axonal outgrowth across the bridge (Figure 1.4c). Following the injury, 

they emerge from both stumps, cluster and form cords which migrate across the bridge, with the 

Schwann cells from the proximal stump guiding the regrowing axons. Schwann cell-axon interactions 

are necessary to ensure directional outgrowth from the proximal stump, it has been observed that axons 

migrating without a Schwann cell guide show restricted growth of only a few microns into the nerve 

bridge (Parrinello et al., 2010, McDonald et al., 2006). It was shown that without the guidance of 

Schwann cells, axons are unable to successfully traverse the nerve bridge and return to their tissue 

target, making Schwann cell migration a key mediator of axonal regrowth (Parrinello et al., 2010). 

In order to cross the bridge, we have recently found that Schwann cell cords use newly formed 

blood vessels as a scaffold to migrate along (Cattin et al., 2015). Without the support of a blood vessel 

structure, we have observed that Schwann cells are unable to migrate within an in vitro 3D gel 

environment. Additionally, when blood vessel formation is prevented in vivo, Schwann cell migration is 

inhibited, which shows a requirement of blood vessels for Schwann cell migration. The blood vessels 

form as a result of the release of vascular endothelial growth factor (VEGF) which is released by 

macrophages in the bridge as a result of the hypoxic bridge environment. Importantly, the 

vascularisation of the bridge occurs parallel to the nerve axis providing a polarised track for the cords 

of Schwann cells to find their way across the bridge. 

Secondly, following nerve injury, Schwann cells induce an inflammatory and regenerative 

response that functions to clear cellular debris and remodel the injured nerve area to provide a 

conducive environment for axonal regrowth (Napoli et al., 2012). The tissue environment in the distal 

stump must be remodelled in order to facilitate axonal regrowth, due to the inhibitory nature of myelin 

for axonal regrowth. This process is particularly important as removal of debris reduces the likelihood 
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of remyelination causing nerve compression, and in addition any potential inhibitors of axonal outgrowth 

are also removed (Kidd et al., 2013). Upon entering the distal stump, the regenerating axons locate the 

bands of Büngner, tube-like structures consisting of specialised Schwann cells within their basement 

membranes, which provide a substrate and a directionality to the regrowing axons, leading them back 

towards their original targets to ensure injury resolution (Figure 1.4c-d) (Fawcett and Keynes, 1990). 

Despite this remarkable ability of axons to regenerate and enter the distal stump, in humans axonal 

regrowth is often delayed and incomplete (Boerboom et al., 2017). If regeneration is delayed, chronic 

denervation of the distal stump presents a barrier for successful repair as the environment becomes 

less able to support axonal regrowth and regeneration is inhibited. It is important therefore that in 

humans following injury, that the environment is conducive for successful axonal regrowth. Schwann 

cells play a major role in ensuring that the regenerating environment is supportive and permits axonal 

regrowth (Jessen and Mirsky, 2016).  

The normal, healthy nerve is a quiescent tissue, as previously mentioned many cell types within 

the nerve have a slow turnover, including non-myelinating Schwann cells, whilst myelinating Schwann 

cells appear not to divide in adulthood under homeostatic conditions. Following injury however, 

Schwann cells display highly plastic qualities, as they dedifferentiate to a progenitor-like phenotype in 

response to the injury environment and dissociate from axons (Napoli et al., 2012, Jessen et al., 2015, 

Woodhoo et al., 2009, Harrisingh et al., 2004). This dedifferentiation process enables Schwann cells to 

migrate, which is important during the nerve regeneration process. 

The dedifferentiation process in Schwann cells involves activation of the Raf/MEK/ERK 

signalling cascade which induces a reprogramming of the Schwann cells, which is observed in both the 

tip of the proximal stump, as well as the distal stump (Figure 1.5) (Harrisingh et al., 2004, Napoli et al., 

2012, Sheu et al., 2000). Other pathways important for the dedifferentiation-state of Schwann cells 

include c-Jun, which is induced by ERK and has a role in the dedifferentiation process as a negatively 

regulator of the transcription of the myelin genes (Woodhoo et al., 2009). In addition, c-Jun has a role 

in axonal regeneration, by promoting axonal survival through regulating expression of the secreted 

neurotrophic factors GDNF and Artemin in Schwann cells (Fontana et al., 2012, Arthur-Farraj, 2012). 

Notch signalling expression is sufficient to revert the myelinating Schwann cells to a demyelinating state 

(Woodhoo et al., 2009). Acting cell-autonomously, Ras activation induces Schwann cell dissociation 
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from axons, which is mediated by a loss of Sema4F expression by the Schwann cells which indirectly 

mediates hyper proliferation (Parrinello et al., 2010). 

Dedifferentiated Schwann cells upregulate proteins which are downregulated during the 

myelination differentiation program, such as Sox 2, EphB2, glial fibrillary acidic protein (GFAP) and 

neural cell adhesion molecule 1 (NCAM1) (Deborde et al., 2016, Chen et al., 2007). Conversely, key 

myelin proteins such as P0 and myelin basic protein (MBP), as well as periaxin are downregulated 

(Chen et al., 2007, Jessen and Mirsky, 2008). Neuregulin and notch signalling are also upregulated, 

and these pathways aid Schwann cell proliferation during injury (Mei and Xiong, 2008, Woodhoo et al., 

2009). Dedifferentiated Schwann cells secrete laminin, fibronectin, glypican, collagens II, IV and V, 

which are all important factors in promoting axonal outgrowth and guidance (Zochodne, 2012, 

Boerboom et al., 2017, Fex Svennigsen and Dahlin, 2013).  

The dedifferentiated Schwann cells act to clear the myelin and axonal debris through 

phagocytic processes, trigger the opening of the blood nerve barrier and induce an inflammatory 

response, in which monocytes, neutrophils and mast cells are recruited to the nerve. Together this 

results in an environment that contributes to the repair of the damaged nerve (Napoli et al., 2012). 

Myelin breakdown occurs by first creating small fragments of myelin. The myelin pieces are next 

transported to the lysosome for selective digestion via mTOR-independent autophagy (Gomez-

Sanchez et al., 2015). Autophagy is observed to be highly upregulated in Schwann cells following injury, 

and moreover, inhibition of autophagy pathways leads to a reduction in myelin clearance and a 

decreased rate of regeneration (Gomez-Sanchez et al., 2015). 
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Figure 1.5 | Schwann cells orchestrate the nerve regeneration process. 

Following injury, Ras activation in Schwann cells promotes dedifferentiation to a progenitor-like state. 

These Schwann cells perform multiple crucial roles during nerve regeneration including opening the 

BNB, inducing an inflammatory response, and the secretion of neurogenic factors. 

 

  

The dedifferentiation of Schwann cells to this progenitor-like state is only a transient step in 

regeneration, when axons have regrown Schwann cells differentiate again to a mature myelinating or 

non-myelinating phenotype, and return to carry out their normal function. The switch in Schwann cells 

to differentiate back into a mature phenotype occurs in response to NRG1 type III, which is upregulated 

in neurons and DRGs after injury (Fex Svennigsen and Dahlin, 2013). In addition, following injury, 

Schwann cells have been observed to upregulate NG1 type I which acts in a paracrine manner to aid 

remyelination of the regrowing axons (Stassart et al., 2013) The expression of neuronal NRG1 type III 

has been shown to decrease with age, and together with an age-related decrease in myelin clearance, 

may impede axonal regeneration and slow remyelination in aged animals (Kang and Lichtman, 2013, 

Fex Svennigsen and Dahlin, 2013).  
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1.3.2. Schwann cell migration following injury 

During nerve regeneration, dedifferentiated Schwann cells collectively migrate in cords out of 

the nerve stumps and into the nerve bridge. Schwann cells from the proximal stump guide regrowing 

axons across the nerve bridge to ensure successful contact with the distal stump is made, a crucial 

step in nerve regeneration. On a 2D surface in vitro, when two Schwann cells make contact, they exhibit 

contact inhibition of locomotion (CIL) and change migration direction (Parrinello et al., 2010). Following 

injury however, Schwann cells undergo a change in the mode of migration whereby they exhibit 

attractive rather than repulsive behaviours, and instead migrate as cords (Parrinello et al., 2010). The 

mechanism by which Schwann cells form cords and migrate has previously been described by our 

laboratory (Parrinello et al., 2010, Cattin and Lloyd, 2016). At the site of injury, fibroblasts expressing 

Ephrin B repulse Schwann cells via EphB2 (Figure 1.6A) (Parrinello et al., 2010). This repulsion signal 

results in the activation of Sox2 in Schwann cells which in turn induces the relocalisation of N-cadherin 

to the cell surface which causes a change in cell behaviour from repulsion, to attraction. This causes 

the cells to cluster through homotypic interactions and this results in Schwann cells collectively 

migrating as cords. The importance of this mechanism whereby Ephrin B-EphB2 signalling controls the 

mode of Schwann cell migration was shown following the inhibition of this signal in vivo which led to 

misdirected axonal regrowth (Figure 1.6B) (Parrinello et al., 2010).  

As a result of this observed switch in cell behaviour, the migrating cords of Schwann cells are 

able to perform the function during nerve regeneration of guiding the regrowing axons from the proximal 

stump across the nerve bridge and into the distal stump. In vivo, many different cell types are often 

observed to adapt their mechanism of migration depending on the local environment, and this has been 

described as a mechanism by which cancer cells can migrate within diverse tissue environments (Liu 

et al., 2015, Tozluoğlu et al., 2013). Specifically, this change in migration refers to mesenchymal-

amoeboid transition (MAT) which is dependent on variables such as cellular contractility, cell adhesion 

and geometry, as well as the local microenvironment (Liu et al., 2015). 
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Figure 1.6 | Fibroblast sorting causes a change in Schwann cell behaviour 

A. In vitro, Schwann cells display CIL and repulse each other upon contact (i). Upon contact with 

fibroblasts in the bridge in vivo, Schwann cells undergo a change in behaviour from repulsive to 

attractive (ii), which is mediated through EphrinB-EphB2 signalling (Parrinello et al., 2010). The 

activation of the transcription factor Sox2 in Schwann cells causes an accumulation of N-cadherin at 

the cell membrane, where they form cell-cell junctions, and induce clustering. B. Schwann cells migrate 

in cords out of the proximal stump and into the bridge, which aids regrowing axons.   

 

 

In vitro on a 2D surface, individual Schwann cell migration is integrin-dependent (Cattin et al., 

2015) and resembles classical mesenchymal-like migration which requires adhesion and lamellipodia-

like structures (Liu et al., 2015). To facilitate adhesion, cells form focal adhesion complexes (FAC) which 

aid cells in sensing their environment and migration through protein and receptor interactions between 

the actin cytoskeleton and the extracellular matrix (Geiger et al., 2009). FAC typically comprise of 

combinations of integrins, talin, and focal adhesion kinase (FAK) which enable cell migration through 

actin polymerisation and contraction (Iskratsch et al., 2014). When key adhesion molecules (talin and 

1 integrin) were knocked out in Schwann cells or the actin polymerisation inhibitor latrunculin B was 

applied, migration in 2D was inhibited which confirms that Schwann cells migrate in a mesenchymal 

manner in 2D (Afshari et al., 2010, Cattin et al., 2015, Wang et al., 2012). 

In contrast in 3D in vitro fibrin gels, in which endothelial tubules are formed from embedded 

endothelial cells, Schwann cells are unable to migrate within the matrix alone, however, upon contact 

with an endothelial tubule exhibit integrin-independent migration in a more amoeboid-like manner with 

a characteristic forward extension, followed by a rear contraction which involved discrete points of 

contact between the Schwann cell and the endothelial cell (Cattin et al., 2015); this finding was in 

  

ephB2 EphrinB 

Fibroblast        

Sox2 

Sox2 

N-cadherin 

ii. Clustering: 
 

Schwann cells 

i. CIL:  

Schwann cells 

A B

Proximal 

stump

Bridge

Cords of 

Schwann cells

Axons

Fibroblasts



 35 

contrast to fibroblasts which are able to migrate within the matrix without any additional support. Within 

the context of a 3D gel matrix, knockdown of focal adhesion complex proteins did not affect Schwann 

cell migration, consistent with amoeboid-like migration (Yamauchi et al., 2004, Cattin et al., 2015). 

Instead, amoeboid-like migration relies on myosin II dependent contractility from the rear of the cell 

(Friedl and Wolf, 2010), and the use of the Rho-kinase inhibitor Y27632 prevented rear contraction of 

the cells, whilst latrunculin B prevented forward cell extensions confirming that the Schwann cells were 

migrating in an actomyosin-driven manner (Cattin et al., 2015). The amoeboid mechanism of migration 

also appears to rely on direct cell:cell contact between the Schwann cells and endothelial cells. Using 

electron microscopy techniques, analysis of the interface between Schwann cells and endothelial cells 

in vivo showed the presence of blebs which protruded from both cell types (Cattin et al., 2015). This 

suggests that the blood vessel provide a non-continuous surface for the Schwann cell to migrate along, 

with the blebs providing direct points of contact which provide sufficient traction to propel the Schwann 

cells forward (Cattin et al., 2015). Theoretically, this mode of migration may not need specific molecular 

interactions between the two cell types but it remains to be determined whether this is the case. 

Moreover, whether the cells produce the protrusions constitutively and if they are required for the 

migration also needs to be clarified. 

This difference in cell migration between the two environments, 2D and 3D may be due to the 

differing forces exerted on the cell during migration. In 2D, cells experience high levels of adhesion (due 

to the formation of FAC) and low confinement (due to the lack of a surrounding tissue matrix) and 

migrate in a mesenchymal-like manner. In contrast, in a 3D environment such as in vitro within an 

extracellular matrix (e.g. fibrin) gel or in vivo, cells experience low levels of adhesion and high levels of 

physical confinement which can induce a switch in cell migration behaviour to a more amoeboid-like 

mechanism (Liu et al., 2015, Tozluoğlu et al., 2013). Many physical variables affect a cells ability to 

migrate, including rigidity, adhesion, confinement and topology (Charras and Sahai, 2014). These 

signals, transmitted through integrins and adaptor proteins such as talin, allow the cell to respond and 

alter the mechanism of migration accordingly (Liu et al., 2015). The force that a cell exerts on its 

surroundings will alter depending on the physical environment. We have shown that the mechanism of 

Schwann migration differs between 2D and 3D environments, and that the requirements of cell 

signalling changes; i.e. in 2D 1 integrin is required for migration, whilst it is dispensable in 3D.  

 It is currently unknown whether there is a specific Schwann cell chemoattractant present in the 
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bridge which either stimulates the migration along blood vessels or attracts Schwann cells out of the 

stumps. Endothelial cells migrate into the bridge to form blood vessels which alleviate the hypoxia in 

the newly formed tissue (Hobson et al., 2000). The hypoxia in the bridge is sensed by macrophages 

which then upregulate hypoxia response genes and release VEGF. In previous experiments using 

knock out animals as well as pharmacological inhibition, we found that VEGF was necessary and 

sufficient to induce the formation of blood vessels within the nerve bridge following injury (Cattin et al., 

2015). Using the Vegfafl/fl Tie2-Cre mouse model in which Vegfa is inactivated in all haematopoietic and 

endothelial cells, we showed that vascularisation in the bridge was inhibited with only a few detectable 

blood vessels. Importantly, the loss of blood vessels led to a reduction in Schwann cell migration, with 

the majority of Schwann cells being present still in the nerve stumps and not migrating into the bridge. 

This showed that VEGF was required to induce blood vessel formation in the bridge. Additional 

experiments using the VEGF receptor 2 (VEGFR2) inhibitor Cabozantinib (Cabo) showed that when it 

was administered in vivo prior to blood vessel formation, blood vessel formation was inhibited, and 

similarly to the knock out studies, no Schwann cell migration was observed. However, when Cabo was 

administered after vascularisation had occurred in the bridge, Schwann cell migration still occurred. 

This in vivo data suggested that whilst endothelial cells migrate in a VEGF-dependent manner, 

Schwann cell migration occurs via VEGF-independent mechanisms (Cattin et al., 2015).  

 Blood vessel formation occurs prior to Schwann cell migration in the bridge, and the observation 

that Schwann cell migration is limited to when blood vessels have been formed may be a mechanism 

to ensure that Schwann cell migration occurs in a controlled manner and only in a specific direction (i.e. 

out of the nerve stumps and into the bridge. This was most convincingly demonstrated by the 

experiments in which we found that when blood vessel formation was redirected using VEGF-coated 

beads placed perpendicular to the nerve axis, Schwan cell migration still followed blood vessels and 

used them as a migration scaffold (Cattin et al., 2015). The collective migration of many different cell 

types relies on the presence of a chemoattractant, therefore it is likely that within the regenerating nerve 

there is a factor which is able to promote Schwann cell migration. The work presented in this thesis 

investigates whether a Schwann cell specific chemoattractant is present in the nerve bridge following 

injury. 
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1.4. Pathologies  

 Due to the high incidence of peripheral nerve injury, affecting ~1 million people in the UK and 

USA annually (Campbell and Meyer, 2006, Grinsell and Keating, 2014), and the impact it has on patient 

quality of life, the importance of understanding the mechanisms of nerve regeneration is clear. In 

particular, owing to the central role that Schwann cells play in orchestrating nerve regeneration, 

elucidating their mechanism of migration would be beneficially, particularly in the development of 

therapeutics. Modifications to the nerve regeneration process have the potential to be therapeutically 

beneficial to patients suffering from nerve injury in the future.  

Elucidating the mechanism by which Schwann cells migrate along blood vessels is also 

important, as this mechanism of migration may be relevant to tumour cells. There are a number of 

tumours which have been reported to utilise blood vessels as a scaffold as a means of spreading 

however the mechanisms behind this migration remain unclear (Bovetti et al., 2007, Cuddapah et al., 

2014). Characterising this process may therefore help to understand how these tumours metastasise 

and could ultimately lead to therapeutic agents which may halt the metastatic process.  

 

1.4.1. Peripheral nerve neuropathies 

Peripheral nerve neuropathies are relatively common and affect around 1% of the general 

population, rising to 7% in the elderly (Hanewinckel et al., 2016). Neuropathies primarily occur as a 

result of myelination defects, which eventually leads to axonal degeneration. Such defects can arise 

from inherited conditions (e.g. Charcot-Marie-Tooth) as well as acquired disease (e.g. diabetes) 

(Feldman et al., 2017), although in many cases the cause remains unknown (Hanewinckel et al., 2016). 

Neuropathies are often associated with neuroinflammation due to axonal degradation and 

demyelination which leads to the activation and recruitment of macrophages (both resident and 

circulating) to the damaged nerve (Barrette et al., 2013). 

Due to the recent increase in obesity rates within the general population, there has also been 

an associated rise in the incidence of diabetes and therefore many of the secondary conditions 

associated with diabetes such as diabetes-associated neuropathies (Feldman et al., 2017). 

Neuropathies may also originate from traumatic injuries in which damage done to the nerve is sufficient 

to prevent efficient regeneration (Klein and Martini, 2016, Hughes, 2002).  
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As discussed in the previous sections, Schwann cells are important regulators of the 

development and maintenance of the PNS. It is not surprising therefore that a number of neuropathies 

are underpinned by abnormal Schwann cell/axon communication (Juarez and Palau, 2012). For 

example, neuropathies may occur following a bacterial infection such as Mycobacterium leprae, which 

activates the ErbB2 receptor on Schwann cells and leads to demyelination and therefore myelination 

defects (Nave and Werner, 2014). Guillain-Barré syndrome is an autoimmune disorder, often triggered 

by infections such as Zika (Parra et al., 2016) or Campylobacter jejuni (Wakerley and Yuki, 2013), in 

which the body mounts an immune attack on Schwann cells or myelin. In this condition, sites of 

neuroinflammation within peripheral nerves are observed which drive demyelination and axonal death, 

as well as demyelination-dependent pain. This condition is somewhat reversible, however the extent of 

axonal loss will determine the ability of a patient to recover and the long term disability. 

 One common heritable neuropathy is Charcot-Marie-Tooth (CMT) syndrome which is a 

complex, heterogeneous collection of disorders which are characterised by progressive muscular 

atrophy (Nicholson and Myers, 2006, Juarez and Palau, 2012). Disease onset occurs within early 

adulthood, with symptoms including weakness, sensory loss and muscle atrophy, first appearing in the 

feet before progressing upwards to include the legs and then upper limbs (Baets et al., 2014). There 

are different types of CMT which can be characterised by the affected cell type. CMT Type I 

encompasses Schwann cell demyelinating phenotypes which result in a reduction of nerve conduction 

velocity, and segmental demyelination and remyelination, and is the most frequently occurring 

peripheral neuropathy (Nicholson and Myers, 2006, Juarez and Palau, 2012). CMT Type I results from 

autosomal dominant or X-linked mutations in myelin genes including PMP22 (which encodes myelin 

protein 22) and P0 (Juarez and Palau, 2012, Lupski et al., 1991). In contrast, in CMT Type II the defect 

is primarily in axons, due to defects found in axon specific genes and leads to a mild reduction in nerve 

conduction as well as a loss of axons (Lupski et al., 1991). Further investigation into the molecular 

mechanisms and the disease pathophysiology of CMT may therefore lead to the discovery of novel 

therapeutics, using drug, cell or gene approaches, which are able to target the affected nerve 

architecture and provide patient benefit.  
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1.4.2. NF1/Schwann cell-derived tumours 

NF1 is one of the most common tumour-predisposition disorders, affecting about 0.3% of the 

human population (Gutmann et al., 2017). NF1 is caused by the loss of the NF1 gene which encodes 

the protein neurofibromin, a Ras-GAP which acts as a negative regulator of the Ras signalling pathway 

(Bollag et al., 1996). The loss of NF1 predisposes patients to the development of multiple, benign 

Schwann cell-derived tumours known as neurofibromas (Rubin and Gutmann, 2005). In addition, the 

loss of NF1 also results in other clinical manifestations such as café au lait spots, optic gliomas, skin 

deformation and haematopoietic neoplasias (Jett and Friedman, 2010). Treatment options for NF1 

patients remain limited and usually involve surgical removal, and high doses of chemotherapy and/or 

radiation (Staser et al., 2012, Rubin and Gutmann, 2005, Gutmann et al., 2017). 

Neurofibromas are often described as resembling ‘unrepaired wounds’ in the nerve and contain 

dedifferentiated Schwann cells which are dissociated from axons and able to proliferate, as well as 

fibroblasts, extracellular matrix deposition and large numbers of inflammatory cells (Figure 1.7) 

(Parrinello and Lloyd, 2009, Rubin and Gutmann, 2005).  

Schwann cells are thought to be the cell of origin of NF1 neurofibromas (Parrinello and Lloyd, 

2009). The loss of NF1 in Schwann cells results in Ras hyperactivation due to loss of Ras inhibition 

(Martin et al., 1990). Ras activation leads to the activation of downstream signalling events which induce 

cell growth and cell survival (Gutmann et al., 2017, Ratner and Miller, 2015, Ribeiro et al., 2013). 

However, the loss of NF1 alone is not sufficient to drive tumour formation, and current evidence 

suggests that this must happen in combination with other events such as inflammation (e.g. nerve 

injury/transection) in order to initiate neurofibroma growth (Prada et al., 2013, Ribeiro et al., 2013). 
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From (Parrinello and Lloyd, 2009). 

Figure 1.7 | NF1 tumours resemble an injured nerve 

In a normal nerve (a) the complex and ordered organisation is clearly visible. Upon formation of a 

neurofibroma (b), the nerve structure is disrupted. Schwann cells have dedifferentiated and dissociate 

from their axons, and an immune response is mounted and there is an influx of inflammatory cells.  

  

Recent RNA-seq analysis has also confirmed that transcriptional changes observed in 

Schwann cells and macrophages in NF1 tumours resemble the early stages following sciatic nerve 

injury (Choi et al., 2017). Macrophage populations in neurofibromas are thought to contribute to the 

inflammatory environment of NF1 tumours by adopting a more pro-inflammatory phenotype and 

increasing expression of pro-inflammatory chemokines, cytokines and growth factors compared to the 

resting PNS (Staser et al., 2012, Choi et al., 2017). Paracrine signalling loops were also identified which 

demonstrated mechanisms of communication between Schwann cell and macrophage populations in 

NF1 tumours (Choi et al., 2017). Interestingly, unlike in nerve regeneration where a switch from pro-

inflammatory to repair macrophages is observed, this is not appear to be present in neurofibromas 

which experience chronic inflammation (Choi et al., 2017).  

Whilst benign cutaneous and subcutaneous neurofibromas form in nearly all NF1 patients, 

plexiform neurofibromas affect less than half (Gutmann et al., 2017, Staser et al., 2012, Ratner and 

Miller, 2015). Originating from cranial and large peripheral nerves, with a tendency to be located at 

nerve roots, plexiform tumours result in an increase in morbidity and mortality, as well as having the 

potential, in a small proportion of NF1 patients, to progress into malignant peripheral sheath tumours 
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(MPNSTs) which have a poor prognosis (Staser et al., 2012, Rubin and Gutmann, 2005). Plexiform 

neurofibromas are complex tumours which cause pain and discomfort through the compression of vital 

organs in the body (Staser et al., 2012, Ratner and Miller, 2015). Plexiform tumours have an enhanced 

ability to proliferate, survive as well as the ability to migrate along and escape the nerve architecture. 

The migration of these tumours can result in the invasion of adjacent tissues following the disruption of 

the perineurium, and contributes to the morbidity of this tumour type (Ratner and Miller, 2015). 

Oncogenic malignant peripheral nerve sheath tumours (MPNSTs) also retain migratory capabilities, 

which contributes to the tissue metastasis which is often observed (Ratner and Miller, 2015).  

 

1.4.3. Tumour innervation and nerve tumour interactions 

Similar to what has been observed during PNS regeneration and tissue formation, nerve 

innervation has also been observed in tumourigenesis. Recent work has shown that in prostate 

(Magnon et al., 2013) and gastric (Zhao et al., 2014) tumours, nerve innervation was necessary not 

only for tumour progression, but also to promote metastasis. Using animal models of cancer, these 

studies denervated the organ/tumour either by cutting the afferent nerve, or by using neurotoxic agents 

such as botulinum toxin or 6-hydroxydopamine, and when compared to control innervated animals they 

observed a decrease in tumour initiation and progression (Magnon et al., 2013, Zhao et al., 2014). 

These studies showed for the first time that nerves were crucial for inducing tumour formation and 

spread in an active process (Boilly et al., 2017), however the mechanisms which underlie these 

processes remain unclear.  

The influence of the sympathetic nervous system (SNS) on the tumour microenvironment has 

been described to act directly through tumour innervation (Magnon et al., 2013), and indirectly through 

neuroeffectors or hormones which may act on distal sites such as spleen and bone marrow which will 

subsequently enhance the tumour microenvironment and promote tumourigenesis (Sloan et al., 2010, 

Cole et al., 2015). It is thought that by aiding the inflammatory tumour microenvironment, more cells are 

recruited and this adds to the morbidity and mortality associated with tumours. Aiding nerve-tumour 

interactions are Schwann cells which have been observed to directly interact with tumour cells and 

promote axonal guidance towards tumours (neurogenesis) (Cole et al., 2015, Bunimovich et al., 2017). 

The mechanisms behind the requirement of a nervous component for tumour innervation however are 
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not yet fully understood. Further exploration into the process of PNS regeneration may therefore allow 

us to find additional parallels or similarities between tumour innervation.  

 

1.4.4. Perineural invasion 

A key feature of malignant tumours is the ability to detach from the primary tumour site, and to 

disseminate or travel to form secondary tumour sites or metastases (Liebig et al., 2009). Solid tumours 

can disseminate in different ways, the three most well studied mechanisms being via direct invasion of 

surrounding tissues, and by lymphatic or haematogenic spread, which are well understood and 

characterised (Steeg, 2016). To successfully metastasise, tumours must invade the surrounding tissue, 

intravasate into a neighbouring lymphatic or blood vessel, extravasate out through the basement 

membrane and grow at a site distant from the initial lesion, processes which each involve migration and 

chemotaxis (Roussos et al., 2011, Steeg, 2016). Tumours may also spread along nerves in a process 

known as PNI, an understudied mechanism which is still not fully understood despite being first 

described in 1835 (Cruveilheir, 1835, Liebig et al., 2009). There have been many different descriptions 

of PNI in recent years, however the most commonly accepted definition of PNI is the infiltration of 

tumour cells within any of the three layers (epineurium, perineurium or endoneurium) of the nerve 

sheath. PNI may be characterised as including: cancer cell survival, an inflammatory response, 

chemotaxis towards the nerve, neurogenesis, tumour cell adhesion to nerve sheaths and finally 

invasion (Amit et al., 2016). Varying degrees of infiltration of the nerve sheath may be observed in PNI 

ranging from peripheral contact up to a complete encirclement (Liebig et al., 2009).  

The pancreas is very well innervated by the autonomic nervous system and additionally close 

to 100% of pancreatic tumours exhibit perineural invasion (PNI) (Magnon, 2015). Additionally, 80% of 

head and neck, colon, and stomach cancers all display perineural invasion (Deborde et al., 2016). 

Tumour PNI leads to poor prognosis, cancer associated pain, poor outcome and decreased survival 

(Bunimovich et al., 2017, Amit et al., 2016, Liebig et al., 2009). For example, pancreatic cancers 

exhibiting PNI were associated with 23% 3-year survival rate in comparison to 49% survival rate in 

patients with stage-matched tumours with absence of PNI (Amit et al., 2016). Due to the infiltration into 

the surrounding nerves, surgery to completely remove solid tumours is rarely successful and leads to 

issues of nerve/sensory loss (Liebig et al., 2009).  
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Initially it was thought that tumour cells would spread passively along routes which would 

provide ‘paths of least resistance’, however in order for tumour cells to enter the nerve sheath, they 

must cross multiple layers of basement membrane and collagen which makes the process of PNI a 

much more active process, hence invasion, rather than a simple diffusion (Amit et al., 2016). PNI is the 

sole mechanism of dissemination for some tumours, and does not correlate with tumour spread via 

lymphatic or vascular systems. The reason that some cancers (e.g. pancreatic, head and neck, 

prostate) have a predilection for PNI whilst other types never exhibit this property remains unknown.  

This precise mechanism of PNI is currently unknown, although it is likely to involve upregulation 

of multiple neurotrophic factors by cancer cells as well as by intratumoral nerves as well as factors to 

aid tissue infiltration such as proteinases, including matrix metalloproteinases (Liebig et al., 2009, 

Deborde et al., 2016, Ayala et al., 2008, Amit et al., 2016). In particular, the matrix metalloproteinases 

MMP-2 and MMP-9 have been observed to be upregulated in tumour models. It has been shown that 

NGF released from neural tissue caused an increase in MMP-2 expression in human pancreatic cells, 

and when this was replicated in vitro models of PNI, an increase of invasion was observed (Okada et 

al., 2004). There are likely many other factors involved however they are yet to be elucidated.  

 PNI is a complex mechanism of tumour dissemination which is still poorly understood. Issues 

with studying the processes which lead up to PNI come from the inability to accurately replicate the 

multicellular, innervated tumour environment accurately in vitro, as well as the failure of reliable in vivo 

models. Further investigation into PNI is therefore necessary in order to characterise the factors 

involved in this process, and to perhaps develop therapeutic agents to inhibit PNI and increase patient 

survival.  

 

1.4.5. Stem cell niche 

The haematopoietic stem cell (HSC) niche has recently been identified as having a peripheral 

nerve innervation component which is able to regulate the stem cell population (Morrison and Scadden, 

2014, Mendelson and Frenette, 2014). The trafficking of HSCs into the bloodstream is regulated by 

sympathetic nerves in the bone marrow, and Schwann cells maintain the quiescent HSC cell state 

through the transforming growth factor-β (TGF-β)-SMAD signalling pathway, as well as potentially 

contributing to other currently unknown pathways (Mendelson and Frenette, 2014). Schwann cells 

release TGF-β activator molecules, which induces TGF-β-SMAD signalling in HSCs, and leads to the 
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increased phosphorylation of Smad2 and 3 which maintains HSC dormancy (Mendelson and Frenette, 

2014). Following nerve injury therefore when Schwann cells exhibit a switch in cell-state and dissociate 

from axons, we might assume that TGF-β signalling is interrupted, allowing HSCs to re-enter the cell 

cycle, thus providing Schwann cells with a potentially important role within the HSC niche. 

 

1.4.6. Tissue regeneration   

Despite having the ability to regenerate and regain functions following peripheral nerve injury, 

mammals do not possess the ability to regenerate an entire limb, such as a hand or leg. This is in 

contrast to amphibians (e.g. newts), which following the loss of an appendage, such as a tail or leg, 

have the extraordinary ability to regenerate an entire replacement (Kragl et al., 2009, Kumar et al., 

2007). The ability to regenerate results from the formation of a heterogenous blastema, which is 

composed of multiple cell precursors which go on to form the various new tissues (Kumar and Brockes, 

2012).  

It is possible however for mammals to exhibit tissue regeneration following the removal of the 

digit tip, at a point distal to the nail bed (Johnston et al., 2016). A process which involves the coordination 

of multiple different cell types, as well as the formation of distinct tissues (e.g. skin, bone, muscle) in 

order to regain functionality. Nerve innervation is crucial for limb regeneration in amphibians, and it was 

thought that innervation was also required for digit tip regeneration in mammals. In both cases, it has 

been found however that innervation was not strictly required, and instead that Schwann cells were 

essential for successful tissue regeneration (Johnston et al., 2016). It is also becoming apparent that 

Schwann cells play similar, and key roles both in both limb regeneration in amphibians and tissue 

regeneration in mammals. Following tissue damage, mature Schwann cells from the surrounding 

damaged nerves dissociate from their axons and dedifferentiate into a progenitor phenotype which 

enables them to proliferate and migrate. At the injury site, Schwann cells then release paracrine signals 

(oncostatin M and platelet-derived growth factor AA) which promote the expansion of mesenchymal 

precursor cell types to differentiate into bone and skin tissue (Johnston et al., 2016). A similar process 

has also been observed following skin injuries in mice, where Sox2+ Schwann cells were observed to 

aid repair and depletion of this cell population led to inefficient wound closure (Johnston et al., 2013).  
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1.4.7. Involvement of macrophages in pathologies  

Macrophages clearly play important roles in many pathologies, including PNS injury (Cattin et al., 

2015), and it is possible that there may be cross-talk between macrophages and Schwann cells which 

could both aid injury resolution, as well as progressing tumour innervation and PNI. Essential to better 

understanding these disease processes therefore is understanding macrophages, and characterising 

the specific cell populations which contribute towards nerve pathologies, which is the subject of this 

thesis. 

