
 
 

 

 

 

 

 

Hosseinzadeh, Sara (2019) Bridging the gap in spinal cord injury: a novel 

biomaterial implant to promote central nervous system repair. PhD thesis.  

 

http://theses.gla.ac.uk/71437/  

 

 

 

    

 

 

Copyright and moral rights for this work are retained by the author 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 

 

 

 

 

 
 

Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://theses.gla.ac.uk/71437/
mailto:research-enlighten@glasgow.ac.uk


UNIVERSITY OF GLASGOW

Bridging the Gap in Spinal Cord
Injury: A Novel Biomaterial Implant
to Promote Central Nervous System

Repair

by

Sara Hosseinzadeh BSc (Hons)

A thesis submitted in fulfilment of the requirements of the

University of Glasgow for the degree

of Doctor of Philosophy

College of Medical, Veterinary and Life Sciences

Cellular Neuroscience

April 16, 2019

University Web Site URL Here (include http://)
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)


Abstract
Overcoming the limitations to regeneration in the central nervous system (CNS) re-

mains the greatest challenge to spinal cord repair following injury. Two key barriers to

repair are (i) the physical gap left by the injury, across which axons must extend, and (ii)

the glial scar: the inhibitory milieu, perpetuated by reactive glia, filling and surrounding

the site of trauma. One promising therapeutic avenue for spinal cord injury (SCI) treat-

ment is the implantation of biomaterial scaffolds into the injury site, with the aim of

stabilising the injury, bridging the SCI cavity, attenuating the glial scar and promoting

regeneration. However, few biomaterials identified for this purpose possess the desired

combination of material properties, including porosity, degradability and mechanical

compatibility, for implantation into cord tissue. In collaboration with Spheritech Ltd,

we have identified a novel biomaterial candidate with the potential to meet these re-

quirements: Proliferate R©, a poly-ε-lysine based, 3D, macroporous, biocompatible and

biodegradable polymer. Here we show the potential of this construct as an SCI im-

plant, demonstrating both its mechanical and biological viability with CNS cells and

spinal cord tissue. In vitro, we showed glial and neuronal cell viability on the construct.

We demonstrated a decrease in astrocytic nestin expression in astrocytes cultured on

Proliferate R© compared with 2D substrates, corresponding to marked changes in astro-

cyte morphology from flat, expansive morphologies to stellate, fibrous conformations.

Myelination was also observed on the construct, but was found delayed compared to

2D surfaces. Furthermore, we found increased proliferation of embryonic spinal cord

neurons on the construct, and improved adhesion to IKVAV-coated Proliferate R©. These

findings not only demonstrate Proliferate R©’s cytocompatibility, but also show the differ-

ences in CNS cell-substrate interactions between 2D and 3D topographies. The viability

of cell transplant candidates, Schwann cells and olfactory ensheathing cells, was further

demonstrated on the construct, showing the capacity of Proliferate R© as a potential cell

transplant delivery vessel. We corroborated these in vitro findings with in vivo results,

demonstrating successful Proliferate R© integration in the injured spinal cord using in-

cision, contusion and wire knife rodent SCI models. Proliferate R© implants, containing

parallel-guidance channels, were assessed 7 days, 3 weeks, 7 weeks, and 6 months post-

implantation, and showed cellular infiltration and extensive vascularisation at all time-

points. In keeping with in vitro findings, GFAP and nestin co-expression in the glial

scar surrounding IKVAV-coated implants was found reduced 7-weeks post- implanta-
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tion compared with non-implanted cavities, however this effect was not maintained to

6 months. Additionally, an abundance of non-astrocytic nestin-expressing cells were

observed inside construct implants at all time-points. Although guidance channels were

not found to consistently maintain structural integrity, intact guidance channels were

observed to attract axonal extension and in some cases, myelination. Overall, our find-

ings demonstrate the potential value of this novel construct both as an implant for SCI

therapy, and as a potential 3D cell culture substrate for CNS cells.
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Chapter 1

Literature review

1.1 Introduction

This thesis investigates a novel biomaterial implant developed by Spheritech Ltd, named

Proliferate R©, as a surgical implant for the treatment of spinal cord injury (SCI). The fol-

lowing literature review contextualises biomaterial strategies in central nervous system

(CNS) repair and the development of SCI therapeutics, outlining advancements in the

field and defining future challenges.

1.2 The central nervous system

The nervous system is broadly divided into two branches, the central nervous system

(CNS) and the peripheral nervous system (PNS). The CNS, composed of the brain

and spinal cord, integrates input from, and coordinates output to, the PNS. Unlike the

PNS, the CNS has little capacity for spontaneous repair, and is therefore anatomically

highly protected. This includes robust physical protection from the skull and verte-

bral columns, and further biochemical compartmentalisation by the blood-brain-barrier

(BBB), a highly selective border between CNS tissue and vasculature (Abbott et al.,

2006, Banks, 2016). Structurally, CNS tissue is separated into white and grey matter,

defined by the presence or absence of myelin respectively. Traumatic damage to the

CNS, and subsequent breach of the BBB, has devastating, and often permanent, conse-

quences.
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1.2.1 The spinal cord

The spinal cord, located caudally to the brain and extending from the brainstem to the

coccyx, connects the CNS to the PNS, relaying information between peripheral nerves

and the brain. Arising from the neural tube in development, the cord is compartmen-

talised into cervical, thoracic, lumbar and sacral segments. In particular, the human cord

is comprised of 29 vertebral segments (8 cervical, 12 thoracic, 5 lumbar and 5 sacral),

enclosed in corresponding vertebrae (Figure 1.1 A). Each segmental level connects to

a defined subset of peripheral nerves roughly on the same horizontal plane, with the

lowermost segments responsible for organs located below the cord (Figure 1.1 B). Or-

ganisation within cord tissue is broadly separated by sensory and motor functions, with

sensory roots connected to sensory tracts located dorsally in the cord, and motor roots

connected to motor tracts located ventrally. Dorsal root ganglia (DRGs) in these spinal

roots form junctions between the CNS and PNS, thus allowing complete separation of

the main cord tissue from the PNS.

Blood is supplied to the spinal cord by three main longitudinal arteries travelling through

the subarachnoid space: the anterior spinal artery, and the right and left posterior spinal

arteries, supplemented with laterally approaching arteries at each segmental level. Cer-

vical regions are largely separated in blood supply, as they are supplied radially by an-

terior and posterior radicular arteries. These arteries branch to cover cord tissue as part

of the cord meninges, the expansive membranous covering of CNS tissue. Circulating

blood is separated from tissue and extracellular fluid in the CNS by the BBB, formed of

an endothelial layer covering capillary walls, and ensheathed by astrocytic end feet (glia

limitans). This barrier protects the cord from damage by heavily restricting the flow of

solutes between blood and the cerebrospinal fluid (CSF) surrounding CNS tissue, thus

separating the CNS from potentially harmful immunogens (Banks, 2016).

1.2.1.1 Cellular composition

Cells of the spinal cord are divided broadly into two types: neurons and glia. Infor-

mation is transmitted along the cord across neuronal synapses by action potentials, for

which cellular organisation in the cord is optimised. To maximise the speed of action

potential propagation, parallel axons are aligned unidirectionally along the spinal cord

white matter, with neuronal cell bodies segregated to grey matter. Signal speed across

axons is further improved by the myelin sheath, the lipid-rich insulating coat which sep-

arates white and grey matter in colour. Myelination of axons is carried out by mature

2



A
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B

FIGURE 1.1: Anatomy of the spinal column and cord, and corresponding periph-
eral nerve connections

(A) The human spinal cord is divided into 8 cervical, 12 thoracic, 5 lumbar and 5
sacral segments, each connected to peripheral nerves innervating specific muscles and
organs. (B) Illustration of the key muscles innervated by peripheral nerves rooted in
specified spinal cord segments. (C) Anatomy of the major tracts of the spinal cord.
Ascending tracts integrating sensory information from the periphery are coloured blue,
and descending tracts orchestrating motor functions are coloured yellow. Schematics

from (Ahuja et al., 2017).
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oligodendrocytes, a dominant glial cell type in the CNS (Michalski and Kothary, 2015).

Glia are the most abundant cell type in the CNS, orchestrating myelination, trophic sup-

port, immune responses and maintenance of the BBB among many other roles (Jäkel

and Dimou, 2017). Aside from oligodendrocytes, glial cells in the CNS include astro-

cytes, the most abundant CNS glial cell, ependymal cells and the developmentally dis-

tinct microglia, broadly considered responsible for macrophage-like immune responses

(Barres, 2008, Jäkel and Dimou, 2017, Zuchero and Barres, 2015). Spinal cord white

matter is subdivided into ascending and descending tracts, relaying sensory or motor

information in sensory-, motor-, and connecting inter-neurons. The major ascending

tracts relaying sensory information include the dorsal columns and spinothalamic tracts,

and the major descending tracts, relaying motor signals, include corticospinal, reticu-

lospinal, vestibulospinal and tectospinal tracts, as illustrated in Figure 1.1 C (Ahuja

et al., 2017, Bican et al., 2013).

1.3 Spinal cord injury

Injury to the spinal cord is divided into traumatic and non-traumatic aetiologies. In

traumatic SCI, injury is caused by external physical damage to the cord, for example as

a result of motor accidents, falls and sport-related injuries, whereas non-traumatic SCI is

caused by disease processes such as tumour or infection (Ahuja et al., 2017). The World

Health Organisation estimates between 40 and 80 new cases of SCI per million per year

globally, amounting to between 250,000 and 500,000 new cases annually (Organization

and Society, 2013), with traumatic SCI disproportionately affecting the male population

(78.8% of cases in the United States, Chen et al. (2016)). Incidence of SCI peaks at two

age ranges: 15-29 and >50 (Lenehan et al., 2012, Van den Berg et al., 2010).

The consequences of SCI are devastating, causing debilitating physical paralysis, in-

creasing lifelong patient mortality rates, and inevitably posing substantial societal costs

(Organization and Society, 2013). Although SCI management has improved greatly

in recent times with the advancement of acute surgical interventions to reduce patho-

logical damage, and rehabilitation techniques to improve quality of life, no successful

treatments for SCI currently exist. However, a surge in pre-clinical advancements and

clinical trials in recent decades are leading the way to an optimistic future for SCI ther-

apeutics (Ahuja et al., 2017, Silva et al., 2014).
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1.3.1 Classification

The International Standards for Neurological Classification of Spinal Cord Injury (IS-

NCSCI) was developed for uniform classification of SCI clinical outcomes (Kirshblum

et al., 2011), and is comprised of three neurological American Spinal Injury Association

(ASIA) scores. The first is the ASIA motor score, a score of muscle power in muscle

groups innervated by individual spinal roots, the second is the ASIA sensory score, a

score of light touch and pinprick sensation in skin areas innervated by individual spinal

roots, and third is ASIA Impairment Scale grade, used to classify the severity senso-

rimotor impairment caused, and the extent of remaining sensorimotor function. ASIA

scores are determined at the time of acute injury upon hospital admission, and used as

a baseline for follow-up examinations. This classification system remains the most re-

liable system for categorising SCI clinical outcomes (Marino et al., 2008, Savic et al.,

2007). A further classification is made between complete, discomplete and incomplete

injury. Complete and incomplete injury refers to complete or incomplete axonal sev-

ering throughout all tracts in the cord at the point of injury. Complete injury results

in total functional loss beneath the point of injury, whereas patients with incomplete

injuries retain some of these functions. Discomplete injuries are defined as clinically

complete injuries in patients showing some evidence of brain-muscle connectivity past

the injury point (Sherwood et al., 1992).

1.3.2 Injury progression and pathology

SCI progression is temporally divided into acute, subacute, intermediate and chronic

stages, signifying the progression from primary to secondary pathophysiological events

(Ahuja et al., 2017). The most critical of these stages is the acute phase, in the hours fol-

lowing injury, during which surgical interventions stabilising and decompressing the in-

jury site can substantially improve clinical outcomes. This phase coincides with primary

injury events, comprised of dislocation of the vertebral column, mechanical disruption

of vasculature and subsequent compression and/or transection of the cord. These events

consequently initiate the secondary injury cascade, involving cell apoptosis and necro-

sis, ischaemia, oedema, haemorrhaging and resultant breaches of the BBB inviting an

influx of inflammatory cells such as macrophages, neutrophils and lymphocytes (Choo

et al., 2007, LaPlaca et al., 2007). This secondary injury response worsens over time

with disruption of ionic homeostasis, sustained excitotoxicity and mitochondrial dys-

function (Kwon et al., 2004).
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A further hallmark of secondary injury response is the activation of microglia and as-

trocytes surrounding the injury site. Summatively, this glial activation and ongoing

inflammatory response aggregates to form the glial scar, sometimes referred to as the

astrocytic scar due to the dominance of reactive astrocytes in its perpetuation (Silver and

Miller, 2004). Phagocytic debris clearance from the injury site adds to this by releas-

ing cytotoxic biproducts, which in turn propagate DNA damage and further cell death

(Dizdaroglu et al., 2002, Hausmann, 2003). Detrimental biproducts of protective pro-

cesses are a major cause of long-term cell and tissue damage in SCI. In order to protect

the ordinarily immune privileged CNS from widespread damage from contaminating

immunogens, a localised hostile mileu is sustained at the site of trauma. However, this

hostile environment, characterised by an abundance of growth inhibitors and an insuf-

ficient supply of growth-promoting stimuli, inadvertantly causes greater pathological

damage than the primary injury, and prevents repair, regeneration and remyelination.

As SCI pathology evolves to intermediate and chronic stages, more permanent alter-

ations are observed in the tissue architecure surrounding injury. This includes reorgan-

isation and recomposition of the extracellular matrix (ECM) and vasculature, and, in

49% cases, loss of tissue volume in the formation of a cystic cavity (Kwon et al., 2004,

Norenberg et al., 2004). Such cavities form a veritable physical gap across the injury

site, leaving no viable substrate to support cell growth and migration (Milhorat et al.,

1995, Tator, 1995). The pathological progression of SCI is summarised in Figure 1.2.

1.3.2.1 The glial scar

As identified and defined using animal SCI models, the secondary injury cascade leads

to formation of the glial scar, the perilesional zone delineated by a mesh of reactive

astrocytes. Cytokines released at the injury site recruit and activate microglia and

macrophages, stimulating the migration of NG2 expressing progenitor cells to the in-

jury (Adams and Gallo, 2018). Microglia and macrophages stimulate further cytokine

release to aid the clearance of debris at the injury site, however in doing so also stimulate

astrocyte reactivity, otherwise known as astrocytosis, or astrogliosis, in the perilesional

zone (Thomas et al., 2013). Reactive astrocytes can then influence the differentiation

of progenitors towards astrogenesis, rather than the oligodendroglial differentiation for

which they were primarily recruited, thus inhibiting remyelination of spared fibres at

the injury site (Wang et al., 2011). Reactive astrocytosis also contributes to the release

and aggregation of growth-inhibiting factors such as chondroitin sulphate proteoglycans

(CSPGs), tenascin and NG2 proteoglycan (Ahuja et al., 2016, McKeon et al., 1991).
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FIGURE 1.2: The progression of pathophysiological events in traumatic spinal
cord injury

(A) In the acute phase, mechanical trauma to the spinal cord is characterised by
oedema, haemorrhage, ischaemia, inflammatory cell infiltration, release of cytotoxic
compounds, and apoptotic and necrotic cell death. These events result in demyelina-
tion and disruption of neural cells. (B) Injury responses worsen in subacute and in-
termediate phases, and are characterised by ongoing ischaemia, vessel thrombosis and
vasospasm, inflammatory infiltration, continued cell death and perilesional astrocyte
proliferation. (C) As the injury progresses to chronic phases, the injury site is increas-
ingly characterised by axonal degeneration, astrocytosis and glial scar formation, and

the formation of a large cystic cavity. Schematics from Ahuja et al. (2017).
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This is supplemented by an infiltration of fibroblasts and proliferation of pericytes, de-

positing a dense mesh of connective tissue and an array of ECM proteins (Cregg et al.,

2014). Summatively, these changes in the perilesional zone result in cellular and bio-

chemical barriers to axonal regrowth and regeneration, including growth and repair of

spared axons across the injury, and formation of neuronal pathways de novo (Kakulas,

2004). Instead, this gliosis contributes to demyelination, axonal retraction and Walle-

rian degeneration.