 

1.5. Macrophages 

1.5.1. Macrophage physiology  

Macrophages are mononuclear myeloid immune cells, characterised by their ability to 

phagocytose and neutralise potentially hazardous molecules such as pathogens (Varol et al., 2015). 

They play a major role in maintaining tissue homeostasis, as well as contributing towards the promotion 

and resolution of inflammation (Varol et al., 2015, Wynn and Vannella, 2016, Ginhoux and Jung, 2014). 

Once thought of as solely being derived from monocytes (van Furth and Cohn, 1968), it is now clear 

that macrophages can also exist as distinct populations within tissues, and do not necessarily have to 

have a monocyte origin (Ginhoux and Jung, 2014).  

Monocytes are continuously made in the bone marrow from HSCs, which differentiate through 

granulocyte-macrophage progenitor (GMP), macrophage and dendritic cell precursor (MDP) and 

common monocyte progenitor (cMoP) intermediates (Ginhoux and Jung, 2014). Monocytes require 

colony-stimulating factor-1 (CSF-1) to escape from the bone marrow and into the circulation (Ginhoux 

and Jung, 2014). Upon inflammation, monocytes are rapidly recruited to the site of injury from the 

bloodstream where they extravasate and differentiate into monocyte-derived macrophages, or 

monocyte-derived dendritic cells (Das et al., 2015, Patel et al., 2017, Ginhoux and Jung, 2014). 

All organs contain resident populations of macrophages, which are specialised according to the 

tissue environment, both morphologically and phenotypically, and adapted to carry out tissue-specific 

roles (Mass et al., 2016, Yona et al., 2013, Zigmond et al., 2014). The majority of tissue resident 

macrophages have embryonic origins and are able to locally self-renew without contribution from bone 

marrow derived cells (this will be discussed in more depth in later sections). Resident macrophages 

play a central role in maintaining tissue homeostasis, primarily by patrolling the environment, identifying 
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any potential immune threats, and clearing away dying or dead cells and debris (Davies et al., 2013, 

Epelman et al., 2014). For example, the liver contains the highest proportion of macrophages in a solid 

organ, which implies that macrophages play a crucial role in liver biology (Krenkel and Tacke, 2017). 

Liver resident macrophages, or Kupffer cells, are one of the most well characterised tissue populations, 

and are required to carry out functions such as scavenging bacteria or microbial products, sensing 

changes in tissue health and integrity, and to commence or dampen immune responses as necessary 

(Scott et al., 2016, Krenkel and Tacke, 2017). To carry out these specific tissue roles, resident 

macrophages have a specific gene expression profile which distinguishes them from monocyte derived 

or circulating macrophages, as well as other tissue resident populations (Mass et al., 2016, Yona et al., 

2013).  

In addition to tissue resident macrophage, populations of monocyte derived macrophages have 

important functions in adaptive immune defence, contributing to the clearance of infection and 

inflammation (Ginhoux and Guilliams, 2016, Varol et al., 2015). Under normal healthy conditions, 

monocytes deriving from the bone marrow patrol within the circulation, and upon entry into tissues, via 

transmigration, differentiate into macrophages though changes in gene expression (e.g. downregulating 

CCR2 and Ly6C) which allows them to carry out their functions (Das et al., 2015, Patel et al., 2017, 

Gautier et al., 2012). These monocyte-derived macrophages are key orchestrators of inflammatory 

responses, and coordinate the release of chemokines and cytokines to attract neutrophils and 

lymphocytes, as well as growth factors, such as platelet-derived growth factor and insulin-like growth 

factor (Varol et al., 2015). Macrophages may also contribute to the pathophysiology of many conditions 

such as cancer and inflammatory disorders such as Coeliac disease or Lupus erythamatosos (Wynn et 

al., 2013).  

 

1.5.2. Origin of macrophages  

 In mammals, macrophages are known to have either embryonic origins, in the case of tissue 

resident macrophages, or derive from myeloid precursors which originate from the bone marrow 

(Ginhoux and Jung, 2014, Epelman et al., 2014, Varol et al., 2015, Ginhoux and Guilliams, 2016). The 

latter can be recruited to tissues in response to particular pathological conditions such as injury and in 

some tissues can also replenish resident macrophage populations (Jetten et al., 2014). For a long time, 

it was thought that resident macrophage populations were unable to self-renew, and instead were 
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maintained by the constant recruitment of circulating monocytes, as a part of a linear mononuclear 

phagocyte system (van Furth and Cohn, 1968). Recently however, there have been many studies 

(Mass et al., 2016, Lavin et al., 2014, Hashimoto et al., 2013, Rantakari et al., 2016) which have 

challenged this long held view and proposed alternative mechanisms for how these populations are 

maintained and/or replenished throughout their lifetime. 

In a recent review, a model for the seeding of tissue resident macrophages was proposed which 

involved macrophages originating from the yolk-sac and/or foetal liver based on the embryonic 

development of an organ (Ginhoux and Jung, 2014). For many tissues it was found that the resident 

tissue macrophages derived from both yolk sac haematopoiesis, which begins at E7.5 and results in 

cells beginning to circulate and populate tissues in the embryo at E8.5-10 when the vascular network 

is formed, and foetal liver haematopoiesis which begins at E11 (Figure 1.8) (Ginhoux and Jung, 2014). 

It was found that most adult tissues contain a mixture of macrophages from these distinct origins due 

to the timing of tissue formation during embryogenesis. Exceptions to this include the brain where 

microglia originate exclusively from the yolk sac at E9/9.5 with no contribution from the foetal liver, and 

also the epidermis, where the majority of resident macrophages (Langerhans cells) derive from the 

foetal liver (Figure 1.8) (Ginhoux and Guilliams, 2016, Ginhoux and Jung, 2014).  

 

 
 

 



 48 

 

Adapted from (Ginhoux and Guilliams, 2016). 

Figure 1.8 | Heterogeneous origin of tissue resident macrophages 

Tissues may be classified by the turnover of their macrophages as closed, slow or fast. In a ‘closed’ 

tissue there is no contribution from monocytes to the resident macrophage population during adulthood, 

and the macrophages in these tissues (e.g. brain and skin) may originate from the yolk-sac or foetal 

liver, or a combination of both. In contrast, in tissues which are ‘open’, bone marrow-derived cells may 

be recruited during adulthood and differentiate into resident macrophages and according to a tissue 

specific kinetic pattern, i.e. slow (heart, pancreas) or fast (gut, dermis). It is currently unclear how the 

PNS should be classified within this system.  

 

Interestingly, in some adult organs, such as the lung and the spleen, minimal yolk-sac derived 

macrophages remain, which indicates that during development, these cells are replaced by 

macrophages which originate from definitive haematopoiesis (Ginhoux et al., 2010). Moreover, in 

contrast to previous observations, many tissue resident macrophages can self-renew, and are able to 

replenish populations (for example following injury) without assistance from monocyte derived cells 

(Merad et al., 2002, Ajami et al., 2011, Hashimoto et al., 2013). There are however some tissue 

macrophage populations which do rely on circulating monocytes for replenishment, such as the 

pancreas and the intestine (Bain et al., 2014, Yona et al., 2013), which may be due to the nature of 

these tissues and the need for a high turnover of macrophages to carry out homeostatic functions.  

Despite the observed differences in the origin of tissue macrophages, as well as monocyte 

derived cells, there has been no observed effect of these diverse origins on macrophage function 

(Ginhoux and Jung, 2014). Instead, it has been observed that monocyte derived cells recruited to the 

liver can differentiate into cells indistinguishable from the resident population (Bain et al., 2016, Scott 

et al., 2016). The idea that macrophages can adapt to their local tissue environment has led to an 

alternative theory for tissue macrophage seeding and differentiation into specific macrophage sub-

types. Recent research which carried out an extensive RNA-seq on many tissue macrophage 

populations in mice indicated that all macrophages originate from a common precursor, the yolk sac 

erythro-myeloid-progenitor (EMP) (Mass et al., 2016). EMPs then generate pre-macrophages (pMacs) 

which are then seeded to different organs simultaneously from E9.5 during development. pMacs are 

recruited to tissues via chemokine signalling pathways, and upon arrival the transcriptional profile of 

pMacs is altered by the specific microenvironment and results in the up- or down-regulation of various 

genes to become tissue specific resident macrophages with characteristic functions and individual gene 

signatures over the course of development (Mass et al., 2016). It is these changes in gene expression 

which create the observed diversity of tissue macrophages which respect to their functions and 
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phenotypes. The idea that resident macrophages alter their gene expression depending on their tissue 

location has been seen multiple times using fate mapping, as well as following the adoptive transfer of 

macrophages into different tissues (Ginhoux et al., 2010, Bain et al., 2014, O’Koren et al., 2016), 

showing that the gene enhancer landscapes of tissue resident macrophages are shaped by the local 

environment (Lavin et al., 2014). Resident tissue macrophages therefore display distinct phenotypes 

which is dependent on their local environment and function. 

Following the seeding of organs with macrophages, it is necessary to maintain this tissue 

resident population both during homeostasis, as well as following injury or infection. There had been 

much discussion over the contribution of monocyte-derived macrophages vs. local proliferation for the 

maintenance of resident tissue macrophage populations (Hume, 2006). More recently however, it has 

become clear that not all resident macrophage populations require monocyte-derived cells to 

repopulate or maintain tissue macrophage populations and instead are able to self-renew, e.g. brain 

and liver (Yona et al., 2013, Hashimoto et al., 2013). 

Further exploration into the differences in resident macrophage populations following depletion 

(e.g. in monocytopenic mouse models or following whole body irradiation) have highlighted the 

differences in requirement for macrophage turnover in different tissues due to the nature of their function 

(i.e. the lung is an entry point for inhaled bacteria and pathogens) and physiological location (i.e. the 

brain is in a privileged environment due to the BBB) (Bain et al., 2014). For example in the intestine, 

embryonic-derived macrophages are almost undetectable in adulthood and a high turnover of 

macrophages is observed, whilst in the brain, microglia derive exclusively from the yolk-sac, have a 

very slow turnover and no steady state contribution from monocyte derived cells is observed (Bain et 

al., 2014). The brain is protected from the circulation by the BBB (Hong and Stevens, 2016), whilst there 

is a rich blood supply in the lungs and the intestine which is necessary for the exchange of materials 

(Bain et al., 2014).  

In many of the original studies that investigated the origin and turnover of resident macrophages 

populations, bone marrow transplants (BMTs) were often used to distinguish between donor 

fluorescently labelled bone marrow-derived cells and non-labelled endogenous cells (Ginhoux et al., 

2010). BMTs provide an easy way to identify cells which are resident and cells which have been 

recruited from the circulation. The major drawback with this technique however is that prior to a BMT, 

the recipient animals must undergo sub-lethal irradiation in order to deplete the recipient bone marrow, 
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and to create a ‘niche’ in which the donor bone marrow can inhabit. This process of irradiation has been 

found to cause difficulties when interpreting the contribution from bone marrow-derived cells. Irradiation 

methods ablate populations of cells which display a fast turnover, and in some tissues such as the 

retina, irradiation also causes a tissue injury (O’Koren et al., 2016), which results in the recruitment of 

bone-marrow derived cells. There are some populations of resident macrophages which are irradiation-

resistant however, and it has been observed that in the absence of bone marrow-derived cells, these 

irradiation resistant populations may then repopulate the damaged tissue (Hashimoto et al., 2013). The 

process of irradiation will likely also alter the tissue microenvironment and homeostasis (i.e. cytokine 

and growth factor composition) which results in alterations to call turnover. All of which can contribute 

to an overestimation when considering the contribution of recruited cells to maintain resident 

populations (Ginhoux et al., 2010). Instead, methods using fate-mapping, and less commonly 

parabiosis, have proved to be more accurate to address the issue of determining cell origin, and 

distinguishing between embryonic and recruited macrophage populations (Yona et al., 2013, O’Koren 

et al., 2016, Epelman et al., 2014).  

 Recently, there has been growing support for the idea of organ or tissue ‘niches’ which influence 

the initial seeding of macrophages from embryonic origins, as well as the ability of bone marrow derived 

cells to displace embryonic-derived cells during adulthood to inhabit adult serous cavities (which line 

and enclose organs, e.g. the peritoneal cavity) (Bain et al., 2016, Scott et al., 2016, Guilliams and Scott, 

2017). This has been observed in animal models where following depletion of resident liver 

macrophages, the liver ‘niche’ becomes available and therefore monocyte derived macrophages are 

able to populate the liver and become functional Kupffer cells (Scott et al., 2016).  

There is clearly still some debate within the macrophage community with regards to the origins 

of macrophages. These diference may originate from the many different methodologies used to study 

the origins of macrophages (e.g. fate mapping, BMT), as well as the long-held hypotheses that the 

different research groups already subscribe to. The ability of tissues to be populated during 

development by the yolk-sac or foetal liver haematopoiesis is logical, and additionally, the ability of 

macrophages to change their transcriptional program to suit the local microenvironment, or tissue niche, 

and specific function fits with the diversity of macrophage subtypes. This suggests that these multiple 

theories are complementary, rather than exclusive when describing macrophage ontogeny.  
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1.5.3. Macrophage phenotypes 

 For a long time, macrophages have broadly been divided into two categories based on their 

physiology and response after injury/infection, which may be either pro- or anti-inflammatory, known as 

M1 and M2 subsets respectively (Murray et al., 2014, Murray, 2017). The M1 phenotype is described 

as having pro-inflammatory functions and can be activated by agents such as lipopolysaccharide (LPS) 

(Escribese et al., 2012). The M2 phenotype is associated with the resolution of inflammation, for 

example after injury, and by releasing high levels of anti-inflammatory mediators can turn off immune 

system activation. M2 macrophages also have a higher angiogenic potential when compared to M1 

macrophages (Jetten et al., 2014). 

More recently however, it is becoming clear that macrophage biology and function cannot be 

classified by such a simple two state model, and macrophages instead may exist on a continuum 

between pro- and anti-inflammatory function and express receptors and cytokines depending not only 

on macrophage origin, but also on their physiological role and tissue location (Murray, 2017). This 

results in many different subsets of macrophages which have important roles in tissue homeostasis and 

in innate and adaptive immunity which cannot be separated into the broad categories of M1 and M2 

type macrophages (Murray et al., 2014). Additionally, the inflammatory state of a macrophage may 

change temporarily depending on multiple factors, such as age or infectious challenge (Murray, 2017).  

Understanding the roles of different macrophage types and being able to apply these to human 

macrophage biology has the potential to aid future therapeutic intervention in cases where 

macrophages play a fundamental role in shaping clinical outcome, such as in nerve regeneration and 

cancer.  

 

1.5.4. Tissue resident macrophages 

The local tissue microenvironment of resident macrophages influences their homeostatic role, 

as well as their response to injury or physical damage or challenge by infection. The role of the tissue 

microenvironment in shaping the specific function and phenotype of macrophages is particularly 

apparent when looking at the specialised tissue resident macrophage populations such as those in the 

liver, lung and skin (Gautier et al., 2012, Epelman et al., 2014). To aid them in their local, tissue specific 

functions, tissue resident macrophages express a number of sensing molecules such as scavenging 

receptors and pattern recognising receptor, such as Toll-like receptors, as well as adhesion molecules 
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(Varol et al., 2015). The range of receptors that a resident macrophage expresses will vary between 

tissues and be dependent on the tissue specific role that they play. 

In the liver, resident macrophages, or Kupffer cells, are crucial for iron homeostasis and recycle 

haemoglobin which is released during the turnover of aged red blood cells (Davies and Taylor, 2015). 

Within the lung, resident alveolar macrophages, patrol the alveolar membranes for inhaled pathogens 

and regulate the homeostatic function of the tissue by clearing surfactant (Maus et al., 2002, Davies et 

al., 2013). In the skin, the resident macrophage population, known as Langerhans cells, is specifically 

adapted for its role of immune surveillance by having long protrusions which are able to probe the local 

microenvironment and scan for pathogens (Davies et al., 2013). It is clear that the specific tissue 

environment contributes to the macrophage phenotype, and in turn, the resident tissue macrophages 

function to maintain homeostasis within the tissue as well as protecting the tissue upon injury or infection 

(Lavin et al., 2014). 

Whilst much is known about many other resident tissue macrophages, very little has been 

reported about the resident population of macrophages in the PNS. Large scale RNA-seq studies 

analysing the different gene expression profiles of resident tissue macrophages tend to focus on the 

already well characterised tissue populations such as in the liver and intestine, and the PNS has not 

been investigated in any detail (Mass et al., 2016). Studies in the Lloyd lab as well as others have 

shown that in the uninjured nerve, macrophages comprise approximately 5-10% of the total cell 

population (unpublished data and (Griffin et al., 1993, Klein and Martini, 2016, Müller et al., 2010)). 

Following injury, the number of macrophages in the nerve increases dramatically, and in the nerve 

bridge over half of the cells, ~50%, present are macrophages (Cattin et al., 2015). The relative 

contribution of resident cells to the inflammatory response following injury is currently unclear, and the 

issue of determining the origin of macrophages in the nerve bridge will be discussed later in this work.  

 

1.5.5. Microglia 

The resident population of macrophages within the CNS are a specialised population known 

as microglia (Franco and Fernández-Suárez, 2015, Hong and Stevens, 2016). Unlike other resident 

tissue macrophages such as Kupffer and intestinal macrophages, microglia exclusively originate from 

yolk-sac and throughout their lifetime self-renew without any contribution from circulating monocytes 

(Kierdorf and Dionne, 2016, Ginhoux and Guilliams, 2016, Ajami et al., 2011, Ginhoux et al., 2010). 
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This is mainly due to the privileged environment of the CNS, which is separated from the extracellular 

environment by the BBB, which prevents the exchange of harmful materials. Following injury or 

inflammation however, the BBB can become compromised and inflammatory mediators such as 

monocytes are able to enter in order to resolve the injury (Davies et al., 2013). Recent studies have 

shown that following loss of BBB function, infiltrating monocytes do not remain at the injury site and 

differentiate into microglia, instead these infiltrating cells leave, and the resident microglia population 

proliferates to restore numbers (Ajami et al., 2011). Microglia numbers remain fairly constant throughout 

a human (or mouse) lifetime, and 0.5-2% of the microglial population is proliferating at any given time 

(O’Koren et al., 2016).  

Apart from carrying out normal homeostatic functions such as immune surveillance and 

phagocytosing dead cells and debris, microglia also have emerging roles in shaping the brain 

environment. Microglia support brain function by pruning, remodelling and maintaining synapses, which 

contributes to learning and memory (Davies et al., 2013, Hong and Stevens, 2016). Recent in vivo 

studies have implicated microglia as a contributing factor for neurodegenerative disorders such as 

Alzheimer’s disease, due to aberrant phagocytosis of healthy synaptic tissues (Hong and Stevens, 

2016). However, many details surrounding their normal homeostatic role and function in disease are 

still unknown. 

Recent microarray data analysing the transcriptome of microglia found multiple different 

expression profiles which were dependent on many variables such as age, brain region, sex and 

developmental stage, indicating distinct populations (Hong and Stevens, 2016). This suggested that 

microglia have a strong dependence on microenvironment, bioenergetics and immunoregulatory 

functions in order to drive and shape the cells particular functionality (Franco and Fernández-Suárez, 

2015, Ginhoux et al., 2010). 

Similarly to the CNS, the PNS is a privileged tissue environment which is maintained by a 

barrier: the BNB (Weerasuriya and Mizisin, 2011). The presence of the BNB suggests that PNS 

macrophages may have similar properties to microglia with regards to origin, turnover and function. The 

resident macrophage population in the PNS has not yet been as extensively characterised as microglia 

in the CNS however, and so further investigation into these properties may aid understanding of the 

role of this population during healthy and diseased states. 
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1.6. PNS resident macrophages 

Whilst many other resident macrophage populations in the body have been well characterised, 

little is known about the cells which make up the resident macrophage population in the PNS. 

Experiments using the proliferation marker EdU for long-term labelling studies have found that the 

average turnover rates of macrophages within the nerve is ~6 months which suggests that within the 

context of the nerve, they are a relatively quiescent population (Stierli et al., in preparation). 

The origin of PNS macrophages and if there is any contribution from circulating monocytes to 

replenish the resident population is also not fully known (Klein and Martini, 2016). Due to the level of 

protection that nerves experience due to the BNB, it might be expected that, similar to microglia, PNS 

resident macrophages are seeded at an early embryonic stage and that subsequently the population is 

maintained by self-renewal. The idea that macrophages fill niches when they become available, e.g. 

during development or following injury/depletion (Guilliams and Scott, 2017), could also be applicable 

in the case of the PNS. In the mouse, the PNS is first observed during development at ~E11, when 

nerve fascicles begins to enter limbs, however it is not fully formed until E14.5 when nerves extend into 

the fingertips (Catala and Kubis, 2013) providing a window of time for the niche to be populated by 

embryonic macrophages. Following PNS injury, the nerve bridge is also a novel tissue niche which 

becomes populated by macrophages, which may originate from recruited or pre-existing nerve tissue 

macrophages. 

A recent study looking at the renewal of macrophages following injury found that in tissues 

where the resident macrophage population self-renews, e.g. microglia, after injury, the proportion of 

resident macrophages decreases as larger numbers of infiltrating monocyte derived cells enter the 

tissue (Davies et al., 2011). After injury resolution, fluorescence-activated cell sorting (FACS) data 

showed that there was increased proliferation of resident macrophages which restored numbers to 

homeostatic levels, and there was a minimal contribution from monocyte derived cells. It is possible 

that this mechanism of self-renewal and recovery following injury could be similar in the resident PNS 

macrophage population.  

Previous experiments have found that when GFP+ bone marrow is transplanted into GFP- mice, 

there is an influx of GFP+ cells into the sciatic nerve (in the absence of injury), both into the endoneurium 

and also surrounding in the epineurial space, which suggests that there are monocyte-derived 

populations of cells within the nerve (Müller et al., 2010, Vass et al., 1993). However, due to the caveats 
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associated with bone marrow transplant experiments, these results are difficult to interpret and may not 

be physiologically relevant. This highlights the importance of using alternative methodology, such as 

fate mapping, to determine nerve macrophage origin and turnover in the uncut nerve.  

Resident PNS macrophages have been shown to express MHC class I (Griffin et al., 1993), 

and immunofluorescence data from our lab confirms that they stain positive for the pan macrophage 

markers CD11b, CD68, Iba1 and F4/80. PNS macrophages are found in the nerve structure between 

myelinated axons within the endoneurium, and here can be observed to have a longitudinal orientation 

(Griffin et al., 1993). Additionally, PNS macrophages are located in the epineurial space, as well as 

being found adjacent to blood vessels where they are often observed to have a ramified appearance 

(Griffin et al., 1993, Müller et al., 2010). Their location and morphology hints at the roles that the 

macrophages have within the PNS, which together with Schwann cells function to regulate the local 

immune environment of the peripheral nerve (Kieseier et al., 2006). Due to the expression of MHC 

Class II proteins, macrophages in the endoneurium are thought to have a homeostatic role in local 

surveillance of the tissue and process any proteins which are found in the endoneurial space and 

present to the circulating T cells in order to act as an immune defence (Griffin et al., 1993, Kieseier et 

al., 2006). Previous investigations into macrophage populations in the nerve have determined that the 

population is heterogeneous, however the multiple populations have not been fully elucidated or defined 

in the existing literature (Griffin et al., 1993, Kieseier et al., 2006, Müller et al., 2010). 

 

1.6.1. The role of macrophages following PNS injury 

In contrast to the lack of information regarding resident macrophages in the quiescent PNS, 

there has been much more progress in understanding the function of macrophages within a damaged 

and regenerating nerve (Rosenberg et al., 2012, Chen et al., 2015, Cattin and Lloyd, 2016). Following 

an injury, a large inflammatory response is mounted and macrophage numbers within the bridge and 

distal stump increase dramatically (Klein and Martini, 2016, Mokarram et al., 2012, Griffin et al., 1993, 

Cattin et al., 2015). Preliminary data from our lab using bone marrow transplant experiments has shown 

that the large increase in macrophage numbers in the bridge is predominantly due to macrophage 

recruitment from circulating monocytes, rather than the proliferation of resident PNS macrophages 

(Cattin et al., 2015). As a caveat to this data, as previously mentioned, experiments using BMT may be 

overstating the contribution of monocyte-derived macrophages. At the current time, it is unclear whether 
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these two macrophage populations, resident and monocyte derived, have distinct roles in the 

regeneration process (Das et al., 2015).  

The large increase of macrophages in the damaged nerve is caused by a number of known 

factors. Dedifferentiated Schwann cells release monocyte chemoattractant protein-1 (CCL2) which 

recruits monocytes, which express the CCL2 receptor CCR2, to the site of injury to aid them in their 

process of debris clearance following differentiation into macrophages (Klein and Martini, 2016, Napoli 

et al., 2012, Perrin et al., 2005, Kwon et al., 2015). Additionally, fibroblasts release colony stimulating 

factor 1 (CSF1) which recruits macrophages in order to facilitate the coordinated task of remodelling 

the injury site (Groh et al., 2015). The various roles of macrophages following injury is summarised in 

Figure 1.9 and described in the following sections.  

 

 

 

Adapted from (Cattin and Lloyd, 2016). 

Figure 1.9 | Macrophages have multiple roles in nerve regeneration. 

Following nerve injury, there is a huge influx of inflammatory cells to both the bridge and the distal 

stump. In the bridge (left panel) macrophages respond to the inflammatory environment and release 

VEGF-A which induces vascularisation. They may also be responsible for the release of an additional 

pro-migratory factor. In the distal stump (right panel), macrophages together with Schwann cells, 

function to remodel the environment to facilitate axonal regrowth. Schwann cells and fibroblasts release 

CCL2 and CSF-1 respectively which promotes the recruitment of macrophages to the injury site. 

 

1.6.1.1. Role of macrophages in the bridge  

We have recently determined a novel role for bridge macrophages in facilitating nerve 

regeneration following injury (Figure 1.9). Following nerve transection, a nerve bridge is formed by Day 
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2 (in rats) which comprises large numbers of inflammatory mediators, such as neutrophils and 

macrophages (Cattin et al., 2015). Analysis of the newly formed bridge in rats following sciatic nerve 

transection showed that macrophages were the most prevalent cell type, with half of all cells exhibiting 

positive staining for the macrophages marker Iba1 (Cattin et al., 2015). Other cells types present at this 

time point are neutrophils (24%), fibroblasts (13%) and endothelial cells (5%). 

The newly formed bridge is a hypoxic environment which can be detected using hypoxyprobe-

1 (pimonidazole hydrochloride), which forms irreversible immunofluorescent protein adducts when in 

areas of hypoxia (pO2 <10mm Hg). Immunofluorescence analysis of the nerve bridge demonstrated 

that a large proportion of the cells were hypoxyprobe-1+ and therefore hypoxic (Cattin et al., 2015). Not 

all of the cells in the bridge were hypoxic however, and further co-staining analysis showed that nearly 

all (98%) of the hypoxyprobe-1+ cells in the bridge were macrophages, and that 80% of macrophages 

were hypoxic. This was a striking result, as it appeared that macrophages had a differential response 

to hypoxia compared to the other cell types in the bridge (e.g. fibroblasts and neutrophils).  

In response to hypoxia, there is a defined hypoxic response which involves stabilisation of the 

transcription factor hypoxia-inducible factor-1 (HIF-1), which is constitutively degraded under normal 

oxygen conditions (Semenza, 2001, Lin and Simon, 2016). HIF-1 is then translocated to the nucleus 

where it binds to hypoxic response elements and initiates a transcriptional response. In particular, 

angiogenesis is induced due to the upregulation of pro-angiogenic factors such as VEGF (Burke et al., 

2003, Jetten et al., 2014). This macrophage-specific release of VEGF then induces blood vessel 

formation in the bridge, which, as previously described, is crucial for Schwann cell migration and 

subsequent axonal regrowth (Cattin et al., 2015, Cattin and Lloyd, 2016). 

 

1.6.1.2. Role of macrophages in the distal stump  

In the distal stump, macrophages are known to have a very different role to those in the bridge 

(Figure 1.9). Downstream of the injury site, in the distal stump, axons degenerate in a process known 

as Wallerian degeneration, which generates cellular axonal and myelin debris, and Schwann cells 

dedifferentiate into a progenitor like phenotype (Mueller, 2003, Jessen and Mirsky, 2016). 

Dedifferentiated Schwann cells recruit macrophages to the distal stump through the release of CCL2 

(Perrin et al., 2005, Rosenberg et al., 2012, Napoli et al., 2012). Macrophages in the distal stump work 

together with Schwann cells to clear the myelin debris which is inhibitory for axonal regrowth and 
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remodel the injury environment to create a permissive environment for regeneration (Klein and Martini, 

2016, Chen et al., 2015). Without this remodelling process, axonal regrowth is impaired and this has 

been observed in aged animals where the speed of regeneration is significantly slower than in younger 

controls due a slowing in the clearance of myelin debris (Kang and Lichtman, 2013).  

It is thought that initially, resident PNS macrophages, together with Schwann cells, carry out 

this phagocytic function, however a large increase of macrophage numbers is observed in the distal 

stump following injury which are likely monocyte derived cells and probably contribute to the remodelling 

function (Mueller, 2001). The accumulation of macrophages in the distal stump following injury aids 

axonal regrowth due to their phagocytic function and ability to remodel the injured environment. The 

two populations of macrophages, resident and recruited, and the functions that they carry out have not 

been distinguished, and it is probable that there is a significant level of overlap. 

As in the bridge, the phenotype of macrophages in the distal stump following injury is unknown. 

Due to the function of macrophages here, phagocytosis and tissue remodelling, which are ‘pro-healing’ 

and ‘pro-repair,’ we might hypothesise that macrophages here have a more M2 or anti-inflammatory 

phenotype. Recent work has in fact shown that following nerve injury, by augmenting the phenotype of 

macrophages at the injury site to an ‘M2’ phenotype using the chemokine IL-4, injury resolution was 

promoted, which included an increase in Schwann cell migration compared to non-chemokine treated 

nerves (Mokarram et al., 2012). Conversely, when macrophages were polarised towards a pro-

inflammatory phenotype using interferon-ɣ (IFN-ɣ), there was no increase in nerve regeneration 

compared to the non-chemokine treated nerves. This study indicated not only that macrophages in the 

distal stump are likely to be polarised towards an anti-inflammatory phenotype but also, highlighted the 

importance of macrophages, and specifically their phenotype and function on the outcome of nerve 

injuries (Mokarram et al., 2012, Griffin et al., 1993). The release of IL-10 following nerve injury is also 

able to modulate the phenotype of macrophages to a more repair phenotype (Siqueira Mietto et al., 

2015). IL-10 null mice have greater expression of pro-inflammatory macrophage markers and a 

decrease of repair macrophage markers. IL-10 also helps to regulate the length of time that 

macrophages remain in the tissue, by controlling macrophage efflux from the damaged area (Siqueira 

Mietto et al., 2015). 

The different roles that macrophages have in the regenerating nerve emphasises the ability of 

macrophages to adapt their phenotype, changing over time and also physiological location to reflect 
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the microenvironment and biological need. By characterising the macrophage populations in the injured 

nerve, we may better understand the diverse functions that macrophages carry out and also develop 

therapeutic strategies to enhance nerve regeneration. 

 

1.6.1.3. Role of macrophages in the ganglia 

In addition to macrophages playing roles in the bridge and the distal stump following injury, 

macrophages at the site of the ganglia also contribute to nerve regeneration. Here, they support 

regrowing axons by inducing a transcriptional change which promotes migration (Niemi et al., 2013). 

After PNS injury, retrograde signals transmitted to the cell bodies induce the transcription of 

regeneration-associated genes (RAGs), which promotes axonal regrowth (Kwon et al., 2015, Kwon et 

al., 2013). Macrophages are involved in this process of RAG activation, which is mediated through 

CCL2 release which promotes neuron-macrophage interactions (Klein and Martini, 2016, Niemi et al., 

2013). The ablation of CCL2 using antibodies resulted in a reduction of nerve regeneration and neurite 

outgrowth (Kwon et al., 2015).  

Macrophage infiltration into the ganglia has also been associated with the propagation of 

neuropathic pain following PNS injury through the release of pro-inflammatory mediators such as TNF-

, CCL2 and IL-1 (Krames, 2014). Following the administration of chemotherapy agents such as 

paclitaxel, the subsequent infiltration of macrophages into the ganglia promotes a pro-inflammatory 

response and an increase in chemotherapy-induced peripheral neuropathy (Zhang et al., 2016). This 

highlights the importance of macrophage phenotype following injury, as well as the possibility of 

targeting macrophages to treat neuropathic pain. 

 

1.6.2. Macrophages in cancer 

Macrophages have long been associated with cancer, and in many cases are associated with 

the growth and spread of tumours, which increases the severity and morbidity of many cancer types 

(Henze and Mazzone, 2016, Qian and Pollard, 2010). Resident populations of tumour associated 

macrophages (TAMs) are also known to be a marker for poor prognosis (Liu and Cao, 2015). It is known 

that TAMs are responsible for increasing the vascularisation of solid tumours, allowing them to maintain 

supplies of oxygen and nutrients which aids tumour growth and proliferation. During organogenesis, or 

during regeneration, macrophages promote angiogenesis through the release of VEGF in response to 
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the stabilisation, and nuclear relocation of HIF-1 in response to hypoxia (Hobson et al., 2000, Riboldi 

et al., 2012, Cattin et al., 2015). This process is also observed in tumourigenesis where TAMs attempt 

to resolve hypoxia and ensure nutrient delivery to the rapidly dividing tumour cells (Murdoch et al., 2008, 

Henze and Mazzone, 2016) To do this, TAMs release pro-angiogenic factors and vascular-modulating 

enzymes, such as VEGF, transforming growth factor- (TGF), interleukin 1 and matrix 

metalloproteinases 7, 9 and 12 (Henze and Mazzone, 2016, Murdoch et al., 2008, Qian and Pollard, 

2010). In addition to other roles, macrophages have critical roles not only in regulating angiogenesis in 

tumours, but also modulating cell migration and immune modulation (Caux et al., 2016, Qian and 

Pollard, 2010, Cavel et al., 2012).  

Many aspects of tumour biology, in particular tumourigenesis, are similar to that of the 

regenerating nerve following injury. Cancer initiation has been compared with chronic wound repair as 

both processes involve hyperplasia and tissue remodelling, as well as the contribution of the nervous 

system to innervate the new tissue structures (Cole et al., 2015). In NF1 tumours, macrophages make 

up a large proportion of the tumour (20-40% of total cells) and reminiscent of the similarities between 

NF1 tumours and an injured nerve, NF1 tumours have a similar transcriptional profile to a sciatic nerve 

injury (Choi et al., 2017). This implies that similar to the functions following nerve injury, macrophages 

play important roles in tumour biology. Additionally, cross-talk between NF1 Schwann cells and 

macrophages has been identified as a result of RNA-seq analysis which determined paracrine signalling 

loops between the two cell populations (Choi et al., 2017). Schwann cells were found to release the 

macrophage chemoattractant colony stimulating factor 1 (CSF1) in the NF1 model, which correlates 

with what has already been described following sciatic nerve injury (Groh et al., 2015, Klein and Martini, 

2016).  

It is thought that cells such as macrophages and fibroblasts can contribute to cancer invasion 

in tissue microenvironments such as the nerve. In tumours which exhibit PNI, macrophages have 

recently been implicated in promoting the spread of tumours via the nervous system (Amit et al., 2016). 

Following the invasion of a tumour into the nerve tissue, macrophages are recruited to the site of PNI 

by Schwann cells which secrete the chemokine CCL2; macrophages express the receptor for CCL2, 

CCR2 (Niemi et al., 2013). After injection of cancer cells into the sciatic nerve of CCR2 deficient mice, 

reduced macrophage recruitment to the injection site and less PNI was observed compared to wild-
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type controls (He et al., 2015, Amit et al., 2016). This shows strong evidence of macrophages, and 

specifically the CCL2/CCR2 axis contributing towards cancer progression along nerves. 

   

1.7. Thesis aims 

 

Peripheral nerves have a complex structure consisting of multiple cell types which, following 

injury, are able to coordinate an injury response resulting in nerve regeneration and regain of function. 

Whilst much is understood about the mechanisms which govern these repair mechanisms, there are 

questions which still remain, some of which are addressed in this thesis.  

The role of the resident population of macrophages in the nerve remains poorly understood. 

Despite their likely roles in peripheral nerve homeostasis and following injury, this population of tissue 

macrophages has not been well characterised with regards to their origin, turnover or homeostatic 

functions within the uncut nerve. Preliminary experiments have found that the increase in macrophage 

numbers in the nerve bridge and distal stump following injury is due to an influx of monocyte derived 

macrophages, however this observation must be confirmed using alternative methodology. 

Secondly, whilst it is known that Schwann cells are able to migrate out of the nerve stumps and 

into the nerve bridge along blood vessels, it is still unclear whether there are any additional signalling 

mechanisms or chemoattractants within the bridge which promote their collective migration. Due to the 

observation that directed cell migration usually involves a chemoattractant, we hypothesise that within 

the nerve bridge following injury a Schwann cell chemoattractant acts to induce collective migration 

along blood vessels. Schwann cell migration has been observed during processes such as limb 

regeneration as well as tumour innervation and PNI, which despite being distinct, share similarities with 

nerve regeneration. The identification of a Schwann cell chemoattractant factor therefore may have 

wide-ranging therapeutic applications. 

The aims of this thesis were to firstly characterise macrophage populations in the peripheral 

nerve under both normal and injury situations, where it is known that they contribute to nerve 

regeneration. Secondly, through the characterisation of macrophage function in nerve regeneration, 

this thesis aimed to identify any Schwann cell chemoattractant molecule which is present during 

regeneration. Due to the emerging roles that Schwann cells have in tumour biology as well as organ 

development, the wide ranging therapeutic applications of such a chemoattractant molecule make 
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identifying a factor particularly important and necessary. Over the course of this thesis I will outline the 

experiments performed in order to address these aims. 
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Chapter Two:  Materials and Methods 

 

2.1. Materials 

2.1.1. Chemicals 

All chemicals bought from Sigma unless stated otherwise. Additional reagents and respective sources: 

CCR5 inhibitor (Maraviroc; R&D Systems); CXCR4 inhibitor (Plexixafor, AMD3100; R&D Systems); 

Cabozantinib (Selleckchem); Recombinant rat CCL3 (R&D Systems); VEGF-A (Lonza). 

 

2.1.2. Antibodies  

Tables 2.1-4 show a full list of antibodies and concentrations used. For immunofluorescence, 

AlexaFluor secondary antibodies were obtained from Invitrogen and used at the indicated 

concentrations for in vitro or in vivo staining. For Western blotting, horseradish peroxidase (HRP)-

conjugated antibodies were obtained from GE-healthcare and used at a concentration of 1:10,000. 

 

Table 2.1 Immunofluorescence antibodies 

 Antibody Supplier Species Concentration  

Hypoxyprobe-1 4.3.11.3 Hypoxyprobe Mouse 1:1,000 

Iba-1 019-19741 Wako Rabbit 1:500 

Prolyl-hydroxylase beta  Acris  1:1,000 

S100 Z0311 Dako Rabbit 1:100 

Lectin 647  Invitrogen  1:100 

F4/80 MCA497 AbD Serotec Rat 1:500 

CD68 MCA5709 AbD Serotec Mouse 1:100 

Hoechst 33342 ThermoFisher Scientific  1:1,000 

AlexaFluor 488/594/647 

-rat/rabbit/mouse 

 Invitrogen  In vivo: 1:400 

In vitro: 1:1,000 

 

Table 2.2 Western blot antibodies 

 % acrylamide gel Antibody Supplier Species Concentration 

Primary antibodies 

CCL3 15 Ab25128 Abcam Rabbit 1:2,000 

VEGF 15 Ab46154 Abcam Rabbit 1:5,000 

ERK1/2 15 M5670 Sigma Aldrich Rabbit 1:5,000 

B-actin 15 Ab8227 Abcam Rabbit 1:5,000 

CD68 15  Biorad Mouse 1:5,000 
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Secondary antibodies 

Anti-rabbit   GE Healthcare  1:10,000 

 

 

Table 2.3 Antibodies used for FACS 

Instrument: BD Fortessa 

Marker Fluorochrome Clone Supplier Concentration 

CD45 BV711 30-F11 Biolegend 1:15,000 

CD24 AF488 M1/69 Biolegend 1:1000 

CD11b V450 M1/70 eBioscience 1:200 

CD64 PE X54-5.7.1 Biolegend 1:200 

Ly6C PE-Cy7 AL-21 BD Biosciences 1:400 

CCR2 APC 475301 R&D Systems 1:25 

MHC II V500 M5/114 BD Biosciences 1:800 

CD3e APC-Cy7 145-2C11 BD Biosciences 1:50 

Ly6G APC-Cy7 1A8 BD Biosciences 1:50 

CD19 APC-Cy7 1D3 BD Biosciences 1:400 

NK1.1 APC-Cy7 PK136 Biolegend 1:200 

 

Table 2.4 Antibodies used for immunopanning 

 Antibody Supplier Species Concentration 

Primary antibodies 

CD11b/c Clone 42 Harlan sera lab Rabbit 1:1,000 

Fibroblasts Thy1 clone Ox7 In house Rabbit 1:500 

Secondary antibodies 

Anti-rabbit IgG P0488 Dako  1:10,000 

 

2.1.3. qPCR oligos 

Primers were designed to target mRNA by annealing to sequences in exons spanning at least 1 or more 

intron/s used Primer3Plus. Please see Table 2.5 for primer sequences. 

 

Table 2.5 RT-qPCR primers 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

Rat 

Arginase1 TATCGGAGCGCCTTTCTCTA ACAGACCGTGGGTTCTTCAC 

b2m CAGTCTCAGTGGGGGTGAAT ATGGGAAGCCGAACATACTG 

CD11b TTACCGGACTGTGTGGACAA AGTCTCCCACCACCAAAGTG 

CXCL12 ACACTCCAAACTGTGCCCTT GCCTCTTGTTTAAGGCTTTGTCC 
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CXCR4 TGACCCTCTGAGGCGTTTGG TTCATCCCGGAAGCAGGGTT 

Iba1 CCAGCGTCTGAGGAGCTATG CGTCTTGAAGGCCTCCAGTT 

iNOS CTCACTGGGACTGCACAGAA GCTTGTCTCTGGGTCCTCTG 

CCL3 CTGTTACCTGCTCAGCACCA GGGGTGTCAGCTCCATATGG 

VEGF-A GAGTTAAACGAACGTACTTGCAGA  TCTAGTTCCCGAAACCCTGA 

Mafb TATTCCAAGGAGTCGCCAAG CTGAGAGCCAGTGTTCACCA 

Fcrls TGACAATGCAGGACTTGGTG GGGTCACTGAACTCCCCTCT 

Jun CTCCCGTCTGGTTGTAGGAA CACAGCGCATGCTACTTGAT 

Fos CTGAAGGCTGAACCCTTTGA AGGTAGTGCAGCTGGGAGTG 

Timd4 GGACCATCTCCAGGAAGTCA GTTGTGGCTCTCCTCAGCTC 

Fcgr4 CAAAAGGCTGTGGTGATCCT GAAGGCTGTCTGGCATCTGT 

Pparg AGGGGACTGAGTGTGACGAC TCACACAGTCCGGTCAGAAA 

   

Mouse 

Arginase1 GACAGGGCTCCTTTCAGGAC CTGTGATGCCCCAGATGGTT 

B2M CAGTCTCAGTGGGGGTGAAT ATGGGAAGCCGAACATACTG 

CD11b  ATGGACGCTGATGGCAATACC TCCCCATTCACGTCTCCCA 

CXCL12 ACAAGTGTGCATTGACCCGA AGTTACAAAGCGCCAGAGCA 

iNOS AGTCTCAGACATGGCTTGCC GCAGCTTGTCCAGGGATTCT 

CCL3 CCATATGGAGCTGACACCCC AAATGACACCTGGCTGGGAG 

VEGF-A AGAAGGAGAGCAGAAGTCCCA GTCCACCAGGGTCTCAATCG 

 

2.1.4. siRNA oligos 

Double stranded RNA oligos were designed and supplied by Qiagen, scrambled siRNA was used as a 

control. Please see Table 2.6 for oligo target sequences and concentrations used. 

 

Table 2.6 siRNA oligos 

Gene Oligo no. Target sequence Concentration 

CCL3 1 5’-CTAGGTAGACATGATGACAAA-3’ 62.5nM 

CCL3 2 5’-TTGTGACTATTTATTCTGAAA-3’ 62.5nM 

CCL3 3 5’-TCGAGGGACTCTTCACTTGAA-3’ 62.5nM 

Scrambled/Scr  5’-AATTCTCCGAACGTGTCACGT-3’ 62.5nM 
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2.1.5. Buffers 

Table 2.7 Buffer composition 

Solution Components 

RIPA lysis buffer* 1% Trition X-100, 0.5% sodium deoxycholate, 50mM Tris pH 7.5, 100 mM 

NaCl, 1mM EGTA pH 8, 20mM NaF, 100g/ml PMSF, 15g/ml aprotonin, 

1mM Na3VO4 

4x Laemmli buffer 200 mM Tris pH 7.5, 8% SDS (BioRad), 40% glycerol, 400 mM DTT, 

0.25% bromophenol blue 

10x Running buffer 50mM Tris pH 8, 500mM glycine, 0.1% SDS 

10x Transfer buffer 200mM Tris pH 8, 1.5 M glycine, 20% methanol 

20x TBS 200 mM Tris base pH 8, 3 M NaCl  

20x TBS-T 200mM Tris base pH 8, 3 M NaCl, 0.02% Tween-20 

5% milk/TBS-T 5% (w/v) skimmed milk powder in 1X TBS-T 

MACS buffer 1X PBS, 1% 100 mM EDTA, 1% FCS 

FACS blocking buffer 1:50 Rat anti-mouse BD sFc block (BD Biosciences), MACS buffer 

10X Sato BSA 100µg/ml, progesterone 60ng/ml, putrescine 16µg/ml, selenium 

40ng/ml, thyroxine 50ng/ml, Triiodothyronine 50ng/ml, transferrin 

100µg/ml, insulin 100ng/ml (Mathon et al., 2001) 

*Add fresh 1:100 protease cocktail inhibitor mix 

 

2.1.6. Cell culture 

2.1.6.1. Preparation of tissue culture dishes 

For primary rat Schwann cell culture, dishes were coated with 80g/ml poly-L-lysine hydrobromide 

(PLL) for 20 min at RT, washed twice with tissue culture water (Baxter) and dried for >12 hours. Cell 

migration assays and seeding cells on glass coverslips required an additional coating of laminin onto 

the PLL coating. PLL coated dishes were incubated with 0.01mg/ml laminin in MEM (Gibco) for 1 hour 

at RT and aspirated just before seeding the cells.   

 

2.1.6.2. Schwann cells 

Primary rat Schwann cells were extracted from the sciatic and bronchial nerves of 10 post natal day 7 

Sprague-Dawley rats. Nerves were dissected out and the external sheath removed before being 

chopped using a scalpel, and re-suspended in digestion buffer (7900U/ml DNase, 2mg/ml collagenase, 

2.5% trypsin in EBSS) and incubated for 15 min in a +37C water bath, agitating 5 times using a 1ml 

Gilson pipette. The mixture was digested for a further 10 minutes in the water bath before stopping the 
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reaction using 10% volume of FCS. Cells were spun for 5 min at 1500 rpm at RT, and the pellet was 

re-suspended in panning buffer (0.1% BSA (Invitrogen) in L15 (Gibco)) before being filtered using a 

40m cell strainer (Sigma Aldrich). The cell suspension was then immunopanned to remove 

macrophages and fibroblasts. Briefly, this was done by first coating bacterial plates with 1:125 rabbit 

anti-mouse IgG overnight at +4C, washing with PBS and secondly coating with antibody against 

macrophages, mouse CD11b/c MAS 370p clone Ox42 (Harlan sera lab), or fibroblasts, Thy1 clone Ox7 

(homemade). The cell suspension was incubated for 10 min at RT to remove macrophages twice, and 

then the suspension was moved to the fibroblast plates where the incubation was repeated three times. 

0.05% BSA was added to the cells before centrifuging for 5 min at 1500 rpm. The pellet was re-

suspended in DMEM-low glucose (1g/L) (Lonza) supplemented with 3% fetal bovine serum (FBS, 

Labtech.com) 1M forskolin (Abcam), 200nM L-Glutamine (Gibco), glial growth factor (homemade), 

100g/ml kanamycin and 800g/ml gentamycin (Gibco) and seeded onto a PLL and laminin coated 

culture dish. Cells were cultured on PLL and laminin until P3, before only being cultured on PLL. 

Schwann cells were maintained at +37C and 10% CO2. Cells were seeded at 5x105 per 10cm2 dish or 

1.4x106 per 15cm2 dish, changing the media every other day and the day after passaging with trypsin.  

 

2.1.6.3. Human umbilical venous endothelial cells  

Human umbilical venous endothelial cells (HUVECs, Cellworks) were cultured on gelatin coated 

(EmbryoMax 0.1% Gelatin solution (EMD Millipore) for 10 min at +37C) 15cm2 plastic tissue culture 

dishes in endothelial cell growth medium-2 (ECGM2, PromoCell) containing 100g/ml kanamycin and 

800g/ml gentamycin (Gibco) at +37C and 5% CO2. 

 

2.1.6.4. J774A.1 cells 

The J774A.1 cell line (Sigma Aldrich) was cultured on T75 plastic tissue culture dishes in DMEM-high 

glucose (1g/L) containing 10% FCS, 200nM L-Glutamine, 100g/ml kanamycin and 800g/ml 

gentamycin (Gibco) at +37C and 10% CO2.  
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2.2. Methods 

2.2.1. In-vivo experiments 

2.2.1.1.  Animals 

Animal work was carried out in accordance to regulations of the UK Home Office. Adult (6- to 8-week 

old) Sprague-Dawley male rats and 6-week old mice were used for all experiments. Wild type 

C57/Black6 mice provided by the UCL Biological Services Central Unit. CCR2-/- mice (C57/Black6 

background) for immunofluorescence staining, kindly provided by Clare Bennett and from Charles 

River. CX3CR1GFP mice for immunofluorescence staining were kindly provided by Dr Tamara Girbl 

(Queen Mary, University of London, UK).  

 

2.2.1.2. Full sciatic nerve transection 

Sciatic nerves (left nerve in rats, right nerve in mice) were exposed just below hipbone under general 

anaesthesia in aseptic conditions and transected at mid-thigh. The wound was closed using wound 

clips (Fine Science Tools) and the animals were able to recover with pain relief supplied as required. 

Nerves were dissected at the indicated days for analysis by immunostaining, protein extraction or RNA 

expression analysis. The contralateral uncut sciatic nerve was used as a control. 

 

2.2.1.3. Preparation of nerves for immunofluorescence 

Harvested nerves were fixed for 4 hours at RT in 4% PFA, incubated in 30% sucrose in PBS overnight 

at +4C and then incubated for 2 hours at RT in 1:1 w/v 30% sucrose in PBS:optimal cutting temperature 

(OCT; VWR) solution. Nerves were then embedded in OCT in a cryosection mould and snap frozen in 

liquid nitrogen before storage at -80C until needed.  

 

2.2.1.4. Immunofluorescence of fixed tissue 

PFA fixed and embedded nerves were cryosectioned either cross sectionally or longitudinally and 

transferred onto a frost free microscope slide (VWR).  

For thin sections (~12m) the following protocol was used:  

Sections were washed once in PBS before permeabilisation in 0.3% triton in PBS for 30 min at RT. 

Slides were PBS washed and then blocked for 1 hour in 10% goat serum in PBS at RT. Primary antibody 

(see Table 2.1 for dilutions and suppliers) diluted in blocking buffer was added and incubated overnight 
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at +4C before washing in PBS and incubating in secondary antibody (see Table 2.1 for dilutions and 

suppliers) for 1 hour at RT. Slides were finally washed in PBS and then mounted using Fluoromount-G 

(Southern Biotech).  

For thick sections (~50m) the following protocol was used:  

Sections were washed once in PBS before permeabilisation and blocking in 10% goat serum and 0.3% 

triton in PBS for 2 hours at RT. Primary antibody (see Table 2.1 for dilutions and suppliers) diluted in 

10% goat serum and 0.005% triton in PBS was added and incubated overnight at +4C, followed by 1 

hour at RT. Slides were then washed in PBS and incubated in secondary antibody (see Table 2.1 for 

dilutions and suppliers) for at least 2 hours at RT. Slides were finally washed in PBS and then mounted 

using Fluoromount-G. 

 

2.2.1.5. RNA extraction from tissue and cDNA synthesis 

Nerves were dissected at the indicated time following surgery, and immediately snap frozen in liquid 

nitrogen and stored at -80C. The TissueLyser LT (Qiagen) was used to disrupt the frozen tissue prior 

to RNA extraction, following the manufacturer’s protocol. RNA extraction was performed using Tri-

Reagent and following the manufacturer’s protocol. RNA concentration was determined using the 

Nanodrop and 500-1000ng of RNA was used to synthesise cDNA using the SuperScript II kit 

(Invitrogen) and following the manufacturer’s protocol.  

 

2.2.1.6. Flow cytometry analysis 

Mouse nerves were dissected on day 5, taking equal lengths of proximal, bridge and distal, and 

contralateral uncut sciatic nerves. The epineurial sheath was removed and nerves were cut into 

approximately 1mm pieces using a razor blade. Dermis media (RPMI, 10% FCS), 1250 U collagenase 

IV, 4000 U DNase I and 5 mg dispase I (all in PBS) was added before incubating for 30 min at +37C. 

100mM EDTA was added and nerves were incubated for 5 min at RT and then put on ice to stop the 

digestion. Tubes were vortexed for 2 min before being passed through a 40 m cell strainer (Sigma 

Aldrich). The volume of cell suspension was brought up to 40ml by passing MACS buffer (see Table 

2.6). Cells were pelleted by spinning at 1,500 rpm for 5 min at RT, the supernatant discarded and the 

pellet resuspended in MACS buffer. The suspension was passed through a 70 m cell strainer and the 

volume brought up to 10ml. Cells were pelleted by spinning at 1,500 rpm for 5 min at RT, the 
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supernatant discarded and the pellet resuspended in the residual volume. Cells were transferred to a 

V-bottomed plate (Corning), centrifuged at 2000 rpm for 2 min and the supernatant removed. Cell pellets 

were resuspended in FACS blocking buffer (see Table 2.7) and incubate for 30 min at +4C. The 

following steps were completed by Heather West, Department of Infection and Immunity as outlined in 

Terhorst et al. (2015). Briefly, cells were immunostained for at least 20 min using antibodies listed in 

Table 2.3, washed in MACS buffer and then run on a BD Fortessa (BD Biosciences). Prior to analysing 

monocytes, macrophages, and DCs, B cells, T cells, NK cells, and neutrophils were systematically 

gated out using a dump channel corresponding to cells positive for B220, CD3, NK1.1, or Ly-6G 

cells. Analysis was performed by using FlowJo software (TreeStar Inc.) to identify monocyte derived 

populations based on a previously published gating strategy (Tamoutounour et al., 2013). Initially cells 

were gated to determine a population of live cells with the appropriate size, as well as excluding cells 

of the wrong lineage (NK cells, B cells and neutrophils). Lin–CD45+ cells were analysed for the 

expression of CD24 and CD11b. CD11b+ CD24lo cells were further analysed for Ly-6C vs CD64 

expression. After excluding Ly-6C–CD64–CD11b+ conventional dendritic cells, the remaining fraction 

which was composed of Ly-6Clo to hi and CD64lo to hi cells, was then analysed for the expression of 

CCR2 vs CD64 and subsequently subdivided into CCR2+ and a CCR2– populations. The CCR2+ and 

CCR2– subsets were then gated on the expression of Ly-6C and MHCII to define monocytes (1), Ly-

6Chi (2) and Ly-6Clo (3) monocyte-derived cells and MHCIIlo (4) and MHCIIhi (5) macrophage 

populations. 

 

2.2.1.7. Injection of a substance into nerve following sciatic nerve transection 

Sciatic nerves (left nerve in rats, right nerve in mice) were exposed just below hipbone under general 

anaesthesia in aseptic conditions and transected at mid-thigh. The wound was closed using wound 

clips and the animals was able to recover with pain relief supplied as required. On Day2/3 (as specified) 

the animal was anaesthetised and the wound was reopened using a scalpel. Using a glass capillary 

needle and needle pusher (Sutter Instrument Corp.), 5µl PBS or CCL3 (50µg/ml) was injected at a 1mm 

distance into the exposed proximal and/or distal stump before the wound was closed using wound clips. 

Nerves were dissected at the indicated days and prepared for immunofluorescence as described for 

analysis. 
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2.2.1.8. Nerve repair using engineered nerve conduit  

Sprague Dawley (250–500 g) rats were deeply anaesthetised by inhalation of isoflurane, the left sciatic 

nerve of each animal was exposed at mid-thigh level, transected and a repair conduit consisting of a 

silicone tube containing fibrin gel was positioned between the stumps to produce an inter-stump 

distance of 10mm. Conduits were retained in place using one 10/0 epineurial suture (Ethicon) at both 

the proximal and distal stump, then wounds were closed in layers with a single 4/0 suture (Ethicon) 

reconnecting the muscle and wound clips closing the skin opening. The animals were allowed to 

recover. Neuronal regeneration was assessed across the 10mm inter-stump distance in the following 

conditions: (1) fibrin gel containing VEGFa (500ng/ml), (2) fibrin gel containing VEGFa (500ng/ml) and 

CCL3 (50 µg/ml), (3) fibrin gel only or (4) empty tube without fibrin gel. Animals were culled at the 

specified post-surgery time point using CO2 asphyxiation and repaired nerves were excised under a 

dissecting microscope, and prepared for immunofluorescence as described. 

 

2.2.1.9. Ex-vivo bridge cell isolation and culture 

Rat nerve bridges at day 2 following injury were collected and digested using 1 mg/ml collagenase IV 

and 1 U/ml dispase I in EBSS (Life Technologies) for 45 min at +37C. Digestion was stopped using 

RPMI containing 10% FCS, cells were then pelleted by centrifugation at 1500 rpm for 10 min before 

discarding the supernatant and washing the pellet twice in RPMI (Lonza) containing 10% FCS. Cells 

were seeded at the required density on fibronectin and PLL coated tissue culture dishes and centrifuged 

at 12,000 rpm for 5 min to ensure cell adhesion. Cells were incubated overnight at normoxia (20% O2), 

+37C and 5% CO2 before use in cell based assays. 

 

2.2.1.10. Macrophage and fibroblast isolation from bridge tissue 

Bridge cells were isolated as above and the cell suspension was then immunopanned to isolate 

macrophages and fibroblasts. Briefly, this was done by first incubating bacterial plates with 1:125 

dilution of rabbit anti-mouse IgG (DAKO) in 50mM Tris pH 9.5 overnight at +4C, washes with PBS, 

followed by incubation with antibody against macrophages (1/1000, mouse CD11b/c MAS 370p clone 

Ox42, Harlan sera lab), or fibroblasts (1/500, Thy1 clone Ox7). The cell suspension was incubated for 

10 minutes at RT on the dishes coated with the macrophage-specific antibody, and then the suspension 

was moved sequentially to three dishes coated with the fibroblast-specific antibody. The plates were 
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washed twice with PBS before being scraped to remove the purified macrophages or trypsinised to 

remove the fibroblasts, which were then plated at a density of 60,000 cells/24 well plate and incubated 

overnight at +37C, 20% O2 and 5% CO2 before use in cell based assays. To generate conditioned 

media for chemotaxis assays, cells were washed twice in Sato (see Table 2.7) before incubating in Sato 

for a further 24 hours at 20%, 1.5% or 0.1% O2. The conditioned media was then filtered (0.45µm pore-

size) before use. 

 

2.2.1.11. Extraction of macrophages from organ tissues  

Sciatic nerves, brain, kidney and lung tissue was harvested from 6-8-week-old adult rats. The tissue 

was digested and macrophages were extracted by immunopanning as described above 2.2.1.10. 

 

2.2.2. Cell assays 

2.2.2.1. siRNA transfection 

For siRNA transfection, J774A.1 cells were seeded 100,000/6 well plate. The next day, cells were 

washed 2X 15 min with Sato before adding 600l fresh Sato media. Test or scrambled siRNA was 

diluted in Sato media (see Table 2.6 for target sequence and concentrations used) before adding 6l 

HiPerfect (Qiagen), and incubated for 10 min at RT to allow complexes to form. Cells were then 

incubated with the complexes for 48 hours at +37C, 1.5% O2 and 5% CO2. Knockdown efficiency was 

determined using RT-qPCR and Western blot analysis. For chemotaxis assays (Boyden and Dunn 

chambers), the conditioned media was harvested after 48 hours and filtered (0.45 μm pore size) before 

use. 

 

2.2.2.2. Generation of J774A.1 conditioned media 

J774A.1 cells were seeded at 60,000 cells/24 well and incubated overnight at +37C and 5% CO2. The 

following morning, cells were washed twice in Sato and incubated in 1ml of Sato for 48 hours at either 

ambient oxygen levels (20% O2) or in hypoxic conditions (1.5% O2). The conditioned media was then 

collected and filtered (0.45μm pore size, Thermo Fisher Scientific) before use in subsequent assays.  
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2.2.2.3. Transwell migration assay (Boyden chamber) 

For Boyden chamber assays (Boyden, 1962), Schwann cells or HUVECs were harvested, washed twice 

for 3 min in Sato and seeded at a density of 75,000 or 50,000 respectively into 8 m pore cell culture 

inserts (Millipore) coated with fibronectin. Inserts were placed into 24 well plates and incubated for 15 

min at +37C and 5% CO2 before transferring into the test conditions, Sato was used as a negative 

control and 3% serum culture media or 5ng/ml VEGF-A165 (Lonza) was used as a positive control for 

Schwann cells or HUVECs respectively. Cells were then allowed to migrate at +37C and 5% CO2 for 

4 hours. Filters were fixed using 4% PFA/PBS, washed with PBS and stained using Hoechst (see Table 

2.1) before washing, cleaning and mounting using Fluoromount-G (SouthernBiotech). Cells which had 

migrated through the filter were quantified (5 fields of view per filter). 

 

2.2.2.4. Dunn chamber  

For Dunn chamber assays (Zicha et al., 1991) 20,000 Schwann cells were seeded onto laminin and 

PLL coated glass coverslips and incubated overnight in 3% serum culture media. Cells were then 

washed twice with Sato. The Dunn chamber was prepared by washing the reservoirs twice with Sato. 

The coverslip with Schwann cells was then inverted and placed onto the Dunn chamber, leaving an 

opening to remove the Sato from the outer reservoir using Whatmann paper. The test media was then 

added to the outer reservoir and the coverslip was realigned centrally to ensure both reservoirs were 

covered. The chamber was then imaged using time-lapse microscopy. Live-imaging was performed at 

10x using a Zeiss Axiovert 200M microscope equipped with a Hamamatsu Orca AG camera controlled 

by Volocity software (Improvision) and an environmental chamber set at +37C and with a humidified 

stream of 10% CO2 in air. Images were taken every 10 minutes for 24 hours.  

 

2.2.2.5. Cell tracking 

Cells were tracked by their nucleus using Volocity software for 8-12 hours. Cell velocity was then 

measured and cell migration tracks were created using macro plugins in Excel as described in (Gorelik 

and Gautreau, 2014).  
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2.2.2.6. Hypoxyprobe incorporation assay 

Using ex-bridge cells (see 2.2.1.9) seeded at 60,000 cells/well on fibronectin and PLL coated coverslips, 

hypoxyprobe-1 (pimonidazole HCl, Hypoxyprobe) was added to achieve a final concentration of 100 

M and the cells were incubated at +37C and 5% CO2 and either 20%, 1.5% or 0.1% O2 for 5 hours. 

Cells were washed for 15 min in RPMI containing 10% FCS before immunostaining.  

 

2.2.2.7. Unbiased cytokine screen 

The Mouse Cytokine Array Panel A (ARY006, R&D Systems) was used to analyse cytokine expression 

in conditioned medium from J774A.1 cells. 10 x 106 J774A.1 cells were seeded on a 15cm tissue culture 

plate. The following morning, cells were washed twice in Sato and incubated in 5ml of Sato for 48 hours 

at either ambient oxygen levels (20% O2) or in hypoxic conditions (1.5% O2). The conditioned media 

was then collected and filtered (0.45μm pore size) before use in the Array, following the manufacturer’s 

protocol.  

 

2.2.3. Microscopy 

2.2.3.1. Immunocytochemistry of cells 

Cells grown on glass coverslips were fixed using 4% PFA/PBS for 10 min, permeabilised with 0.3% 

triton in PBS for 10 min, and then washed with PBS, with all steps occurring at room temperature (RT). 

Coverslips were blocked using 3% bovine serum albumin (BSA)/PBS for 1 hour at RT, before incubation 

with primary antibody (see Table 2.1 for dilutions and suppliers) overnight at +4C. Coverslips were 

then washed with PBS and incubated with secondary antibodies conjugated to AlexaFluor (see Table 

2.1 for dilutions) and diluted in 3% BSA/PBS for 1 hour at RT. Coverslips were washed with PBS before 

mounting onto microscope slides using Fluoromount-G (SouthernBiotech). For analysis of hypoxia, 

the hypoxyprobe-1 kit (hypoxyprobe) was used according to the manufacturer’s instructions. 

 

2.2.3.2. Confocal microscopy and image analysis 

All images were acquired using an inverted Leica TCS SP confocal microscope. For each experiment, 

the same parameters were used (volume, Z-stack number) with the same acquisition settings. Image 

processing and analysis was carried out using Fiji software. Longitudinal reconstructions of nerves were 
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completed using the photomerge function in Photoshop CS4 and reconstructed nerve images were 

placed on a black background. 

 

2.2.3.3. Time lapse movies 

Live-imaging was performed at 10x using a Zeiss Axiovert 200M microscope equipped with a 

Hamamatsu Orca AG camera controlled by Volocity software (Improvision) and an environmental 

chamber set at +37C and with a humidified stream of 10% CO2 in the air. Images were taken every 10 

minutes for 24 hours.  

 

2.2.4. Molecular biology  

2.2.4.1. RNA extraction from cells and tissues and cDNA synthesis 

Cells were directly lysed in Trizol Reagent. RNA extraction was performed using Tri-Reagent and 

following the manufacturer’s protocol. RNA concentration was determined using the Nanodrop and 500-

1000ng of RNA was used to synthesise cDNA using SuperScript II Reverse Transcriptase (Invitrogen) 

and following the manufacturer’s protocol. Tissue samples were crushed and homogenised on dry ice 

and then lysed in Trizol Reagent. 

 

2.2.4.2. qPCR analysis 

Quantitative PCR was performed using 2l of template cDNA (diluted 1:4 in RNase free water) and 23 

l of MESA Blue qPCR MasterMix Plus Kit (Eurogentec) including 100nM forward and reverse primers 

(see Table 2.5) was used per reaction in a 96 well plate. Water was used as a negative control.  