However, although this astrocyte-mediated response is considered largely inhibitory, the

glial scar is functionally complex, and its ablation is also of detriment to the regeneration

of neural pathways following SCI (Silver and Miller, 2004). In the acute phases of SCI,

astrocytosis mediates compartmentalisation of the injury site, preventing the spread of

cytotoxicity and inflammation to healthy parenchyma adjacent and lateral to the injury

(Anderson et al., 2016, Wanner et al., 2013). Injury-responsive astrocytes have also

been postulated to enhance vascularisation and offer trophic support in the injury to

promote regeneration (Liddelow and Barres, 2016, Rolls et al., 2009).

Reactive astrocytosis broadly comprises structural and molecular astrocytic changes

induced by injury or inflammation. Structurally, astrocyte reactivity predominantly

constitutes changes in intermediate filament protein expression. The most well char-

acterised of these is the increased expresssion of glial fibrillary acidic protein (GFAP),

long considered the most reliable hallmark of reactive astrocytosis (Bignami and Dahl,

1976, Dahl and Bignami, 1974). Increased expression of vimentin and re-expression of

nestin are similarly observed (Eddleston and Mucke, 1993, Pekny and Nilsson, 2005).

Various other molecular markers of astrocyte reactivity have also been reported, includ-

ing transcriptional regulators, inflammatory regulators and extracellular matrix proteins

(Sofroniew, 2009), however none have been as pervasive in the classification of astro-

cyte reactivity as GFAP.

GFAP was originally established as a reactivity marker following post-mortem stain-

ing of a human Alzheimer’s brain showing marked GFAP enrichment in diseased brain

regions (Bignami et al., 1972). However, GFAP is also expressd under normal physio-

logical conditions, with extreme heterogeneity (Haim and Rowitch, 2017). It is likely,

therefore, that historical descriptions of reactive astrocytosis on the basis of height-

ened GFAP expression reduced a broad spectrum of quiescent and reactive astrocytic

states to one simplified definition. More recently, the metabolic enzyme aldehyde de-

hydrogenase 1 family member L1 (Aldh1l1) has been adopted as a broader, pan-lineage

astrocyte marker, encompassing astrocytes of varying GFAP expression profiles (Cahoy
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et al., 2008).

In the adult CNS, astrocytes have long been subcategorised on the basis of morpho-

logical heterogeneity into fibrous (white matter dwelling), protoplasmic (grey matter

dwelling) and several other specialised groups (e.g. Bergmann glia) (Emsley and Mack-

lis, 2006). Gene and protein profiling reveals further sub-divisions in astrocyte popula-

tions, with inter- and intra-regional variations (Haim and Rowitch, 2017, Miller, 2018).

For example, in the adult mouse CNS, by using Aldh1l1 to broadly identify astrocytes,

Lin et al. (2017) identified 5 astrocyte sub-populations on the basis of CD51, CD63

and CD71 expression profiles, variying across different brain and spinal cord regions.

These sub-populations were found to be functionally distinct, differing in proliferative

properties and in synaptogenesis support, and analogous to astrocyte sub-populations

in both mouse and human malignant gliomas. Further inter-regional variation is ob-

served in the expression of the ATP-dependent inward rectifier-type potassium channel

Kir4.1, ubiquitously expressed in astrocytes but selectively enriched according to re-

gion. For example, Kir4.1 is highly expressed in the mouse spinal cord ventral horn,

compared with low expression in the apex of the dorsal horn. This results in contrast-

ing levels of potassium buffering, and consequently differing thresholds for synaptic

transmission, in adjacent regions (Olsen et al., 2007). Regional specificity has signifi-

cant implications for neuronal development and function. For example, adult rat neural

hippocampal neural stem cells differentiate into neurons in vitro only when co-cultured

with hippocampus derived, and not with spinal cord derived, astrocytes (Song et al.,

2002). Further functional diversity is also observed between astrocytes in the same

CNS location. For example, gap junction coupling differs between astrocytes in CA1

and CA3 hippocampal regions (DAmbrosio et al., 1998), and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors are expressed selectively among

astrocytes of the thalamus (Höft et al., 2014).

Given the complexities of astrocyte heterogeneity in the healthy CNS, it is reasonable

to predict similarly heterogenous states in diseased and injured astrocytes. Indeed, re-

gional distinctions, as defined by GFAP, vimentin and S100 expression, have been ob-

served between reactive astrocytes in different adult rat brain regions following trau-

matic injury (Hill et al., 1996). Further, intra-regional differences have been observed

within localised reactive astrocyte groups, for instance between elongated scar forming

reactive astrocytes at the core of astroglial lesions, and hypertrophied reactive astro-

cytes adjacent to lesions (Anderson et al., 2014, Sofroniew, 2009). Diversity is also
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seen at the genomic level, with Zamanian et al. (2012) showing diverse astrocyte reac-

tivity gene expression profiles when reactivity was induced by ischaemic injury (middle

cerebral artery occlusion) compared with induced neuroinflammation (LPS injection).

One group has recently identified two broad reactive astrocyte groups with different ge-

nomic profiles, termed A1 and A2. The former perpetuates “harmful” neuroinflamma-

tory functions including synapse destruction, while the latter performs “helpful” func-

tions by upregulating neurotrophic factors and thrombospondins to promote neuronal

growth and synapse repair (Liddelow and Barres, 2017, Liddelow et al., 2017). As the

authors acknowledge, however, these broad groups do not represent all reactive astro-

cytes, and further characterisation is required to identify further sub-groups. Hetero-

geneity within these A1 and A2 groups is also likely, depending on injury/inflammation

type and anatomical location.

The mechanical signature of the glial scar remains under investigation. Stiffness in

the scar environment has long been considered higher than in uninjured tissue, as a

presumed result of fibrosis and the deposition of a dense collagenous network (Din-

gal et al., 2015, Hinz, 2009, Swift et al., 2013). However, recent findings contradict this

long-held assumption in animal models, showing instead that glial scars in the rat spinal

cord are mechanically softer than healthy spinal cord tissue (Moeendarbary et al., 2017,

Saxena et al., 2012). This finding, characterised in rodent stab and crush SCI models,

is yet to be correlated with human SCI, in which glial scar characterisation remains a

significant practical challenge. However, the inhibitory collagenous connective tissue

component of the glial scar was reported in cats and dogs as early as 1950, before glial

scar ECM components were fully characterised (Windle and Chambers, 1950). Regard-

less of the specificities of the mechanical interface posed by the glial scar, the existence

of any interface of mechanical disparity has inhibitory potential. For example, Yu and

Bellamkonda (2001) found that DRG neurite extension across an agarose interface was

inhibited by a disparity in stiffness across the substrate, an effect that was elevated

by CSPG incorporation, thus demonstrating the cumulative mechanical and chemical

inhibition to regeneration in the glial scar. Conversely, however, DRGs extend longer

neurites on stiff substrates than on softer substrates (Koch et al., 2012). In another study,

neurite branching was found to increase on softer gel substrates comparable to soft tis-

sue, compared with gels of increasing stiffness and glass (Flanagan et al., 2002). It is

important to note that the stiffness requirements of glia and neurons differ substantially,

with one study showing that embryonic chick forebrain neurons thrive on a stiffness

of 1 kPa, and glioma cells on a stiffness of 100 kPa (Bangasser et al., 2017). These

findings show that the barriers to regeneration and repair in the glial scar are not only
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biochemical, but also mechanical.

1.3.2.2 Remyelination in the injured cord

As mentioned in the previous section, NG2 expressing progenitors, stimulated by cy-

tokines released in the injury site, are recruited to the injury in acute and subacute stages

(Ahuja et al., 2017). The purpose of this recruitment is to stimulate oligodendrocyte

progenitor cell (OPC) differentiation to mature myelinating oligodendrocytes, there-

fore allowing remyelination of the small subset of subpial, spared, undamaged axons

susceptible to dieback by Wallerian degeneration (Fehlings and Tator, 1995, Tator and

Fehlings, 1991). However, in reality remyelination is not entirely successful. Myriad

secretions from the glial scar, combined with macrophage depletion and the presence of

myelin-associated debris, result in poor endogenous remyelination in the injured cord

(Bieber et al., 2001, Kotter et al., 2001, 2006, Syed et al., 2016). Due to early findings on

the correlation between remyelination and functional recovery (Jeffery and Blakemore,

1997), promotion of remyelination has long been considered an important therapeutic

SCI target. Recent findings challenge this long-held assumption, finding that myelin de-

pletion by partial ablation of OPCs has no effect on locomotive recovery following SCI

(Duncan et al., 2018). While the specific role of remyelination in SCI therapeutics is un-

der debate, myelin status in the injured cord remains the object of intense investigation,

and a potential SCI therapeutic target.

1.3.2.3 Endogenous regenerative capacities of the CNS

Though historically considered non-regenerative, the CNS does possess some endoge-

nous capacity for regeneration. Neuronal plasticity has indeed been observed in the

CNS, and can potentially be induced by rehabilitation techniques, including active and

passive excercise (Lynskey et al., 2008, Raineteau and Schwab, 2001). The cellular

composition of the CNS also includes several progenitor cell types with the capacity

to differentiate into neuronal, oligodendroglial and astroglial lineages (Barnabé-Heider

et al., 2010, Meletis et al., 2008), which could theoretically be tuned to improve the in-

jury site towards a pro-regenerative, pro-reparative cyto-environment (Bradbury et al.,

2002, Li et al., 2016a, Mao et al., 2016). However, as has been extensively documented,

such capacities are highly limited in the CNS, and are not widely considered consequen-

tial to functional recovery despite extensive research in the field (Huebner and Strittmat-

ter, 2009, Illis, 2012).
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1.3.3 Current treatment

The prognosis for neurological recovery in SCI patients is variable, however any such

recovery is expected mostly within the first 6 months following injury, with more limited

further improvements observed within 5 years (Burns and Ditunno, 2001, Kirshblum

et al., 2004). The level of neurological recovery is highly dependent on injury severity,

with more severe injuries resulting in worse prognosis (Fawcett et al., 2007, Marino

et al., 1999). In general, patients scored most severely on the ASIA Impairment Scale

(Grade A) have the lowest chance for functional improvement, and are predicted to have

<5% chance of walking one year post-injury (Kay et al., 2007). Therefore, overcoming

SCI remains one of the most formidable medical challenges of modern times.

Current SCI treatments mainly involve medical management, and are not curative. Sur-

gical interventions to decompress and stabilise the cord in the earliest stages of injury

have the greatest potential to affect long-term recovery, however current SCI treatment

is mostly comprised of complex long-term management. In current practice, these sur-

gical interventions include cord decompression, as previously discussed, and mainte-

nance of adequate cord perfusion (Ahuja et al., 2017). Methylprednisolone sodium

succinate (MPSS) has also historically been administered in this acute phase of injury,

however this treatment is the subject of historical contention. MPSS was pre-clinically

shown to have neuroprotective properties (Braughler and Hall, 1984, Hall and Braugh-

ler, 1982a,b), which were subsequently translated clinically in a series of randomised

clinical trials, with conflicting findings (Bracken et al., 1984, 1990, 1997). This resulted

in high dose administration in a large proportion of SCI cases within 8 hours of injury

(Eck et al., 2006), but was met with substantial criticism (Hurlbert, 2000). Current

guidelines recommend against MPSS administration, as the risk for harm is considered

higher than potential benefits (Hurlbert et al., 2015). This subject remains under debate

(Fehlings et al., 2014, Hurlbert, 2014).

As the injury progresses, treatment involves the prevention and management of com-

plications, functional electrical stimulation and rehabilitation (Ahuja et al., 2017). Re-

habilitation, an interdisciplinary approach largely dependent on the degree of patient

participation, is currently the most effective long-term SCI treatment for maximisation

of functional recovery, prevention of long-term complications and improvement of pa-

tient quality of life (Gómara-Toldrà et al., 2014). Established rehabilitation techniques

include strength training, cardiovascular excercise, mobility training and muscle stretch-

ing, and have been shown to effect cellular signalling and growth factor release (Hwang
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et al., 2014). Intensive mobility training has also been shown to improve locomotion in

the first 6 months following surgery (Dobkin et al., 2006). However, resource limita-

tion poses a practical barrier to rehabilitation, along with psychosocial challenges and

neuropathic and somatic pain (Ahuja et al., 2016).

1.4 Investigative models of SCI

As no curative SCI treatments currently exist, investigation of novel therapies is imper-

ative to the improvement of future SCI outcomes. These investigations utilise in vitro

and in vivo CNS and SCI models, as detailed below.

1.4.1 Models for investigating SCI in vitro

In vitro models remain the most efficient tool for screening potential SCI treatments,

however in vitro modelling of the CNS has long been a great challenge to CNS and SCI

research. This is primarily due to the incapacity for proliferation of adult CNS cells,

and the sensitivity of these cells to isolation and cell culture procedures (Gordon et al.,

2013).

Tumour-derived immortalised cell lines have been developed as one method of mod-

elling the CNS in vitro (Whittemore and Snyder, 1996), examples of which include

SH-SY5Y (Pires et al., 2014), N2 (Li et al., 2016b), PC-12 (Joshi et al., 2016), and

MO-4 (Silva et al., 2009). However, these cell lines are often physiologically distinct

to endogenous CNS cells (Gordon et al., 2013). Primary cell culture is therefore prefer-

able for the recreation of endogenous neural and glial cell behaviours, however due to

the lack of adult CNS cell proliferation, primary cultures necessitate isolation at early

developmental stages, for instance at neonatal and embryonic stages, and subsequent

differentiation in cell culture conditions (Hopkins et al., 2015).

Rodent models are the most broadly established SCI in vitro systems. Isolation and pro-

liferation in culture of neurospheres derived from rat neonatal striatum have resulted in

significant advancements in the field, allowing differentiation to specific neuronal cell

lineages by manipulation of cell culture conditions (Reynolds and Weiss, 1996). Differ-

entiation of neonatal neurospheres can be achieved with relative convenience, for exam-

ple, to astrocytes, which can in turn can form base monolayers for complex myelinating

neuronal cultures derived from dissociated embryonic spinal cord (Sorensen et al., 2008,
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Thomson et al., 2006). Research on myelination, specifically, has benefitted greatly

from in vitro modelling systems, allowing modelling of CNS myelination with high

accuracy (Jarjour et al., 2012). Astrocytes and oligodendrocytes can also be derived,

and purified, from neonatal cortices, and be maintained in single cell cultures (Barnett

et al., 1993, Higginson et al., 2012). In vitro modelling specific to SCI is more challeng-

ing, requiring replication of complex injury procedures. The Barnett lab has, however,

recently developed an SCI model using complex embryonic spinal cord myelinating

cultures involving axonal severing of neurites using a surgical blade, which offers an in

vitro screening system for SCI therapeutics (Boomkamp et al., 2014).