 

Cycle parameters: 

MeteorTaq activation  5 min  95C 

Amplification (40 cycles): 

Denaturation   15 min  95C 

Annealing/extension   1 min  58C 

Dissociation curve  1 min  60C 
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2.2.5. Protein Analysis 

2.2.5.1. Protein extraction from cell monolayer 

Media was aspirated from the cells and washed once with cold PBS before freezing at -80C. Cell plates 

were thawed on ice and harvested in RIPA (see Table 2.7 for composition) including protease inhibitors, 

followed by 15 min incubation on ice to lyse. Cells were collected, before vortexing and incubating for 

a further 10 min, twice before being homogenised using a 30-gauge needle (BD Bioscience). Cell debris 

was pelleted by spinning at 13,000 rpm for 15 min at +4C, the supernatant was collected and protein 

quantified using the BSA assay (Pierce, Thermo Scientific). 

 

2.2.5.2. Protein extraction from cell pellet  

After digesting nerves as previously described, the cell suspension was centrifuged at 1300rpm for 3 

min to pellet cell material and supernatant was discarded. Pellets were snap frozen in liquid nitrogen 

and stored at -80C. To lyse cells, 4X cell pellet volume of RIPA (see Table 2.7 for composition) 

including protease and phosphatase inhibitors were added and the protocol from 2.2.5.1 was followed. 

 

2.2.5.3. Protein extraction from cell supernatant  

Supernatant was harvested and cell debris was removed using 0.45 m filter. 10% volume of 

trichloroacetic acid was added and supernatant was incubated overnight at +4C. Protein was pelleted 

by spinning 10 min 13,000 rpm +4C and washed once with 100% acetone. The supernatant was 

removed before drying the pellet, and resuspending in laemmli buffer (see Table 2.7 for composition) 

containing -mercaptoethanol.  

 

2.2.5.4. Western blot 

Please refer to Table 2.7 for buffer compositions used herein. Western blotting was performed using 

Hoefer Scientific Instrument and BioRad Western Blot apparatus. 20-30 g of protein was resolved 

using sodium dodecyl sulphate – polyacrylamide gel electrophoresis. As a size reference, 5 ul of 

PageRuler Plus Prestained Protein Ladder (Thermo Scientific) or ECL Rainbow Marker – Low Range 

(Amersham, GE Healthcare) was also loaded. Protein was transferred onto nitrocellulose membrane 

(Millipore-Immobilon), which was then blocked in 5% milk-TBST for 1 hour at RT. The membrane was 
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incubated overnight at +4C with primary antibody (see Table 2.2 for dilutions and suppliers) and 

washed 3 times in TBS-T before incubating with a HRP-conjugated secondary antibody (see Table 2.2 

for dilutions and suppliers) for 1 hour at RT. The membrane was then washed 3 times in TBS-T and 

proteins were detected using Pierce-ECL Western blot substrate (Thermo Scientific) or Luminata 

Crescendo Western HRP substrate (EMD-Millipore) and the ImageQuant LAS 4000. 

 

2.2.5.5. Statistical analysis 

All data are represented as mean values ± SEM unless indicated otherwise. During surgery, and nerve 

processing, the animals or nerve tissue samples were randomised and blinded by a colleague to reduce 

bias. The blinding was only revealed following completion of image analysis. 

To analyse our data, when there were ≥3 or more experimental groups One-way ANOVA was used to 

compare means (assuming normal distribution). When there was 2 experimental groups, we used a 

two-tailed Students t-test to compare means (assuming normal distribution). p values are indicated as 

follows: ns p0.05, *p<0.05, **p<0.01, ***p<0.001. For experiments n≤2 standard deviation (SD) is 

calculated, for experiments n≥3 standard error of the mean (SEM) is calculated.  
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Chapter Three:  Characterisation of macrophages in healthy and injured peripheral 

nerves  

 

3.1. Chapter introduction 

 Currently, very little is known about the nature of the resident macrophage population in 

peripheral nerves, as previous studies investigating resident macrophage population have often not 

included the nerve as a separate tissue (Mass et al., 2016, Epelman et al., 2014, Lavin et al., 2014). As 

a result, it is often assumed that resident peripheral nerve macrophages are similar to the resident 

macrophage population in the brain, microglia. Although the role of resident macrophages in the normal 

nerve is not known, there has been significant progress in understanding the function of macrophages 

within a damaged and regenerating nerve (Kiguchi et al., 2010, Rosenberg et al., 2012, Cattin et al., 

2015, Das et al., 2015). Moreover, previous work from our lab has determined a novel role for 

macrophages during nerve regeneration in promoting blood vessel formation which subsequently aids 

Schwann cell migration (Cattin et al., 2015). It is also clear that macrophages have distinct roles 

depending on their physiological location following injury. For example, macrophages in the bridge have 

very different roles to those in the distal stump (Cattin et al., 2015, Kang and Lichtman, 2013). The aim 

of this chapter therefore is to characterise these different macrophage populations in the normal nerve 

and following injury, particularly with respect to their origins, and inflammatory phenotype. 

 

3.2. RNA expression analysis of bridge macrophages reveals a complex pattern of pro- and anti-

inflammatory markers 

Macrophages have been traditionally described as existing in two broad phenotypes M1-like 

and M2-like (which may be further sub-divided) with the phenotypes characterised by their immune 

response, surface antigens and chemokine expression (Murray et al., 2014). Resident macrophages or 

circulating monocytes can polarise to either phenotype in response to a variety of stimuli, chemokines 

and immune challenges present in the microenvironment. M1-like macrophages are referred to as pro-

inflammatory due to their association with innate immunity reactions and are commonly identified by 

iNOS and high MHC class II expression (Murray, 2017, Martinez and Gordon, 2014). M2-like 

macrophages are characterised by their ability to antagonise an inflammatory response, and are known 

as anti-inflammatory or repair macrophages; common identifiers of this phenotype are arginase1 and 

CD206 (Mannose receptor) expression (Murray, 2017, Martinez and Gordon, 2014). The current dogma 
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is that M1 or pro-inflammatory macrophages are the primary responders to injury or infection, and it is 

the M2 or anti-inflammatory macrophages which are recruited at a later stage to resolve the injury, due 

to their ‘pro-healing’ phenotype (Martinez and Gordon, 2014, Das et al., 2015). However, this two stage 

model represents an overly simplistic description of a continuum which exists between two activation 

states, pro- or anti-inflammatory. In reality, the phenotype of macrophages is too complex to describe in 

such a binary manner. Instead, macrophages exhibit a number of different cell surface antigens and 

receptors and release different chemokines in response to many different biological cues (Murray, 2017, 

Martinez and Gordon, 2014, Das et al., 2015). Due to this high level of variability, some groups now 

refer to macrophages in a way that reflects how the macrophage was polarised, e.g. M(IL-4) or M(IFN-

), to better address the function of the macrophage and what caused its activation (Murray et al., 2014, 

Murray, 2017). 

Macrophages are a highly plastic cell type, and in many cases, the phenotype and function of 

macrophages is influenced by the surrounding environment (Ma et al., 2017, Scott et al., 2016, Lavin et 

al., 2014, Murray, 2017). We, and others, have observed that following injury, macrophages carry out 

specific functions based on their location (Chen et al., 2015, Cattin and Lloyd, 2016, Rosenberg et al., 

2012, Ydens et al., 2012). It has previously been reported that following sciatic nerve injury there 

appears to be an upregulation of M2 phenotype macrophages in the distal stump of the nerve (Ydens 

et al., 2012), however macrophages within the bridge have not yet been characterised. We therefore 

determined the phenotype of macrophages in the nerve bridge following injury, and whether this was 

distinct from macrophages in the distal stump. To do this, a full sciatic nerve transection was carried out 

in wild type rats, and tissue from the bridge and distal stump was harvested, as well as the contralateral 

uncut nerve, at Day 2, 3, 5 and 7 following injury. RT-qPCR was then carried out to determine the relative 

expression of the most commonly used pro- and anti-inflammatory (iNOS and arginase1 respectively) 

macrophage markers. To account for the likely fluctuations in macrophage proportions in the bridge and 

distal stump, expression levels were normalised to the pan-macrophage marker CD11b in the uncut 

nerve. However, we did not purify the macrophage population for these experiments and it is possible 

that we may be including RNA from other inflammatory cells and non-macrophage cell types which may 

also express iNOS or arginase1. 

Prior to vascularisation of the bridge (Day 2), a large increase in CD11b RNA was observed in 

the bridge compared to the uncut nerve (Figure 3.1A) which is consistent with the increased numbers 
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of macrophages observed by immunofluorescence staining in the bridge at this time point (Cattin et al., 

2015). On Day 3, there was a decrease in the levels of CD11b expression, presumably as other cell 

types, such as endothelial cells, entered the bridge and diluted the signal. On Days 5 and 7 the levels 

remained fairly constant, consistent with macrophages remaining in the bridge. In the distal stump, there 

was also an increase in the levels of CD11b on Day 2, but to a lower extent than seen in the bridge, 

consistent with the known infiltration of macrophages into the distal stump (Figure 3.2A) (Ydens et al., 

2012). In both the bridge and the distal stump, we observed that iNOS expression peaked at Day 3 

following injury (Figure 3.2B), and was followed by a sharp decrease. This suggested that the 

polarisation of macrophages in both nerve regions towards a pro-inflammatory (M1-like) phenotype was 

transient. Arginase1 displayed a different pattern of expression, and appeared to peak at Day 2 before 

undergoing a steady decline to basal levels in both the bridge and the distal stump (Figure 3.1C). This 

decrease in arginase1 expression is likely due to the resolution of injury following injury.  

To confirm the RT-qPCR data, immunofluorescent staining of arginase1 in the distal stump 

showed that the majority (~80%) of macrophages present at Day 2 were of an anti-inflammatory or ‘pro-

repair’ phenotype (Figure 3.2). In addition, we observed that the morphology of the macrophages in the 

distal stump compared to the uncut nerve, was very different. In the uncut nerve, the macrophages 

appeared to be small and have a compact cytoplasm. In contrast, in the distal stump, the macrophages 

appeared to be larger than those in the uncut nerve, and also have taken on a more ‘foamy’ appearance 

which indicates phagocytic activity. This obvious difference in morphology may be due to the different 

functions that the macrophages play following injury.  

One caveat to these experiments is that neutrophils also express CD11b, and so it is possible 

that by using RT-qPCR primers for CD11b we may be identifying a mixed population of macrophages, 

monocyte-derived cells and neutrophils. Neutrophils may also express iNOS and arginase1, and so the 

RT-qPCR data here may be representative of a mixed inflammatory cell population. The staining data 

depicting arginase1+ macrophages however suggests that no neutrophils are expressing arginase1, as 

these cells would be easily identifiable by their characteristic lobed nucleus (Lindborg et al., 2017). 
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Figure 3.1 | RNA expression analysis of bridge macrophages show a complex pattern of pro- and 

anti-inflammatory markers 

A. Quantitative RT-qPCR analysis of CD11b mRNA isolated from the bridge and the distal stump and 

compared to contralateral uncut sciatic nerves from rats at the specified time point following injury. 

Graph shows CD11b transcript levels normalised to b2m and relative to the levels in the uncut nerve 

(n=3 animals, graph shows mean value + SEM). B. Quantitative RT-PCR analysis of iNOS (M1) and 

arginase1 (M2) mRNA isolated from the bridge, the distal stump and uncut sciatic nerves after injury. 

Graph shows iNOS or Arginase1 transcript levels normalised to CD11b and relative to levels in the uncut 

nerve (n=3 animals, graph shows mean value + SEM).  
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Figure 3.2 | Immunofluorescent staining confirms arginase1 expression in the distal stump  

Representative images of arginase1 staining (green) in the distal stump and contralateral uncut rat nerve 

isolated on Day 2 following injury. Macrophages are identified by Iba1+ staining (red) and counterstained 

with Hoechst (blue). Arrows represent Iba+ arginase- macrophages, arrowheads represent Iba1+ 

arginase+ macrophages. Scale bar = 30m. 
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These preliminary experiments indicated that following injury, the bridge and distal stump shared 

expression profiles for the pro- and anti-inflammatory markers iNOS and arginase1, respectively. This 

RNA expression analysis indicated that the populations of myeloid cells likely changed over time as the 

nerve responds to injury and regenerates.  

 

3.3. The peripheral nervous system has two distinct populations of resident macrophages which 

are location specific 

To further investigate the nerve resident macrophage populations, we decided to first use a 

reporter mouse to characterise the uncut nerve and therefore the macrophage population whilst in a 

resting or homeostatic state. To investigate macrophage lineage, many research groups have used a 

mouse model in which CX3CR1 promoter activity is coupled to GFP expression or Cre recombinase 

(Yona et al., 2013). CX3CR1 is a transmembrane receptor for fractalkine, and is expressed in 

monocytes, dendritic cells, and NK cells (Jung et al., 2000). In the CX3CR1GFP mouse, all macrophages, 

as well as monocytes and monocyte-derived cells which express CX3CR1 at that time point will also 

express GFP (Jung et al., 2000). GFP+ resident macrophage populations within the CX3CR1GFP mouse 

include microglia and intestinal and renal macrophages, whilst GFP- populations include Kupffer cells 

and skin and lung macrophages (Yona et al., 2013). The observed difference in GFP expression results 

from the differences in origin of the resident macrophage populations, as well as the level of recruitment 

of monocyte populations to replenish specific tissue populations. In the brain, microglia populations are 

established prenatally and originate from yolk-sac precursors, with no contribution from circulating 

monocytes and are long lived. Microglia retain CX3CR1 expression and therefore the entire population 

is GFP+. The intestinal population of macrophages in the mouse has a short half-life of 3 weeks 

(Jaensson et al., 2008) and relies on the contribution of monocyte-derived cells to replenish macrophage 

numbers, which results in this population also being GFP+. In contrast, resident populations in the 

spleen, lung and liver are GFP-, despite also being established prenatally and developing from CX3CR1+ 

precursors. However, these resident populations lose CX3CR1 expression and have no contribution 

from monocytes as these populations maintain their numbers by self-renewal. Whilst many resident 

macrophage populations had been characterised in the CX3CR1GFP mouse, it was unclear whether 

macrophages in the nerve expressed CX3CR1. By characterising CX3CR1 expression in the nerve, it 
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may hint at the developmental or monocyte origins of this population, as well as allowing us to identify 

similarities with other tissue resident macrophage populations.  

To investigate the expression of CX3CR1 in peripheral nerve macrophages, we immunostained 

cross sections of uncut sciatic nerve and stained for the macrophage marker Iba1, as well as identifying 

endogenous CX3CR1GFP expression. Analysis of the nerves showed that there appeared to be two 

distinct populations of macrophages (Figure 3.3). Within the nerve fascicles (and within the BNB), cells 

stained positive for both Iba1 and GFP, whilst surrounding the endoneurium (outside of the BNB) and 

outside of the fascicles was a distinct population which was Iba1+, yet GFP-. The identification of these 

two distinct macrophage populations was an unexpected finding, as it had not previously been seen that 

two such populations existed within the nerve environment and additionally it hinted at differences in 

origin between the two different macrophage populations. Within the fascicles, and similar to microglia, 

macrophages are GFP+. It is possible therefore that the resident cells of the peripheral nerve also 

originate from the yolk-sac and retain CX3CR1 expression. Conversely, outside of the BNB, the 

macrophage population is GFP- and therefore has lost CX3CR1 expression. This suggests that perhaps 

similar to Kupffer cells, this resident population may be established prenatally, and able to self-renew 

without a contribution from monocytes. Apart from their different physiological location, it was unclear 

what the differences were between these two populations. The different expression of CX3CR1 may hint 

at differences in the cell ontogeny and rates of turnover, and it may be connected to the different roles 

that the macrophages play within the two distinct nerve regions. 
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Figure 3.3 | CX3CR1 staining in the uncut nerve 

Representative images of cross sections of nerve from CX3CR1GFP mice. Immunostained for GFP 

(green), macrophages (Iba1, red) and nuclei/Hoechst (blue). Arrows show CX3CR1+ macrophages, 

arrowheads show CX3CR1- macrophages. Scale bar = 50m. 
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3.4. Flow cytometry analysis reveals diverse populations of monocyte-derived macrophages in 

the nerve following injury  

Our preliminary analysis indicated an increase in macrophages in the bridge and distal stump 

following injury and that there are two distinct nerve resident macrophage populations, we sought to 

investigate how exactly the composition of these populations changed following injury. However, as 

several myeloid cell populations in the uncut nerve and following injury express CD11b (e.g. 

neutrophils), we decided to use flow cytometry using a wider range of antibodies that would allow us to 

better characterise the macrophages in the nerve and asses any contribution of monocyte-derived 

populations during homeostasis and following injury. This work was performed in collaboration with Dr 

Clare Bennett (Department of Infection and Immunity, UCL). 

To carry out the flow cytometry experiments, nerve bridges along with proximal and distal 

stumps and the contralateral uncut nerve were taken from 15 mice at Day 5 following sciatic nerve 

transection. Care was taken to take the same length of nerve tissue from each animal without taking 

any surrounding muscle which may contaminate the preparation. Following harvesting, the epineurium 

was stripped from the nerves to ensure that only macrophages from within the nerve were analysed. 

Nerves were then digested with collagenase and dispase to remove extracellular matrix and to create a 

single cell suspension. Cells were then pelleted and incubated in blocking buffer before antibodies to 

detect cell surface antigens and receptors were added (for a full list see Table 2.3) and the cells were 

analysed by flow cytometry. 

To separate out the different populations of cells, a gating scheme was designed using 

established protocols to identify populations of myeloid cells (Figure 3.4) (Tamoutounour et al., 2013). 

Initially cells were gated to determine a population of live cells of the correct size, as well as excluding 

cells of the wrong lineage (NK cells, B cells and neutrophils) (Figure 3.4A). Macrophages were gated by 

using the pan-macrophage marker CD11b, followed by CD64 which is upregulated as monocytes 

differentiate into macrophages to ensure that dendritic cells were excluded from this gate (Figure 3.4B). 

Next, to distinguish between early and mature cell populations, we gated on CCR2 expression. CCR2 

is a receptor which is highly expressed on monocytes and monocyte-derived macrophages and is down 

regulated in mature, differentiated macrophages and resident tissue macrophage populations (Siebert 

et al., 2000). CCR2 is the receptor for the monocyte chemoattractant protein-1 (CCL2) which is a 
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chemoattractant required for monocyte egression from the bone marrow, as well as facilitating monocyte 

and macrophage recruitment during injury and inflammation (Patel et al., 2017, Zigmond et al., 2014).  

Within the CCR2+ population, using Ly6C and MHCII we were able to identify populations of 

monocytes (Ly6ChiMHCII-) and monocyte-derived populations (Ly6CintMHCII+ and Ly6CloMHCII+) which 

represent a developmental transition of monocytes (P1) as they enter tissues, transition through an 

intermediate stage (P2) and differentiate into monocyte-derived macrophages (P3) (Figure 3.4B). These 

populations morphologically resemble blood monocytes (P1) and intermediate monocyte/macrophage 

populations (P2 and P3). The CCR2- population could then be gated into two distinct populations based 

on MHCII expression, Ly6CloMHCII- and Ly6CloMHCII+ (Figure 3.4B P4 and P5). These two populations 

represent tissue macrophages in morphology. (For full gating strategy, see 2.2.1.6.)  

The flow cytometry data showed that there were stark differences between the healthy and 

injured nerve, as well as within the distinct regions of the injured nerve in regards to the contribution of 

myeloid cells (Figure 3.5). 

 

3.4.1. Uncut nerve 

Within the uncut nerve, we found that there were two populations of macrophages, a 

CCR2+Ly6CloMHCIIhi (P3) population and a CCR2-Ly6CloMHCII+ (P5) population, together with a more 

minor population of monocytes (P1). These results may be consistent with the previous staining data in 

the CX3CR1GFP mouse which indicated that there were two distinct populations of nerve resident 

macrophages. They also appear consistent with our long-term EdU studies that showed the turnover of 

macrophages is extremely slow in the nerve, as there appears to be little transition between the 

macrophage populations. The presence of a large CCR2+ population indicates this population is 

monocyte derived but it is unclear when they were seeded into the nerve and why they have retained 

CCR2 expression. Further characterisation of the CX3CR1-/+ populations should help to resolve these 

questions. 
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Figure 3.4 | Gating scheme for flow cytometry experiments 

To determine the origin of macrophages within the nerve following injury, we used a gating strategy to 

determine populations of myeloid cells based on their CCR2, Ly6C and MHCII expression. A. The initial 

panel of gating was carried out to achieve a population of live cells of the appropriate size, as well as 

excluding cells of the wrong lineage (NK cells, B cells and neutrophils). B. Monocytes and macrophages 

were gated using LyGC and CD64 to exclude dendritic cells. CCR2 gating revealed two populations of 

cells which were at different stages of differentiation. A monocyte population (1) was determined as 

CCR2+Ly6ChiMHCII-, and a developmental cascade of monocyte-derived cells (moDCs) were identified 

as CCR2+Ly6CintMHCII- (2) and CCR2+Ly6CloMHCII- (3) which indicated differentiation into 

macrophages following entry into the tissue. CCR2-Ly6CloMHCII- (4) and CCR2-Ly6CloMHCII+ (5) 

populations represent mature populations of macrophages within the tissue which have tissue 

macrophage characteristics, however the precise origin of these cells (monocyte-derived vs. embryonic 

resident) is unclear. 
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The population of monocytes may be due to two reasons: 1) They represent a resident 

populations of monocytes, which resemble blood monocytes, this has previously been observed within 

the dermis (Tamoutounour et al., 2013), and additional tissues (Jakubzick et al., 2013) in the absence 

of tissue inflammation. 2) They are the result of contamination from blood monocytes from the many 

blood vessels which are found within the nerve structure. Further studies should help to distinguish 

between these possibilities. 

 

3.4.2.  Proximal stump 

In the proximal stump, we also observed a shift in the composition of myeloid populations 

compared to the uncut nerve, with a profile similar to the distal stump. However, there are two major 

differences. Firstly, the ratio of CCR2+:CCR2- cells is less (80:20) and secondly, the overall number of 

cells entering the region is much less (Figures 3.5 and 3.6). This probably reflects the fact that the region 

close to the stump undergoing an inflammatory response whereas the nerve remains less infiltrated 

further from the cut, where the axons remain intact and the nerve requires less remodelling. Further 

studies using immunostaining could determine the extent of macrophage activity within this region. 

 

3.4.3.  Bridge and distal stump 

Previously we have observed that in the bridge and the distal stump there is a large increase in 

macrophages following an injury to the nerve. It was unclear however, whether these macrophages 

originated from the resident population or were monocyte-derived. Previous experiments carried out 

using bone marrow transplants to determine the origin of macrophages in the bridge had shown that the 

majority of cells appeared to originate from the monocyte population rather than the resident population 

(Cattin et al., 2015).  

Consistent with the previous findings, the flow cytometry analysis showed a dramatic change in 

the macrophage populations within both the bridge and the distal stump. We observed both an increase 

in the ratio of CCR2+:CCR2- cells 95:5 (Figure 3.5), and a large increase in CCR2+ cell numbers within 

these regions (Figure 3.6). Together this indicates that there is a large increase in recently entered 

monocytes and monocyte-derived cells, as evidenced by the emergence of a P2 population 

(CCR2+Ly6CintMHCII-), which represents monocytes transitioning into macrophages. We also observed 

that as well as P5 (CCR2-Ly6CloMHCII+), there is a P4 population (CCR2-Ly6CloMHCII-), which 
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represents an additional, distinct population of macrophages. This large immune response is reflected 

in the observed increases in all myeloid populations (P1-5) (Figure 3.6B), which indicates that following 

nerve injury there is a strong activation of monocyte recruitment mechanisms. This data confirms what 

was seen previously in the bone marrow transplant experiments (Cattin et al., 2015).  

The profiles of the bridge and the distal stump are similar, however we do observe that the 

bridge has smaller P4 and P5 populations. As these populations will contain nerve resident 

macrophages, it follows that the bridge would likely contain fewer of these cells due to being a newly 

formed tissue and lacking in resident cells. It would be interesting to conduct a time course following 

injury to see how the myeloid composition of the bridge changes over time, to see whether the flow 

cytometry profile became indistinguishable from the uncut nerve, or whether the high level of recruited 

monocytes and monocyte-derived cells leave the bridge tissue with a distinct pattern of macrophages 

populations. In the distal stump the larger P4 and P5 populations (Figure 3.6B) may represent the 

resident macrophages within the distal stump proliferating or changing activation state following injury. 

There appears to be a transition population further suggesting that the P5 population might be 

differentiating into the P4 population. This is not seen in the bridge, where two distinct P4 and P5 

populations are seen. In the bridge there is also an additional small population within the P3 gate 

(CCR2+Ly6CloMHCIIhi), which seems to be MHCIIint (Figure 3.5). This population is not seen in the distal 

stump and it unclear what this population represents. Together these results indicate a dramatic influx 

of monocyte-derived cells into the bridge and distal stump following injury, which is consistent with our 

previous findings (Cattin et al., 2015). However, further studies are needed to further characterise the 

temporal behaviour of these cells and the resident populations.   
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Figure 3.5 | Myeloid cells contribute to populations following injury in the peripheral nerve 

Representative flow cytometry plots from the contralateral uncut nerve, proximal stump, bridge and distal 

stump on Day 5 following injury (n=3, sample pooled from 15 WT mice).  
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Figure 3.6 | CCR2+/CCR2- populations in the regenerating nerve 

Cell counts from flow cytometry and extrapolated from cell populations using counting beads isolated 

on Day 5 following injury showing CCR2+ and CCR2- populations (A) and monocyte-derived populations 

1-5 (B). Graphs shows mean cell counts + SEM. n=3, each experiment represents cells pooled from 15 

WT animals.   
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3.5. Contribution of monocyte-derived cells to nerve regeneration 

We have observed using immunofluorescence and flowcytometry experiments that following 

sciatic nerve injury there is a large influx of monocytes into the nerve bridge. Using CCR2 knockout 

(Ccr2tm1Ifc (Boring et al., 1997)) mice as well as control heterozygous animals, we wanted to observe 

nerve regeneration following sciatic nerve injury, and to quantify the number of macrophages which 

were present. In the CCR2 KO animal, we were curious to test whether the nerve bridge still formed, 

and whether the numbers of macrophages change in the CCR2 knockout compared to control animals. 

Initially, to determine whether the CCR2 KO mice had the same proportion of resident peripheral 

nerve macrophages that we observe in wild type animals, we quantified the numbers of macrophages 

present in the nerve. To do this, we took thin cross sections of uncut nerves from male and female CCR2 

KO animals and heterozygous controls and stained for macrophages using the marker F4/80 and for 

blood vessels and perineurial cells using the marker glut1. Confocal images of the nerve sections were 

obtained, and macrophages (F4/80+ and Hoechst+) were quantified from at least 5 different sections 

per animal. In data from the lab (Stierli and Napoli et al., in preparation) as well as published data (Griffin 

et al., 1993, Klein and Martini, 2016) the percentage of macrophages in the quiescent nerve has been 

quantified as ranging between 6-10%. When the proportion of macrophages in the uncut nerve from 

CCR2+/- and CCR2-/- mice were quantified, we found that there were 10% and 7% respectively which 

indicated that there was no significant difference from wild type animals, and indicated that the CCR2 

gene modification did not appear to alter the embryonic seeding or maintenance of nerve resident 

macrophages (Figure 3.7).  

To investigate monocyte recruitment following injury, we performed a full sciatic nerve 

transection on both CCR2-/- and CCR2+/- animals and harvested them at Day 5 following injury, and 

quantified the number of macrophages (F4/80+) present as a proportion of cells in the bridge. We 

observed that morphologically the control CCR2+/- bridges were normal and we observed that the 

percentage of macrophages within the nerve bridge, 43% (Figure 3.8A, left panel and quantified in 3.8B) 

which was an expected result, and was similar to the proportions of macrophages that have been 

observed previously (Cattin et al., 2015).  
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Figure 3.7 | CCR2-/- and CCR2+/- macrophage quantification in the uncut nerve 

A. Representative images of cross-sections of uncut nerve from CCR2+/- and CCR2-/- animals. Nerves 

immunostained to detect blood vessels (glut1, green), macrophages (F4/80, red) and nuclei 

counterstained with Hoechst (blue). Arrowheads show F4/80+ cells. Scale bar = 50µm. B. Quantification 

of macrophages (F4/80+). Graph shows mean +SEM, n=3. (NB: glut1 also stains perineurial cells.) 
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In the CCR2-/- animals, we saw that at Day 5 the gross morphology of the bridge was similar to 

what we would observe in a control animal (Figure 3.8A, right panel). Despite the similar gross 

morphologies, when we quantified the macrophages in the bridge, we saw that the percentage of 

macrophages in the CCR2-/- animals was approximately half (~20%) of the numbers seen in the control 

animals (Figure 3.8B). This indicated that in the knockout animals, as might have been expected, there 

was a decrease in the recruitment of monocyte-derived macrophages. This aligns with our previous flow 

cytometry data which indicated that the majority of cells in the nerve bridge following injury were 

monocyte-derived. There were still macrophages present in the bridge following injury, and we could 

hypothesise that these macrophages were resident macrophages which have proliferated and migrated 

into the bridge or monocyte-derived cells which have been recruited to the nerve bridge in a CCR2 

independent manner, which could then carry out the bridge-specific macrophage roles in regeneration. 

In the CCR2-/-, the Schwann cells did appear to be migrating in a less directional manner into 

the bridge, which may indicate that the CCR2-/- animals exhibit abnormal regeneration compared to 

controls. This is a potentially interesting result; however it requires further investigation to see whether 

the lack of CCR2+ macrophages has a significant effect on nerve regeneration in the short or long-term. 

Schwann cell and blood vessel migration into the bridge were not quantified due to time restraints, 

however in the future it would be desirable to quantify these parameters in the CCR2 knockout animals 

to determine whether macrophage recruitment is important for nerve regeneration.  

This mouse model confirmed that monocyte-derived macrophages are recruited to the nerve 

bridge following injury, however it indicated that resident macrophages or monocyte-derived cells 

recruited by alternative methods may compensate for the decrease in CCR2-dependent cell recruitment. 
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Figure 3.8 | CCR2-/- mice display a reduced number of macrophages in the bridge following injury 

A. Representative images of CCR2+/- (left panel) and CCR2-/- (right panel) on Day 5 following injury 

stained for Schwann cells (S100, green), macrophages (F4/80, red) and nuclei counterstained with 

Hoescht (blue). Scale bar = 200µm. (Inset shows high magnification of bridge used for quantification. 

Scale bar = 50 µm. B. Quantification of macrophages present at Day 5 in the nerve bridge following 

injury. Graph shows mean % of total cells +SEM, n=3. 
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3.6. Nerve resident macrophages are distinct from other tissue resident macrophages 

There have been many recent reports which have employed the use of transcriptomic analysis 

both at a single cell and whole population level to analyse and compare different tissue resident 

macrophage populations (Lavin et al., 2014, Ginhoux and Guilliams, 2016, Choi et al., 2017, Mass et 

al., 2016). Whilst this has been useful to determine the expression profile of many resident macrophage 

populations, peripheral nerves have not been analysed in these studies. An interesting recent study 

looked at how the expression profile of multiple tissue resident macrophages changed over time, from 

the pMac stage during embryonic development (E7) up until early adulthood (P21) when the 

macrophage population was established within a specific tissue microenvironment (Mass et al., 2016). 

We therefore used this information to characterise the adult nerve resident macrophage gene profile 

compared to other tissue resident macrophage populations. We were particularly interested to see how 

similar the nerve and brain resident macrophage populations were, as it has often been assumed that 

these populations are phenotypically similar. 

Initially, to gain insight into the transcriptome of resident macrophages in the peripheral nerve, 

we carried out RNA expression analysis on tissue macrophages extracted from the nerve and compared 

this to well characterised populations from the brain (microglia), liver and kidney. We chose to determine 

the expression levels of the following genes: Mafb, Fcrls, Jun, Fos, Timd4, Fcgr4 and Pparg. These 

genes were highly expressed in at least one of the tissues we chose and were known to be differentially 

expressed by different macrophage populations. The aim of this preliminary experiment was to 

determine which macrophage population, if any, the peripheral nerve macrophages most closely 

resembled.  

  To isolate the macrophages, the organ tissue was harvested from adult rats and digested using 

collagenase and dispase. The cells were then pelleted, and washed with fresh media to remove debris. 

The cells were resuspended in media and macrophages were isolated using cell culture dishes coated 

with an antibody against CD11b. The cells were then scraped off the plate in Tri reagent and the RNA 

was extracted before carrying out reverse transcription. The resulting cDNA was then used to perform 

a qPCR with primers specific for the genes of interest, and normalised to the housekeeping gene b2m. 

Per tissue, the gene expression was then normalised to the highest expressing gene from the panel 

(Figure 3.19).   
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Figure 3.9 | RNA expression analysis highlights variable gene expression patterns in resident 

tissue macrophage populations. 

RT-qPCR data for specified gene expression in nerve (A), brain (B), kidney (C), lung (D) and liver (E) 

CD11+ resident macrophage populations. Graphs show average +SEM, n=3. F. RT-qPCR data 

expressed as comparative heat map, n=3. 
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 The immediate impression from the RT-qPCR results from the different tissues is that they each 

display very distinct expression profiles (Figure 3.9). In particular, it is interesting to note that the nerve 

and brain macrophage expression pattern is quite different, which suggests that these two resident 

populations may be more different than has been previously assumed. One of the striking differences 

was that the nerve macrophages had much lower expression of Fcgr4, which encodes the Fc ɣ receptor 

IV (FcɣRIV) compared to all of the other resident populations (Figure 3.9). Myeloid cells express various 

different FcgRs which enable interactions with IgGs, immune complexes or cells and may have an 

inactivating or activating effect on the macrophage (Guilliams et al., 2014). FcɣRIV binds IgG2 and is 

an activating receptor which can facilitate antibody-mediated phagocytosis in macrophages 

(Suwanichkul and Wenderfer, 2013). Our data is consistent with previous findings which shows that the 

lung (Guilliams et al., 2014), brain and kidney (Suwanichkul and Wenderfer, 2013) express Fcgr4. The 

lack of Fcgr4 expression in the nerve therefore suggests that another FcɣR type predominates and that 

immune interactions within the nerve are modulated in an alternative manner. 

Nerve and brain resident macrophages did however, both display low expression of Mafb, which 

has recently been identified as a key transcription factor repressor for regulating the self-renewal 

properties of macrophages (Soucie et al., 2016). When expressed, Mafb represses self-renewal 

promoting genes such as Myc, Stat3 and Akt1, and the macrophage population is quiescent (Soucie et 

al., 2016). The loss or inhibition of Mafb therefore results in the loss of repression on these self-renewing 

genes, which promotes proliferation, and the ability to serially re-plate in vitro. Cells with low Mafb or 

knockout of Mafb maintain their macrophage phenotype throughout life and have been observed to last 

many rounds of self-renewal in vitro. These qPCR results therefore suggest that peripheral nerve 

macrophages have the ability to self-renew, a property that microglia are also known to exhibit.  

Across all tissues there was low expression of the peroxisome proliferator activated receptor ɣ 

(PPARɣ/Pparg), a fatty acid metabolism transcriptional regulator (Chawla, 2010). In macrophages, 

PPARɣ has been observed to regulate activation and effector function through their metabolic state 

(Chawla, 2010). High expression of PPARɣ typically is associated with an alternatively activated (or M2-

like) macrophage state and so in this instance, tissue-wide low expression of PPARɣ correlates with a 

‘resting’ macrophage state, which has not been polarised following injury or immune response an is 

consistent with the resting state of the tissues. 
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3.7. Macrophages have an intrinsic differential response to hypoxia 

One of the major roles that macrophages have during nerve regeneration is the promotion of 

new blood vessel growth into the bridge (Cattin et al., 2015). Immediately following injury, the newly 

formed nerve bridge is hypoxic due to the lack of blood vessels and the formation of new vasculature 

has been shown to be crucial for the regeneration process. The hypoxia response of tissues has been 

well characterised, and it is known that angiogenesis is promoted by the release of VEGF from cells 

which sense hypoxia and in turn upregulate hypoxia response genes (Burke et al., 2003, Lin and Simon, 

2016). We found that in the nerve bridge, macrophage-derived VEGF was responsible for inducing blood 

vessel formation (Cattin et al., 2015). Through the genetic knockout of Vegfa specifically in myeloid cells 

and pharmacological inhibition of VEGF receptor 2 (VEGFR2) using Cabozantinib (Cabo), we showed 

that blood vessel formation in the nerve bridge was dependent on macrophage-released VEGF (Cattin 

et al., 2015). Additionally, it was determined that macrophages are the only hypoxic cell type (>90% total 

cells) within the bridge on Day 2 after injury, prior to blood vessel entry (Cattin et al., 2015).  

This result was particularly interesting, as it suggested that macrophages within the bridge 

differentially sense hypoxia compared to other cell types in the same conditions (e.g. fibroblast, 

neutrophils). This could be an important property of macrophages, as we know that the hypoxia-induced 

release of VEGF in the bridge is crucial for blood vessel formation, however it was unclear whether the 

differential response of the macrophages was due to the injured nerve microenvironment, or whether 

this was an intrinsic property of the macrophages. The ability to act as primary responders to hypoxia 

has implications for the many disease states where hypoxia is present, such as following injury or in 

tumours (Lin and Simon, 2016, Riboldi et al., 2012, Semenza, 2012). 

To address whether this observed differential hypoxia response was an intrinsic property of 

macrophages or due to the nerve microenvironment, we determined whether this response was 

maintained in vitro. To do this, nerve bridges were isolated from adult rats at Day 2 (prior to 

vascularisation) when it is known that a large proportion of the cells are macrophages, and additionally 

that these macrophages are hypoxic. The bridges were digested with dispase and collagenase to 

remove extracellular matrix components and to create a single cell suspension. Cells were then washed 

twice in media containing serum in order to remove any residual digestion enzymes and any remaining 

cellular debris, and the cells were counted using a haemocytometer. Cells were seeded in triplicate onto 

PLL and fibronectin coated coverslips at a concentration of 60,000 cells/well, and allowed to settle 
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overnight in normoxic conditions (20% O2). The following day, hypoxyprobe was added to the bridge 

cell cultures before incubating for five hours at three different oxygen concentrations 20% O2 (normal in 

vitro oxygen conditions), 1.5% O2 (moderate hypoxia) and 0.1% O2 (severe hypoxia). Cells were then 

washed twice in media and fixed in PFA before being stained for hypoxia and macrophage markers 

(hypoxyprobe-1 and Iba1 respectively) and quantified using confocal microscopy. From this analysis, it 

was observed that as the level of hypoxia increased, so did the number of hypoxic cells (Figure 3.10A 

and quantified in Figure 3.10B). This was an expected finding, and at the highest level of hypoxia (0.1% 

O2) we saw the highest proportion of hypoxic cells. When we quantified the hypoxic cells at each oxygen 

level according to their cell type, we found that more than 90% of macrophages were hypoxic at 1.5% 

oxygen (Figure 3.10C). In contrast, non-macrophages cells in the bridge were mostly negative for 

hypoxyprobe at 1.5% oxygen (20% hypoxyprobe+), and only at severe levels of hypoxia were the 

majority of these cells hypoxic (Figure 3.10C). These results showed that when cells were isolated from 

the nerve bridge and cultured in varying oxygen concentrations macrophages showed a similar 

differential response to that observed in vivo. This suggested that macrophages are differentially 

sensitive to hypoxia in the nerve bridge, compared to the other non-macrophage cell types present such 

as fibroblasts and that this is an intrinsic property of macrophages however the molecular mechanisms 

underlying this differential response are unknown. 
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Figure 3.10 | Macrophages are selectively sensitive to hypoxia compared to non-macrophage 

cell types 

A. Representative images of cells taken from Day 2 sciatic nerve bridges, incubated at varying levels of 

hypoxia and immunostained for hypoxyprobe (green), macrophages (red) and nuclei counterstained 

with Hoechst (blue). Scale bar = 20m. B. Quantification of total hypoxic (hypoxyprobe+) cells in rat ex-

vivo nerve bridge cell preps. Graph shows mean +SEM, n=3. C. Quantification of hypoxic 

(hypoxyprobe+) macrophage (Iba1+) and non-macrophage (Iba1-) cells. Graph shows mean +SEM, n=3, 

***p<0.001. One-way ANOVA test was used for statistical analysis.  
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3.8. Chapter discussion and conclusions 

 Peripheral nerve macrophages remain one of the most understudied tissue resident populations 

in the body. Whilst multiple tissue resident macrophage populations, e.g. microglia, Kupffer cells, have 

been characterised, the same cannot be said for those from peripheral nerves. Here, we have performed 

a preliminary characterisation of this population. 

RNA expression analysis of resident macrophage populations in the nerve, liver, kidney, brain 

and lung showed that the expression patterns were strikingly different between the tissues, which is 

likely to reflect not only the specific microenvironment and function, but also the differential ability of 

macrophage populations to self-renew. This analysis also showed that nerve macrophages are distinct 

from microglia; the PNS and CNS resident macrophages are usually thought of as being similar 

populations, however this analysis shows that there are transcriptional differences between the two 

populations, which are likely to be connected to their location as well as their function. 

When isolating macrophages from the nerve we did not distinguish between endoneurial and 

epineurial macrophages, and experiments using the CX3CR1GFP reporter mouse identified that these 

two macrophage populations are different; macrophages within the endoneurium were CX3CR1+ whilst 

macrophages outside of the endoneurium were CX3CR1-. This difference in CX3CR1 expression may 

reflect differences in the turnover of these cells; the endoneurial macrophages are long lived and might 

be able to renew in a manner similar to microglia, whilst the macrophages surrounding the endoneurium 

may instead rely on monocyte-derived cells to maintain populations. To determine whether the CX3CR1+ 

resident macrophages require monocyte-derived cells to maintain the population, additional mouse 

models will need to be used. For example, by using the CX3CR1YFP−CreER/wt:R26RFP mouse (O’Koren et 

al., 2016) and applying a pulse dose of tamoxifen this would result in CX3CR1+ YFP+ cells (i.e. 

monocytes and the population of resident nerve macrophages within the fascicles) becoming RFP+. If 

this is then followed by a ‘wash out’ period of several weeks, RFP expression will be lost in monocytes 

due to their fast turnover, yet retained in the nerve macrophages. Analysis of the uncut nerves would 

then show whether the macrophages inside of the BNB rely on monocyte recruitment, as the population 

would contain both YFP+ and RFP+ populations. 

Similar to in the brain, it is becoming apparent that there are multiple subsets of PNS 

macrophages, as evidenced by CX3CR1 staining as well as the multiple myeloid cell populations present 

in the nerve following injury which showed heterogeneous cell populations. To fully determine the 
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differences between these populations it may be advisable to firstly sort CX3CR1+ and CX3CR1- nerve 

macrophages and subsequently to perform a single cell RNA-seq analysis which would enable us to 

identify transcriptional differences not only between these two defined populations, but also to identify 

whether there are additional subsets within these populations. Carrying out this analysis prior to injury 

and following injury would also allow us to identify how these subpopulations change their expression 

profiles to enable nerve regeneration.  

Flow cytometry analysis also showed that in the uncut nerve there was a population of 

monocytes present, despite the lack of inflammation within the tissue; the presence of a monocyte 

population in the absence of infection has previously been observed in other tissues (Jakubzick et al., 

2013). In the uncut nerve we also found that there appeared to be two different populations of resident 

cells (confirming the CX3CR1 staining), however it is not possible to state the origins or specific 

composition of this population with certainty as it requires further exploration using reporter mice 

(Tamoutounour et al., 2013).  

Following injury, RNA expression analysis and preliminary staining data determined that the 

phenotype or activation status of macrophages in the nerve following injury is subject to temporal 

changes. As expected, we saw a dramatic increase in the proportion of macrophages in the bridge and 

to a lesser extent in the distal stump compared to uncut controls. In both regions, we also saw that there 

were increases in both iNOS and arginase1, which fluctuated in the days following injury, and decreased 

at 7 days post-injury which we would assume is due to injury resolution with a resulting decrease in the 

proportion of macrophages in both the bridge and the distal stump.  

The flow cytometry experiments showed that the majority of cells recruited to the bridge 

following injury were bone-marrow or monocyte-derived, confirming previous experiments in which bone 

marrow from GFP+ mice was transplanted into GFP- mice prior to injury. These initial experiments 

showed that close to 90% of macrophages in the bridge were GFP+ and therefore bone marrow derived. 

However, due to the use of irradiation within these experiments, which may have altered the local 

turnover of macrophages in tissues; flow cytometry analysis was therefore important to confirm these 

results. The data presented here shows only a preliminary characterisation of peripheral nerve 

macrophages, due to the small sub-set of genes tested, as well as only investigating a single time-point 

(6 weeks). To fully investigate the peripheral nerve resident macrophage population, it would be 

preferable to test many different time points, from embryonic stages, through early post-natal time points 
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up until adulthood to observe whether the composition and expression profiles of the peripheral nerve 

macrophages change, as well as identifying the point during development when a nerve resident 

population of macrophages is established. The gene expression profile may also indicate the roles that 

nerve macrophages play in the homeostatic state, as well as hinting at the function following peripheral 

nerve injury.  

Longer term experiments, using fluorescence reporter mice would provide information about 

resident and monocyte-derived macrophage longevity. In particular, it would be of interest to track the 

cells which infiltrate the nerve following injury resolution and, using flow cytometry and staining, 

determine changes in the macrophage populations and whether the infiltrating cell populations become 

indistinguishable from resident macrophages. It would be interesting to see whether the flow cytometry 

profile on the regenerated nerve resembled the uncut nerve with two distinct populations, or whether 

this was altered. 

 In order to look at the contribution of the CCR2- macrophages to the nerve regeneration process, 

we used the CCR2-/- mouse and carried out a sciatic nerve injury. Interestingly, we found that despite 

the decrease in macrophage numbers, the bridge was still able to form, however it seemed like Schwann 

cell migration was less directional in the CCR2 knockout animals compared to the controls. Schwann 

cell and blood vessel migration into the bridge was not quantified and so further experiments to quantify 

regeneration efficiency will be conducted in the future. 

Experiments carried out on macrophages in the nerve bridge following injury have highlighted a 

novel property of macrophages, that they have a differential response to hypoxia. This had not 

previously been reported, and we observed this phenotype both in vivo and in vitro. This differential 

response of macrophages to hypoxia confers macrophages within the nerve bridge the ability to induce 

blood vessel growth, through the hypoxia-induced release of VEGF. We have previously seen that in 

the absence of VEGF release, through genetic knock out studies, that blood vessel growth is seriously 

impaired which leads to aberrant Schwann cell migration, and therefore nerve regeneration is 

compromised. The presence of hypoxia within the cells (as identified by hypoxyprobe staining) indicates 

that there is imbalance in the demand, compared to the supply of oxygen, i.e. demand>supply. 

Hypoxyprobe specifically and irreversibly binds in areas of hypoxia and therefore represents conditions 

where the demand for oxygen is above what is being supplied. Hypoxia is associated with inflammation 

as there is an increase on oxygen demand from the milieu of cells in the area which have increased 
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metabolic demands in order to produce the cytokines, inflammatory mediators and enzymes necessary 

to resolve inflammation (Taylor et al., 2016). Our data suggests that within the injured nerve, 

macrophages in the nerve bridge are experiencing a higher demand for oxygen compared to their 

demand, resulting in hypoxyprobe+ staining. The same was observed in vitro which suggests that the 

differential response to hypoxia is intrinsic and not due to the microenvironment. The mechanism behind 

this differential response of macrophages to hypoxia is still not understood, however it is possible that it 

represents a switch in macrophage activation state.  

 This chapter presents the preliminary experiments carried out to characterise PNS 

macrophages in the uncut nerve and following injury. To further characterise these populations, we will 

initially use the CX3CR1YFP−CreER/wt:R26RFP mouse which would allow us to discriminate between the 

various macrophage populations within the nerve (O’Koren et al., 2016). We would then conduct FACS 

and sort the cell populations before conducting immunofluorescence staining and single cell RNA-seq 

analysis. This will allow us to answer questions regarding the phenotype and gene profiles of monocyte-

derived cells and the contribution of monocytes to maintain populations in the uncut nerve as well as 

following injury and subsequent resolution.  
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Chapter Four:  A novel role for macrophages in inducing Schwann cell migration 

 

4.1. Chapter introduction 

We have recently found that Schwann cells use newly formed blood vessels as a scaffold in 

order to migrate across the new tissue that constitutes the nerve bridge (Cattin et al., 2015). The blood 

vessels form in response to the release of VEGF by hypoxic macrophages in the bridge. However, it 

has not been determined whether there is a chemoattractant present in the nerve bridge following injury, 

which may recruit Schwann cells and promote their collective migration. 

We recently found that Schwann cells migrate in a VEGF-independent manner in vivo (Cattin 

et al., 2015). The use of a genetic knock out animal (Tie2Cre), where VEGF is specifically knocked out 

in myeloid cells, confirmed that VEGF was necessary for blood vessel formation, and crucially 

demonstrated that Schwann cells were unable to migrate into the bridge, showing the reliance of 

Schwann cells on blood vessels for migration. In addition, in vivo experiments using the VEGFR2 

inhibitor Cabozantinib administered systemically prior to blood vessel formation inhibited endothelial 

cell migration and therefore Schwann cell migration into the bridge. However, when Cabozantinib was 

administered post-blood vessel formation, we observed that Schwann cell migration was unaffected, 

which showed that in contrast to endothelial cell migration, VEGF signalling was not required for 

Schwann cell migration into the bridge.  

3D electron microscopy analysis of the bridge showed that Schwann cells directly interact with 

endothelial cells at multiple points of contact via protrusions produced from both the Schwann cell and 

endothelial cell surfaces. One hypothesis is that the endothelial cells provide a discontinuous frictional 

surface, which provides the traction which Schwann cells require to migrate. Although the mechanism 

of interaction between the endothelial cells and Schwann cells is not yet fully understood, we have 

shown that the amoeboid-like migration observed along the blood vessels in vivo is in contrast to their 

migration in vitro in 2D. Additionally, despite the identification of an endothelial cell chemoattractant 

(VEGF) in the nerve bridge, it is not clear whether there is a factor present in the bridge, and distinct 

from VEGF, which attracts Schwann cells and/or promotes their collective migration along the tracks of 

endothelial cells. Collective migration is more efficient when directed by a chemoattractant factor (Mayor 

and Etienne-Manneville, 2016, Trepat et al., 2012), therefore it is highly likely that within the nerve 

bridge, there is a Schwann cell specific chemoattractant which promotes migration into the bridge. 
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There are already some known Schwann cell chemoattractants; Schwann cell precursors and 

neural crest cells have been reported to migrate in response to stromal derived factor-1 (CXCL12 also 

known as SDF-1) and Schwann cells have been observed to increase their migration in response to 

neurotrophins (Neurotrophin-3) (Yamauchi et al., 2004), glial cell line-derived growth factor (GDNF) and 

neuregulin 1 type III (Theveneau et al., 2010). The identification of a Schwann cell chemoattractant 

could have therapeutic potential for the treatment of peripheral nerve injury, particularly in patients who 

require a nerve graft or artificial nerve conduit to aid recovery. Following such peripheral nerve injuries, 

the regrowing axons must regain contact with their original tissue target in order to regain functionality. 

Over short distances, physiological regeneration may occur quickly and efficiently, however over longer 

distances or across an artificial nerve conduit, there is a delay in full nerve regeneration, which may 

lead to incomplete recovery and the inability to recover full functionality. By identifying a Schwann cell 

chemoattractant, the process of nerve regeneration could potentially be accelerated through the use of 

the factor therapeutically which may improve patient outcomes.  

This chapter outlines the experiments which were carried out in order to identify a potential 

Schwann cell chemoattractant.  

 

4.2. Cell culture of rat sciatic nerve bridge cells 

 As previously discussed, we have shown that VEGF is required for blood vessel formation in 

the bridge, and that subsequently Schwann cells use the newly formed vasculature in order to migrate 

out of the nerve stumps and across the nerve bridge (Cattin et al., 2015). It is currently unknown whether 

there is a chemoattractant factor present in the bridge which is able to promote Schwann cell migration. 

In order to determine whether cells within the bridge secrete a Schwann cell chemoattractant factor, we 

decided to purify the cells from the nerve bridge to determine their chemotactic activity. 

We decided to culture cells from rat sciatic nerve bridges harvested on Day 2 following injury. 

This time point was chosen as the bridge is fully formed and macrophages in the bridge have been 

shown to be hypoxic and secret VEGF (Cattin et al., 2015), however endothelial cells and Schwann 

cells have yet to migrate into the tissue from the nerve stumps. The nerve bridge was easily identifiable 

from the nerve stumps at this time point, as it had a distinct morphology and could be excised from the 

nerve without taking any surrounding muscle or proximal or distal stump tissue which could contaminate 

the cell population. In order to carry out subsequent experiments, it was important that enough cellular 
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material could be harvested from the bridge tissue also that the cells survived and could be cultured in 

various conditions.  

For the initial optimisation experiments, three nerve bridges were taken from adult male rats, 

and digested using collagenase and dispase to separate cells from the extracellular matrix (ECM) and 

to create a single cell suspension. Cells were then washed twice in media containing serum in order to 

remove any residual digestion enzymes and any remaining cellular debris, and the cells were counted 

using a haemocytometer. To determine the optimal conditions for plating the bridge cells, 60,000 

cells/well were seeded in duplicate onto PLL coated glass coverslips in a combination of conditions. 

We chose to determine the effect of centrifuging the cells either immediately or the following day for 5 

minutes at 12,000 rpm, as well as a number of different plate coatings (PLL only, PLL and fibronectin, 

PLL and laminin or PLL and Matrigel, a gelatinous protein mixture which has been previously used to 

analyse Schwann cell migration). After seeding, cells were cultured for a total of 48 hours and fixed 

using PFA, before cells were stained for Hoechst and the nuclei were quantified (10 fields counted per 

duplicate coverslip). The condition which yielded the highest number of total cells was the immediate 

centrifugation of the bridge cells following cell seeding (Figure 4.1A). Moreover, we found that both 

fibronectin and laminin coated coverslips resulted in slightly higher numbers of surviving cells than when 

using PLL coating alone and were in sufficient numbers for analysis (Figure 4.1A). The use of Matrigel 

was not successful however, as very few cells survived (Figure 4.1A).  
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Figure 4.1 | Optimisation of macrophage cell extraction from Day 2 rat sciatic nerve bridges  

A. Quantification of total cells retrieved from different cell culture conditions: 1) PLL only, centrifugation 

the same day 2) PLL only, cultured overnight and centrifuged the next morning, or centrifugation the 

same day and seeding onto 3) PLL and fibronectin (1:100), 4) PLL and laminin (1:100) or 5) PLL and 

Matrigel. Bar shows average from two experiments ±SD, 10 fields counted per coverslip in duplicate. 

B. Quantification of Iba1+ cells (macrophages) per condition. Graph shows average of two experiments 

±SD, 10 fields counted per coverslip in duplicate.  
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Having optimised the conditions to purify bridge cells, it was important to quantify the cell types 

present in the cell preparation to ensure more than one cell type was surviving, and therefore 

representative of in vivo cell populations. Previously, we showed that in the nerve bridge on Day 2 

following injury that macrophages are the majority cell type (~50% of cells) and that they selectively 

sense hypoxia and release VEGF. Because of this, we postulated that macrophages may also release 

other factors important for the regenerative process. To test the optimal conditions for the isolation of 

macrophages from our bridge cell preparation, 60,000 cells/well were seeded in duplicate onto coated 

glass coverslips in the following conditions: 1) PLL only, 2) PLL and fibronectin (1:100), 3) PLL and 

laminin (1:100). After seeding, cells were cultured for a total of 48 hours and fixed using PFA, cells were 

then stained for Iba1 (a macrophage marker) and Hoescht and the percentage of macrophages was 

calculated (Figure 4.1B, 10 fields counted from duplicate coverslips). We observed that the isolation of 

macrophages from the bridge was improved by using either laminin or fibronectin as a coating, however 

fibronectin seemed to perform slightly better, (>30% Iba+ cells per field compared to <30% Iba+ cells 

per field). 

 

4.3. Do bridge cells secrete a chemotactic factor for Schwann cells? 

 Having successfully optimised the protocol for purifying cells from the nerve bridge in sufficient 

quantities containing representative cell populations, it was possible to use the bridge cells in in vitro 

migration assays to determine whether the bridge cells released a Schwann cell chemoattractant. We 

also wanted to address whether hypoxia played a role in the release of a potential Schwann cell 

chemoattractant, as prior to Schwann cell (and endothelial cell) migration into the bridge, the bridge is 

hypoxic (Cattin et al., 2015). It is known that hypoxic macrophages from the bridge release VEGF, 

however, we have recently shown that Schwann cell migration occurs in a VEGF-independent manner 

(Cattin et al., 2015). We therefore used VEGF and the VEGFR2 inhibitor Cabozantinib to confirm the 

VEGF-independent migration of Schwann cells.  

To test for the presence of a chemokine, we initially used the Boyden chamber chemotaxis 

assay (Boyden, 1962). This assay involved seeding the migrating cells of interest into a hanging 

chamber containing a porous membrane at the base, which is then placed into a well containing the 

test chemoattractant (i.e. conditioned media or cells). The cells in the upper chamber are then incubated 

for four hours to allow migration to occur. Any cells which attempted to migrate from the upper 
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compartment into the lower well become trapped in the pores of the membrane, and can be quantified. 

As a control cell type, human venous endothelial cells (HUVECs) were used as it is known this cell type 

will increase migration in response to VEGF (Hobson et al., 2000, Cattin et al., 2015) as well as 

conditioned media from hypoxic macrophages. 

To investigate the effect of bridge cells on Schwann cell migration, rat sciatic nerve bridge cells 

were purified as previously described and seeded at a density of 60,000 cells per well in a 24 well plate. 

The bridge cells were cultured in media containing serum for 24 hours, before the cells were washed 

and the medium replaced with minimal media (Sato), and the cells were placed at either normoxia (20% 

O2) or hypoxia (1.5% O2). 24 hours later, Schwann cells or HUVECs were then seeded into the upper 

compartments of the Boyden chambers (75,000 or 50,000 cells per well respectively) and placed into 

the wells containing the bridge cells and allowed to migrate at 20% O2 in the presence or absence of 

10μM Cabozantinib for four hours before cell migration was quantified (Figure 4.2). For each cell type 

a positive control was used to determine the ability of the cells to migrate, medium containing serum for 

Schwann cells, and VEGF for HUVECs. 

As expected, HUVECs migrated in a VEGF dependent manner (Figure 4.2A), which was 

demonstrated by the increase in migration in response to VEGF as well as the hypoxic bridge cells 

(***p<0.001). Moreover, HUVEC migration was inhibited by the addition of Cabozantinib, which 

indicated that migration was occurring in a VEGF-dependent manner and confirmed our previous in 

vivo findings (Cattin et al., 2015). 

We observed that Schwann cell migration was increased by the presence of 3% serum culture 

media in the lower compartment, and additionally that Cabozantinib had no effect on Schwann cell 

migration. In contrast to what was observed in the HUVECs, VEGF was not sufficient to induce 

Schwann cell migration, confirming a VEGF-independent manner of migration. Interestingly, Schwann 

cell migration increased in response to bridge cells cultured in hypoxic conditions (Figure 4.2B) and 

was also not inhibited by Cabozantinib. These experiments showed that bridge cells cultured in hypoxia 

were able to attract Schwann cells. Additionally, the use of the VEGFR2 inhibitor demonstrated that 

consistent with our in vivo findings, Schwann cell migration was occurring in a VEGF-independent 

manner.  
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Figure 4.2 | Hypoxic ex-vivo bridge cells are able to attract Schwann cells in a Boyden chamber  

50,000 HUVECs (A) or 75,000 Schwann cells (B) were placed in the upper compartment of Boyden 

chambers and allowed to migrate for 4 hours after addition of ex-vivo bridge cells incubated for 24 hrs 

at 20% or 1.5% O2, minimal media, 5ng/ml VEGF-A165 or 3% serum culture media in the lower chamber 

in the presence or absence of 10μM Cabozantinib. (n=5 for each group, graphs show the fold change 

in cell migration from control Sato conditions ±SEM). One-way ANOVA test was used for statistical 

analysis.  
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4.4. Macrophages are able to promote Schwann cell migration 

Having found that nerve bridge cells were able to induce Schwann cell migration in vitro, it was 

necessary to determine which cell type was responsible for the increase in migration. To do this, we 

purified specific cell populations from the bridge and then used them in the Boyden chamber assay. At 

Day 2 following injury, the two largest populations of cells within the bridge are macrophages and 

fibroblasts, and it is therefore likely that one of these two populations is responsible for the observed 

increase in Schwann cell migration. In order to purify the individual cell populations we used 

immunopanning, which uses antibodies to selectively capture specific cell types. To do this, bridge cells 

were purified as previously described, however prior to seeding the cells, the cell suspension was 

positively immunopanned using an antibody specific to macrophages (CD11b) or to fibroblasts (Thy1). 

Macrophages or fibroblasts within the cell suspension adhered to the antibodies on the corresponding 

cell culture plate, and following a wash with PBS were detached either by scraping (macrophages) or 

by trypsinisation (fibroblasts). The cells were then counted and used in subsequent cell based assays. 

In order to confirm the efficiency of the panning procedure, 5,000 panned cells were seeded onto 

laminin and PLL coated coverslips in duplicate, fixed using PFA and immunolabelled for macrophages 

and fibroblasts (Iba1 and prolyl hydroxylase respectively) before quantification (Figure 4.3A). For both 

macrophages and fibroblasts, close to 100% pure populations were recovered (Figure 4.3B).  
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Figure 4.3 | Extraction of macrophages and fibroblasts from Day 2 sciatic nerve bridges  

A. Representative images of macrophages and fibroblasts extracted from the sciatic nerve bridge on 

Day 2. Antibodies specific for the cell type (as indicated) were used to pan for the cells. Cells were 

immunolabelled to detect macrophages (Iba1, red) and fibroblasts (prolyl-hydroxylase, green). Nuclei 

counterstained with Hoechst (blue). Scale bar = 30m. C. Quantification of macrophages (Iba1+) and 

fibroblasts (prolyl-hydroxylase+) cells per panning condition. Graph shows average cell percentage of 

two experiments, 20 fields were quantified from duplicate coverslips.  
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To identify whether macrophages or fibroblasts were responsible for the observed increase in 

Schwann cell migration, the immunopanned macrophages and fibroblasts were seeded into the lower 

compartment (50,000 cells/well) of Boyden chambers and incubated overnight at normoxia (20% O2) 

or hypoxia (1.5% O2) in minimal media. The following morning, Schwann cells and HUVECs were 

seeded into the upper compartment of the Boyden chamber and allowed to migrate for four hours, 

before fixing in PFA and quantifying the migratory cells. As in previous experiments, 3% serum culture 

media and VEGF were used as positive controls for Schwann cells and HUVECs respectively, and 

migration was normalised to migration occurring in response to Sato.  

When macrophages were cultured in hypoxia, we saw that Schwann cell migration increased 

over 3-fold (***p<0.001) compared to control (Figure 4.4), which was similar to the increase observed 

in response to the positive control of 3% serum culture media. This result suggested that hypoxic 

macrophages within the nerve bridge were releasing a potent Schwann cell chemoattractant. As 

expected, endothelial cell migration was induced by hypoxic macrophages from the bridge (***p<0.001). 

However, we also observed that HUVECs migrated in response to macrophages cultured at normoxia, 

which was an unexpected result. A possible explanation for this is that when the macrophages were 

purified from the nerve bridge, the in vivo environment was hypoxic and may have ‘primed’ the 

macrophages by activating hypoxia-inducible signalling pathways, which may still be active when we 

culture them in our assays. Consistent with this, we also observed increased Schwann cell migration in 

response to macrophages cultured at normoxia. Conversely, fibroblasts cultured at either normoxia or 

hypoxia did not attract either Schwann cells or HUVECs, with migration rates similar to basal levels 

seen in minimal media.  

These results show that macrophages from the bridge are responsible for the increase in 

Schwann cell migration induced by bridge cells, and that this response is induced by hypoxia.  
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Figure 4.4 | Hypoxic macrophages from the nerve bridge are able to attract Schwann cells  

Schwann cells (A) or HUVECs (B) were placed in the upper compartment of Boyden chambers and 

allowed to migrate for 4 hours into the lower chamber containing media with no factors (Sato), 5ng/ml 

VEGF-A165 or 3% serum culture media, or macrophages or fibroblasts cultured at 20% or 1.5% O2. Bars 

show average fold change in migration from control of 4 experiments +SEM. One-way ANOVA test was 

used for statistical analysis.  

 

  

S
at

o

3%
 s
er

um
 c
ul
tu

re
 m

ed
ia

M
ac

ro
ph

ag
es

Fib
ro

bl
as

ts

S
at

o

V
E
G
F

Results chapter 2 Figure 4

0

1

2

3

4

5

C
e
ll 

m
ig

ra
ti
o
n
 

(F
o
ld

 c
h
a
n
g
e
 f
ro

m
 S

a
to

)

20% O2

1.5% O2***

***

*

M
ac

ro
ph

ag
es

Fib
ro

bl
as

ts

Schwann cells HUVECs



 118 

4.5. Assessing the role of J774A.1 cells on Schwann cell migration 

 Up until this point, all of the experiments analysing Schwann cell migration have used cells 

purified from rat sciatic nerve bridges, and whilst this approach has proven successful, it is hindered by 

the low numbers of cells that can be purified from the nerve bridges. As it is difficult to culture primary 

macrophages, we tested whether the macrophage cell line, J774A.1, behaved similarly. J774A.1 cells 

are adherent and originate from a mouse reticulum cell sarcoma, and they are reported to display a 

typical immune response when subjected to inflammation or infection and are commonly used for in 

vitro studies of macrophage function (Cho et al., 2000, Cai et al., 2014). Macrophages isolated from the 

nerve bridge display an intrinsic differential response to hypoxia, so we were interested to test whether 

the J774A.1 cell line also had such a differential response. This was important to determine, in order to 

assess whether the cell line could act as a suitable in vitro model.  

To test the hypoxia response, we used the hypoxyprobe staining protocol. 10,000 J774A.1 cells 

were seeded onto PLL and laminin coated coverslips, and incubated for four hours in the presence of 

hypoxyprobe-1 at 20%, 1.5% or 0.1% O2. Cells were then fixed and immunolabelled to detect 

hypoxyprobe (Figure 4.5A). Immunolabelling the cells revealed that the response of the J774A.1 cell 

line to hypoxia was the same as primary macrophages isolated from the nerve bridge (Figure 4.5A). 

We observed that at 20% O2, no cells were hypoxic whilst at 0.1% O2 all of the J774A.1 cells were 

hypoxic. Importantly, at 1.5% O2 all of the J774A.1 cells were also positive for hypoxyprobe, and 

therefore hypoxic, which mirrored what we had seen with the isolated bridge macrophages. This result 

told us that the J774A.1 cells responded to similar levels of O2 and had a similar hypoxia-response as 

the bridge macrophages. 

To test whether the J774A.1 cell line was able to induce Schwann cell migration in a hypoxia-

dependent manner, we repeated the Boyden chamber assays. Similar to previous migration 

experiments, 60,000 J774A.1 cells were seeded and incubated for 48 hours in 20% or 1.5% O2 with 

minimal media, before the conditioned media (CM) was collected and filtered, and placed in the lower 

compartment of the Boyden chamber. Schwann cells or HUVECs were seeded into the upper 

compartment (75,000 and 50,000 cells/well respectively) and allowed to migrate at normoxia for four 

hours before fixation. 
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Figure 4.5 | Hypoxic J774A.1 cells are able to attract Schwann cells  

A. Representative images of J774A.1 cells incubated with hypoxyprobe at varying O2 concentrations 

immunostained to detect hypoxic cells (hypoxyprobe-1+, green) and nuclei counterstained with Hoechst 

(blue). Arrows show non-hypoxic cells in the 20% O2 condition. Scale bar is 50m. B. Schwann cells or 

HUVECs were placed in the upper compartment of Boyden chambers and allowed to migrate into the 

lower chamber containing Sato, 3% serum culture media, VEGF or CM from J774A.1 cells cultured at 

20% or 1.5% O2. Bars show average of 3 experiments +SEM. One-way ANOVA test was used for 

statistical analysis. 
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We observed that when the J774A.1 cell line was cultured in hypoxia (1.5% O2), there was a 

large increase in both Schwann cell (>3-fold *p<0.05) and HUVEC (>3-fold *p<0.05) migration 

compared to control medium (Figure 4.5B). This was similar to what was seen with the bridge cells and 

showed that the J774A.1 cells release hypoxia-inducible Schwann cell and endothelial cell 

chemoattractants. 