One limitation of in vitro CNS cell culture systems is that conventionally, CNS cells

are cultured and maintained on 2D surfaces (typically glass and plastic commercially

available cell culture substrates). Ex vivo organotypic culture systems, whereby CNS

tissue is removed, sliced and cultured without dissociation, offer an alternative to 2D

cell culture, maintaining some intrinsic 3D properties and endogenous ECM make-up,

however systems are often limited in viability for long time-periods (Humpel, 2015).

Perhaps more promisingly, recent investigations of novel 3D culture systems using ad-

vances in tissue engineering offer the potential for more viable, long-term cell culture

more accurately representative of the 3D endogenous tissue environment (Teixeira et al.,

2016). Developments of 3D CNS culture remain in early stages, however, therefore

CNS research in vitro, particularly with respect to SCI, is currently limited and heavily

reliant on in vivo models.

1.4.2 Models for investigating SCI in vivo

Due to the aforementioned limitations in modelling the spinal cord in vitro, in vivo

models have been invaluable in our understanding of the mechanisms and therapeu-

tic challenges of SCI. Among these, rat models are the most commonly used. Rodent

models are broadly favourable over other animal models in pre-clinical research, offer-

ing relatively inexpensive and practical models of mammalian CNS tissue, homologous

to humans in several biological processes. Due to pathophysiological similarities to

human SCI, such as the formation of a cystic cavity, glial scar and alterations in the

ECM, rat models are more broadly established than mouse models (Zhang et al., 2014),

which typically have greater regenerative capacities and do not form cystic cavities

(Göritz et al., 2011, Inman and Steward, 2003, Ma et al., 2001). Nonetheless, rat SCI

remains translationally distant from human SCI, with several CNS therapies failing to
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translate from animal models to humans (Tator, 2006). Anatomical differences also ex-

ist between human and rat cords, as detailed in Figure 1.3. CNS modelling in higher

mammals, such as non-human primates, is more likely to produce clinically translatable

results, however use of higher mammals is mired in complex ethical and practical chal-

lenges, particularly for severe disease processes like traumatic SCI (Zhang et al., 2014).

Larger animal modelling of SCI is therefore less frequent, and acts as an intermediary

process for confirmation of safety and feasibility in therapies close to clinical testing

(Kwon et al., 2015, Nout et al., 2012). Nonetheless, rodent models remain an important

pre-clinical tool for identification of SCI therapies, and can be used to broadly model

most types of human SCI. Some established rodent SCI models are detailed below.

1.4.2.1 Partial or complete transection

The simplest method of modelling SCI is the transection model, involving a partial

or complete surgical incision in the cord that severs axonal connections. This model

is well established in rats, mice and cats (Battistuzzo et al., 2012). The convenience

of this model, requiring relatively simple surgical procedures, makes it an attractive

prospect for SCI studies. However, human SCI of this nature is rare (knife attacks are

one example), as most injuries resulting in traumatic SCI involve compression, rather

than laceration, of the cord.

1.4.2.2 Compression

Compression injuries are usually carried out using clips, forceps or gradually inflating

balloons inserted into the spinal canal (Blight, 1991, Rivlin and Tator, 1978, Vanickỳ

et al., 2001). A significant clinically relevant finding from such studies is the reduction

in the severity of secondary injury pathophysiology by decompression of the cord, lead-

ing to the development of surgical interventions in the immediate aftermath of SCI to

decompress injured cord tissue (Carlson et al., 1997, Dimar et al., 1999, Dolan et al.,

1980, Fehlings and Perrin, 2005).

1.4.2.3 Contusion

The most widespread SCI model, by far, is the contusion model. This is due to the high

volume of human traumatic SCI cases that involve a similar mechanical impact to the

spinal cord, including traffic accidents and falls. Crush injuries were first emulated in
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FIGURE 1.3: Anatomical comparison between rat and human spinal cord
A comparison in size and location of ascending and descending spinal cord tracts be-
tween cervical cross-sections of rat and human spinal cords. Schematic from Kjell and

Olson (2016), according to Watson et al. (2009).
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animal models by the weight drop method, originally devised by Allen (1911), and later

developed more comprehensively for SCI modelling (Gruner, 1992, Koozekanani et al.,

1976). This method has since been developed using precise impactor devices to allow

control of the impact inflicted (Scheff et al., 2003), and is largely considered analogous

to human SCI (Metz et al., 2000).

1.4.2.4 Wire knife

One hallmark of human SCI replicated by rat contusion models is the formation of a

cystic cavity. However, similarly to human SCI, cavity formation in contusion models is

delayed, occuring in the later phases of injury (typically 2-3 weeks following contusion

in adult rats). The wire knife model of SCI can be used to form an immediate cavity

similar to those generated by contusion, surpassing this time-delay. This injury model

involves the lowering of a (tradionally tungsten) wire knife into the cord at the dorsal

surface. Initially contained in a glass pipette, this wire curves upon exit from the pipette

and entrance into cord tissue. Therefore, when inserted laterally to the central blood

vessel of the cord, the curve of the wire knife can be directed the opposite side of the

cord, severing axons in selected spinal tracts (Toft et al., 2007, Weidner et al., 1999b).

This model can improve the practicality of SCI modelling procedures, allowing forma-

tion of the cavity and application of subsequent treatments in a single surgical proce-

dure. However, the cavity formed by wire knfe injuries is arguably superficial, com-

pared to the contusion-formed cavities which develop spontaneousy following injury.

Therefore, wire knife cavities may not be considered entirely representative of spon-

taneously forming human SCI cavities, despite displaying many characteristic cystic

cavity hallmarks, such as glial scar formation and ECM alteration.

1.4.2.5 Experimental outcomes

Assessment of SCI therapeutics in SCI models is carried out using a range of functional

outcomes. Injuries extending to the descending motor tracts of the cord at the thoracic

level are often used to investigate motor outcomes, most commonly quantified using

the Basso, Bresnahan and Beattie (BBB) scale of hindlimb motility (Basso et al., 1996).

In this method, trained personnel score animals from 0, describing complete flaccid

paraplegia, to 21, normal function. A BBB sub-scoring system can also be employed

to describe functional recovery in greater detail, including paw positioning, instability
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and tail position (Lankhorst et al., 1999). Other functional scoring systems are also

established, measuring a range of motor behaviours from swimming and wading, to

balance (Onifer et al., 2007, Xu et al., 2015, Zörner et al., 2010). Video recording

and automated analysis methods have allowed for more accurate gait measurements in

recent times (Cheng et al., 1997, Hamers et al., 2001, van den Brand et al., 2012).

Sensory and autonomic functions can also be assessed, for example using nociceptive

testing (Chaplan et al., 1994), temperature testing (Erschbamer et al., 2007), and head

scratch assays (Fraidakis et al., 2004). Perhaps the most significant sensory outcome in

SCI models is pain measurement, with chronic pain remaining one of the most debili-

tating long-term manifestations of human SCI. Severe SCI in rat models result in allo-

dynia comparative to that in humans, and can therefore be used as a measure of chronic

pain and hypersensitivity outcomes (Bruce et al., 2002, Hofstetter et al., 2005). An-

other functional measure of SCI outcomes is by electrophysiological recording, largely

involving measurement of evoked field potentials (Blight, 1992, Sun et al., 2000), how-

ever these do not always consistently correlate with functional outcome.

Although locomotive ability, gait and grip-strength are tangible parameters for the mea-

surement of functional outcome in SCI models, they do not always allow for quantifica-

tion of nuanced changes at the injury site, such as alterations to the degree of astroglio-

sis, cavity size, vascularisation and ECM changes. Such pathological changes are there-

fore largely measured by histological analysis and injury tissue processing for gene and

protein analysis. Histological parameters commonly investigated include tissue spar-

ing, axonal sparing, astrogliosis, inflammation and BBB permeability. For example,

antibodies against neurofilament, myelin and nodes of Ranvier are used to visualise ax-

onal regeneration and remyelination across the injury site, markers for astrocytes and

microglia can offer indications of astrogliosis, and the severity of the glial scar, and

markers of matrix and vasculature, such as laminin, can be used to indicate the status of

the ECM. One of the greatest barriers to histological analysis remains the identification

of markers indicative of astrocytic activation. While detrimental microglial reactivity is

identified by nitric oxides (Boje and Arora, 1992), no similar isolated marker yet exists

for identification of reactive astrocytosis. The gold standard for identification of the glial

scar therefore remains the upregulation of the astrocytic marker glial fibrillary acidic

protein (GFAP) (Sofroniew and Vinters, 2010). Recent in vitro developments, however,

identifying a range of genetic astrogliosis markers, and importantly distinguishing be-

tween regenerative and inhibitory astrocytic phenotypes, may elucidate a greater range

of injury-specific astrogliosis markers in vivo (Liddelow and Barres, 2017, Liddelow
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et al., 2017).

Research in the Barnett lab on the identification of reactive astrocytosis in the rat contu-

sion model of SCI suggests GFAP-nestin coexpression as a potential reactivity marker

in vivo (O’Neill et al., 2017), a finding also corroborated in ischaemic CNS injury (Cho

et al., 2013, Götz et al., 2015). The reasons for nestin upregulation in the glial scar

are yet to be fully eluciated. Neurosphere formation, that is the formation of nestin-

expressing proliferative neuronal progenitors, is incresed in the CNS parenchyma fol-

lowing traumatic and iscaemic injury (Bardehle et al., 2013, Buffo et al., 2008), paral-

leled with the aggregation of proliferative, reactive astrocytes (Amat et al., 1996, Buffo

et al., 2008, Simon et al., 2011). Therefore, differentiation of nestin-positive neuronal

progenitors could account for nestin-expression in astrocytes surrounding the injury, as

progenitors increase GFAP expression along the astrocytic lineage. However, differen-

tiated reactive astrocytes have also been shown to proliferate at the injury site, and are

a further potential source of post-injury astrocytic nestin expression. Not all reactive

astrocytes are proliferative, however the proliferative subset account for a substantial

proportion (15-40%, Götz et al. (2015)), enriched in juxtavascular zones and found to

divide only once (Dimou and Götz, 2014). Indeed, nestin-GFAP expression in prolifer-

ative astrocyte cultures is well characterised (Sergent-Tanguy et al., 2006), and has been

demonstrated in injured human CNS as well (Tamagno and Schiffer, 2006).

1.4.2.6 Ethical considerations

Due to the severity of SCI, ethical implications of animal SCI models are a significant

consideration for SCI research. In spite of the high proportion of human SCI occur-

ring in the cervical cord (Singh et al., 2014), most rodent functional studies are carried

out at the thoracic level, affecting hindlimbs only (Kjell and Olson, 2016). This is due

to the heightened severity of bilateral complete cervical injuries, disabling use of both

forelimbs and hindlimbs, resulting in lower survival rates and unecessarily detrimental

outcomes. Most studies at the cervical level, therefore, focus on incomplete injuries

affecting the dorsal tracts, independent of motor impairment. The study of motor func-

tion is thus mostly restricted to thoracic injuries, with animals receiving substantial

post-operative care including assisted bladder emptying and treatment of urinary infec-

tions.
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1.5 Biomaterial strategies for treatment of SCI

The complexity of SCI gives rise to several avenues to novel therapeutics. On a patho-

logical level, investigative targets include attenuation of the glial scar, promotion of

regeneration across the injury cavity, prevention of dieback in spared fibers and axon

sprouting from spared nerve tissue (Silva et al., 2014). Pharmaceutical interventions and

cell therapies have been widely researched to this end, however one novel therapeutic

strategy has the potential to combine these interventions: biomaterial implantation. As

previously discussed, the cystic cavity formed at SCI poses a significant barrier to re-

generation and functional recovery. Surgically implanted biomaterials can bridge this

cavity, forging a path for regenerating cells across the injury cavity, whilst simultane-

ously acting as vessels for cell transplantation and drug delivery.

The potential for axonal guidance in surgically implanted biomaterial scaffolds has been

extensively investigated for treatment of peripheral nerve injuries. The development of

nerve guidance channels in this field have allowed significant progress (Chiono and

Tonda-Turo, 2015, Sarker et al., 2018), providing a substrate for aligned, directional ax-

onal regeneration across the injured nerve. The success of nerve guidance conduits for

PNS regeneration heve inspired similar investigations in the CNS, however the limited

regenerative capacity of the CNS compared to the PNS, combined with the severity and

consequent surgical inaccessibility of SCI, places distinct, challenging demands on the

design of CNS guidance conduits, as detailed below.

1.5.1 Biomaterial design parameters

Design parameters for the developments of novel biomaterials for CNS repair are de-

tailed below, and summarised in Figure 1.5

1.5.1.1 Guidance channels

Aligned, unidirectional axonal organisation is a hallmark of the healthy spinal cord.

Therefore, SCI therapeutic strategies promoting axonal regeneration must also pro-

vide topographical guidance cues to aid re-alignment following disruption of the cy-

toarchtechture. Biomaterials can be tuned in several ways to achieve this, for exam-

ple by fabrication of guidance channels into the construct structure. Implantation of
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guidance channels in the acute injury phase prevents infilling of obstructive scar tis-

sue, localises neurotrophic compounds released at the nerve stumps, and directs growth

from the proximal to the distal axonal stump (Danielsen et al., 1993, Longo et al., 1983,

Lundborg et al., 1982, Williams et al., 1983). Several biomaterials with potential ap-

plications to the CNS have the propensity for guidance channel incorporation. Some

methods for fabrication of guidance channels into nerve conduits are detailed in Figure

1.4. In vitro, the incorporation of guidance channels into construct structure has been

shown to enhance directional neural elongation (Scott et al., 2011). These findings have

also been replicated in vivo, with guidance channel implantation enhancing axon exten-

sion and functional outcomes (Teng et al., 2002, Yang et al., 2009). Many materials are

currently under investigation for this purpose, with none dominating the field thus far.

1.5.1.2 Porosity

Tunable channel density and porosity are desirable properties in implantable bioma-

terials for SCI. While adequate channel density allows for optimal axonal guidance,

interconnection of channels by pores in channel walls are also necessary for optimal

regeneration across the injury, allowing cross-channel communication between cells,

dispersal of neurotrophic compounds across channels and improved propensity for vas-

cularisation, thus allowing nutrient and waste exchange (O’Brien, 2011, Thomas et al.,

2013, Yang et al., 2009).

1.5.1.3 Biocompatibility

Perhaps the most important consideration in biomaterial implant design, for implanta-

tion in any biological tissue, is biocompatibility. Though often described as a material

property, biocompatibility in fact describes the complex interaction between the ma-

terial and the host (Williams, 2014). Host response to a material can differ from one

application site to another, so although a material may be generally non-toxic, it may

vary in biocompatibility across different implantation sites (Williams, 2008). This is

due to the diversity of immune responses between different biological tissues (Polikov

et al., 2005), the presence within a tissue of microorganisms and endotoxins (Gorbet

and Sefton, 2005, Montanaro et al., 2007), and the age, sex, health and lifestyle of the

recipient (Ratner and Bryant, 2004).
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A B C

FIGURE 1.4: Methods of guidance channel fabrication in nerve conduits
Established methods for incorporation of guidance channels into nerve conduits in-
clude (A) Incorporation of micro- or nano-fibres, (B) Fabrication of channels in solid
materials during synthesis, for example using moulds, (C) Fabrication of polymer
sheets rolled into guidance channels, constructed within a larger channel comprised

of the same, or another, material.
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In the CNS, material implantation elicits an immediate microglial response, whereby

nearby microglia are activated and encapsulate the implanted device (Kozai et al., 2012).

Within 2-3 weeks, activated astrocytes encapsulate the activated microglia in the forma-

tion of the glial scar (Kozai et al., 2015). Particularly in SCI, implant rejection has the

potential to worsen already detrimental secondary pathophysiological responses, result-

ing in more extensive long-term tissue and functional damage than is caused by the

SCI alone. Autoimmunity is also reported following some cases of SCI, with patient

serum containing myelin-reactive T lymphocytes and chronically elevated autoantibody

titres (Jones, 2014). This is partly because SCI causes breach of the blood-brain barrier

(BBB), allowing peripheral immune influx in addition to the local microglial response,

which over time can lead to autoimmunity. Therefore, for a material to be termed bio-

compatible in the context of SCI, it should elicit a minimal microglial response within

the cord and should not exacerbate any peripheral immune response that may be occur-

ring in the injury aftermath.

1.5.1.4 Degradability

A consideration for any material intended for long-term tissue implantation is degrad-

ability. Degradation is dependent on the compounds from which the base material is

made, with natural compounds bio-degrading over time, while synthetic compounds

are often non-degradable. Synthetic biomaterials offer the potential for uniform, con-

trolled synthesis, allowing fine-tuning of topographical guidance properties. However,

the lack of degradation capacity in many such synthetic materials necessitates perma-

nent implantation, or the inclusion of follow-up surgery to remove the implanted mate-

rial once sufficient cell growth across the cavity is observed to prevent nerve compres-

sion (Belkas et al., 2005, Mackinnon et al., 1984, Merle et al., 1989). Inevitably, such

follow-up procedures would be complex and difficult, requiring the separation of cells

from the construct without causing further trauma to the tissue, making non-degradable

materials less attractive than degradable scaffolds for SCI implantation. However, the

potential for fabrication of highly regular topographies from synthetic materials makes

them useful for preliminary studies and in vitro investigations on the topographical

requirements axonal alignment. Examples of non-degradable materials investigated

for this purpose include silicone, polyacrylonitrile - polyvinylchloride (PAN-PVC),

poly(tetrafluoroethylene) (PTFE), and poly(2-hydroxyethyl methacrylate) (PHEMA).
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Silicone is largely excluded from SCI research due to lack of porosity, and propensity

for nerve compression (Merle et al., 1989). PAN-PVC has been proposed as an alter-

native, biocompatible scaffold, allowing propensity for channel semi-permeability and

in vivo stability (Moon et al., 2006, Xu et al., 1999). One major caveat of this mate-

rial, however is its lack of cell-adhesive capacity, requiring coating with cell-adhesive

compounds prior to implantation. PTFE, a material approved in humans for use in a

range of biomedical devices, is a further alternative (Pogrel et al., 1998, Stanec et al.,

2002). However like PAN-PVC, lack of cell adhesion poses a major barrier to PTFE de-

velopment as a nerve conduit. This, coupled with a prolonged inflammatory response,

largely discounts PTFE for spinal cord implantation, with mixed results also found in

PNS investigations (Pitta et al., 2001, Pogrel et al., 1998, Stanec and Stanec, 1998).

Of all non-degradable implants researched, PHEMA remains the most extensively in-

vestigated, primarily due to its soft, tunable mechanical properties, permeability and

propensity for incorporation of bioactive compounds in its synthesis (Dalton et al., 2002,

Tsai et al., 2004). Evaluation of PHEMA for SCI has produced variable results (Belkas

et al., 2005, Smetana Jr et al., 1987), however implantation of PHEMA in vivo has been

shown to support axonal regeneration following SCI, particularly by matrix inclusion

in the inhenrent polymer structure (Tsai et al., 2006). Nonetheless, the higher probabil-

ity for long-term biocompatibility and biodegradation position natural, biodegradable

materials as favourable investigative targets for SCI.

Biodegradable materials theoretically circumvent the necessity for follow-up surgical

procedures, and reduce the risk of nerve compression by naturally degrading over time.

However, the degradation process brings further challenges to material design. Firstly,

it is important that degradation products are non-toxic, however this is not sufficient to

ensure the absence of an inflammatory response. Early clinical studies on biodegradable

orthopaedic and maxillofacial implants showed that despite non-toxic degradation prod-

ucts, implants still provoked inflammatory responses in late degradation phases, up to

several years after implantation (Bergsma et al., 1995, Böstman and Pihlajamäki, 2000).

Even with one of the most established applications of biodegradable materials, surgical

suture materials, a small inflammatory response is often expected over the course of

degradation, however this mininal response is deemed clinically acceptable (Williams,

2008). In the injured cord mileu, however, any exasperation of the inflammatory re-

sponse can be critical to functional patient outcomes, necessitating careful tuning of the

degradation response.

Although degradability is a property of some synthetic materials, it is predominantly
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an intrinsic quality of naturally-derived materials. Due to the irregularities characteris-

tic of biological materials, natural materials pose difficulties in fabrication of structural

regularity, batch variability, and propensity for purification. Degradable materials also

require added design parameters to ensure suitable degradation timelines, as well as the

non-toxicity of degradation products. However, a marked advantage of natural materials

is that they readily adhere to cells, making such materials bio-interactive (Straley et al.,

2010). Examples of biodegradable materials studied for SCI implantation include poly

(a-hydroxy acids), collagen, chitosan, and poly (b-hydroxy butyrate) (PHB). The poly

(a-hydroxy acids) family includes synthetic polymers and copolymers such as poly (gly-

colic acid) (PGA), poly (lactic acid) (PLA), poly (lactic acid-co-glycolic acid) (PLGA),

and poly (lactide-co-caprolactone) (PLCL). Tunability of degradation has been widely

investigated in these materials, for example by variations in the ratio of monomer units,

in the stereochemistry of the monomer units, and the molecular weight distribution of

chains. However, one caveat of this family of polymers in vivo is that due to degradation

by hydrolysis, acidic degradation products are produced, thus causing a transient pH de-

cline (Park et al., 1995). This caveat has not posed any substantial restrictions, however,

on the success of these polymers in peripheral nerve repair, with PGA and PLCL both

FDA approved for PNS application (Gautier et al., 1998, Oudega et al., 2001).

ECM compounds offer some viable natural compounds with which soft biomaterials

implants can be fabricated. Collagen is an example of such a material, selected for its

natural abundance in mammalian connective tissue and propensity for structural manip-

ulation, such as the fabrication of guidance channels and tuning of mechanical strength

and degradation rate, by chemical cross-linking (Itoh et al., 2002). The main caveat to

collagen for biomaterial implantation is the difficulties of collagen purification. Colla-

gen harvesting and purification is a difficult, expensive process, posing several caveats

to reproducibility. Cleanly purified mature bovine collagen is non-immunogenic to hu-

mans, however purification with low stringency can cause human immune reactions,

demonstrating the importance of the purification process for the development of col-

lagen implants (Wahl and Czernuszka, 2006). Collagen nerve guidance conduits are,

however, FDA approved and under development both for PNS and CNS repair (Kassar-

Duchossoy et al., 2001, Liu et al., 1998).

Chitosan is another natural compound under investigation as a nerve guidance conduit.

Produced from the N-deacetylation of chitin, chitosan is an abundant natural polysac-

charide. The acetyl group content of chitosan allows for tunability of its material prop-

erties, including degradation rate, mechanical strength, and its capacity for cell adhesion
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(Freier et al., 2005a). Cell adhesion is also thought to be enhanced by the cationic na-

ture of chitosan polymers, allowing attraction of anionic cells, growth factors and ECM

compounds (Freier et al., 2005b). Low mechanical strength, however, poses a potential

caveat to chitosan suitability for SCI implantation, along with limited solubility hinder-

ing guidance channel synthesis in the material (Freier et al., 2005b, Yamaguchi et al.,

2003a). Chitosan scaffolds have nonetheless been demonstrated as viable peripheral

nerve grafts, and for cell delivery in rodent spinal cords (Nomura et al., 2008a,b). More

recently, A. pernyi silk has been proposed for SCI implantation as another biodegrad-

able, naturally derived material with propensity to promote neurite outgrowth (Varone

et al., 2017).

PHB, a material that allows incorporation of longitudinal fibres into the construct im-

plant, is another promising biodegradable implant candidate. PHB has been shown

to separate gradually after implantation, offering physical support to growing neurons

(Young et al., 2002), and displaying slow absorption over time in vivo (Ljungberg et al.,

1999). PHB degrades enzymatically and by hydrolysis, producing b-hydroxy butyric

acid, however its slow degradation rate circumvents the risk of accumulation of acidic

degradation products over time (Ljungberg et al., 1999).

1.5.1.5 Mechanical strength

The mechanical strength, as relating to stiffness and elasticity, of any material implanted

into the spinal cord is of critical importance. The mechanical properties of the material

must achieve congruency with soft spinal cord tissue while also retaining structural and

positional stability. Disparity between implant stiffness and that of surrounding spinal

cord tissue could potentially result in tissue compression or cyst formation between the

material and intrinsic tissue (Kubinová and Syková, 2012). The importance of matching

material properties to spinal cord tissue is explored in Chapter 3 (Introduction). Me-

chanical strength is of particular significance in the design of nerve guidance channels,

where maintenance of channel integrity once implanted is of paramount importance.

Channel collapse and subsequent obstruction of nerve regeneration, typically caused by

repetitive compressive motion and material degradation, have posed substantial chal-

lenges in preclinical testing (Belkas et al., 2005). Several methods can be employed to

reinforce guidance channels to prevent collapse, inlcuding chemical reinforcements like

chemical cross-linking and physical interventions such as coil reinforcement. Surface

and bulk cross-linking can be used to control channel mechanical strength, simultane-

ously allowing degradation tuning as well (Itoh et al., 2002).
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Other methods involving tuning of the material chemical composition can also be used

to adjust mechanical strength. An example of this is the copolymerization of PHEMA

with hydrophobic methacrylate monomers and increasing tube wall thickness (Dalton

et al., 2002). Chitosan tubes have also been improved in mechanical strength by the

addition of apatite (Yamaguchi et al., 2003b), chitin (Yang et al., 2004) and PHEMA

monomers (Dalton et al., 2002). Coil-reinforcement has also been investigated for

improvements to material mechanical strength. An example of this is the reinforce-

ment of PHEMA-MMA by poly-caprolactone coils, shown to improve channel patency

(Katayama et al., 2006). Coiling has also been applied to chitin tubes using poly(lactide-

co-glycolide) (Freier et al., 2005b). However, increasing the elastic moduli of materials

by mechanical strengthening may also be of detriment to regeneration following SCI,

as discrepancies between material and implant mechanical properties form mechanical

barriers for cells to cross in order to migrate and regenerate across the injury (Dal-

ton et al., 2002, Katayama et al., 2006). Therefore, mechanical strengthening must

be limited to some degree, as the implanted material should ideally match spinal cord

mechanical properties, such as the elastic modulus (Belkas et al., 2005).

1.5.1.6 Surgical delivery

As previously discussed, disruption to intrinsinc CNS tissue in SCI results in devastating

consequences, therefore one challenge of novel SCI therapeutics is to devise therapies

which pose the minimal amount of further trauma to the patient. This presents a de-

sign challenge for biomaterial therapies, most of which would require severe surgical

procedures for delivery to the injury site. Injectable hydrogels have been proposed as

a potential solution to this problem, theoretically allowing biomaterial delivery without

disruption of the vertebrae or risk of further trauma to spinal cord tissue by invasive

surgical procedures. Like the materials discussed above, hydrogels can also be derived

from natural or synthetic materials. Examples of natural hydrogels include agarose, al-

ginate, cellulose, chitosan, collagen, hyaluronic acid, and matrigel among others, and

most synthetic polymers discussed above can also be produced in hydrogel form (Perale

et al., 2011).

The broad range of hydrogels available, coupled with the convenience of their surgical

delivery by injection, have made hydrogels an attractive biomaterial candidate (Straley

et al., 2010). However, delivery by injection disallows precise fabrication of guidance

channels upon injection, instead leaving the hydrogel to form to the contours of the

cavity in which it is implanted. It is imperative, therefore, that injectabe hydrogels are
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porous enough to allow cell migration into, and communication across, implants. An-

other viable method of surgical delivery of a solid scaffold is by delivery as micro- or

nano-particles, however this method poses many of the same caveats as hydrogel injec-

tion, preventing robust fabrication of guidance channels into the material and therefore

preventing aligned, directional growth across the injury (Boisserand et al., 2016).

1.5.2 Biomaterials as cell and drug delivery vessels

1.5.2.1 Cell delivery

Cell transplantation is one of the closest novel SCI therapeutics to clinical translation.

Candidates for cell transplantation currently in clinical trials includes Schwann cells

(SCs), oligodendrocyte precursor cells (OPCs), umbilical cord-derived stem cells (UC-

MSCs) and bone marrow-derived mesenchymal stem cells (BM-MSCs; ClinicalTri-

als.gov identifiers: NCT01739023, NCT02302157, NCT02481440 and NCT02570932

respectively). SCs, the myelinating cells of the PNS, are vital components to PNS

regeneration following injury (Rath et al., 1995, Triolo et al., 2006), secreting ECM

components (Tabesh et al., 2009) and neurotrophic factors (Dey et al., 2013, Godinho

et al., 2013, Iannotti et al., 2004) to promote regeneration and remyelination following

traumatic injury. Studies show that SCs can also support CNS neural tissue, bridging

lesion cavities, promoting axonal regeneration and remyelinating CNS axons following

SCI (Marcol et al., 2015, Weidner et al., 1999a, Xu et al., 1997). One caveat to SC

implantation, however, is their tendency to segregate from intrinsinc CNS tissue in vitro

and in vivo (Ghirnikar and Eng, 1994, Lakatos et al., 2000).

Further cell transplantation candidates showing promising pre-clinical results include

astrocytes, olfactory ensheathing cells (OECs) and olfactory mucosa-derived stromal

cells (OM-MSCs). As previously discussed, astrocytes become reactive following SCI,

playing dual roles in simultaneously promoting and inhibiting regeneration. Astrocytes

have therefore been identified as potential targets for SCI therapy (Chu et al., 2014),

with immature astrocytes found to offer greater potential than mature astrocytes in re-

sponse to injured CNS tissue (Filous et al., 2010, Smith and Miller, 1991, Smith and

Silver, 1988). OECs, derived from olfactory mucosa, and similar but distinct from SCs

in expression profile, have been shown to remyelinate injured axons (Li et al., 1997)

and produce neurotrophic factors (Sasaki et al., 2006), and do not segregate from intrin-

sic CNS tissue, instead readily mingling (Lakatos et al., 2000). In combination with a

peripheral nerve graft, OECs have also shown promise in human SCI, potentially aiding
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FIGURE 1.5: Design parameters for the development of novel SCI implants
A summary of critical design parameters for the development of biomaterials suitable
for SCI implantation. Ideally materials designed for this purpose should be porous,
mechanically compatible with spinal cord tissue, biodegradable, surgically implantable
(with minimally traumatic procedures), cyto-compatible, susceptible to modifcation
with bioactive compounds, and have the propensity for guidance channel fabrication.
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functional recovery (Tabakow et al., 2014). However, it has been postulated that cell ex-

traction from patient olfactory bulbs for autologous transplantation requires excessively

invasive procedures and may not be surgically viable for all injury types (Guest and

Dietrich, 2015). OM-MSCs derived from the olfactory mucosa, which are more prolif-

erative than OECs and can therefore be produced in high quantities for transplantation

from mucosa biopsies of minimal size, are also under current investigation for clinical

applications, having shown enhanced remyelination in vitro and functional recovery in

vivo in comparison with BM-MSCs (Lindsay et al., 2013, 2017).