 

4.6. The CXCL12/CXCR4 signalling axis is important for Schwann cell migration  

Having identified that hypoxic macrophages release a Schwann cell chemoattractant, we aimed 

to identify the specific factor. Initially taking a candidate approach, we first tested the hypothesis that 

the hypoxia-induced factor could be CXCL12. CXCL12 is a chemotactic factor which is upregulated in 

development and induces the migration of neural crest cells, a Schwann cell precursor (Theveneau et 

al., 2010). Schwann cells also express the receptor for CXCL12 (CXCR4, (Demir et al., 2017)) which 

further hinted at the possibility that CXCL12 could be a chemoattractant factor and that this signalling 

axis could potentially play a role in Schwann cell migration following injury. In order to determine 

whether macrophage-derived CXCL12 was responsible for an increase in Schwann cell migration, a 

number of approaches were taken. 

Initially, to confirm the expression of CXCR4 (Bhangoo et al., 2007, Ödemis et al., 2010), we 

conducted RNA expression analysis on cultured Schwann cells, which determined that CXCR4 was 

expressed (data not shown). Having confirmed the expression of CXCR4 in Schwann cells, this 

indicated therefore that CXCL12 could act on Schwann cells to modulate their migration. To test 

whether the CXCL12/CXCR4 axis played a part in modulating Schwann cell migration, we tested 

whether inhibition of CXCR4 decreased Schwann cell migration. In the first instance, we used the 

inhibitor in the presence of 3% serum culture media and analysed Schwann cell migration in the Boyden 

chamber, and in parallel time-lapse microscopy experiments. Schwann cells were allowed to migrate in 

2D on laminin coated tissue culture plates in Sato, or 3% serum culture media -/+ the CXCR4 inhibitor, 

and recorded by time-lapse microscopy for 12 hours (Movie 4.1). Cells were tracked and the migration 

speed was calculated in each of the conditions. This enabled us to analyse how the CXCR4 inhibitor 

was affecting Schwann cell migration. In the Boyden chamber assay, Schwann cell migration in the 

presence of the CXCR4 inhibitor (Plerixafor, AMD3100) caused a reduction of Schwann cell migration 

to basal levels, which implied that by inhibiting CXCR4, Schwann cell migration was prevented (Figure 
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4.6A). However, the time-lapse microscopy experiments (Figure 4.6B) showed that in the presence of 

the CXCR4 inhibitor, the Schwann cells were less able to migrate, and had a flatter and rounder 

morphology (Movie 4.1). Quantification of the migration speed in each condition showed that there was 

a significant decrease (*p<0.05) with the CXCR4 inhibitor compared to both the Sato and the 3% serum 

culture media condition (Figure 4.6B). Together, these results suggested that the CXCR4 inhibitor 

blocked Schwann cell migration. The effect on Schwann cell migration was quite pronounced however, 

and, as these effects were seen in response to 3% serum culture media (which to our knowledge does 

not contain CXCL12), quite surprising. This inhibitory effect on Schwann cell motility might indicate an 

autonomous requirement of this pathway for migration or alternatively it could be the result of toxicity 

or a non-specific effect of the CXCR4 inhibitor, which meant that the results were difficult to interpret. 

Next, we investigated the expression of CXCL12 in our in vitro and in vivo models. We had 

already observed that Schwann cell migration increased in response to a hypoxia inducible chemokine 

secreted by J774A.1 cells (Figure 4.5B) so we measured the transcript levels of CXCL12 by RT-qPCR 

to see whether there was a change in expression between the two oxygen conditions (20% vs. 1.5% 

O2). This analysis showed that CXCL12 expression was unaffected by the hypoxic state, whereas the 

positive control VEGF (a known hypoxia-inducible factor) did increase in expression in hypoxic 

conditions (Figure 4.7A). As there was no change in CXCL12 mRNA expression in the hypoxic cells, 

this implied that CXCL12 was not the factor which was responsible for an increase in Schwann cell 

migration as we were specifically looking for a hypoxia inducible factor, however it remains a possibility 

that there could be a change in expression occurring at the post-transcriptional level. 

We then analysed the transcript levels of CXCL12 following injury in vivo. Tissue samples were 

taken from the nerve bridge and distal stump on Day 2 following injury in adult rats and RNA was 

extracted. CXCL12 transcript expression was then measured by RT-qPCR and compared to the basal 

levels in the uncut nerve, and normalised to the housekeeping gene b2m (Figure 4.7B). The results 

showed that transcript levels of CXCL12 remained relatively unchanged between the three distinct 

areas of the nerve, even showing a decrease within the nerve bridge, unlike VEGF transcript levels 

which showed a gradient of expression. This in vivo data further indicated that CXCL12 was unlikely to 

be the signalling molecule responsible for Schwann cell migration.  
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Figure 4.6 | CXCR4 inhibitor prevents Schwann cell migration 

A. Quantitative RT-qPCR analysis of CXCR4 in mRNA isolated from Schwann cells, b2m was used as 

a positive control. Graph shows relative CXCR4 and b2m expression (n=3, graph shows mean ±SEM). 

B. Schwann cells were placed in the upper compartment of a Boyden chamber and allowed to migrate 

for 4 hours in response to Sato, 3% serum culture media or 3% serum culture media with 50g/ml 

CXCR4 inhibitor (AMD3100) in the lower chamber. Graph shows fold change in cell migration from 

control ±SEM (n=3). C. Quantification of Schwann cell migration speed in the presence of Sato, 3% 

serum culture media or 3% serum culture media with 50g/ml CXCR4 inhibitor AMD3100. Graph shows 

average cell velocity ±SEM (n=3). 50 cells counted per condition. 
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Figure 4.7 | CXCL12 expression in response to hypoxia in vitro and in vivo following injury. 

A. Quantitative RT-qPCR analysis of CXCL12 mRNA isolated from J774A.1 cells after 24 hr incubation 

at 20% or 1.5% O2, VEGF was used as a positive control. Graph shows CXCL12 and VEGF transcript 

levels relative to 20% O2 control and normalised to b2m (n=3, graph shows mean ±SEM). B. 

Quantitative RT-qPCR analysis of CXCL12 (left) or VEGF (right) mRNA isolated from the bridge, distal 

stump and contralateral uncut rat nerves at Day 2 following injury. Graphs show transcript levels relative 

to the uncut nerve and normalised to b2m (n=3, graph shows mean value ±SEM). 
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Taken together, these data suggest that CXCL12 is unlikely to be the macrophage-secreted 

factor responsible for the recruitment of Schwann cells. However, it does not rule out the involvement 

of the CXCL12/CXCR4 signalling axis in modulating Schwann cell motility, due to the strong effects of 

the CXCR4 inhibitor on the ability of Schwann cells to migrate.  

 

4.7. Unbiased cytokine screen to identify hypoxia-inducible factors secreted by macrophages 

In order to identify the hypoxia-inducible Schwann cell chemoattractant, we decided to attempt 

to identify factors upregulated in hypoxia compared to normoxia in the conditioned media of J774A.1 

cells. To do this, we used an unbiased cytokine screen to find potential candidates, which we could 

subsequently test using our migration assays to investigate their effects on Schwann cell migration. We 

used a cytokine array, which can detect the levels of 40 cytokines (including CXCL12) in conditioned 

medium. J774A.1 cells were seeded in 10cm2 cell culture plates and incubated in Sato for 48 hours at 

either 20% or 1.5% O2. After 48 hours, the conditioned media from the cells was collected and filtered 

to remove cell debris before conducting the cytokine screen following the manufacturers protocol. The 

membranes were developed using ImageQuant (Figure 4.8A) and the images were quantified to 

determine any changes in cytokine expression between the two oxygen conditions (Figure 4.8B). 

The cytokine screen resulted in two important findings. Firstly, the screen confirmed that the 

candidate molecule CXCL12 was not upregulated in the conditioned media of J774A.1 cells incubated 

at 1.5% O2 (Figure 4.8; no. 9). This result corresponded with the RNA expression analysis which 

showed that there was no increase in CXCL12 RNA as a result of hypoxia in the J774A.1 cells (Figure 

4.7A) and further suggested that CXCL12 was not the chemokine responsible. Secondly, the screen 

identified two hypoxia inducible cytokines secreted by the macrophages: CCL3 and CCL4 (or MIP-1 

and MIP-1) (Figure 4.8, no. 6 and 7 respectively). CCL3 is a known chemoattractant for macrophages; 

it is released by macrophages following injury and attracts macrophages to the site of inflammation thus 

promoting the inflammatory response (Trifilo et al., 2003, Perrin et al., 2005, Kiguchi et al., 2010, Cittera 

et al., 2007). Given the known chemoattractant roles of this chemokine and the hypoxia induced 

upregulation of CCL3, it provided us with a new candidate Schwann cell chemoattractant secreted by 

macrophages.  
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Figure 4.8 | CCL3 is identified as hypoxia induced molecule from cytokine screen 

A. Cytokine and chemokine protein array membranes after incubation with conditioned media from 

J774A.1 cell line incubated at 20% or 1.5% O2 for 48 hrs. Duplicate detection spots indicating cytokines 

present in the conditioned media are numbered to correspond with quantification bars. B. Quantification 

of cytokine and chemokine levels measured by the cytokine protein array. Red arrows indicate 

cytokines with upregulated expression in hypoxia. Graph shows mean pixel density of duplicate 

detection spots, n=1. 
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4.8. CCL3 is expressed by macrophages in a hypoxia-inducible manner 

Chemokines are crucial for inducing many biological processes such as chemotaxis, 

angiogenesis, haematopoesis as well as tumour growth (Menten et al., 2002). CCL3 is a member of 

the CC chemokine subfamily, and is sometimes referred to as CCL3 (Menten et al., 2002, Davatelis G, 

1988). CCL3 is known to be released by monocytes, macrophages and neutrophils in response to 

inflammation, and functions to recruit macrophages, and to induce the transendothelial migration of 

leukocytes (Cook et al., 1995). The chemotactic effects of CCL3 have been observed both in vitro and 

in vivo (Cook et al., 1995, Menten et al., 2002). CCL3-/- mice mostly develop normally however it has 

been reported that they display a reduction in inflammation and a delay in virus clearance following 

infection, which highlights the role CCL3 plays in macrophage recruitment (Cook et al., 1995, Trifilo et 

al., 2003, Perrin et al., 2005). 

 To confirm the findings of the cytokine screen, we analysed CCL3 protein expression in the 

conditioned media of J744A.1 cells. To test this, 200,000 cells were seeded in triplicate in normal culture 

media containing 10% serum and incubated for 24 hours. The cells were then incubated with minimal 

media for 48 hours in normoxic (20% O2) or hypoxic (1.5% O2) conditions. Equal volumes of conditioned 

media were taken from the dishes and the protein was extracted from the samples by TCA precipitation 

and analysed by Western blot. The membranes were probed for CCL3, VEGF (as a positive control), 

and B-actin as a loading control. This protein analysis confirmed that in the J774A.1 cell line, CCL3 was 

upregulated following hypoxia by approximately 12-fold (Figure 4.9A and quantified in 4.9B). An 

increase of approximately 1.5-fold was observed with the positive control VEGF (Figure 4.9A and 

quantified in 4.9B).  

To analyse the RNA expression levels of CCL3 in J774A.1 cells, we seeded cells and incubated 

them for 48 hours in normoxic (20% O2) or hypoxic (1.5% O2) conditions. Cells were harvested and an 

RT-qPCR was conducted to look at the difference in expression between the two oxygen states, using 

the known hypoxia-inducible factor VEGF as a positive control. This RT-qPCR showed that there was 

an upregulation of CCL3 as a result of hypoxia of approximately two-fold (Figure 4.9A). We also 

observed an upregulation of VEGF in the hypoxic conditions. There was a discrepancy in the levels on 

induction between the RT-qPCR and Western blot data which suggests that there may be post-

translational mechanisms acting on CCL3. Taken together, this data shows that the factor CCL3 is 
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upregulated in macrophages when cultured in hypoxia, which confirmed the results of the cytokine 

screen. 

Having identified that CCL3 is upregulated in J774A.1 cells, we tested whether CCL3 

expression could be detected in the nerve following injury. To do this we harvested nerve bridges, distal 

stumps and contralateral uncut nerves from three adult rats at Day 2 following injury, and snap froze in 

liquid nitrogen and then extracted the RNA. We then performed an RT-qPCR on the samples to 

determine the expression of CCL3, compared to housekeeping genes. We used VEGF as a positive 

control as we have previously observed a concentration gradient of VEGF in vivo between the bridge 

and the nerve stumps (Cattin et al., 2015).  

The RNA expression analysis showed that there was a large increase of CCL3 mRNA in the 

nerve bridge (20-fold increase) compared to the contralateral uncut nerve (Figure 4.10A). In the distal 

stump, there is also an increase of CCL3 compared to the uncut control, however this was much less. 

At Day 2 following injury there is a large population of macrophages in the distal stump, which may 

release CCL3 to recruit further macrophages to aid regeneration, or to change the behaviour of 

Schwann cells in this region. It is also possible that there was some contamination of bridge tissue in 

the distal stump RNA sample, which would have been introduced when the tissue was excised following 

injury. The gradient of CCL3 expression between the bridge and the nerve stumps indicates that CCL3 

is a potentially exciting candidate to act as a chemoattractant factor for Schwann cells following injury.  

To determine the protein levels in the different regions of the nerve, we harvested sections of 

injured sciatic nerve, as well as the uninjured contralateral nerve, from adult rats on Day 2 following 

injury and snap froze in liquid nitrogen. Using a tissue homogeniser, we extracted the protein from the 

samples and ran a Western blot to detect CCL3, macrophage marker CD68 and total ERK (Figure 

4.10B). This analysis showed that there were much higher levels of CCL3 in the bridge compared to 

the uncut, proximal and distal portions of the nerve, which confirmed the previous RT-qPCR results. 

This indicated that in the bridge following injury, there is a physiological gradient of CCL3. This 

suggested that similar to VEGF, which is also found in a gradient in the nerve bridge, CCL3 could also 

be acting as a chemoattractant. 
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Figure 4.9 | CCL3 is expressed in the J774A.1 cell line  

Representative Western blot showing 3 technical repeats (A) and quantitative densitometry (B) showing 

CCL3, VEGF and -Actin expression in the J774A.1 cells incubated at 20% or 1.5% O2 for 48 hours. 

Graph shows average ±SEM, n=3. C. RNA expression analysis of J774A.1 cells cultured in 20% or 1.5 

O2 for 48hrs. Bars show average of 3 repeats +SEM. One-way ANOVA test was used for statistical 

analysis. 
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Figure 4.10 | CCL3 is expressed in the nerve bridge following injury  

A. RNA expression analysis of rat nerves following injury. Bars show average of 3 animals +SEM. One-

way ANOVA test was used for statistical analysis. B. Representative Western blot showing CCL3, CD68 

and total ERK expression in the uncut (U), proximal (P), bridge (B) or distal (D) section of the sciatic 

nerve. 
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The macrophage marker CD68 was also upregulated in the bridge compared to the uncut nerve 

(Figure 4.10) which correlated with the previous RNA expression analysis and flow cytometry data 

which showed an increase of macrophages in the bridge following injury.  

 

4.9. Macrophages express CCL3 in the nerve bridge following injury 

Following injury there is a huge influx of monocyte-derived cells into the nerve bridge, and we 

have shown that they play an important role in nerve regeneration following injury (Cattin et al., 2015). 

We found that macrophages in the bridge are predominantly monocyte-derived, with only a small 

number derived from the resident nerve population. To determine which specific macrophage 

population was responsible for the release of CCL3 in the bridge we carried out sciatic nerve surgery 

on 10 mice and collected the nerves on Day 5 following injury. The cells were then flow cytometry 

sorted, and the F4/80+ CCR2- (more mature/resident-like macrophages) and CCR2+ macrophages 

(recently recruited/monocyte-derived cells) were collected. RNA expression analysis was performed on 

these cells to determine the expression of CCL3 as well as the positive control VEGF, which we know 

is highly expressed in the bridge following injury (Cattin et al., 2015). This analysis showed that CCL3 

was upregulated in both macrophage populations in the bridge compared to the uncut nerve as we had 

previously observed, but a far greater increase was observed in the monocyte-derived (CCR2+) 

macrophages (Figure 4.11A). Consistent with previous data, CCL3 was also upregulated in the distal 

stump, however the increase was not as high as in the bridge. 

The difference in CCL3 expression between the bridge and the distal stump was particularly 

interesting. Our previous data had shown that there was an influx of CCR2+ macrophages into both the 

bridge and the distal stump. However, it appears that within the CCR2+ population, there is a distinct 

expression pattern of CCL3 between these two nerve regions. This could be due to a number of 

reasons. Firstly, we have identified that CCL3 is a hypoxia-inducible factor, and so the upregulation 

seen in the bridge could be due to the hypoxic bridge environment. Secondly, the increase could be 

due to the phenotype of the macrophage population, which is present in the bridge compared to the 

distal stump and correlated to the distinct roles that the macrophages play in both physiological regions. 

This would be consistent with sub-populations of CCR2+ macrophages in the bridge and the distal 

stump which carry out specific temporally defined functions. 
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Figure 4.11 | CCL3 is expressed by CCR2+ macrophages in the nerve bridge 

RNA expression analysis of CCR2+ and CCR2- macrophages from mouse nerves harvested on Day 5 

following injury. CCL3 is highly upregulated in bridge in both CCR2+ and CCR2- macrophages, which 

the larger increase observed in the CCR2+ population. Bars show pooled data from 10 animals +SD, 

n=1. 
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Consistent with previous data (Cattin et al., 2015), VEGF transcript levels were increased in the 

macrophage populations in the bridge (Figure 4.13B). This RNA expression analysis implied that 

following injury, CCL3 is highly expressed specifically by monocyte-derived (CCR2+) macrophages in 

the nerve bridge. This result further indicates that diverse macrophage populations are present following 

injury, and that these macrophages may have distinct roles. 

 

4.10. Schwann cells express the receptors for CCL3 

Although Schwann cells have previously been shown to express the receptors for CCL3, CCR1 

and CCR5, in vivo by immunofluorescence staining (Kiguchi et al., 2010), we wanted to confirm the 

expression of these receptors by Schwann cells in our in vitro system. Schwann cells were cultured 

under normal conditions in vitro, and RNA was extracted. An RT-qPCR was performed to test for the 

expression of CCR1 and CCR5 as well as the positive control receptor CXCR4. The analysis showed 

that in vitro, CCR1 and CCR5 were expressed by Schwann cells at a similar level to the receptor CXCR4 

(Figure 4.12). 

Antibodies were acquired in order to identify CCR1 and CCR5 expression by Western blotting 

and immunofluorescence staining, however optimisation was not successful. In future studies therefore, 

alternative antibodies to detect CCR1 and CCR5 will be purchased and optimised for use in 

immunofluorescence staining and protein analysis studies, in both our in vitro Schwann cells, as well 

as following injury in vivo. 
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Figure 4.12 | CCR1 and CCR5 are expressed on Schwann cells in vitro  

Expression of CCR1 and CCR5 in Schwann cells in vitro. Expression shown as a ratio compared to 

expression of CXCR4 ±SEM. n=3.  
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4.11. Recombinant CCL3 is a chemokine for Schwann cells 

The results so far suggested that CCL3 was a strong candidate as a potential chemoattractant 

for Schwann cells. To test this, we used two different cell migration assays using a concentration 

gradient of CCL3, and analysed the response of Schwann cells.  

In the first instance, we used the Boyden chamber to look at Schwann cell migration in response 

to increasing concentrations of recombinant rat CCL3 protein. Schwann cells were seeded in triplicate 

into the upper compartment of a Boyden chamber and left to migrate for four hours in response to 10, 

50, 150 or 250ng/ml rCCL3 diluted in Sato, with Sato and 3% serum culture media as negative and 

positive migration controls respectively. Migratory cells were quantified and normalised to generate a 

fold change in migration compared to Sato (Figure 4.13). We observed that Schwann cell migration 

increased in response to 3% serum culture media (***p<0.001), which demonstrated that Schwann cells 

were migrating normally. Schwann cell migration was also increased in response to both 10ng/ml 

(**p<0.01) and 50ng/ml (***p<0.001) rCCL3 which confirmed that CCL3 had chemoattractant 

properties. Moreover, when the Schwann cells were incubated with a CCL3 receptor inhibitor (50g/ml 

Maraviroc) and 50ng/ml rCCL3, migration was inhibited to near basal levels. This confirmed that CCL3 

was able to induce Schwann cell migration. 

At the two highest concentrations of CCL3 (150 and 250ng/ml) we observed that the 

concentration dependent increase in Schwann cell migration was lost, and there was a decrease 

compared to the 10 and 50ng/ml CCL3 conditions. The low chemotaxis at high concentrations of CCL3 

may be due to receptor saturation (Tweedy et al., 2016). When a cell is exposed to high concentrations 

of a chemoattractant, receptors at both the front and the rear can become fully occupied, the cell can 

no longer resolve the external chemokine gradient, and this results in a loss of directional migration.  
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Figure 4.13 | CCL3 is able to attract Schwann cells in vitro using the Boyden chamber.  

Schwann cells were placed in the upper compartment of Boyden chambers and allowed to migrate into 

the lower chamber containing media with no factors (Sato), 3% serum culture media, or rCCL3 at the 

indicated concentration, in the presence or absence of Maraviroc (CCR5 inhibitor). Bars show the 

average of 4 experiments, +SEM. One-way ANOVA test was used for statistical analysis.  

 

  



 136 

The data from the Boyden chamber demonstrated that rCCL3 was able to increase the 

migration of Schwann cells in vitro. This could be due to either an increase in migration speed, or an 

increase in migration directionality, which due to the nature of this assay, cannot be distinguished. To 

test if CCL3 was having an effect on Schwann cell migration velocity, Schwann cells were seeded onto 

PLL and laminin coated dishes and incubated with Sato, 3% serum culture media or rCCL3 and imaged 

every 10 minutes using time-lapse microscopy for 12 hours. Cell migration was tracked in Volocity, and 

average cell velocity was calculated. Schwann cell migration velocity did not significantly increase 

following incubation with CCL3 when compared to migration speeds of cells in Sato or 3% serum culture 

media (Figure 4.14). This result indicated that the increase in Schwann cell migration seen in the 

Boyden chamber assay was unlikely to be due to an increase in migration speed.  

To test whether CCL3 had an effect on Schwann cell migration directionality, we decided to use 

the Dunn chamber assay (Zicha et al., 1991). The Dunn chamber is made up of two circular wells 

containing medium, separated by a raised ‘bridge’ on which cells migrate. The smaller, inner well 

contains Sato to act as a neutral buffer, and the test media is added to the larger outer well. When a 

coverslip with adherent cells is inverted on top of the chamber, a gradient between the outer and inner 

wells is created across the ‘bridge’, and if the outer well contains a chemoattractant, cells will migrate 

towards it. The chamber is imaged using time-lapse microscopy and cell migration tracked, to analyse 

migration directionality. For our experiments, 15,000 Schwann cells were seeded onto a glass coverslip 

and incubated overnight in normal culture conditions, before being washed twice in Sato. The coverslip 

was then inverted and placed onto the Dunn chamber with Sato, 3% serum culture media or Sato 

containing 50 ng/ml rCCL3 (the optimal concentration for Schwann cell migration, as determined by the 

Boyden chamber experiments) in the outer chamber. Cells were then left to migrate for 24 hours and 

imaged every 10 minutes using time-lapse microscopy. Cell migration was tracked in Volocity, and cell 

migration tracks and directionality were calculated using a plugin in for Excel (Gorelik and Gautreau, 

2014).  
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Figure 4.14 | CCL3 does not increase the speed of Schwann cell migration  

Quantification of Schwann cell migration speed in the presence of Sato, 3% serum culture media or 

50ng/ml rCCL3. Graph shows average. Graph shows average of 3 experiments +SEM. One-way 

ANOVA test was used for statistical analysis.  
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Figure 4.15 | Dunn chamber assay shows that CCL3 is able to attract Schwann cells. 

A. Representative cell tracks showing Schwann migration in the response to Sato, 3% serum culture 

medium or 50ng/l rCCL3. B. Quantification of Schwann cell migration towards or away from the 

stimulus, n=3, >60 cells counted per experiment. Graph shows mean cell number +SEM. One-way 

ANOVA test was used for statistical analysis. 
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In the Sato control condition, Schwann cells migrated in a non-directional manner (Movie 4.2 

and Figure 5.17A, left panel) and there were approximately the same number of cells migrating towards 

and away from the outer well containing Sato (ns p>0.05, Figure 4.15B). In the positive control using 

3% serum culture media, the majority of Schwann cells migrated in a directional manner (Movie 4.2 and 

Figure 4.15A, middle panel) towards the stimulus (***p<0.001, Figure 4.15B). In the rCCL3 condition, 

Schwann cells also migrated in a directional manner towards the outer well (Movie 4.2 and Figure 

4.15A, right panel) and there was a significant increase in cells migrating towards the stimulus 

compared to migrating away from it (***p<0.001, Figure 4.15B). This experiment showed that in 

response to CCL3, Schwann cells migrated in a more directional manner, preferentially migrating 

towards the factor. 

This result, combined with the data from the Boyden chamber experiments confirmed that CCL3 

could induce Schwann cell migration. Moreover, these Dunn chamber experiments showed that CCL3 

acts as a directional migration factor for Schwann cells, as we did not observe an increase in cell 

migration speed. 

 

4.12. Knockdown of CCL3 in J774A.1 cells prevents Schwann cell migration 

 We have established that the J774A.1 cell line expresses CCL3 following incubation in hypoxia 

(1.5% O2) by RNA expression analysis and Western blot. We have also observed using two migration 

assays, Boyden and Dunn chambers, that recombinant CCL3 is able to recruit Schwann cells. To 

determine whether CCL3 was the major chemokine secreted by macrophages we tested whether the 

knockdown of CCL3 using short interfering (si) RNAs in hypoxic J774A.1 cells inhibited the ability of 

these cells to increase the migration of Schwann cells.  

Initially, we optimised the siRNA knockdown in J774A.1 cells. 200,000 cells/well were seeded 

in a 6 well plate before incubating overnight at 20% O2 in normal culture media containing 10% serum. 

The following morning, cells were washed with Sato and siRNAs (62.5nM) against CCL3 (si 1-3) or the 

Scrambled (Scr) negative control was added, and cells were incubated with the siRNA complexes for 

48 hours before harvesting for RNA or protein analysis. The efficiency of the knockdown was analysed 

by both RT-qPCR and Western blot analysis (Figure 4.16). 
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Figure 4.16 | CCL3 knockdown by siRNA  

A. Graph showing RT-qPCR analysis of the mRNA expression levels of CCL3 in Scr or CCL3 knocked 

down cells treated with either siRNA 1, 2 or 3 for 48 hours in Sato at 1.5% O2. Results are shown 

relative to the expression in Scr treated cells. (Graph shows mean cell number +SEM. n=3. Two-tailed 

Student’s t test was used for statistical analysis.) B. Representative Western blot analysis of conditioned 

media from J774A.1 cells treated with Scr or siRNA against CCL3 si1, 2 or 3 for 48 hours in Sato at 

1.5% O2. C. Densitometry of Western blots, graph shows expression of CCL3 normalised to Scr. n=2.  
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We observed an ~80% reduction in CCL3 RNA by RT-qPCR using three independent siRNAs 

targeted against CCL3 compared to the Scr treated control and a ~90% reduction in CCL3 protein as 

measured by densitometry compared to the Scr treated control. Having optimised the siRNA 

knockdown in our system, the conditioned media from siRNA treated J774A.1 cells was used in the 

Boyden and Dunn chamber assays. 

As before, J774A.1 cells were seeded and siRNA knockdown of CCL3 using three independent 

siRNA oligos or Scr control was carried out for 48 hours. The conditioned media from each condition 

was then harvested and filtered to remove cell debris. Firstly, we used the Boyden chamber assay to 

assess Schwann cell migration. 75,000 Schwann cells were seeded into the upper compartment of a 

Boyden chamber, and allowed to migrate for 4 hours in normoxia in response to Sato, 3% serum culture 

media, the conditioned media from Scr or siCCL3 treated J774A.1 or recombinant rat CCL3 protein. 

The migratory cells were then quantified and normalised to basal migration in Sato (Figure 4.17). We 

observed that similar to previous Boyden chamber experiments, there was an approximate 3-fold 

increase in Schwann cell migration in response to 3% serum culture media (***p<0.001) and close to 

3-fold increase in response to recombinant CCL3 protein (***p<0.001) (Figure 4.17). We also saw that 

in response to the conditioned media from Scr treated J774A.1 cells, there was a similar increase in 

Schwann cell migration to the positive control. In response to the siCCL3 treated J774A.1 cell 

conditioned media, Schwann cell migration was reduced to basal levels, a significant decrease 

compared to the Scr control (***p<0.001).  
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Figure 4.17 | CCL3 KD in macrophages prevents Schwann cell migration  

Schwann cells were placed in the upper compartment of Boyden chambers and allowed to migrate for 

4 hours into the lower chamber containing Sato, 3% serum culture media, conditioned media from Scr 

or siCCL3 (1-3) treated J774A.1 cells or 50ng/l recombinant CCL3. Bars show average fold change in 

migration from control from 3 experiments ±SEM. One-way ANOVA test was used for statistical 

analysis. 
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Secondly, to investigate the directionality of Schwann cell migration in the absence of CCL3 

following siRNA treatment we used the Dunn chamber assay and carried out the protocol as previously 

described, using conditioned media from the Scr or siCCL3 treated J774A.1 cells in the outer well.  

In the Scr control condition, Schwann cells migrated in a preferential manner towards the outer 

well of the chamber (Movie 4.3 and Figure 4.18A, left panel), and quantification of the cells showed that 

a significant majority of cells migrated towards the stimulus compared to away (*p<0.05) (Figure 4.18B). 

When CCL3 was knocked down in J774A.1 cells using three independent oligos, Schwann cells lost 

their directional migration in response to the conditioned media and cells were observed to migrate in 

multiple, random directions (Movie 4.3 and Figure 4.18A, right panel). When cell migration was 

quantified, we saw that similar numbers of cells (ns p>0.05) migrated both towards and away from the 

outer well in each of the siCCL3 treated conditions.  

Together, the Boyden and Dunn chamber data showed that within the conditioned media of 

hypoxic J774A.1 cells, CCL3 was either the only Schwann cell chemoattractant factor present, or was 

essential for synergy with another factor. Moreover, by using three independent oligos to specifically 

knock down CCL3, we showed that this was not an off-target effect. This was a particularly exciting 

result, as a macrophage-derived Schwann cell chemoattractant factor has not previously been 

described, and this chemotaxis assay showed strong evidence that Schwann cell migration could be 

mediated by macrophages and furthermore that CCL3 was the sole factor responsible for the increase 

in migration.  
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Figure 4.18 | CCL3 KD in macrophages prevents directional Schwann cell migration 

A. Representative cell tracks showing Schwann migration in response to conditioned media from Scr 

or siCCL3 (1-3) J774A.1 cells. B. Quantification of Schwann cell migration towards or away from the 

stimulus, n=3, >60 cells counted per experiment. Graph shows mean cell number ±SEM. Student’s t-

test was used for statistical analysis. 
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4.13. Chapter conclusion 

In this chapter, we have shown that there is a hypoxia-inducible factor in the nerve bridge, which 

is able to attract Schwann cells. Moreover, we have identified that the cell type responsible for the 

increase in Schwann cell migration is macrophages, specifically when they are hypoxic. We have also 

identified a potential Schwann cell chemoattractant, CCL3 using an unbiased cytokine screen. CCL3 is 

upregulated in both our in vitro and in vivo systems, and our data is consistent with a previous study 

which identified an increase of CCL3 ‘near’ to the sciatic nerve lesion site (i.e. in the bridge) as well as 

‘far’ (i.e. in the distal stump) following injury (Perrin et al., 2005).  

Interestingly, CCL3 has previously been reported to play a role in nerve regeneration, by 

recruiting macrophages to the site of injury following a full transection (Perrin et al., 2005, Taskinen and 

Röyttä, 2000, Kiguchi et al., 2010). Levels of CCL3 were found to be increased following injury, and 

additionally the use of a CCL3 blocking antibody reduced the number of macrophages recruited to the 

injury site by 78%, as well as slowing the rates of Wallerian degeneration (Perrin et al., 2005).  

Following sciatic nerve injury, Schwann cells in vivo were also observed to express the 

receptors for CCL3, CCR1 and CCR5, which suggests that CCL3 could also potentially have a 

chemotactic effect on Schwann cell migration (Kiguchi et al., 2010). There has also been research 

which suggests a link between CCL3 and neuropathic pain, as perineural injection of CCL3 induced 

tactile allodynia as well as thermal hyperalgesia, and anti-CCL3 antibodies were found to alleviate pain 

hypersensitivity in models of neuropathic pain (Kiguchi et al., 2010, Sun et al., 2016). Together this 

makes CCL3 an interesting potential Schwann cell chemoattractant factor within the model of peripheral 

nerve injury, as well as a mediator in neuropathic pain. 

Importantly, we found that CCL3 was present in the nerve bridge at Day 5 following injury in 

mice. At this stage in the regeneration process, hypoxia has mostly been resolved due to the formation 

of blood vessels in this region. As CCL3 is still expressed by macrophages in the nerve bridge at this 

time point, this indicates that it can act as a chemoattractant factor for Schwann cells as we have 

observed in our in vitro assays. This is also consistent with our data showing that macrophages isolated 

from the bridge and cultured at ambient oxygen concentrations are able to attract Schwann cells in the 

Boyden chamber assay, indicating that they are continuing to express CCL3. 