One major caveat of all cell transplantation, however, is the necessity for deriving high

cell numbers from patient biopsies, and the difficulties in keeping cells localised to

the injury site following transplantation. Biomaterials offer viable solutions to these

caveats, since immobilisation of cells to biomaterials can circumvent the necessity for

high cell numbers, localising cells to the injury cavity and maintaining them in that

region, in high numbers, long-term (Liu et al., 2018).

1.5.2.2 Therapeutic compound delivery

Similarly to cell therapies, biomaterials can aid delivery of bioactive therapeutic com-

pounds, including ECM components like laminin and fibronectin, and synthetic pep-

tides (Chen et al., 2009, Miller et al., 2001). The IKVAV (H-Ile-Lys-Val-Ala-Val-OH)

peptide is an example of one such compound. IKVAV, the functional peptide of laminin,

has been shown to increase cell affinity to PHEMA scaffolds for SCI and induce dif-

ferentiation of neural precursors in vitro (Kubinová et al., 2010), and to support axonal

growth and matrix infilling in vivo (Kubinová et al., 2015). IKVAV has further been

shown to improve regenerative outcomes in CNS tissue when combined with hydrogels

(Tam et al., 2014, Wei et al., 2007). Other active ECM peptides such as RGD (H-

Arg-Gly-Asp-OH) and YIGSR (H-Tyr-Ile-Gly-Ser-Arg-OH) have also similarly been

investigated (Tian et al., 2015). Further functional compounds shown with promise in

improving injury outcomes following nerve injuries are neurotrophic factors, and chon-

droitinase ABC (ChABC), which digests harmful CSPGs in the glial scar (Barritt et al.,

2006, Bradbury et al., 2002, Garcı́a-Alı́as et al., 2009).

Further therapeutic compounds proposed by the Barnett lab are modified heparins, a

highly sulphated class of heparan sulphates. Heparan sulphates are linear polysaccha-

rides in the CNS extracellular matrix, and have been shown to bind to several extra-

cellular signalling ligands involved in moderation of remyelination and regeneration
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in the CNS (Schubert, 1989, Yamaguchi, 2001). Heparin, a highly sulphated form of

heparan sulphate, is subject to sequential enzyme driven modifications. The heparin

backbone, comprised of a disaccharide repeat of glucuronic acid (GlcA) and N-acetyl

glucosamine (GlcNAc), can be modified by, for example, epimerisation of GlcA to

IdoA, and N/O-sulfations at various positions along the polysaccharide. One such hep-

arin modification, consisting of a IdoA-GlcNS disaccharide repeat following modifica-

tion by 2-O-desulfation/6-O-desulfation, (termed modified heparin 7, or Hep7, Figure

1.6), has been identified by the Barnett lab as a promoter of CNS regeneration and re-

myelination in in vitro models of SCI (Higginson et al. (2012); McCanney et al, in

preparation).

1.5.2.3 Biomaterials combined with cell and therapeutic compound delivery

The combination of cells and therapeutic compounds with implantable biomaterials is

a field in its infancy, however a few candidates show promising results in preclinical

studies. SCs incorporated into semi-permeable single channel PAN/PVC constructs

have been shown to enhance the growth of propriospinal and some supraspinal ax-

ons when implanted into T8 hemisection and transection rat SCI models (Xu et al.,

1995, 1997, 1999). In C4 hemisection models, SCs have been incorporated with tubular

PHB scaffolds, where they facilitated aphespinal and sensory axonal growth (Novikova

et al., 2008), and with alginate-based anisotropic capillary hydrogels combined with

controlled BDNF delivery and caudal SC injections, eliciting serotonergic growth (Liu

et al., 2017). In a complete T8 transection, SCs in fluid matrigel were also combined

with a PAN/PVC single channel scaffold, OEC grafting in the host parenchyma sur-

rounding the injury site and chondroitinase ABC delivery, resulting in increased SC

myelination in the scaffold and functional locomotor improvement (Fouad et al., 2005).

Results from studies combining biomaterials with BM-MSCs have been similarly promis-

ing. Syková et al. (2006) found positive axonal growth into BM-MSC-seeded porous

2-hydroxyethyl methacrylate (HEMA) and 2-hydroxypropyl methacrylamide (HPMA)

hydrogels implanted into rat hemisections. BDNF expressing BM-MSCs seeded on

agarose scaffolds implanted into rat T3 complete transections also encouraged axonal

growth into the lesion (Gao et al., 2013). Similar axonal regrowth was observed with a

BDNF expressing BM-MSC-seeded alginate-based anisotropic capillary hydrogel im-

planted into a rat C5 hemisection (Guenther et al., 2015, Günther et al., 2015). Co-

cultured SCs and BM-MSCs incorporated into a gelatin sponge scaffold similarly re-

sulted in enhanced axonal growth, as well as improved locomotor function (Zeng et al.,
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2015).

OEC-scaffold constructs have garnered more mixed results. Wang et al. (2017) recently

showed increased axonal preservation, attenuation of astrogliosis and enhanced motor

recovery in implanted OEC-seeded PLGA scaffolds in a rat T9/10 complete transection

model. However, poor cell survival and no increased functional recovery was observed

in implanted poly(D,L)-lactide biomatrices combined with incorporated OECs and ol-

factory nerve fibroblasts, and OEC and olfactory nerve fibroblast injections, in T11/12

rat hemisections (Deumens et al., 2006). OECs seeded onto multi-channel collagen con-

structs in T13 rat hemisections also failed to induce improved motor function (Deumens

et al., 2013).

1.5.3 Proliferate R©

A novel biomaterial, Proliferate R© has been recently developed and patented by Spherite-

ch Ltd (patent no. 9938378, 8906404). Based on cross-linked poly-ε-lysine (PεK), this

material is yet to be investigated for CNS repair, however displays many characteris-

tics ideal for CNS implantation (Figure 1.7). These properties include biocompatibility,

biodegradability, and a reasonable compromise between soft tissue properties and me-

chanical strength. Proliferate R© is a 3D, macroporous material, with its tunable material

porosity further positioning it as an ideal nerve conduit. As previously discussed, the

dichotomy between the structural regularity and reproducibility of synthetic biomate-

rials, and biocompatibility and degradation properties of naturally-derived materials,

remains one of the greatest challenges to biomaterial design in SCI, and overall CNS

repair. A unique feature of Proliferate R© is that it is composed of two naturally occurring

components (PεK and a di-carboxylic acid such as decanedioic acid or brassylic acid),

whilst simultaneously reproducible on a large scale by bacterial fermentation. Due to

the monomer composition of the biopolymer it will upon decomposition break down

into natural, non-toxic components, positioning it as an ideal potential candidate for

tissue implantation.

Prior to application to CNS repair, Proliferate R© was demonstrated by Spheritech Ltd to

be cytocompatible with several cell types including HEK293T cells, kidney stem cells

(mKSC H6), corneal epithelial cells (HCE-T), and conjunctival cells (HCjE-Gi) and

keratinocytes (HaCaT). PNS repair was also investigated on Proliferate R©, where the

construct was found cytocompatible with SCs, and on which SCs upregulated various
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myelin proteins in vitro (Benjamin Kadler masters thesis, The University of Manch-

ester). It has subsequently been developed as an advanced wound dressing material,

and a hydrogel version of the construct as a sophisticated corneal bandage (Gallagher

et al., 2016, 2017). We believe this construct to be a promising candidate for SCI im-

plantation.

1.6 Thesis aims

In this thesis, we aim to investigate the aforementioned novel construct, Proliferate R©,

for application as an SCI implant. This will first be carried out by assessing Proliferate R©

mechanical properties, including topography, porosity and Young’s modulus. We will

attempt to compare these properties with those for spinal cord tissue, as reported by

literature in the field, with the aim to identify the disparity in mechanical properties, or

lackthereof, between spinal cord tissue and the construct, thus allowing characterisation

of the potential tissue-construct interface.

Following mechanical assessments, we aim to confirm and examine the biological vi-

ability of Proliferate R© by culturing CNS neural and glial cells on the construct. Due

to the limitations of CNS cell lines, as discussed earlier in this literature review, we

will carry out these in vitro investigations using primary neonatal and embryonic cell

lines. We aim to first assess the propensity of Proliferate R© in supporting single-cell

glial cultures, including astrocytes and OPCs, before proceeding to complex myelinat-

ing cultures comprised of all CNS cell types. By examining gene and protein expression

in astrocyte cultures, we will also attempt to elucidate the reactivity status of astrocytes

on the constructs, comparing this to astrocytes cultured on 2D surfaces. We will also

investigate the propensity of Proliferate R© in supporting two viable cell transplant candi-

dates, SCs and OECs, thus determining the capacity of this construct as a cell transplant

delivery vessel.

Finally, we will implant Proliferate R©, in tubular form with incorporated guidance chan-

nels, into the spinal cord in vivo, using 3 models of rodent SCI: incision, contusion

and implantation. In doing so, we hope to elucidate the integrative and regenerative ca-

pacities of Proliferate R©, as well as assessing construct degradation following long-term

implantation. Throughout our investigations, we will compare results from unmodified

constructs with peptide-coated constructs, specifically using the IKVAV peptide previ-

ously discussed, and later modified heparin-coated constructs. Using these methods, we
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FIGURE 1.7: Chemical structure of Proliferate R©

Proliferate R© is comprised of PεK monomer units (A), and is cross-linked using a natu-
rally derived diacid crosslinker to form repeating units of tunable density and porosity

(B).

35



aim to determine the potential of Proliferate R© in promoting CNS repair following SCI.

We hypothesise that Proliferate R© will stabilise and modify the injury environment to

attenuate the glial scar, thus allowing axonal ingrowth into the injury site.

1.6.1 Summary of thesis aims

The overarching aim of this thesis is to investigate the potential of Proliferate R© as a

spinal cord implant. This will be carried out by:

1. Assessing Proliferate R© material properties, and comparing these with the intrinsic

mechanical properties of spinal cord tissue

2. Investigating the interactions of CNS cells with Proliferate R© substrates in vitro

using primary CNS cell culture

3. Investigating Proliferate R© integration and regenerative capacities as an SCI im-

plant using in vivo SCI models
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Chapter 2

Methods

2.1 Construct Preparation

2.1.1 Proliferate R©

Proliferate R© constructs were developed and synthesised by Spheritech, as follows. A

41 mM PεK (72.2% strength) monomer stock solution was first prepared in dH2O. The

pH of the resulting solution was adjusted to pH 7.1 with 5 M NaOH. A separate acid

cross-linker stock solution was also made, composed of 0.5 M tridecanedioic acid (TA)

and 56 mM decanedioic acid (DA) in dH2O. To dissolve the acids in dH2O, TA and DA

were first ultrasonicated and agitated in a small volume of dH2O (20 ml) before topping

up to a larger volume.

To make cross-linked polymerised PεK, two separate solutions were prepared, the first

containing the PεK and TA/DA stock solutions (Solution A), and the second contain-

ing ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDCI) and N-hydroxysuccinimide

(NHS) (Solution B). An additional 40 µl of Tween 80 was added to solution A. All so-

lutions were filtered through a 0.45 µm nylon membrane.

Construct functionality was achieved by differing degrees of cross-linking, with 105%

cross-linking forming carboxyl-functional PεK and 95% cross-linking forming amine-

functional PεK. Different degrees of cross-linking were achieved by differing final

reagent concentrations, as summarised in Table 2.1. Equal volumes of solutions A and

B (25 ml) were combined to begin the polymerisation reaction, briefly mixed by agi-

tation and immediately poured into 10 x10 cm Petri dishes (5 ml per dish). The dishes
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Concentration (mg ml−1)
Solution Reagent Amine-Functional Carboxyl-Functional
A PεK 86.3 81.8
A TA 52.4 55.1
A DA 4.8 5.1
B EDCI 228 240
B NHS 28.8 27.6

TABLE 2.1: Reagent concentrations for preparation of pεK scaffolds.

were covered and incubated at room temperature (RT) for at least 5 h, or overnight.

Construct sheets solidified in Petri dishes were then extensively washed in 250 mM

NaOH, 250 mM HCl and dH2O, and drained by careful decantation, in the following

order: 3x 250 mM NaOH, 3x dH2O, 3x 250 mM HCl, 3x dH2O. Each wash was carried

out for 30 min, in 20 ml liquid. Following the final wash, trays were frozen at −33 ◦C

to −37 ◦C for 30 min and subsequently freeze-dried overnight at a shelf temperature of

−27 ◦C.

2.1.2 Surface modification

Carboxyl functional sheets were prepared as described in 2.1.1, with a coating step

added prior to freeze-drying. Sheets were washed 5x in 0.1 M PBS at RT (10 min per

wash). An activation solution containing 0.25 M EDCI and 0.25 M NHS was prepared in

PBS and filtered. The solution was agitated for 5 min to dissolve all components, then

poured onto the construct sheet. The solution was left on the sheet for 30 min, allowing

formation of the NHS-ester, following which the sheet was washed extensively (10x) in

PBS to remove all traces of activation solution.

The loading capacity for one sheet of construct was determined to be 81 mg. Accord-

ingly, 81 mg of either solid acetylated IKVAV peptide or solid mHep 7 (modified hep-

arin gifted by Prof. Jerry Turnbull’s group at the University of Liverpool) was dissolved

in 20 ml PBS, poured onto the construct sheet and incubated for 1 h at RT. Following in-

cubation, excess coating solution was removed by 3x PBS washes and 3x dH2O washes.

The construct was then freeze dried as described in 2.1.1.
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2.1.3 Polymer coated coverslips

13 mm glass coverslips (VWR) were washed in 0.25 M HCl for 5 min, then dH2O for

1 min and acetone for a further 1 min before leaving to dry. Once dry, coverslips were

soaked in 2% 3-aminopropyl-trimethoxy silane solution (dissolved in acetone) and in-

cubated at RT for 10 min to allow silanisation. Following incubation, coverslips were

air dried and placed on a flat surface to prepare for coating.

PεK polymer was prepared similarly to methods described in 2.1.1, however on addition

of solution A to solution B, 2 drops of polymerising solution was dispensed onto each

coverslip and spread using a plastic pipette tip. Coating in this manner was carried out

within a 5 min window of adding solution A to solution B, due to the rapidity of the

polymerisation reaction. Coverlips were left at RT for 1-2 h, prior to submersion in

dH2O to prevent air drying. Coverslips were left in dH2O for a further 3-4 h to ensure

full polymerisation, washed in dH2O, NaOH and HCl and freeze-dried as described in

2.1.1.

2.1.4 Proliferate R© cell culture inserts

Construct sheets were prepared as described in 2.1.1 and 2.1.2, with the desired func-

tionality. Once dry, 0.64 cm2 discs were cut using a size 5 borer to fit 24-well plate

inserts. A blank cell culture insert was positioned onto the polymer disc, as per final re-

quired orientation, before a small drop (40 µl) of toluene was added to the disc, adhering

it to the insert. The insert was then inverted and left to dry for 1 h.