Specific knockdown of CCL3 in J774A.1 cells also showed that it was the only Schwann cell 

chemoattractant present in the conditioned media, which was able to induce directional migration. Using 
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two independent chemotaxis assays we saw that Schwann cell migration was inhibited following 

knockdown using three independent oligos, which demonstrated that the inhibition we observed was 

specific to the knockdown of CCL3 and not off target effects. 

Together, these results provide compelling evidence for a Schwann cell chemoattractant factor 

expressed by macrophages in the bridge and provides evidence for a novel role of macrophages in 

inducing Schwann cell migration following injury. The following chapter will investigate the role of CCL3 

following injury in vivo and its function during nerve regeneration. 
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Chapter Five:  CCL3 as a therapeutic agent to aid nerve repair following injury 

 

5.1. Chapter introduction  

 In the previous chapter we showed that hypoxic macrophages in the bridge of a regenerating 

nerve secrete a chemoattractant which is able to attract Schwann cells and identified this factor as 

CCL3. Whilst we have identified CCL3 as an important in vitro modulator of Schwann cell migration, we 

have not yet determined the role that CCL3 plays in vivo following sciatic nerve injury. The identification 

of factors that are able to modulate or promote nerve regeneration following injury have the potential to 

be therapeutically beneficial.  

The specific knockdown of CCL3 in J774A.1 cells established that it was the only macrophage-

derived factor which was able to induce Schwann cell migration. To replicate these studies in vivo we 

intend to use CCL3 knockout mice to provide a powerful in vivo model in which to test the effects of this 

factor on Schwann cell migration. Prior to the arrival of these mice however, we decided to perform 

complementary in vivo Schwann cell migration experiments. In one model, we overexpressed CCL3 in 

an attempt to disrupt the gradient of CCL3 within the bridge following injury. In a second model, we 

used CCL3 in an established pre-clinical model of nerve repair using an artificial conduit and tested the 

ability of CCL3 to induce Schwann cell migration following injury. 

 

5.2. Testing the role of CCL3 in nerve regeneration  

 To investigate the role of CCL3 in directing Schwann cell migration during nerve regeneration, 

we decided to attempt to disrupt the gradient of CCL3 in the bridge. We hypothesised that the injection 

of CCL3 into both nerve stumps might prevent Schwann cell migration into the bridge by blocking the 

physiological gradient of CCL3 from the bridge which is sensed by Schwann cells (Figure 5.1A). 
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Figure 5.1 | Protocol for sciatic nerve microinjection experiment 

A. Schematic indicating microinjection sites in the sciatic nerve following injury and the proposed new 

CCL3 gradients. B. Proposed time line of injection protocol detailing surgery and nerve harvesting time 

points. 

 

 In initial experiments, we performed full sciatic nerve transections in adult rats and allowed 

them to recover before on Day 3 following surgery, reopening the surgical wound under anaesthetic to 

expose the injured sciatic nerve. We chose this time point as we have previously shown that at Day 3 

following injury the bridge has been vascularised, and Schwann cells are just beginning to migrate out 

of the nerve stumps. Therefore by injecting CCL3 at this time point, we aimed to disrupt the physiological 

gradient observed in the bridge (Figure 4.9A). To do this, we slowly microinjected 5l of 50g/ml rCCL3 

at a 1mm distance from the bridge into both the proximal and distal stumps (Figure 5.1A) using a glass 

capillary needle and injection system. In control rats, we microinjected 5l of sterile PBS into each 

stump. The wound was then closed using wound clips, and the animals were allowed to recover. 
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 On Day 4 following the initial sciatic nerve transection surgery, the animals were culled and the 

injured nerves were collected (Figure 5.1B). At this time point, we would normally expect the Schwann 

cell cords to have entered the bridge. The nerves were fixed in PFA and prepared for cryosectioning 

through successive incubations in 30% sucrose and a 50:50 (w/v) solution of 30% sucrose and OCT, 

and freezing in OCT. Thick (50m) longitudinal sections from the nerve were cut and stained using 

immunofluorescence to detect Schwann cells (S100), blood vessels (lectin), axons (neurofilament) and 

nuclei (Hoechst). Confocal images of the nerve were taken using a 10X objective, and reconstructed 

using ImageJ and Photoshop. To quantify Schwann cell growth, the furthest distance migrated by 

Schwann cells (as denoted by green staining) from the proximal and distal stump in each animal was 

measured using ImageJ. 

When the nerves were harvested, there appeared to be a difference in the gross anatomy of 

the nerves between the CCL3 and PBS injected animals; the bridge regions of the CCL3 injected nerves 

seemed to be more opaque suggesting that there had been an increase in migration in these animals 

compared to the controls. However, when we examined the sections from the control animals, we 

observed that although the bridge has been vascularised, there was minimal Schwann cell migration 

out of either the proximal or distal stump. Moreover, there was a lot of variability between animals which 

correlated with variability in bridge length between animals (Figure 5.2A and quantified in Figure 5.3). 

In the CCL3 injected animals, we also only observed a small amount of Schwann cell migration, which 

also varied between animals (Figure 5.2B and quantified in Figure 5.3). As such, there was no statistical 

difference between the CCL3 injected and PBS controls. The lack of migration in the control animals 

made the experiment difficult to interpret.  

As previously discussed, we chose to harvest the nerves at a time point when Schwann cell 

migration into the bridge should have occurred during normal nerve regeneration (Day 4). The lack of 

Schwann cell migration into the bridge in control animals suggested that the process of reopening the 

wound may have disturbed bridge formation. Additionally, the process of microinjecting into the nerve 

stumps may have caused an additional injury and/or inflammatory response, which could have 

prevented normal nerve regeneration.  
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Figure 5.2 | CCL3 injection proximal and distal representative confocal images 

(Legend continues on next page) 
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Figure 5.2 | CCL3 injection proximal and distal representative confocal images (contd) 

Representative reconstructed confocal images of PBS (A) and CCL3 (B) injected sciatic nerves 

harvested on Day 4 following initial injury. Nerves immunostained to detect Schwann cells (S100, 

green), blood vessels (lectin, red) and nuclei counterstained with Hoechst (blue). The bridge and 

proximal and distal stumps are indicated by arrows. Inset images show higher magnification of leading 

Schwann cell migration edge. Scale bars = 500m, n=2 (3 animals per condition). 

 

 

 

 

 

 

 

Figure 5.3 | CCL3 injection into nerve stumps did not affect Schwann cell migration into the 

nerve bridge 

Quantifications of distance migrated (m) by Schwann cells following nerve injury and subsequent 

microinjection of PBS or CCL3 into both the proximal and distal stump. n=2 (3 animals per condition), 

graph shows mean ±SD. 
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To optimise the protocol therefore, we made two changes: firstly, we harvested the animals at 

a later time point (Day 6) so that the nerve would have longer to regenerate, and allow Schwann cells 

to migrate further into the bridge. Secondly, we realised that injecting CCL3 into both stumps may have 

resulted in the creation of gradients from each stump which the Schwann cells at the opposite stump 

might sense (due to the factor diffusing away from the injection site) and respond to, i.e. the injection of 

CCL3 into the distal stump may have created a gradient which could be sensed by Schwann cells at 

the proximal stump and induced migration into the bridge and vice versa.  

We therefore decided to inject CCL3 into one nerve stump only, in an attempt to block the 

gradient from only one of the stumps. We chose to inject into the distal stump, as injection into the 

proximal stump may cause an additional injury to the axons which could affect regeneration. We 

hypothesised that by only injecting CCL3 into the distal stump we would only prevent migration into the 

bridge from this stump, whereas at the proximal stump we would potentially observe normal or 

increased Schwann cell migration. Following the injection, the nerves were harvested at Day 6 after 

initial injury and processed as previously described.  

In these experiments, we observed that in the PBS injected control animals, Schwann cells 

migrated further into the bridge from both the proximal and distal stump, compared to the previous 

experiments (Figure 5.4A and quantified in Figure 5.5). Encouragingly, we also saw that the variability 

between the animals was reduced. There also appeared to be slightly more Schwann cell migration 

from the proximal stump compared to the distal stump, however this was not significant.  
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Figure 5.4 | CCL3 injection into the distal stump had no significant effect on the rate of Schwann 

cell migration 

Representative reconstructed confocal images of PBS (A) and CCL3 (B) microinjected (into distal stump 

only) sciatic nerves harvested on Day 7 following the initial injury. Nerves immunostained to detect 

Schwann cells (S100, green), blood vessels (lectin, red) and nuclei counterstained with Hoechst (blue). 

The bridge and proximal and distal stumps are indicated by arrows. Scale bar = 500m. n=2 (3 animals 

per condition). 
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Figure 5.5 | CCL3 injection into the distal stump showed no significant effect on Schwann cell 

migration  

A. Quantification of the distance migrated by Schwann cells (m) following nerve injury and subsequent 

microinjection of PBS or CCL3 into the distal stump only. Data expressed as total distance travelled 

into the bridge from tip of stump, graph shows mean ±SD. n=2 (3 animals per condition). B. 

Quantification of area migrated by Schwann cells (m2) following nerve injury and subsequent 

microinjection of PBS or CCL3 into the distal stump only. Data expressed as total area of positive 

Schwann cell staining in the bridge, graph shows mean ±SD. n=2 (3 animals per condition). 
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In the CCL3 injected animals we found that there appeared to be an increase in Schwann cell 

migration from both the proximal and distal stumps compared to the PBS controls, however this was 

not significant (Figure 5.4B and quantified in Figure 5.5). These results were promising, suggesting that 

perhaps there was an increase of Schwann cell migration in the CCL3 injected animals. However, the 

increase of Schwann cell migration from the distal stump was unexpected as we hypothesised that the 

injection here would block the gradient of CCL3 from the bridge, indicating it is difficult to predict the 

effects of CCL3 in this in vivo system. 

The experiments when CCL3 was only injected into the distal stump showed that there 

appeared to be a slight trend for an increase in migration in the rCCL3 injected animals. However, the 

extent of Schwann cell migration occurring in the PBS injected controls was still less than expected. To 

improve the level of Schwann cell migration, we decided in future experiments to harvest at a later time 

point (Day 8) to ensure baseline Schwann cell migration in the PBS controls was sufficient, which would 

allow us to determine if there was any significant change in Schwann cell migration between the PBS 

and CCL3 injected animals.  

We set up a further experiment, however due to the small size of the animals compared to what 

we had previously used, we decided to harvest the experiment at Day 7, to account for an increase in 

regeneration speed. In the PBS controls, we saw that the bridge was well vascularised, and that cords 

of Schwann cells had migrated out of the nerve stumps into the nerve bridge until they almost made 

contact (Figure 5.6). These animals therefore represent suitable baseline controls for the analysis of 

any inhibitory effects of CCL3 on Schwann cell migration. We also injected CCL3 into test animals, 

however due to an error with the staining protocol we were unable to quantify Schwann cell migration 

(data not shown). We were able to observe axonal migration due to the positive neurofilament staining 

(data not shown), which could act as a surrogate marker for Schwann cell migration from the proximal 

stump. However, there did not appear to be any difference between the PBS and CCL3 injected 

animals.  

Therefore, in the future, we will use these optimised conditions to further test the effect of CCL3 

gradient blockade following injury, as well as investigating alternative methods of CCL3 delivery, as 

well as genetic and pharmacological blockade of CCL3 signalling. 
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Figure 5.6 | Under optimal injection conditions cords of Schwann cells meet in the middle of 

nerve bridge 

Representative reconstructed confocal images of PBS microinjected (into distal stump only) sciatic 

nerves harvested on Day 7 following initial injury. Nerves immunostained to detect Schwann cells 

(S100, green), blood vessels (lectin, red) with nuclei counterstained with Hoechst (blue). The bridge 

and proximal and distal stumps are indicated by arrows. Scale bar = 500m. n=1 (4 animals per 

experimental group). 
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5.3. Testing the role of CCL3 in a pre-clinical model of nerve repair  

The identification of a factor which is able to induce Schwann cell migration during nerve 

regeneration has potential therapeutic implications for those suffering from peripheral nerve injuries. 

Peripheral nerve damage can result from multiple causes such as injury, surgery, chemotherapy or 

metabolic disorders and affects approximately 300,000 people in the USA every year (Grinsell and 

Keating, 2014, Campbell and Meyer, 2006). Nerve injuries can have a significant effect on patients’ 

lives and symptoms of nerve injury can include loss of sensory and motor nerve function, which in 

severe cases may lead to paralysis in the damaged limb, neuroma and neuropathic pain (Costigan et 

al., 2009, Grinsell and Keating, 2014). Despite advances in surgical techniques, as well as an 

increasingly large body of research investigating the molecular mechanisms of nerve regeneration, the 

successful repair of many of these injuries remains a major clinical challenge (Grinsell and Keating, 

2014, Campbell and Meyer, 2006, Costigan et al., 2009, Scheib and Hoke, 2013).  

The level of regeneration following a transection injury is dependent on many factors, such as 

the length of the gap between the nerve ends caused by the injury, the anatomical location of the injury, 

and the level and speed of clinical intervention. In some cases, the damaged nerve may simply be re-

joined using sutures if this is possible without causing excess tension in the nerve. However, when the 

gap length increases above a ‘critical gap size’ (30 mm in humans, 10mm in rats), this is no longer a 

suitable option and an alternative repair procedure must be conducted (Mokarram et al., 2017). 

To repair a nerve and to promote successful nerve regeneration, there are many different 

strategies which have been tested and used clinically and shown to improve the ability of axons to 

regenerate (Park, 2008). These different strategies create an environment more permissive to 

regeneration by preventing neuronal apoptosis (Terenghi et al., 2011), modifying the immunogenic 

profile (Mokarram et al., 2012) or through the insertion of a nerve conduit (autograft or artificial) which 

provides structural support for the regrowing nerve (Bell and Haycock, 2012, Heine et al., 2004). 

Ultimately, the aim is to create a microenvironment which is conducive and supportive for successful 

axonal regrowth, so that it may occur in a timely manner. Ideally, nerve regeneration should begin as 

soon as possible following injury to reduce the length of time the target tissue is left dennervated, which 

if left to become chronically dennervated can both lead to the apoptosis of neurons and contribute to 

the development of a hostile environment which is less conducive for axonal regrowth (Fu and Gordon, 

1995). The dennervated distal stump and target tissue become less able to support axonal regrowth, 
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due to tissue atrophy and Schwann cell death from 8 weeks after injury, and at 6 months regeneration 

becomes nearly impossible (Sulaiman and Gordon, 2000, Fu and Gordon, 1995). This highlights the 

importance of efficient nerve repair to be initiated as soon as possible to ensure that regeneration occurs 

within the critical window for successful clinical outcome. 

The current gold standard for repairing severe peripheral nerve injuries remains the autograft 

of a nerve from an alternative location to the injury site (Bhangra et al., 2016, Scheib and Hoke, 2013). 

The nerve to be transplanted is taken from a healthy, non-critical alternative location within the body. 

Commonly a sensory nerve such as the sural nerve is taken, although recently allografts from a cadaver 

donor have shown promise (Mokarram et al., 2017). There are many advantages to the use of 

autografts in nerve repair, such as the absence of tissue rejection, the ability to successfully bridge 

large gaps and the intact nerve structure which is retained (Grinsell and Keating, 2014). Following 

implantation, nerve regeneration may proceed due to the insertion of nerve tissue which is Schwann 

cell rich, and contains an intact and organised tissue structure which can function to guide the damaged 

axons as they regrow. The autograft may also contain many of the neurotrophic factors and adhesion 

molecules needed by axons to regenerate. There are drawbacks to this approach however, particularly 

for the patient, who would require an additional surgery, as well as the loss of sensory nerve function, 

scarring and the potential for neuroma formation at the donor site (Johnson et al., 2013). Additionally, 

at the implant site there may be scarring and fibrosis, as well as a size discrepancy between the donor 

and recipient nerve which could contribute to poor regeneration. Moreover, even if the autograft is 

successfully implanted, only 40% of patients will regain functionality in the damaged tissue (Scheib and 

Hoke, 2013).  

Because of these issues, alternative methods of nerve repair are being investigated, and used 

in pre-clinical trials, including the implantation of artificial nerve conduits at the injury site (Gao et al., 

2015, Georgiou et al., 2015, Bell and Haycock, 2012). Multiple studies have shown the effectiveness of 

nerve conduits in treating peripheral nerve injury (Johnson et al., 2013, Hobson et al., 2000, Gao et al., 

2015). The development of such technologies is potentially of great patient benefit if the conduits were 

able to perform as well as, or better than, an autograft (Campbell and Meyer, 2006, Costigan et al., 

2009, Houschyar et al., 2016). Current commercially available products for clinical use include nerve 

wraps and nerve guides, and there have been many pre-clinical trials investigating constructs which 
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use transplanted cells such as stem cells or Schwann cells and their precursors (Bhangra et al., 2016, 

Grinsell and Keating, 2014). 

Many of the conduits which have been developed often use an extracellular matrix gel to 

provide physical support for the re-growing axons. Extracellular matrix proteins such as laminin and 

fibronectin are conducive for nerve regeneration, and therefore the addition of these proteins to a nerve 

conduit provides an environment that better promotes axonal growth. It is also important to assess the 

stiffness of the gel as well as the matrix net which is formed, as this can also affect the ability of cells to 

migrate efficiently (Liu et al., 2015). Previous experiments from our lab have shown that Schwann cells 

are able to migrate well within a fibrin gel matrix when in contact with a blood vessel scaffold (Cattin et 

al., 2015). The fibrin gels that we used consisted of low density fibrinogen and could support blood 

vessel formation and Schwann cell migration, which hints at the suitability of this system for use in a 

nerve conduit (Nakatsu et al., 2003). The finding that blood vessels are required for efficient Schwann 

cell migration also implies that it is likely to be important for artificial nerve conduits to be able to support 

vascularisation. 

The inclusion of the macrophage-derived factor CCL3 in an artificial nerve conduit therefore 

has the potential to increase Schwann cell migration, and thus promote efficient nerve regeneration. To 

test whether CCL3 could improve nerve regeneration across an artificial conduit we collaborated with 

Dr James Phillips who has extensive experience working with artificial nerve conduits to repair 

peripheral nerve injury which have been previously described (Georgiou et al., 2015) and shown in a 

schematic in Figure 5.6A. Using a nerve conduit consisting of a silicone tube filled with fibrin gel to 

repair a sciatic nerve transection, we wanted to test whether the addition of CCL3 in the conduit 

increased Schwann cell migration and therefore promote nerve regeneration. 

 In the first instance, we conducted a trial experiment to test whether we could observe Schwann 

cell migration into the conduit. For the preliminary experiment, we implanted a 10mm long silicone tube 

containing fibrin gel including 500ng/ml VEGF. To make the fibrin gel, we used a low density of 

fibrinogen (2.9mg/ml) as our previous in vitro experiments had demonstrated that this concentration 

successfully supported blood vessel outgrowth and Schwann cell migration (Cattin et al., 2015). 

Following complete nerve transection the silicone tube was attached to the nerve by a single suture at 

the proximal and distal stumps (Dr James Phillips conducted the surgery). The animal was then allowed 

to recover, and the repaired nerve was harvested at Day 6 following surgery (Figure 5.7B). The nerve 
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was then fixed in PFA (at this point the silicone tubing was removed) and prepared for cryosectioning 

as previously described. The nerve was cut into thick (50m) sections and immunostained to detect 

Schwann cells (S100), blood vessels (lectin) and axons (neurofilament). The nerve was imaged using 

confocal microscopy and merged to create a composite image and the migration of Schwann cells 

(longitudinal distance and staining area) was quantified using ImageJ.  

 

 

Figure 5.7 | Artificial nerve conduit repair following injury 

A. Schematic of artificial nerve conduit used and method of implantation. B. Representative image of 

sciatic nerve after harvesting on Day 7 with the silicone tube still attached (left panel) and after removal 

(right panel). Scale bar = 1mm.  
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In this preliminary experiment, we observed that there was almost no Schwann cell migration 

into the conduit, and poor vascularisation of the conduit (Figure 5.8). Under normal regeneration 

conditions we would expect to see blood vessels migrating into the bridge at Day 2, and Schwann cells 

migrating into the bridge after this. This experiment showed us that compared to a naturally forming 

nerve bridge, the artificial conduit was inefficient at promoting nerve regeneration, as migration of all 

cell types was delayed. In view of this, we decided to increase the length of time the conduit was 

implanted, and also to shorten the tube length to assess whether detectable regeneration occurred 

normally but in a delayed manner. 

In the second experiment, the length of tube was reduced to 8mm, and the time the tube was 

left in situ before harvesting was increased to 7 days. The tubes were filled with fibrin gel containing 

500ng/ml VEGF only or a combination of 500ng/ml VEGF and 50g/ml CCL3. In this experiment, we 

decided to use the same concentration of CCL3 that was used in the injection experiments in which we 

had seen a slight trend for an increase in Schwann cell migration. The tubes were blinded and implanted 

at random into 8 adult rats so that there were 4 animals for each condition. The tubes were attached to 

the nerve by a single suture at the proximal and distal stumps, and the repaired nerve was harvested 

at Day 7 (Figure 5.9) (James Phillips conducted the surgery). The nerves were then fixed in PFA and 

processed to quantify cell migration as before.  

In this second experiment, we observed greater cell migration of blood vessels and Schwann 

cells into the nerve conduit in both conditions at Day 7 following injury (Figure 5.9 and quantified in 

Figure 5.10), however this was still less than what we would expect in a ‘normal’ regenerating nerve.  
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Figure 5.8 Preliminary experiment showed lack of Schwann cell migration into the nerve conduit 

Representative reconstructed confocal images of the proximal (A) and distal (B) stump of repaired 

sciatic nerves harvested on Day 6 following injury. Nerves were immunostained to detect Schwann cells 

(S100, green), blood vessels (lectin, red) and nuclei counterstained with Hoechst (blue). The bridge 

and proximal and distal stumps are indicated by arrows. Scale bar = 500m. n=1. 
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Figure 5.9 | Schwann cell migration appears limited by the poor vascularisation of the bridge  

Representative reconstructed confocal images of nerve stumps from rats implanted with artificial nerve 

conduits containing 500ng/ml VEGF only (A) or 500ng/ml VEGF and 50g/ml rCCL3 (B) and harvested 

on Day 7 following injury. Nerves were immunostained to detect Schwann cells (S100, green), blood 

vessels (lectin, red) and nuclei counterstained with Hoechst (blue). The bridge and proximal and distal 

stumps are indicated by arrows. Inset images show higher magnification of leading Schwann cell 

migration edge. Scale bars = 500m. n=1 (4 animals per experimental condition). 
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Figure 5.10 | In preliminary experiments, addition of CCL3 does not affect Schwann cell 

migration within nerve conduits 

A. Quantification of the distance (m) migrated by Schwann cells following nerve injury and 

subsequently implanted with artificial nerve conduits containing 500ng/ml VEGF only or 500ng/ml VEGF 

and 50g/ml rCCL3. Data expressed as total distance travelled into bridge from tip of stump (n=1, graph 

shows mean of 4 animals ±SD). B. Quantification of area of positive Schwann cell staining (m2). Data 

expressed as total area of positive Schwann cell staining in the bridge (n=1, graph shows mean of 4 

animals ±SD). 
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Quantification of Schwann cell migration into the tubes showed that there was no significant 

difference between the distance migrated in the presence or absence of CCL3 conditions. We did 

however observe that blood vessels and Schwann cells were migrating into the nerve conduit to the 

same extent, which is in contrast to what is observed in a ‘normally’ repaired nerve where blood vessels 

enter the bridge prior to Schwann cells. Blood vessel entry into the conduit therefore appeared to be 

limiting the extent of Schwann cell migration., and due to the poor vascularisation in the nerve conduit 

compared to what is normally observed. As the vascularisation of the conduit was poor, it was difficult 

to interpret whether CCL3 was having an effect on Schwann cell migration. To assess any effect of 

CCL3 on Schwann cell migration, it would therefore be important to improve vascularisation within the 

conduit. 

To work towards improving the vascularisation of the nerve conduit, we tested whether the 

addition of VEGF in our system was acting to increase blood vessel formation as has been previously 

reported (Cattin et al., 2015). To do this, we tested whether VEGF stimulated vascularisation by testing 

conduits in the presence or absence of 500ng/ml VEGF (the same concentration used in the previous 

experiment). We then analysed migration into the conduits to determine whether at this concentration 

(Lucie Van Emmenis conducted the surgery). As an additional negative control in this experiment, we 

used an empty silicone tube (containing no fibrin gel) which has been reported to not support nerve 

regeneration (Grinsell and Keating, 2014). The tubes were attached to the nerve by a single suture at 

the proximal and distal stumps, and the repaired nerve was harvested at Day 7 and processed to 

quantify cell migration as before.  

Analysis of each of the different conduit conditions showed that the vascularisation of the 

conduits was still poor, and showed a delay in comparison to normal nerve regeneration. The 

vascularisation of the conduits still appeared to be a limiting factor for Schwann cell migration as 

Schwann cells migrated to the front of the invading blood vessels (Figure 5.11). In the empty tube 

control, the least Schwann cell migration was observed (Figure 5.11A and quantified in 5.12). Despite 

the poor vascularisation, we did observe a slight increase in Schwann cell migration in the presence of 

VEGF (Figure 5.11B and C and quantified in 5.12), however this increase was not significant.  
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Figure 5.11 | Schwann cell migration is limited by poor vascularisation 

(Legend continues overleaf.) 
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Figure 5.11 | Schwann cell migration is limited by poor vascularisation (contd) 

Representative reconstructed confocal images of nerve stumps from rats implanted with artificial nerve 

conduits which were empty (A), filled with fibrin gel containing no VEGF (B) or fibrin gel containing 

500ng/ml VEGF (B) and harvested on Day 7 following injury. Nerves immunostained to detect Schwann 

cells (S100, green), blood vessels (lectin, red) and nuclei counterstained with Hoechst (blue). The 

bridge and proximal and distal stumps are indicated by arrows. Inset image shows a higher 

magnification of the leading Schwann cells. Scale bar = 500m. n=1. 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 | VEGF causes a trend for an increase in Schwann cell migration 

A. Quantification of the distance migrated by Schwann cells (m) following nerve injury and subsequent 

implantation of artificial conduits which were empty, filled with fibrin gel -/+ 500ng/ml VEGF and 

harvested on Day 7. Data expressed as total distance travelled into bridge from tip of stump (n=1, graph 

shows mean of technical replicates ±SD). B. Quantification of area migrated by Schwann cells (m2) 

following nerve injury and subsequent implanted with artificial nerve conduits. Data expressed as total 

area of positive Schwann cell staining in the bridge (n=1, graph shows mean of indicated number of 

animals ±SD). 
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These results highlighted the necessity for efficient vascularisation to ensure Schwann cell 

migration into the conduit. Moreover, they show that our conduit conditions are not optimal to support 

and promote blood vessel growth. In the future, it would be advisable to conduct a larger study to test 

a more effective means of delivering VEGF and perhaps a modification of the other constituents of the 

conduit. 

 

5.4. Chapter discussion and conclusion 

Peripheral nerve injury has a high incidence and currently, few treatment options are available 

(Grinsell and Keating, 2014). As Schwann cells are crucial for guiding regrowing axons, the 

identification of a Schwann cell chemoattractant has wide therapeutic implications. We previously 

identified CCL3 as a factor capable of promoting Schwann cell migration in vitro, and in this chapter we 

performed preliminary experiments to address the role that CCL3 plays following nerve injury in vivo, 

as well as its potential use in promoting nerve regeneration within an artificial nerve conduit. 

 These experiments attempted to determine the role of CCL3 in nerve regeneration by disturbing 

the physiological gradient of CCL3 in the nerve bridge, and creating an additional, stronger gradient of 

CCL3 in the nerve stumps. By injecting CCL3 into the distal stump we hypothesised that we would 

create an additional gradient of CCL3 which would be sensed by the Schwann cells and thereby inhibit 

their migration into the nerve bridge. In our experiments, following injection of CCL3 into the distal 

stump, we observed instead a trend for an increase in Schwann cell migration into the bridge from both 

the proximal and distal stumps. This result was not significant and so must be repeated, but it suggests 

that CCL3 increased Schwann cell migration. It is likely that the method of microinjecting into the nerve 

may not be the most robust method of delivering CCL3 to the regenerating nerve due to the substance 

possibly diffusing away from the injection site. The injection of substances also does not provide 

sustained release which is likely to be necessary to induce Schwann cell migration. In future 

experiments, it may be advisable to use alternative delivery methods such as osmotic pumps or the 

implantation of cells over-expressing CCL3 to the injury site, which would allow us to control variables 

such as concentration and the duration of chemoattractant delivery. Additionally, it may be beneficial to 

establish the diffusion coefficients as well as the in vivo half-life of CCL3 in order to develop efficient 

methods of delivery of CCL3 to tissues. 
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One of the major issues that we had with these injection experiments was the variability in the 

length of the bridge, which formed following sciatic nerve surgery. In future experiments, to attempt to 

counter this issue it may be better to perform a half-cut surgery leaving a fascicle intact thereby 

providing a physical support to the cut nerve, which should reduce the level of variability of bridge 

lengths between animals. This approach has been used successfully by our lab in previous experiments 

and provides a robust method for causing a more consistent nerve injury (Parrinello et al., 2010). 

The experiments shown here investigated the overexpression of CCL3 and how this affects 

nerve regeneration. In future experiments, we would explore how inhibition of endogenous CCL3 affects 

Schwann cell migration and nerve regeneration. To do this we would use a CCL3 knockout mouse, 

and/or administer pharmacological CCL3 receptor inhibitors. These experiments may allow a more 

systematic assessment of the role CCL3 plays in aiding Schwann cell migration following injury and 

determine the potential of a pharmacological approach for the treatment of aberrant regeneration, such 

as in neuromas. 

Following injury, under normal conditions, the bridge is vascularised rapidly (Day 2 in rats) 

which facilitates the oxygenation of the new tissue, delivery of nutrients, as well as providing a physical 

support for migrating Schwann cells. In the artificial nerve conduits used in these studies, the formation 

of blood vessels was slow, and full vascularisation of the conduit was not observed, even on Day 7 

post-surgery. We observed that within the artificial nerve conduits, and consistent with our previous 

findings (Cattin et al., 2015), that Schwann cells migrated along blood vessels, however we found that 

incomplete vascularisation of the conduit limited Schwann cell migration as the Schwann cells did not 

migrate beyond the vasculature. This shows that in this scenario, Schwann cell migration is limited by 

the vascularisation process. This made it impossible to determine any effect of CCL3 on Schwann cell 

migration. To test whether CCL3 might be useful therapeutically, it is therefore essential to first improve 

the vascularisation or provide a surface that mimics the blood vessels.  

To improve blood vessel formation within nerve conduits, the addition of VEGF into nerve 

conduits has previously been investigated (Hobson et al., 2000, Pola et al., 2004), and in each case, 

increased vascularisation resulted in improved nerve regeneration. Previous work showed that a 

silicone chamber containing Matrigel and VEGF implanted into a damaged nerve following injury was 

beneficial for nerve regeneration, due to the enhanced formation of blood vessels (Hobson et al., 2000). 

It was also recently found that promoting macrophage polarisation to a ‘pro-healing’ phenotype using 
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IL-4, caused an increase in Schwann cell recruitment, as well as improving axonal regrowth (Mokarram 

et al., 2012). Moreover, when a nerve conduit was embedded with a chemoattractant which specifically 

recruits pro-healing macrophages, fractalkine, nerve regeneration was vastly improved compared to 

conduits containing a control factor (Mokarram et al., 2017). This suggested that by biasing the immune 

microenvironment towards a healing response, a healing cascade of Schwann cell and axonal regrowth 

could occur. Furthermore, if circulating macrophages are depleted by clondronate injection, a significant 

decrease in axon regrowth is observed (Mokarram et al., 2017), highlighting the importance of 

macrophages in nerve regeneration. This is consistent with data from our lab which has identified that 

macrophages are critical for vascularisation of the bridge (Cattin et al., 2015), as well as a potential role 

in inducing Schwann cell migration. Together, this suggests the therapeutic potential of including 

macrophages, or perhaps more specifically, macrophage-released factors, in nerve conduits.  

It is clear from our preliminary experiments, as well as the literature, that vascularisation within 

nerve conduits must be improved, prior to investigating the role of CCL3 on Schwann cell migration. In 

the future, to optimise rapid and efficient vascularistion within nerve conduits, we will improve VEGF 

delivery methods and alter the matrix composition within the conduit, by varying the levels of fibrin as 

well as testing combinations of fibrin and fibronectin to determine optimal conditions for blood vessel 

outgrowth. With these experiments, the aim would be to replicate the normal nerve environment and 

therefore promote physiological nerve regeneration processes to occur. 

As well as oxygenating the conduit and providing nutrients, the physical properties of blood 

vessels are necessary for Schwann cell migration. As discussed in the introduction, the discontinuous 

surface of blood vessels appear to be important for cords of Schwann cells to migrate along (Cattin et 

al., 2015). It may be preferable therefore to replicate these physiological conditions in a nerve conduit 

to promote Schwann cell migration. There have been huge advances in microfabrication and 3D-

printing techniques in recent years and this has had a beneficial impact on the bioengineering of nerve 

conduits. Both techniques allow for the custom design of biologically relevant structures using relatively 

inexpensive equipment (Hsu et al., 2009, Johnson et al., 2015, Hu et al., 2016). The ability to combine 

3D printing of a biologically similar nerve construct, with the implantation of neurotrophic factors is 

particularly interesting as it has the potential to create a more physiological nerve conduit (Johnson et 

al., 2015). The challenge now is to find polymers which are structurally suitable for use in these conduits.   
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Chapter Six:  Discussion and Conclusion 

 

6.1. Macrophage function  

 Macrophages are important for the health and proper functioning of all body tissues (Varol et 

al., 2015). As more is discovered about their roles in homeostasis and in disease, it is becoming clear 

that there are complex processes which govern their origin, turnover and function (Das et al., 2015, 

Mass et al., 2016, Soucie et al., 2016, Scott et al., 2016, O’Koren et al., 2016, Guilliams and Scott, 

2017). Many different tissues contain specialised populations of resident macrophages (Davies et al., 

2013, Epelman et al., 2014, Ginhoux and Guilliams, 2016), and the PNS is no exception. Here, 

macrophages make up approximately a tenth of the cell population; however the functions of this 

population during health and disease remain poorly understood. 

 Many tissues such as the brain and the liver have well characterised resident macrophage 

populations, known as microglia and Kupffer cells respectively. The origin of these resident 

macrophages has been determined through the use of fate mapping studies (Ginhoux et al., 2010, 

Ginhoux and Guilliams, 2016), and the functions which the macrophages carry out to maintain tissue 

homeostasis and following disease have been well described (Scott et al., 2016, Hong and Stevens, 

2016, O’Koren et al., 2016). In the work presented here, we have shown, following preliminary 

experiments, that there appear to be two distinct resident macrophages within the PNS which can be 

distinguished by physiological location, as well as CX3CR1 expression. Additionally, preliminary 

analysis to compare nerve resident macrophages with other tissue populations showed they have a 

distinct transcriptional profile, which may reflect the differences in origin and/or function of the 

populations. It is still unclear however what role(s) the resident macrophages within the PNS carry out 

under normal conditions. Moreover, following injury we have observed that there is only minimal 

proliferation of resident macrophages which become outnumbered following the entry of monocyte-

derived cells. Therefore, it is not clear whether, or how, this relatively minor population contributes to 

the regenerative process in the distal stump, or indeed how the resident population behaves following 

injury.  

As well as providing information on resident macrophages in the PNS, our experiments showed 

that following injury the vast majority of cells in the bridge and the distal stump were monocyte-derived, 

which confirmed our previous findings (Cattin et al., 2015). Further contributing to this exciting and 
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dynamic field of research, we have found novel roles for macrophages in the process of nerve 

regeneration both in stimulating blood vessel formation (Cattin et al., 2015), as well as promoting 

directional Schwann cell migration through the release of VEGF and CCL3 respectively. We also 

determined that macrophages within the nerve bridge exhibit an intrinsic differential response to the 

hypoxic environment, which enabled them to carry out this crucial function in nerve regeneration. The 

macrophage cell line J774A.1 also displayed this characteristic which strongly implied that this is a 

property which is common to all macrophages. Macrophages have previously been observed to adapt 

their phenotype and function in response to hypoxia (Lin and Simon, 2016) and so to possess a 

differential response to hypoxia fits with the current literature. 

Macrophages are a key cell type which have crucial roles in maintaining tissue homeostasis, 

as well as contributing towards the initiation and resolution of inflammation. It is therefore important that 

the resident population of macrophages in the peripheral nerve is characterised further to understand 

the roles that they play during health and disease, as this may lead to the ability to target and manipulate 

these populations for therapeutic benefit. In particular, as the extent of macrophage involvement in 

facilitating nerve regeneration is realised, the ability to modulate macrophage phenotype (Mokarram et 

al., 2017) or to mimic the conditions of a normally regenerating nerve are becoming attractive subjects 

for further investigation.  

 

6.2. PNS macrophage characterisation 

Other tissues have macrophage populations, which are often specialised morphologically and 

functionally in order to carry out tissue specific roles. Within the healthy nerve, it is unclear what that 

role may be. In the brain, it is clear that the microglia have important roles not only in scanning for and 

clearing debris (Hong and Stevens, 2016), but also in maintaining tissue integrity (Frost and Schafer, 

2016) and even pruning synapses (Hong et al., 2016, Tremblay et al., 2010). Because of these well 

characterised resident populations, we might assume that macrophages in the normal nerve function 

to scan the environment for pathogens (Rosenberg et al., 2012), as well as contributing towards the 

integrity of the homeostatic tissue. Additionally, based on the role of microglia, we might speculate that 

macrophages in the nerve play a role in maintaining axonal health and ensuring correct axonal growth 

during development and following injury. 
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One important unanswered question concerning macrophages in the nerve centres around the 

origin of this tissue population. It is important to characterise the origin of this population as the tools to 

determine this may lead to defining other macrophage variables such as how the cells turnover, and 

whether they require input from monocyte populations, as well as how the resident population behaves 

following injury. Whilst the origin of this resident population may not necessarily contribute towards the 

specific macrophage phenotype (the nerve tissue environment is more likely to influence many 

macrophage characteristics), this knowledge will enable us to establish additional mouse models to 

allow us to further characterise the understudied PNS macrophage population. 

Within the PNS, we found that there appears to be two distinct populations of resident 

macrophages which are defined by their physiological location in the nerve and CX3CR1 expression, 

which was also hinted at by the flow cytometry data which identified monocyte-derived cells as well as 

a mixed population of mature macrophages. This difference in CX3CR1 gene expression suggests 

different homeostatic roles for these macrophages in the normal nerve, related to their location. 

Macrophages are a highly plastic cell type, and this is due in large part to their tissue environment, with 

resident tissue populations distinguishable by their gene expression profiles (Lavin et al., 2014, Mass 

et al., 2016). The different tissue environments, or ‘niches’, of the endoneurium or the perineurium 

therefore may contribute to the specific phenotype and function of the distinct resident macrophage 

populations found here. We have observed different expression of CX3CR1, and it is likely that the two 

populations also display different transcriptional profiles related to their function.  

PNS macrophages may be similar to microglia, the resident macrophage population in the 

nerve, which originate solely from the yolk sac and do not have contributions from circulating monocytes 

to maintain populations (Hong and Stevens, 2016, O’Koren et al., 2016), or they may be similar to other 

tissue populations which have dual embryonic origins and require contributions from monocytes to 

maintain numbers (Ginhoux and Jung, 2014). We have shown using the CX3CR1GFP mouse that 

resident macrophages within the endoneurium constitutively express CX3CR1, indicating that similar to 

microglia, this population of macrophages is likely established prenatally by yolk-sac progenitors, are 

long lived and able to self-renew, and constitutively express CX3CR1 (Jung et al., 2000, Yona et al., 

2013). In contrast, the resident macrophage population within the epineurium have lost CX3CR1 

expression indicating that this population is unlike microglia, and perhaps more similar to macrophage 

populations in the lung or spleen. It would be desirable therefore to conduct a full transcriptomic analysis 
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of these two distinct populations, using the CX3CR1GFP mouse to allow us to sort these two subsets of 

cells.  

We have also explored the role of macrophages following injury, however in the studies 

presented in this thesis we have only studied the role of macrophages in the early stages of nerve 

repair. Questions remain about what happens to the recruited macrophages following injury resolution, 

if and how they are cleared from the nerve, or whether the recruited cells remain in the nerve long term 

and differentiate into functional resident macrophages. Such studies could be completed with the use 

of fate mapping and lineage tracing analysis, as well as RNA-seq analysis, to build up a detailed 

overview of what is occurring. How these recruited cells behave post-injury may also indicate how 

resident nerve macrophages self-maintain as well as further characterising this understudied 

macrophage population.  

 

6.3. PNS regeneration 

Regeneration in the PNS is a complex and multicellular process which requires the coordination 

of multiple processes in order to achieve successful injury resolution (Boilly et al., 2017, Fawcett and 

Keynes, 1990, Fex Svennigsen and Dahlin, 2013, Jessen and Mirsky, 2016, Napoli et al., 2012, Cattin 

and Lloyd, 2016). Macrophages are key players in the nerve regeneration process and have multiple 

important roles in discrete regions of the regenerating nerve (Rosenberg et al., 2012, Ydens et al., 

2012, Niemi et al., 2013, Chen et al., 2015, Zhan et al., 2015). Recently, we have identified a novel role 

for macrophages in nerve regeneration, selectively sensing hypoxia and causing the release of VEGF 

to promote vascularisation (Cattin et al., 2015). This a crucial process which facilitates Schwann cell 

migration and subsequent axonal regrowth across the injury site. 

 

6.3.1. Distal stump 

Macrophages in the distal stump are thought to be recruited through the release of Schwann 

cell-derived CCL2 (Jessen and Mirsky, 2016). Here, macrophages carry out a predominantly phagocytic 

role and assist Schwann cells with clearing myelin debris, and remodelling the environment to permit 

axonal regrowth (Kang and Lichtman, 2013, Klein and Martini, 2016). We have shown that following 

injury, the majority of macrophages within the distal stump are monocyte-derived and exhibit temporal 

changes in phenotype following injury. There appears to be a minimal contribution from resident 
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macrophages, as determined by flow cytometry and CCR2 expression, however it is likely they have a 

role. To address this, we could make use of the CX3CR1YFP−CreER/wt:R26RFP mouse (O’Koren et al., 2016) 

which, following a pulse dose of tamoxifen and a subsequent wash out period, would result in 

monocytes and monocyte-derived cells being YFP+, resident macrophages inside the fascicles being 

RFP+ and resident macrophages surrounding the endoneurium being YFP-. By immunofluorescent 

staining and/or flow cytometry it should be possible to confirm the contribution of resident macrophages 

and also analyse macrophages from both inside and outside the BNB. By staining it should also be 

possible to determine whether resident macrophages within the distal stump have a phagocytic role, as 

during this process macrophages take on a characteristic ‘foamy’ appearance.  

Following injury resolution, it is unclear what happens to the large number of recruited 

macrophages to the region. In previous studies in alternative injury models in different tissues, 

infiltrating macrophages have been observed to modulate their phenotype to mimic the established 

resident population (Scott et al., 2016). However, in the case of the brain, infiltrating monocyte-derived 

cells do not fully assimilate and instead leave the brain following resolution, leaving the microglia 

population to repopulate the tissue (O’Koren et al., 2016). We have found that within the nerve there 

are two populations of resident macrophages, as determined by their CX3CR1 expression and 

physiological location. It would therefore be interesting to see how these discrete populations recover 

following injury, whether the recruited monocyte-derived cells are distinguishable from nerve resident 

macrophages, and whether there are differences between the CX3CR1+/ CX3CR1- nerve populations. 

To do this we would again use the CX3CR1YFP−CreER/wt:R26RFP mouse, which would allow us to 

distinguish between the two resident populations, as well as the infiltrating monocytes. Following injury, 

we could then conduct a time course of up to 6 months to analyse how the macrophage populations 

behave. It would also be desirable to conduct an RNA-seq on the resident macrophages prior to injury, 

and then at various points during recovery to see how the expression profile of the different populations 

change and adapt during regeneration. This analysis would also allow us to determine whether the PNS 

resident macrophage population behave more like microglia or macrophages from other tissues.  

 

6.3.2. Formation of a nerve bridge is essential to ensure successful nerve regeneration 

One challenge during nerve regeneration is how to initiate directional cell migration and growth 

in mature, quiescent tissues when there is a lack of directionality signals. In contrast, during 
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development there is an abundance of attractive and repulsive signals which guide migrating cells and 

facilitate the formation of multiple tissues (Frost and Schafer, 2016, Scarpa and Mayor, 2016, 

Theveneau et al., 2010). Within the nerve bridge, we have found that chemotactic signals are released 

to facilitate cell migration and promote regeneration. We have previously determined a role for 

macrophages in inducing blood vessel formation in the bridge through the release of hypoxia-induced 

VEGF (Cattin et al., 2015).  

In addition, work presented here has found a further novel role for macrophages in promoting 

Schwann cell migration, through the release of CCL3. This chemokine has previously been described 

as a macrophage chemoattractant (Perrin et al., 2005, Taskinen and Röyttä, 2000) and we have 

observed that CCL3 is upregulated within the monocyte-derived macrophage population in the bridge 

compared to the distal stump, creating a gradient which may induce Schwann cell migration. In vitro 

chemotaxis assays have confirmed the ability of CCL3 to induce directional Schwann cell migration, 

which provides compelling evidence for this factor playing a role in regeneration. To test the role of 

CCL3 in the future, it will be necessary to use a CCL3 knockout mouse or pharmacological inhibitors of 

CCR1 and CCR5 to determine the effect that blocking CCL3 signalling has on Schwann cell migration 

and nerve regeneration. Additionally, we could test alternative delivery methods for CCL3 to test 

whether this factor is able to promote Schwann cell migration following injury and improve regeneration 

outcomes. 

 

6.3.3. Key factors to ensure fast and successful regeneration outcomes 

Despite the remarkable ability of the PNS to regenerate following injury, this process does not 

always work perfectly, and multiple factors such as time, length of nerve defect and age can negatively 

affect the regenerative process (Grinsell and Keating, 2014, Kang and Lichtman, 2013). In particular in 

humans, these factors will influence the success of normal nerve repair, as well as affecting the 

efficiency of artificial conduits or nerve transplants to restore nerve function (Rodrigues et al., 2012, 

Scheib and Hoke, 2013, Houschyar et al., 2016). 

The longer that a distal stump and target tissue are denervated, the less likely it is that repair 

will be successful, as Schwann cells become less able to support axonal regrowth (Grinsell and Keating, 

2014, Boilly et al., 2017). Furthermore, severed axons must traverse the newly formed bridge tissue. In 

mammals, a ‘critical nerve gap’ length is defined as a distance over which no recovery can occur without 
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assistance from a nerve graft or artificial bridging structure (Daly et al., 2012). In rats this length is 

~1.5cm and in humans ~4cm (Grinsell and Keating, 2014). It is therefore important that any therapeutic 

strategies are able to assist nerve regeneration across these larger distances to ensure maximal patient 

benefit. Also as mammals age, the clearance of myelin is delayed, and upon contact with remaining 

debris, axonal growth is stunted and regeneration is delayed (Kang and Lichtman, 2013). In adults, 

nerve injury is also more likely to result in neuropathic pain compared to younger animals (Fitzgerald 

and McKelvey, 2016).  

Despite these difficulties however, regeneration in the PNS is possible and function can be 

restored. Our findings have contributed to the vast field of nerve regeneration, and the identification of 

a Schwann cell migratory factor could help to overcome some of the complications which impede nerve 

recovery, as Schwann cell migration is crucial for axonal regrowth in bridge structures. We have 

conducted preliminary experiments investigating the role of CCL3 in vivo, however issues with the 

delivery meant that the impact of CCL3 was difficult to interpret. To overcome this problem, it would be 

advisable to use alternative methods. For example, using the CCL3 knockout mouse, the rates of 

Schwann cell migration and nerve regeneration could be compared to controls over a time course to 

determine the effect of CCL3. Alternatively, slow release osmotic pumps could be used which would 

allow the sustained delivery of CCL3 to the injured nerve and potentially promote faster nerve 

regeneration. We also tested CCL3 in an artificial conduit model of nerve repair, however difficulties 

with conduit vascularisation meant it was difficult to determine the effect of CCL3 on nerve growth. Out 

strategies for improving this model of nerve repair will be discussed in subsequent sections.  

 

6.3.4. Other tissue regeneration mechanisms 

The PNS is not the only tissue in the adult which is able to regenerate, regeneration has been 

observed in mammalian digit tips (Han et al., 2008, Johnston et al., 2016), and it is well documented 

that the liver (Taub, 2004, Riehle et al., 2011) and the endometrium (Evans et al., 2016) are able to 

naturally regenerate. The ability of digit tips to regenerate is particularly remarkable due to the multiple 

tissues which must be coordinated to form the bone, skin, muscle and nail components. Additionally, 

within the digit tip, it has recently been determined that there is a specific requirement for Schwann cells 

within this process to support successful tissue regeneration (Johnston et al., 2016). Other animals also 

exhibit regeneration on a larger scale; amphibians such as newts are able to regenerate entire 
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appendages. This is possible following the formation of a blastema, which is an area of progenitor cells 

adjacent to the wound site that promotes limb growth (Kumar and Brockes, 2012). This is similar to 

human PNS and digit regeneration, where Schwann cell migration is key for this process (Johnston et 

al., 2016, Kumar et al., 2007, Kumar and Brockes, 2012). Importantly, following amputation, damage to 

local nerves leads to the dedifferentiation of associated Schwann cells (similar to what is observed 

following PNS transection) and crucially, these Schwann cells migrate towards the injury site and 

promote the expansion of mesenchymal precursors to facilitate tissue regeneration (Johnston et al., 

2013, Johnston et al., 2016). 

In our model of nerve injury we have determined that CCL3 is able to induce Schwann cell 

migration. It is not clear however in the digit model of regeneration whether there is a specific Schwann 

cell chemoattractant which is able to induce migration. It is conceivable however, that due to the injury 

and associated inflammatory response, CCL3 is present and aids the directional migration of Schwann 

cells. It would therefore be interesting in the future to investigate whether CCL3 is present in the digit 

tip, and whether CCL3 would be able to promote the wound healing and regenerative function of 

dedifferentiated Schwann cells within this situation.  

 

6.4. The clinical implications of identifying a chemotactic factor for Schwann cells 

 In order for cells to collectively migrate during development or in regeneration or tissue 

formation, there is often a known chemokine which directs migration and ensures efficient migration 

towards a defined location (Trepat et al., 2012, Mayor and Etienne-Manneville, 2016, Scarpa and 

Mayor, 2016). In our in vivo model of migration we determined that for Schwann cells to migrate into 

the bridge, blood vessels were required to provide structural support (Cattin et al., 2015). It was less 

clear at that point whether there was an additional chemotactic factor present in the bridge which was 

able to promote Schwann cell migration. However given the reliance of collective cell migration on a 

guiding signal, it was likely that Schwann cells were responding to a molecular cue. In vitro work 

presented here has shown strong evidence for macrophage induced CCL3 in promoting directional 

Schwann cell migration. This is a novel role for macrophages in nerve regeneration, as a specific 

Schwann cell chemoattractant in nerve regeneration has not previously been described. The absolute 

requirement of CCL3 to induce Schwann cell migration following injury remains to be determined. In 

the future, we could model Schwann cell behaviour and how it responds to the gradient of CCL3 in the 
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bridge, as we gather more information on CCL3, for example cellular source(s), duration of release, as 

well as diffusion coefficients. Although further work must be carried out to fully characterise the role of 

CCL3 in nerve regeneration, these preliminary results are interesting and have the possibility to be 

employed in many different therapeutic settings.  

Millions of people suffer from nerve injuries every year, and the current treatment options are 

often ineffective (Johnson et al., 2013, Scheib and Hoke, 2013). The current gold standard for repair is 

the use of an autograft, however there has been growing interest and research into the use of artificial 

nerve conduits to bridge nerve gaps and to aid regeneration (Johnson et al., 2013, Scheib and Hoke, 

2013, Houschyar et al., 2016). Artificial conduits often fail because of the poor efficiency of the 

regeneration process through the environment of these structures (Houschyar et al., 2016). In contrast, 

the regrowth of axons across naturally occurring nerve bridges of similar length is more efficient. We 

therefore reasoned that the current design of conduits could be improved by mimicking the aspects of 

the physiological nerve bridge that promote the regenerative process.  

In the first instance, due to our findings (Cattin et al., 2015) as well as the work presented in 

this thesis, we believe that the formation of a polarised vasculature, together with a gradient of CCL3 

could be a promising strategy to promote nerve regeneration. Our in vivo studies have shown that the 

nerve bridge is mostly composed of fibrin and fibronectin, and therefore the artificial conduit should 

replicate the in vivo environment, particularly when molecular mediators of nerve regeneration (e.g. 

VEGF and CCL3) are added. To enable us to determine the therapeutic use of CCL3 in nerve conduits 

therefore, the nerve conduit must be efficiently vascularised in order to support Schwann cell migration. 

 As a second approach to mimic the nerve environment within an artificial nerve conduit, the 

use of microfabrication could enable the production of structures which are similar to those found in the 

regenerating nerve, i.e. blood vessels, which are crucial to allow regeneration to occur (Cattin et al., 

2015). The use of micropatterning and 3D printing in a therapeutic setting, to aid tissue regeneration 

and provide tissue scaffolds is currently being explored by a number of groups (Johnson et al., 2015, 

Hu et al., 2016, Wu and Hsu, 2015, Hsu et al., 2009). To aid nerve regeneration, it would be desirable 

to replicate the discontinuous surface of blood vessels which we have previously shown are necessary 

for the amoeboid-like migration of Schwann cells (Cattin et al., 2015). Using micropatterning techniques 

it may be possible to create tubes of 3-20µm in diameter to mimic the surface of the blood vessels. We 

would coat these tubes with matrix components in the presence or absence of CCL3 and test first in 



 180 

vitro and then in vivo whether they can support efficient Schwann cell migration and act as a viable 

therapeutic aid. Similar types of tethered tubes have been previously used to study epithelial cell 

migration (Yevick et al., 2015) which suggests that within the context of the regenerating nerve this 

technique may also be suitable.  

More recently, conduits using living cells have been investigated in pre-clinical trials. Stem cells 

have been extensively tested due to their abilities to both self-renew and to differentiate into multiple 

cell lineages (Ren et al., 2012, Bell and Haycock, 2012, Bhangra et al., 2016). In particular, the 

differentiation of adipose stem cells into a Schwann cell-like phenotype and subsequent alignment in a 

stabilised collagen gel has proved successful in promoting neurite extension and regeneration in critical 

sized gaps in vivo (Georgiou et al., 2015, Hu et al., 2016, Wang et al., 2017). Schwann cells, Schwann 

cell precursors or Schwann cell-like cells are also being trialled for use in nerve conduits in vivo, 

however there is still a lot more work to be done before these treatments would reach a clinical setting 

(Wang et al., 2017, Rodrigues et al., 2012). Cell based therapies are not often brought to clinical trials 

due to rejection issues and the ability to source autologous cells for use in the scaffold. Moreover, our 

previous findings (Cattin et al., 2015), as well as the work presented here suggests that artificial nerve 

conduits may be more successful when physiological repair mechanisms and the nerve environment 

are mimicked, in order to stimulate a more ‘normal’ regeneration response. Additionally, for practical 

reasons, it would be preferable to have a readily available or ‘off the shelf’ nerve conduit which wouldn’t 

need critical storage conditions and could be used therapeutically in all patients without the need to 

extract tissue or cells. Further investigation into the alternative nerve conduits presented here may 

therefore help to facilitate and promote efficient nerve repair following injury, and provide significant 

patient benefit. 

 

6.5. Neuroma formation and neuropathic pain relies on the nerve microenvironment and 

chemokine signalling 

Following nerve injury, successful recovery and resolution is not always possible, and 

subsequently, aberrant nerve regeneration can occur which can lead to the formation of neuromas and 

a severe pain response (Scholz and Woolf, 2007, Campbell and Meyer, 2006, Costigan et al., 2009). 

Neuropathic pain can be characterised by a burning, raw or stabbing sensation and hypersensitivity to 

light touch, which originates from a nervous tissue lesion (White et al., 2009, Campbell and Meyer, 
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2006). There are many different methods for the treatment of neuropathic pain such as electrical 

stimulation, massage and surgery which may involve redirecting the proximal nerve or even capping 

the nerve ends to prevent further pain transmission (Costigan et al., 2009).  

Macrophages and the nerve microenvironment have been implicated in the development of 

neuroma and neuropathic pain (Abbadie et al., 2003, Scholz and Woolf, 2007, White et al., 2009). CCL3 

has previously been reported to mediate neuropathic pain in models of PNS injury (Kiguchi et al., 2010), 

however the association between CCL3 and Schwann cell migration was not explored.  

To prevent aberrant nerve growth and neuropathic pain following injury therefore, we 

hypothesise that by inhibiting the migration of Schwann cells, which guide the regrowing axons, we may 

see a therapeutic effect. We have found that Schwann cell migration can be directed by CCL3, and 

therefore could be prevented by the inhibition of CCL3 signalling. We could investigate this using a 

number of different approaches. Initially, using the CCL3 knockout mouse and causing nerve injury we 

could analyse the pain response of these animals to see whether a decrease is observed. As an 

additional method, we could use pharmacological inhibitors of the receptors for CCL3, CCR1 and 

CCR5, following injury to attempt to curtail aberrant migration. We could trial both systemic, as well as 

targeted inhibitor delivery to see whether this has an effect on aberrant nerve growth. The effect on 

neuropathic pain, as well as functional recovery could be determined to see whether CCL3 is able to 

successfully block neuropathic pain. 

 

6.6. Cancer 

The processes involved in nerve repair and tumourigenesis have many similarities. They 

involve the complex coordination of multiple cell types to make a new tissue, and upregulate multiple 

cytokines and chemokines to promote cell migration, matrix formation and the remodelling of the local 

environment (Amit et al., 2016, Cole et al., 2015, Murdoch et al., 2008, Bunimovich et al., 2017). 

 

6.6.1. Microenvironment remodelling to promote migration and growth  

Tissue regeneration in the nerve or digit tip, and tumour formation are some of the few examples 

of the ability to form new tissue within adult mammals. Within new tissue, the specific microenvironment 

is influential in ensuring either injury resolution or tumourigenesis.  
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Macrophages play important roles, both within tissue regeneration and tumourigenesis. The 

hypoxic environment of tumours has previously been shown to affect the function of tumour associated 

macrophages (TAMs) and is associated with poor prognosis (Henze and Mazzone, 2016, Laoui et al., 

2014). The accumulation of TAMs in areas of hypoxia is also being exploited as a mechanism to treat 

some cancer types (Muthana et al., 2011). Following nerve injury, monocyte-derived macrophages 

accumulate in both the bridge and the distal stump (Cattin et al., 2015, Rosenberg et al., 2012), and 

similarly, macrophages accumulate at the sites of tumours (Roussos et al., 2011). We have also 

observed that macrophages in distinct areas of the regenerating nerve have specific functions, and this 

may also be the case in tumours. In particular, neurofibromas in NF1 patients are known to contain 

large populations of macrophages (Prada et al., 2013). A recent study showed that macrophages within 

the neurofibromas are distinct from those in the circulation which indicates that the tumour 

microenvironment alters the phenotype and function of these TAMs (Choi et al., 2017). Paracrine, 

chemokine and cytokine loops were also identified between the macrophage and Schwann cell 

populations within the tumours, which suggests that the mechanisms of interactions between these cell 

types may be similar to those observed following nerve injury. In addition, this highlights the similarities 

between tissue regeneration and tumourigenesis.  

 

6.6.2. Tumour innervation  

Tumour innervation has currently only been described for a few cancer types, but it is likely to 

be important in many more types of tumour. There is evidence to suggest that Schwann cells may play 

a role in mechanisms relating to cancer such as tumour innervation (Boilly et al., 2017, Deborde and 

Wong, 2017) as well as shaping the tumour microenvironment (Bunimovich et al., 2017). Schwann cells 

have been observed to closely associate with tumour cells in some in vivo models as well as being 

located in early prostate tumour lesions suggesting a role in early tumour development (Ayala et al., 

2001, Magnon et al., 2013). Interactions between Schwann cells and tumour cells during early stages 

of tumourigenesis may provide tumours with access to nerves and therefore lead to additional 

influences on the tumour microenvironment as well as contributing towards tumour innervation (Amit et 

al., 2016). In pancreatic cancer, Schwann cell invasion has been observed to occur prior to nerve 

innervation which heavily hints at their role in this process (Deborde et al., 2016, Demir et al., 2014). It 

has been observed that in the adult, mature Schwann cells can dissociate from axons, dedifferentiate 
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into a progenitor phenotype and regain the ability to migrate following injury. Perhaps by a similar 

mechanism, and possibly as a result of the inflammation caused when tumour cells invade into a tissue, 

Schwann cells from nerves adjacent to a tumour site may dissociate and migrate toward the injury site 

and proliferate (Demir et al., 2014, Ayala et al., 2008). Due to the known role Schwann cells have in 

guiding axonal regrowth following injury, it is possible that Schwann cells also contribute to the migration 

and directionality of nerves towards tumours.  

In in vitro experiments, Schwann cells, colon and glioblastoma cancer cells, as well as non-

malignant cell types fibroblasts and pancreatic stellate cells were co-cultured, and Schwann cell 

migration towards the different cell types was analysed (Demir et al., 2014). Schwann cells were 

observed to preferentially migrate towards the cancer cells compared to the benign cells, which 

suggests that Schwann cells are attracted to cancer cells. The proposed model was that nerve-

independent Schwann cells migrate towards precursor cancer cells through the NGF-p75NTR signalling 

axis, which then induces nerve innervation of the tumour (Demir et al., 2014). It is not currently known 

whether there is an additional chemoattractant in the nerve bridge which is able to induce Schwann cell 

migration, however due to the similarities between regeneration and tumourigenesis, it is possible that 

there is a common factor present in both conditions which may promote migration, and that CCL3 is a 

good potential candidate. 

Although nerve innervation has recently been described in prostate, colorectal, pancreatic and 

head and neck cancers, there is still little known about the clinical relevance of this process. In pre-

clinical tumour models, the alteration of nervous connectivity to tumours has proven to be effective at 

reducing tumour progression and spread (Cole et al., 2015, Magnon et al., 2013). Due to the clinical 

severity associated with tumours which exhibit innervation, there may be great patient benefit from 

investigating the significance of preventing innervation as a therapeutic tool. The neurobiology of cancer 

is an emerging field and there is still much to be discovered about this process and its clinical effects. 

The tumour microenvironment contains a huge chemokine network which contributes towards 

chemotaxis, which aids cell:cell communication within the tumour microenvironment, angiogenesis, 

immune evasion as well as the invasion and dissemination of tumour cells (Roussos et al., 2011, Cole 

et al., 2015, Murdoch et al., 2008). As previously stated, macrophages and tumours have a well 

described relationship, and in patients with pancreatic ductal adeno carcinoma, high levels of infiltration 

by macrophages, T cells and mast cells into nerves is observed (Cavel et al., 2012). In light of the work 
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presented in this thesis, we might ask whether these inflammatory cells contribute to PNI by recruiting 

Schwann cells. As we have found in nerve regeneration, there may be a macrophage induced signal 

(CCL3?) which can induce Schwann cell migration.  

The mechanism of tumour spread via the nerves, known as perineural invasion (PNI) is not well 

characterised, and this process needs more investigation to fully elucidate the role that macrophages 

play in PNI and tumour spread. Elucidating the mechanism by which Schwann cells migrate along blood 

vessels is important not only to increase our understanding of regeneration within the PNS but also to 

see how this mechanism of migration may be relevant to tumour cells. This highlights the impact of 

identifying a chemoattractant, or chemoattractants, for Schwann cells, as the therapeutic implications 

are wide ranging. Characterising this process may therefore help to understand how these tumours 

metastasise and could ultimately lead to therapeutic agents which may halt the metastatic process.  

Tumour invasion into the nerve sheath also resembles a damaged or dying nerve by causing 

a nerve injury which may promote the inflammatory response which is normally associated with nerve 

injury and regeneration (Amit et al., 2016). It is possible therefore that the same critical growth and 

proliferation signals which are important in nerve regeneration are also crucial for PNI and tumour 

dissemination, especially as reciprocal signalling between tumour cells and nerves has been observed 

(Amit et al., 2016). 

 

6.6.3. Injury resolution and consequences of failure to resolve 

 In every case of regeneration or tissue formation, there must be resolution. When we talk about 

resolution in a tissue, this involves many different processes; inflammation must cease, the tissue must 

be remodelled and normal function must be resumed (Forbes and Rosenthal, 2014). To achieve this, 

many different cell types and mechanisms must be employed and coordinated to result in a fully 

functioning tissue. Failure to resolve following injury can lead to pathologies such as aberrant nerve 

growth, leading to the formation or neuromas as well as neuropathic pain which has negative patient 

outcomes (Costigan et al., 2009). In the case of the endometrium, failure to remodel following 

regeneration may lead to infertility and endometriosis (Evans et al., 2016). The ability to repair and 

regenerate this tissue in a ‘scar-free’ manner is particularly relevant to the study of wound healing, and 

parallels could be drawn between this process and other forms of regeneration. 
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The process of tissue and tumour formation are similar in many ways. A new tissue is formed 

which is comprised of multiple different cell types, there is an upregulation of genes relating to 

chemokine release, vascularisation, cell migration and matrix formation as well as innervation (Cole et 

al., 2015, Jin et al., 2008, Murdoch et al., 2008, Qian and Pollard, 2010, Roussos et al., 2011). We have 

observed in PNS injury that for successful regeneration to occur, blood vessels are formed in direct 

response to hypoxia, which is initiated by macrophages (Cattin et al., 2015). Similarly, tumours exhibit 

hypoxia, and here too, TAMs induce the formation of blood vessels to ensure oxygenation and nutrient 

delivery to the tumours (Roussos et al., 2011, Semenza, 2012, Henze and Mazzone, 2016). 

One of the major differences between these two processes however is the lack of resolution. 

Tumours contain high numbers of inflammatory mediators (Qian and Pollard, 2010, Mantovani et al., 

2017), and some tumours resemble unrepaired wounds (i.e. NF1 tumours) (Parrinello and Lloyd, 2009). 

Without resolution, tumours remain a disorganised, chaotic mass of cells and matrix, and networks of 

vasculature and nerves. This is in stark contrast to what happens following nerve injury, initially the 

newly formed nerve bridge is also an unorganised structure with no directionality cues or signals, 

however as regeneration progresses, order emerges from this structure as blood vessels form, matrix 

is deposited and polarised axons are lead back to their targets by Schwann cells (Cattin and Lloyd, 

2016). To treat tumours therefore it may be desirable to promote the ‘resolution’ of tumour tissue to 

promote healing and a return to normal tissue function, which could be achieved by targeting aspects 

of the tumour microenvironment such as macrophage populations (Mantovani et al., 2017). 

 

6.7. Closing remarks 

We have identified a novel, macrophage-secreted Schwann cell chemokine, CCL3, which may 

have important roles in nerve regeneration. Further characterisation of the macrophages which initiate 

and mediate PNS regeneration, as well as the role of CCL3 in promoting Schwann cell migration, has 

wide ranging therapeutic potential. Future work should aim to determine the therapeutic use of CCL3 

for both improving nerve regeneration following injury and as a potential target to inhibit the aberrant 

regenerative process associated with pain. The completion of crucial in vivo experiments should 

determine the clinical potential of CCL3 and serve as groundwork for future studies to improve the 

treatment of multiple disorders.  
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