2.1.5 Parallel-channel tubes

A 1 ml serological pipette was secured vertically using a clamp. 300 soluble fibres, each

100 µm in diameter, were inserted vertically through the pipette, and secured at each end

with cable ties. The carboxyl-functional polymer solution was prepared as described in

section 2.1.1, and poured into a 1 ml syringe. This syringe was inverted and attached to

the bottom of the serological pipette, and the polymer solution was syringed upwards,

filling the pipette. The solution was then left to set for a minimum of 5 h. Once set, the

pipette was broken into smaller pieces, and placed in a water bath at 100 ◦C for 8 h to

dissolve the fibres and detach the polymer tubes from the pipette remnants. Polymers
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were then washed in NaOH, dH2O and HCl, and subsequently freeze-dried as described

in section 2.1.1.

2.1.6 Sterilisation

Dry constructs were washed in sterile PBS (3x 10 min) and submerged in 70% ethanol

for a minimum of 2 h. Constructs were then washed extensively in PBS and stored

at 4 ◦C. Prior to cell seeding, constructs were incubated for a minimum of 1 h in cell

culture media. Constructs to be used for in vivo implantation were washed only in

endotoxin tested PBS; constructs used for in vitro cell culture were washed in standard

sterile PBS.

2.1.7 Cell culture on constructs

Cell culture was carried out either on constructs silanised to glass coverslips or on cell

culture inserts (2.1.3, 2.1.4). On silanised constructs, cells were seeded atop constructs

in 24-well plates using the same protocols described for glass coverslips (2.4). To seed

cells onto construct inserts, inserts were incubated in 500 µl media prior to cell seeding,

and a 50− 100 µl cell suspension was subsequently seeded on inserts and incubated for

1 h. Wells were then topped up to with a further 500 µl media. Cultures were fed by

removing 500 µl media surrounding the insert and replacing with 500 µl media directly

on the insert.

2.2 Mechanical testing

Mechanical testing was carried out at Spheritech by Dr Andrew Gallagher (further in-

formation on testing of Proliferate R© variants published in Dr Gallagher’s PhD Thesis,

University of Liverpool). Mechanical properties of the scaffold were measured using a

Linkam TST350 tensile tester (Linkam Scientific Instruments Ltd). Stress (δ), strain (ε)

and elastic modulus (E) were determined for each sample. Test samples were removed

from aqueous storage and cut to a 15 mm long dog bone shaped piece using a borer. The

width and thickness of each sample was measured with an Absolute Digimatic caliper

(Mitutoyo Ltd., Andover) and the readings recorded. The sample was then mounted in

the Linkam tensile tester and secured in place with the provided clamps (Figure 2.3).
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The software was run and each sample was elongated until breakage point. A 20 N load

cell was used for all mechanical analysis with a strain rate of 100 µm s-1. Results were

recorded and analysed using the supplied Link software.

2.3 Water absorption assay

Water absorption assay was carried out on constructs silanised to 13 mm glass, using

glass coverslips as non-absorbent illustrative controls. Dry coverslips were weighed on

a Quintix analytical balance (Sartorius), and this weight was noted as t = 0. Coverslips

were then hydrated in ddH2O, incubated at 37 ◦C and weighed every 30 min thereafter

for 2 h.

2.4 Tissue Culture

All cultured cells were maintained in a humidified incubator at 37 ◦C with atmospheric

CO2 at 7%. Contamination risk was minimised by adherence to sterile tissue cul-

ture procedures, and by supplementing tissue culture media with gentamicin solution

(0.5 µl ml−1, Sigma-Aldrich). Primary tissue culture used in this study is summarised

in Figure 2.1.

2.4.1 Animal use and ethical considerations

Primary cell culture was carried out using Sprague Dawley (SD) rats (Charles River)

and GFP expressing F344-Tg (UBC-EGFP) F455Rrrc (RRRC, Rat Resource and Re-

search Centre) rats, housed and bred in the University of Glasgow Biological Services

facility. Animal welfare was ensured in accordance with the Animals (Scientific Proce-

dures) Act 1986 and in keeping with Home Office regulations. Animals were kept under

appropriate light and temperature conditions, with food and water available ad libitum.

All animals used for cell culture were culled by a trained technician at the Biological

Services facility under Schedule 1 of the Animals (Scientific Procedures) Act 1986.
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FIGURE 2.1: Primary tissue culture
Primary cell cultures used in this study were isolated from (A) P7 rat sciatic nerve, (B)
P7 rat olfactory bulb, (C) P1 rat striatum, (D) P7 rat cortex and (E) E15 rat spinal cord,

from which both single cell (F) and mixed spinal cord (G) cultures were derived.
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2.4.2 PLL coating

With the exception of cells plated onto Proliferate R© constructs (2.1.7), cells were seeded

on Poly-ι-Lysine (PLL, Sigma-Aldrich)-coated 13 mm glass coverslips (VWR) or filter-

capped 25 cm2/75 cm2 tissue culture flasks (Greiner). 13.3 µg ml−1 PLL was diluted in

ddH2O and used to coat coverslips and flasks as follows. Diluted PLL was added to

flasks at a sufficient volume to cover the base of the flask entirely (∼3 ml for 25 cm2

flasks, ∼5 ml for 75 cm2 flasks) and incubated at 37 ◦C for 15 min. To coat coverslips,

sterile coverslips were incubated in the 20 ml diluted PLL at 37 ◦C overnight in a 90 mm

petri dish (96 coverslips per dish). Coated flasks and coverslips were washed twice in

ddH2O, air dried in a tissue culture hood and stored at RT prior to cell seeding.

2.4.3 Neurosphere-derived astrocytes

Neurosphere-derived astrocyte (nAs) cultures were harvested from postnatal day 1 (P1)

SD rat brains according to methods adapted from Reynolds and Weiss (1996), Zhang

et al. (1998) and Thomson et al. (2006), as follows. Three brains were used for each

preparation. The brain hemispheres were separated, and from each hemisphere the

striatum was dissected and submerged in Leibovitz’s L-15 medium (ThermoFisher).

Striata were triturated using a glass pasteur pipette (ThermoFisher) and immediately

centrifuged at 260 xg for 3 min. The resulting supernatant was discarded and the pellet

was resuspended in 2 ml neurosphere medium (NSM, defined in 2.4.10). The suspen-

sion was extensively triturated using a glass pasteur pipette followed by a 21G needle

(Scienfitic Laboratory Supplies), forming a single cell suspension, and plated in a filter-

capped T75 flask containing 18 ml NSM and 20 ng ml−1 epidermal growth factor (EGF,

R&D Systems). This suspension was fed twice weekly by addition of a further 5 ml

NSM and 20 ng ml−1 EGF. Upon observation of abundant neurosphere formation af-

ter 7-10 DIV (days in vitro), suspended spheres were centrifuged at 260 xg for 3 min,

and the resulting pellet was resuspended in 1 ml astrocyte medium (ASM, defined in

2.4.10). The suspension was extensively triturated using a 21G (BD Microlance) needle

to form a single cell suspension and seeded onto Proliferate R© coverslips, Proliferate R©

cell culture inserts and control glass coverslips,in ASM. Each neurosphere preparation

was diluted for 4x 24-well plates (Corning) at 500 µl per well. Cultures were fed twice

weekly in ASM by replacing the culture supernatant with fresh media, and reached

confluency after 5-7 DIV.
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2.4.3.1 Quantification of sphere size

Neurospheres were plated, without trituration, onto PLL-coated glass coverslips in ei-

ther ASM or NSM, left to adhere overnight and stained with nestin, GFAP, sox2 and

hoechst 33342 antibodies. The ImageJ freehand selection tool was used to delineate the

outer extremities of each sphere, generating arbitrary unit values for the area defined.

2.4.4 Schwann cells

Schwann cells (SCs) were harvested from postnatal day 7 (P7) F344-Tg (UBC-EGFP)

F455Rrrc rat sciatic nerve according to methods from O’Neill et al. (2017). The sci-

atic nerve was exposed by hindlimb scalpel incisions, and excised from each leg. Ap-

proximately 12 nerves were collected, finely chopped with scalpel blade and digested

at 37 ◦C with 5 mg ml−1 collagenase (Sigma-Aldrich) in L-15 for 20 min, followed

by 2.5 mg ml−1 trypsin (Sigma-Aldrich) for 10 min. Digestion was then stopped by

addition of 1 ml of a solution containing 0.52 mg ml−1 Soya bean trypsin inhibitor,

0.04 mg ml−1 DNAseI and 3 mg ml−1 bovine serum albumin (all Sigma-Aldrich) in L-

15, collectively denoted as SD. This suspension was centrifuged at 260 xg for 3 min,

resuspended in Schwann cell media (SCM, defined in 2.4.10) triturated with a glass pas-

teur pipette and plated onto a PLL-coated 25 cm2 flask containing SCM. After 7 DIV,

SCs were purified with magnetic beads cross-linked to p75 neurotrophic factor (p75NTR)

antibody (Abcam) using an EasySep immunomagnetic positive selection kit (Stem Cell

Technologies). Cells were fed three times per week by replacing half of the culture

supernatant with fresh media.

2.4.5 Olfactory ensheathing cells

Olfactory ensheathing cells (OECs) were harvested from P7 F344-Tg (UBC-EGFP)

F455Rrrc rat olfactory bulbs according to methods from Barnett et al. (1993). Approx-

imately 12 olfactory bulbs were isolated from P7 brains, finely chopped with a scalpel

blade and digested with collagenase for 20 min at 37 ◦C. Digestion was stopped with

SD solution, and the resulting suspension was centrifuged at 260 xg for 3 min and plated

in a PLL-coated 25 cm2 flask in OEC media (OECM), a modified form of Bottenstein

and Sato (1979) defined serum free media (DMEM-BS). As described in 2.4.4, OECs

were purified after 7 DIV in culture with p75NTR-magnetic beads using an EasySep kit.

44



Cells were fed three times per week by replacing half of the culture supernatant with

fresh OECM.

2.4.6 Mixed cortex-derived glial cultures and oligodendrocytes

Oligodendrocyte progenitor cells (OPCs) were harvested from P1 rat brains according

to methods from Noble and Murray (1984) as follows. Cortices from two rat pups

were used in each preparation. The outer layers of rat cortices, including the corpus

callosum, were isolated and the meninges removed. Cortices were then triturated in L-

15 medium using a glass pasteur pipette, and enzymatically digested with collagenase

for 20 min at 37 ◦C. Digestion was stopped using SD solution and the suspension was

centrifuged at 260 xg for 3 min. The resulting pellet was resuspended in ASM and

cultured in a PLL-coated 75 cm2 flask for 7-10 DIV, forming an astrocyte monolayer

covered in a layer of suspended OPCs. This mixture, termed the cortex-derived mixed

glial culture, was they plated onto PLL-coated glass coverslips for characterisation.

The flask was thoroughly agitated, the supernatant was removed and was placed in a

90 mm petri dish for 10 min, allowing any microglia in the suspension to attach to the

dish. The supernatant was then removed, centrifuged at 260 xg for 3 min and plated in

DMEM-BS (2.4.10) supplemented with 20 ng ml−1 PDGF-AA and 20 ng ml−1 FGF-2

(both Peprotech). After 3 DIV, PDGF and FGF were withdrawn and cultures were fed

with DMEM-BS only (Bögler et al., 1990, Raff et al., 1983). Cells were fed daily by

replacing half of the culture supernatant with fresh media.

2.4.6.1 Characterisation of mixed glial cultures using ImageJ

Mixed cortex-derived glial cultures were produced as described above, and labelled with

various antibodies against astrocytes, microglia, oligodendrocytes and neurons. Repli-

cate images from each underwent threshold analysis using the default ImageJ thresh-

olding function, whereby pixel valued were generated using the ”histogram” and ”list”

functions for each thresholded image, and used to compare the spatial distribution of

cells stained with each antibody label.
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2.4.7 Myelinating embryonic spinal cord cultures

Myelinating cultures were generated using P1 and embryonic day 15 (E15) rats accord-

ing to methods described by Thomson et al. (2006). Prior to E15 dissection, astrocyte

monolayers were generated from P1 striata as described in 2.4.3. Healthy confluent

monolayers were critical to the long-term survival of these cultures. Spinal cords were

isolated from E15 rats, with 3-6 cords used for each preparation. Meninges were re-

moved and the cords were triturated in L-15 medium using a glass pasteur pipette.

Cords were digested at 37 ◦C in collagenase and trypsin as described in 2.4.4. Digestion

was blocked by addition of SD solution and the suspension triturated before centrifug-

ing at 260 xg for 3 min. The resulting pellet was resuspended in 1 ml plating media

(PM, 2.4.10) and dissociated into a single cell suspension using a glass pasteur pipette

followed by a 21 G needle. This suspension was subsequently seeded onto astrocyte

monolayers either on 13 mm glass coverslips or on Proliferate R© 24-well plate inserts.

On glass coverlips, dissociated spinal cord mix was seeded at a density of 150,000 cells

per coverslip in a 50 µl droplet in a 35 mm petri dish (3 coverslips per dish). Dishes

were incubated at 37 ◦C for 2 h to allow cell adhesion to coverlips, before flooding

with 500 µl PM and 500 µl differentiation medium supplemented with insulin (DM+,

2.4.10). On Proliferate R©, the 50 µl droplet was seeded onto suspended 24-well plate in-

serts surrounded by 500 µl PM (as described in 2.1.7), and flooded after 2 h with 600 µl

DM+. Cultures were feed three times weekly by replacing half of the supernatant with

fresh DM+ media. After 12 days, insulin was withdrawn from the media to allow OPC

differentiation and subsequent myeliantion of axons (DM-, 2.4.10), and cultures were

maintained for up to 40 DIV.

2.4.8 Conditioning of myelinating cultures

Myelinating cultures (MCs) were generated as described in 2.4.7 and cultured for 12

DIV prior to conditioning. Neurosphere-derived astrocytes (nAs) were seeded onto

Proliferate R© 24-well plate inserts as described in 2.4.3 3-5 days before MCs reached

12 DIV, at which point constructs were excised from insert moulds and placed into

13 mm culture dishes alongside MCs. A polydimethylsiloxane (PDMS) barrier was

used to separate MCs from nAs cultures to prevent contruct debris sedimenting on MC

coverslips. The conditioning process is summarised in Figure 2.2.
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PDMS

Myelinating cultures nAs on Proliferate®

FIGURE 2.2: Conditioning of myelinating cultures
Myelinating cultures (MCs) were modified for conditioning by addition of a floating
Proliferate R© cell culture insert seeded with neurosphere-derived astrocytes (nAs), and
a Polydimethylsiloxane (PDMS) barrier to prevent sedimenting of construct debris on

MCs.
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2.4.8.1 PDMS

A Polydimethylsiloxane (PDMS) solution was made containing 90% PDMS (Sylgard

184 Silicone Elastomer, Dow Corning) and 10% curing agent. This was thoroughly

mixed ina disposable cup, before degassing under vacuum for 20-30 min. The degassed

PDMS was then poured into a petri dish and cured at 80 degreeCelsius for 2 h, before

cooling at RT and cutting into 3 x30 mm strips. PDMS was sterilised prior to cell culture

by incubation for 30 min under UV light.

2.4.9 Spinal cord neuronal cultures

Spinal cord neronal cultures (SCNCs) were generated from E15 spinal cords, with 2-

3 cords used for each preparation. As described in 2.4.7 spinal cords were isolated,

triturated in L-15 medium and enzymatically digested. Following addition of SD,

the suspension was centrifuged and the resulting pellet was resuspended in neurobasal

medium supplemented with B27 (NB+, 2.4.10) and seeded either onto glass coverslips

or Proliferate R© inserts at a density of 150,000 cells per well. Cultures were fed twice

weekly by removing half of the supernatant and replacing with fresh media.

2.4.9.1 Myelination

To induce myelination in SCNCs, OPCs were added to the cultures after 7-10 DIV as

follows. OPCs were isolated as described in 2.4.6 and seeded atop SCNCs by removing

half of the SCNC supernatant and replacing with suspended OPCs in DM+. Two flask

of harvested OPCs was seeded onto each 24-well plate. Cultures were then fed three

times weekly with DM+ for 12 days, at which point insulin was withdrawn as described

in 2.4.7.

2.4.10 Cell culture media

All cell culture media was supplemented with gentamicin to minimise contamination

risk.

Astrocyte media (ASM): 10% foetal bovine serum (FBS) in low glucose Dulbecco’s

modified Eagle’s medium (DMEM, both ThermoFisher)

48



DM+: High glucose DMEM (ThermoFisher) containing 10 ng ml−1 biotin (Sigma-

Aldrich), 50 nM N1 medium supplement (Sigma- Aldrich), 50 nM hydrocortisone (Sigma-

Aldrich) and 0.5 mg ml−1 bovine insulin (ThermoFisher)

DM-: DM+ not containing bovine insulin

MSCM: 10% FBS in minimal essential medium alpha (αMEM, ThermoFisher)

NB+: NeurobasalTM media supplemented with B-27TM GlutaMAXTM (ThermoFisher)

NSM: DMEM/F12 (ThermoFisher) containing with 0.105% NaHCO3 (Sigma-Aldrich),

2 mM L-glutamine, Penicillin-Streptomycin, 0.6% glucose, 5 mM Hepes, 0.001% bovine

serum albumin (BSA), 100 µg ml−1 apotransferrin, 25 µg ml−1 human insulin, 60 µM pu-

trescine, 30 nM sodium selenite, 20 nM progesterone (all Sigma-Aldrich), supplemented

with 20 ng/ml EGF (Peprotech) on feeding

OECM: 5% FBS, 10% astrocyte conditioned media, 35% DMEM-BS (Bottenstein

and Sato (1979), 25 mg ml−1 FGF2 (Peprotech), 0.5 µM forskolin (Sigma-Aldrich) and

50 ng ml−1 heregulin β1 (R&D Systems) in low glucose DMEM).

PM: 50% low glucose DMEM, 25% horse serum (Gibco), 25% Hank’s balanced salt

solution (HBSS, Gibco) and 2 mM L-glutamine (ThermoFisher)

SCM: ASM supplemented with 0.5 µM forskolin (Sigma-Aldrich) and 50 ng ml−1 hereg-

ulin β1 (R&D Systems)

2.5 Immunocytochemistry

External cell surface antigens were visualised by dilution of the selected antibody in

the appropriate cell culture media, in which the coverslip was incubated for 20 min.

This was followed by incubation in fluorochrome conjugated secondary antibodies for

a further 20 min. To visualise internal antigens, cells were fixed with 4% PFA for

15 min, and subsequently permeabilised with 0.03% Triton X-100 (Sigma-Aldrich)

for 15 min. Coverslips were then incubated in primary antibody diluted in block-

ing buffer, containing 0.2% gelatine (Sigma-Aldrich) in PBS, either for 1 h at RT or

overnight at 4 ◦C depending on the potency of the antibody. This was followed by in-

cubation in secondary antibodies 30-45 min and extensive washes in PBS. Coverslips

were mounted on glass slides in the mounting medium described below. Excess vec-

tashield was blotted off and coverslips were sealed with nail polish. Immunolabelling

49



Antibody Manufacturer Host Species Specificity Concentration
A2B5 Hybridoma Mouse IgM 1:1
AA3 (PLP) Hybridoma Rat Polyclonal 1:100
ED-1 BioRad Mouse IgG1 1:500
GFAP Dako Rabbit Polyclonal 1:1000
Iba-1 Wako Rabbit Polyclonal 1:1000
Nestin Merck Millipore Mouse IgG1 1:500
NG2 Merck Millipore Rabbit Polyclonal 1:100
O4 Hybridoma Mouse IgM 1:1
SMI-31 Merck Millipore Mouse IgG1 1:1000

TABLE 2.2: Immunocytochemistry antibodies

was imaged using an Olympus BX51 fluorescent microscope. Primary antibodies used

for immunolabelling are detailed in Table 2.2 and were detected by AlexaFluor sec-

ondary antibodies (ThermoFisher). Quantification of myelin in MCs was carried out

using CellProfiler as previously described (Lindner et al. (2015), pipeline available at

https://github.com/muecs/cp/commit/d71ae2c0781b39e6c76aab19a0fe66732ed89d11).

2.5.1 Mounting medium

25 mg ml−1 1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma-Aldrich) was dissolved in a

solution of 90% glycerol (Sigma-Aldrich) and 10% PBS. This mixture was dissolved by

gentle heating at 37 ◦C, before adjusting pH to 8.6 using dilute HCl. NucBlue reagent

containing Hoechst 33342 (ThermoFisher) was then added (∼3 drops per µl) and the

solution was inverted several times to mix. Mountant was stored at 4 ◦C, protected from

light.

2.6 Scanning Electron Microscopy

Proliferate R© constructs were mounted onto specimen stubs (Agar Scientific) using con-

ductive carbon tape, and silver paint was applied to construct edges to stabilise scaffolds

onto stubs. Stubs were coated with 10−20 nm Gold Palladium using a Quorum Q150T

high vacuum coater. To visualise cell monolayers grown on the construct, samples

were prepared prior to coating using the following protocol. Cultures were fixed for 1

h at RT using 1.5% gluteraldehyde in 0.1 M sodium cacodylate buffer. Samples were

then washed in 0.1 M sodium cacodylate buffer, before being incubated in 1% osmium

tetroxide in sodium cacodylate buffer for 1 h. Samples were rinsed once more in buffer
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Stage EtOH dilution Incubation time
1 30% 10 min
2 50% 10 min
3 70% 10 min
4 90% 10 min
5 Absolute 4x 5 min
6 Dried absolute 4x 5 min

TABLE 2.3: Dehydration steps for SEM sample preparation.

before washing 3x 10 min in dH2O, and incubating in 0.5% uranyl acetate in dH2O

for 1 h, protected from light, to add conductivity to samples. Samples were then pro-

gressively dehydrated in ethanol as detailed in Table 2.3, with the final absolute ethanol

solution containing a 3A molecular seive (Sigma-Aldrich) to remove moisture. A final

drying step was then carried out in Hexamethyldisilazane (HDMS) before mounting

onto specimen stubs and coating as described. Samples were visualised on a JEOL6400

SEM running at 10 kV, and images were captured using the Olympus Scandium Soft-

ware.

2.6.1 Quantification of construct surface heterogeneity using SEM
images

SEM images were analysed using the Histogram-List function in ImageJ. Low pixel

values in images corresponding to darker areas in each image were considered construct

pores. In each image, pixel values >50 were counted, and presented as percentage of

total pixel value. Pixel values for all images was equal, at 3330048 pixels.

2.7 Western blot

2.7.1 Harvesting protein lysates and determining protein concen-
tration

Astrocyte monolayers were washed x3 in PBS and lysed by incubation in CelLytic M

reagent (Sigma-Aldrich) for 15 min at RT. On Proliferate R© cell culture inserts, cell lysis

reagent was continually aspirated from the bottom of each well and pipetted back over

constructs for the during incubation time. The reagent was then removed from each
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well and transferred to eppendorf tubes on ice. A Pierce BCA assay (ThermoFisher)

was then used to quantify protein concentration, according to manufacturer’s instruc-

tions. Briefly, reagent A and reagent B were mixed together at a ratio of 1:50, protein

lysate was added at a ratio of 1:20 and the resulting solution was incubated at 37 ◦C for

30 min. The protein concentration was quantified using the BCA assay programme on

a Nanodrop 1000 (Thermo Fisher). Bovine serum albumin (BSA) was used for known

protein concentrations to generate a standard curve from which the protein concentra-

tions of samples were deciphered.

2.7.2 Sample preparation and gel electrophoresis

20 µl protein samples were prepared for electrophoresis, containing 2 µl 10x reducing

agent (Novex), 5 µl 4x sample buffer (Novex), 10 µg protein and ddH2O. The samples

were heated at 70 ◦C 10 min, then immediately transferred to ice. Pre-cast SDS-PAGE

gels (Novex NuPAGE 4-15% Bis-Tris gel, 1.0 mm x 10 wells) were placed in a Novex

mini-cell gel tank and Novex NuPAGE running buffer was added. Gel combs were

removed and 20 µl protein samples were transferred to wells, alongside 5 µl Benchmark

pre-stained protein ladder (ThermoFisher). Gels ran at 200 V with variable amplitude

for 45-60 min.

2.7.3 Protein transfer and detection

The iblot Blotting System (ThermoFisher) was used to transfer proteins onto a nitrocel-

lulose membrane using Novex gel transfer stacks according to manufacturer’s instruc-

tions. The anode was placed at the bottom of the iblot, and gels were placed atop the

nitrocellulose membrane. A wet segment of filter paper was placed over the gel and any

bubbles were removed using the roller provided. This was then covered by the cath-

ode and sponge before running the iblot for 7 min on the P3 setting. Protein loading

was verified by a ponceau stain (Sigma- Aldrich), which was subsequently washed off

with PBS. The nitrocellulose membrane was then blocked with 5% milk in PBS-Tween

(0.1%, ThermoFisher) for 1 h at RT. This was followed by incubation with primary anti-

body diluted in PBS-Tween for 1 h at RT or overnight at 4 ◦C. Blots were washed exten-

sively in PBS-Tween and incubated in horse radish peroxidase (HRP)-linked secondary

antibody (GE Healthcare) for 1 h at room temperature. Blots were washed extensively

and incubated in 2 ml enhanced chemiluminescence (ECL) solution (GE Healthcare)
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Antibody Manufacturer Host Species Concentration
GAPDH Abcam Mouse 1:5000
GFAP Dako Rabbit 1:100000
Nestin Merck Millipore Mouse 1:5000

TABLE 2.4: Western blot antibodies

for 5 min. Excess ECL was removed and the bound antibodies were visualised using a

Konica Minolta SRX101A imaging system and Kodak photo paper in a dark room. To-

tal protein was assessed using GAPDH. Band intensities were quantified using ImageJ

and normalised to GAPDH. Details of primary antibodies used in western blot analysis

are summarised in Table 2.4..

2.8 Reverse transcriptase quantitative polymerase chain

reaction (qRT-PCR)

Standard practices for handling RNA samples, such as using RNase free water and

containers, RNAseZap spray (ThermoFisher) and filter tipped pipettes were strictly ad-

hered to when conducting qRT-PCR experiments. Samples were kept on ice at all times

or stored at -80 ◦C.

2.8.1 RNA extraction

RNA was extracted from coverslips and 24-well plate construct inserts by incubation in

TRIzol (ThermoFisher) for 10 min. RNA from 3-6 wells was collected for each sample,

with 1 ml TRIzol added to each well sequentially, accumulating across wells. On con-

struct inserts, TRIzol was continually aspirated from the bottom of the well and passed

through constructs for the duration of the the incubation. The purelink RNA Mini kit

(Life Technologies) was used for all subsequent RNA extraction procedures, according

to manufacturer’s instructions. Samples were was passed through a spin column and the

waste discarded. DNase and reaction buffer was then added for 15 min to remove any

contaminating genomic DNA, followed by various wash steps according manufacturer’s

instructions. ddH2O was added to the column for 1 min before centrifuging to obtain

RNA. Sample RNA concentrations were quantified using a Nanodrop 1000 (Thermo

Fisher) and samples were kept at -80 ◦C.
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2.8.2 cDNA synthesis

RNA samples were used to synthesise cDNA by reverse transcription using the Quan-

titech reverse transcriptase kit (Qiagen) according to manufacturer’s guidelines. The

Quantitech reverse 48 transcriptase kit was thawed on ice, and contaminating genomic

DNA was removed from 500 ng RNA, using the gDNA wipe out buffer on a thermo-

cycler (ThermoFisher) at 47 ◦C for 2 min. 20 µl reverse transcriptase master mix was

prepared according to manufacturer’s instructions and added to each sample before in-

cubating first at 42 ◦C for 20 min, then at 95 ◦C for 5 min. A control sample containing

all components except reverse transcriptase (-RT) ran alongside samples on the thermo-

cycler.

2.8.3 RT-qPCR

Quantifast sybr green was used for qPCR (Qiagen). Samples were prepared in 384 well

plates (PCR microplate, Axygen Scientific). A 10 µl sample containing 0.1 µl forward

and 0.1 µl reverse primer (primer design detailed in 2.8.4), 5 µl sybr green master mix,

1 µl cDNA (2 ng µl−1) and 3.8 µl RNA-free H2O was added to each well. Samples ran

in triplicate for each gene of interest alongside -RT and -cDNA (replaced by RNA-free

H2O) controls. Plates were sealed with optical adhesive film (Applied Biosystems),

briefly centrifuged and run on a QuantStudio 7 Flex Real-Time PCR System (Ther-

moFisher). The reaction began at 95 ◦C for 5 min and was followed by 40 cycles of

95 ◦C for 15 s followed by 60 ◦C for 1 min. The melting curve ran according to standard

instrument settings and was used as an indicator of primer specificity.

2.8.4 Primer design

The freely available National Centre for Biotechnology Information (NCBI) primer

blast tool was used to design primers for RT- qPCR as follows. The desired gene for

the correct organism was located and the corresponding RefSeq RNA tool was opened.

The FASTA cDNA sequence was identified and the “pick primers” tool was used, with

recommended melting temperature and product size chosen according to Quantifast

sybr green manufacturer’s instructions (targets 60-200 bp in length with an anneal-

ing/extension temperature of 60 ◦C or lower, Qiagen). For “exon junction span”, the

54



Gene Forward primer Reverse primer
GAPDH ATGACTCTACCCACGGCAAG TACTCAGCACCAGCATCACC
GFAP GAGTTACCAGGAGGCACTCG TGGTGATGCGGTTTTCTTCG
Nestin TAAGTTCCAGCTGGCTGTGG GGACATCTTGAGGTGTGCCA

TABLE 2.5: Primer list

“must span exon exon junction” option was chosen. All other parameters remained un-

changed. Primers generated were ordered from Integrated DNA Technologies (IDT).

Primers used are detailed in Table 2.5. GAPDH was used as the loading control.

2.8.5 qPCR analysis

Upon completion of the qRT-PCR reaction, mean Ct (cycle threshold, indicating the

number of cycles needed before a signal above background is detected) values were

calculated for both loading control and gene of interest. ∆Ct was calculated by sub-

tracting loading control Ct from gene of interest for control and experimental groups.

The ∆∆Ct was next calculated as the difference between the experimental and the con-

trol ∆Ct. 2∆∆Ct was then used to calculate the fold change, as the ∆∆Ct is inversely

proportional to the fold change (i.e a lower Ct value compared to the control corre-

sponds higher gene abundance). For statistical analysis, fold changes were converted

to a Log2 ratio and a one sample unpaired T test was performed to identify statistical

significance with a p≤0.05 and a confidence interval that does not pass through 0.

2.9 EdU

Cells were seeded onto Proliferate R© constructs and glass coverslips, and incubated for

3 h to allow cell adhesion. The Click-iT EdU Alexa Fluor 594 Imaging Kit (Ther-

moFisher) was then used to determine proliferation according to manufacturer’s in-

structions. Cultures were incubated with EdU (5-ethynyl-2-deoxyuridine) overnight,

then fixed in 4% PFA for 15 min and permeabilised in 0.03% Triton X-100 for a further

15 min. Cells were then washed and incubated in the Click-iT reaction cocktail for 30

min, protected from light. Samples were then washed extensively in PBS and mounted

in mountant media described in 2.5.1, containing a nuclear stain. Proliferating cells

were identified by the Alexa 594 stain, with non-proliferating cells showing hoechst
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33342 nuclear staining only. Proliferating cell nuclei were expressed as a percentage of

β-III-tubulin expressing cells in spinal cord neuronal cultures.

2.10 alamarBlue

The alamarBlue resazurin assay (ThermoFisher) was used to indicate cell viability ac-

cording to manufacturer’s instructions. Briefly, cells were seeded and incubated for

3 h to allow adhesion to glass coverslips or Proliferate R© constructs. The alamarBlue

reagent was then added to cell culture wells and incubated at 37 ◦C for up to 24 h,

protected from light. At desired timepoints, media was removed from the wells and

maintained at 4 ◦C, protected from light, until experiment completion. Fluourescence

levels were then detected in the collected media using a fluorescent plate reader. The

alamarBlue reagent was also added to control wells containing only cell culture media.

2.11 Implantation in vivo

2.11.1 Animal use and ethical considerations

All experiments in this study were approved by the Ethical Review Process Applica-

tion Panel at the University of Glasgow and performed in accordance with the UK

animal Scientific Procedure Act (ASPA) 1986. In vivo experiments were carried out us-

ing transgenic B6.Cg-TgN (Thy1-CFP) 23Jrs mice (gifted from Prof. Hugh Willison’s

group at the University of Glasgow), B6.Cg-TgN (Csf1r-EGFP) mice (gifted from Prof.

Gerard Graham’s group at the University of Glasgow) and male Sprague Dawley (SD)

rats (Charles River) housed and bred in the University of Glasgow Biological Services

facility. Animals were housed in groups of 2 or 3 per cage. Animals were randomly

assigned treatments, however as these experiments were deemed exploratory, experi-

menters were not blinded and sample size estimation was not carried out. Animals

were housed in the University of Glasgow Biological Services facility. Animal welfare

was ensured in accordance with the Animals (Scientific Procedures) Act 1986 and in

keeping with Home Office regulations. Animals were kept under appropriate light and

temperature conditions, with food and water available ad libitum.
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2.11.2 Peri-operative medication

Animals undergoing surgery received the following peri-operative medications:

Buprenorphine (Vetergesic, analgesic): 0.01−0.05 mg kg−1 body weight adminis-

tered subcutaneously 1-2 h prior to surgery, and repeated 6-8 hrly for the first 24 h

post-surgery.

Carprofen (Rimady, non-steroidal anti-inflammatory): 5 mg kg−1 body weight ad-

ministered subcutaneously 1-2 h prior to surgery and subsequently in cases of slow

recovery, as directed by the veterinarian.

Saline: 5 ml administered at induction and 5 ml immediately following surgery, deliv-

ered subcutaneously. A further 2−4 ml kg−1 body weight administered orally or sub-

cutaneously 2-3 times per day during recovery, until the animal was able to hydrate as

normal.

During surgery, an ophthalmic ointment was applied as necessary to prevent drying of

the eyes.

2.11.3 Surgical procedures

Due to time limitations disallowing sufficient surgical training, rat contusion injuries,

wire knife injuries and implantation procedures were carried out by Dr John Riddell, and

mouse incision and implantation procedures were carried out by Dr Julia Edgar. I car-

ried out all other procedures, however, including surgical preparation, record keeping,

animal monitoring and care, end point perfusions, histology and analysis. Surgical in-

struments were regularly sterilised, and appropriate precautions were taken to minimise

the risk of infection throughout procedures. Animals were induced by 4-5% isoflu-

rane and oxygen, and anaesthesia was maintained during surgery by 1-3% isoflurane

delivered by anaesthetic mask. In all surgical procedures in this study, animals showed

significant signs of recovery as early as 24 h post-surgery, with locomotive abilities

largely restored within 5 days. In early post-operative stages, feeding was encouraged

by placing baby food (Heinz) at ground level in recovery cages, and saline was adminis-

tered to maintain adequate hydration. Typically, animals were sufficiently able to move

around cages to reach food and water within 2-3 days.
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2.11.3.1 Region of interest

Mouse incision injuries were applied to the dorsal columns of the thoraco-lumbar re-

gion of the cord at the most surgically accessible point, without causing damage to the

central vein on the dorsal surface. Rat contusion and wire knife injuries were applied to

the dorsal surface of the spinal cord at the C6 segmental level, selected because of its

relative surgical accessibility. At this level, contusion interrupts the long white matter

tracts extending through the dorsal columns, thus disrupting somatosensory pathways

from the trunk and hind limbs, without inflicting motor impairment.

2.11.4 Mouse model for construct integration into the spinal cord

Transgenic mice detailed in 2.11.1 were anaesthetised with isoflurane and placed on a

heated surgical pad under a heat lamp. A vertical incision was made over the thoraco-

lumbar region of the spine and a laminectomy was performed. A small longitudinal

incision was made in the dorsal columns and an appropriately sized sterilised segment

(2.1.6) of P-IKVAV (2.1.2) polymer sheet, stored in endotoxin-tested PBS (Sigma), was

inserted into the dorsal incision. The incision site was marked with charcoal, the wound

was closed and the animal recovered in a heated incubator. The animal was monitored

daily, and was culled by perfusion fixation 7 days post-surgery.

2.11.5 Rat models of spinal cord injury

2.11.5.1 Contusion injury

The vertebral columns were exposed at the C5-C7 region, and the spinal cord was ex-

posed by laminectomy of the C6 vertebra. The animal was stabilised by a custom-made

stereotaxic frame (Figure 2.3) and the C5 and C7 vertebra were clamped with Adson

forceps and locked in position. An Infinite Horizon ImpactorTM (IHI, Precision Systems

and Instrumentation, (Figure 2.3) was then used to induce the injury as follows. The im-

pactor was positioned as accurately as possible over the exposed C6 cord at the midline,

and the injury force was set to 175 kdyn using the IHI software, which subsequently

coordinated the descent of the impactor tip at ∼120 m s−1 until the defined force was

reached, contusing the exposed cord. The impactor was immediately retracted follow-

ing contusion. Graphs of force and displacement vs. time were generated by the IHI
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software, which were saved for retrospective analysis of injury severity and specificity.

The contusion process is summarised in Figure 2.4.

The dura mata at the injury site was marked by a 10-0 nylon suture (Ethicon) to facilitate

precise identification of the injury site at implantation. The wound was closed using 3-0

vicryl sutures (Ethicon) and wound clips. Animal recovery was closely monitored, and

if any motor impairment was detected, such as loss of hindlimb function or a severe re-

duction in overall mobility, indicating excessive damage extending to the ventral tracts,

the animal was culled and excluded from the study. A total of 45 animals underwent

this procedure, of which 30 survived for the duration of the study. The loss of animals

in this study was unusually high compared with previous procedures in the Riddell lab

at the same level, of the same impact (data not published).

2.11.5.2 Wire knife

The vertebral columns were exposed at the C5-C7 region, and the spinal cord was ex-

posed by laminectomy of the C6 vertebra. The dorsal columns were lesioned in the C5

C6 region of the cord using a wire knife (David Kopf Instruments). An incision was

made in the dura over the left dorsal root entrance zone, lowered to a depth of 950 µm

and protruded to form an arc of 1.5 mm in diameter encompassing the dorsal columns.

The wire knife was then raised against a glass rod placed on the surface of the cord,

cutting through the dorsal columns. Because the glass rod does not contact the full cir-

cumference of the arc of the knife, lesioning of the most superficial fibres was ensured

by pressing the compacted head of a pointed cotton bud into the arc of the knife for 20 s.

This procedure produces a clean transection of the dorsal columns without damage to

the central vein at the surface. This process is summarized in Figure 2.4. A total of 4

animals underwent this procedure, of which 3 survived for the duration of the study.

2.11.5.3 Implantation of Proliferate R© constructs

Implantation of Proliferate R© constructs was performed 3 weeks after contusion injury,

allowing sufficient time for cavity formation. Implantation into wire knife injuries was

carried out directly after the injury was made, due to the immediate cavity formation in

this injury model. The contusion injury implantation model can thus be described as a

chronic injury model, in contrast to the acute wire knife model.
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FIGURE 2.3: Contusion surgery set-up
(A) Infinite Horizon Impactor (IHI, image from PSI-IH user manual) used for per-
forming controlled contusions; (B) Contusion surgery setup, including IHI (indicated
by arrow) and custom-made stereotaxic frame on which the animal was stablilised us-
ing adjustable and lockable support arms connected to adson forceps. The impactor
tip was then lowered and moved over the exposed spinal cord to be positioned over
the C6 segment. Once in position, the stepping motor was activated, driving down the

impactor rack.
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FIGURE 2.4: In vivo models of spinal cord injury
Contusion model of spinal cord injury: (A) A laminectomy is performed and the IHI
impactor tip is positioned directly over the C6 region; (B) the impactor tip is lowered
onto the cord at a force of 175 kdyn and is immediately retracted; (C) an injury forms
immediately following contusion; (D) 3 weeks following contusion, a cavity forms at
the injury site. Wire knife model of spinal cord injury: (E) An enclosed wire knife is
lowered onto the dorsal root entry zone and is protruded into the dorsal columns; (F, G)
the knife is raised against a glass rod positioned over the dorsal columns; (H) a cavity

forms in the dorsal columns.
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Tubular constructs containing parallel channels were provided by Spheritech for im-

plantation (2.1.5), sterilised as described in 2.1.6 and washed 3x 10 min in endotoxin-

tested PBS and stored in sterile bijous until implantation. As little time as possible

was left between sterilisation and implantation, to minimize contamination risk. Con-

struct tubes were provided at approximately 3 cm lengths, which was enough for 3-5

animals. Tubes were cut into the number of segments needed, at approximately 0.5 cm

per animal, and segments were sterilised and stored separately prior to surgery.

All instruments and equipment were sterilised and sterile surgical procedures, as de-

scribed in 2.11.3, were adhered to. The injury site, identifiable by the marking suture

applied at contusion, was re-opened by incision at the C5-7 dorsal surface revealing a

fluid filled cavity. Cavity fluid was carefully aspirated using a blunted 23 G needle,

taking care to avoid damage to surrounding tissue. The sterile construct tube was then

removed from PBS, placed on a plastic petri dish, and cut to appropriate size as in-

dictated by observation of cavity extent under the microscope. The construct segment

was cut to adequately fill the injury site without overfilling the cavity, thus avoiding

compression of surrounding tissue. The construct segment was inserted into the cavity

as shown in Figure 2.5. Constructs were aligned as closely as possible with the spinal

cord at either side of cavity, allowing a continual transition between the biomaterial and

the cord tissue, and ensuring continuous extension of parallel channels across the injury

site. The dura were then sutured once again over the injury, and a marking suture was

placed in the dura at the implantation site. The wound was closed and post-operative

recovery was closely monitored as described in 2.11.3. Proliferate R© was implanted in

a total of 39 animals, 30 of which survived to study completion and 9 of which died

shortly following implantation.

2.12 Perfusion fixation

Animals were deeply anaesthetised with intraperitoneal sodium pentobarbital (200 mg ml−1

Euthatal, Vericore) and transcardially perfused with mammalian Ringers solution con-

taining 0.1% lidocaine to dilate blood vessels. Once blood was removed from the cir-

culatory system, as indicated by decolourisation of the liver, animals were perfused by

4% paraformaldehyde (PFA) fixative in 0.1 M phosphate buffered saline (PBS). A total

of 1L PFA was used to perfuse each animal.
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FIGURE 2.5: Implantation of Proliferate R© in rat spinal cord injury models
(A) A 23 G needle was blunted by filing, (B) Proliferate R© in tubular form, contain-
ing parallel channels, was sterilised and stored in endotoxin tested PBS. Immediately
preceding implantation, the scaffold was sized in a petri dish, using a scalpel blade,
according to perceived cavity size. (C) The cavity formed either by wire knife or
contusion injury was reopened (i). The blunted 23 G needle was used to aspirate cere-
brospinal fluid from the cavity (ii) and the construct was placed into the cavity, with

channels aligned as accurately as possible with the cord (iii).
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2.13 Histology

2.13.1 Mouse incision model histology

Following perfusion, the the cord segment containing the injury site was located and

dissected out. The segment was submerged in 4% PFA for 24 h, then in 30% sucrose

(in PBS) for a further 24 h or until the tissue was observed to sink, for cyroprotec-

tion. The cord was then frozen in optimal cutting temperature (OCT) compound and

a Cryotome (ThermoFisher) was used to cut 20 µm longitudinal sections directly onto

Superfrost slides (ThermoFisher). Slides were incubated overnight at −20 ◦C before

permeabilising in methanol for 20 min at −20 ◦C. Slides were then washed in PBS

before incubating with primary antibody overnight at 4 ◦C in blocking buffer (BB, 2.5).

Slides were then washed in PBS and incubated with secondary antibody for 1 h at RT.

Antibodies used are detailed in Table 2.6. Slides were further washed extensively in

PBS and mounted either in Vectashield (Vector Laboratories) or the mounting medium

detailed in 2.5.1, covered with coverglass (Menzel-Glaser) and sealed with nail polish.

Sealed slides were stored at −20 ◦C, protected from light.

2.13.2 Rat injury model histology

Following perfusion, the cord segment containing the injury site was located and dis-

sected out, leaving approximately 10 mm tissue on either side of the injury site. The

20 mm cord segment was then submerged in cryoprotective post-fixation solution (30%

sucrose in 4% PFA) overnight. The cord segment was then submerged in 30% sucrose

in PBS for 24 h, or until the tissue was observed to sink, for further cyroprotection. The

tissue was then washed in PBS and blocks containing the injury site, which was located

using marking sutures in the dura, were prepared. Where possible, the dura were re-

moved, however in some cases this was prevented by the extent of adhesion of the dura

to the injured tissue. Injury extent, as indicated by decolourisation of the cord and, in

implanted animals, visibility of the construct in contrast to endogenous tissue, was used

to determine the length of each block, ranging from 6−9 mm. Blocks were notched

dorso-ventrally at the rostral end to allow orientation when imaging, and frozen in OCT.

A Cryotome was used to parasagittally cut blocks into 60 µm sections at −20 ◦C, which

were immediately submerged in 500 µl PBS in a 24-well plate. To aid orientation and

accurately identify the number of sections cut, sections were sequentially submerged

in individual wells. Prior to permeabilisation and incubation with antibody, sections
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Antibody Manufacturer Host Specificity Concentration
AA3 (PLP) Hybridoma Rat Polyclonal 1:100
BLBP Abcam Rabbit Polyclonal 1:500
Caspr Abcam Rabbit Polyclonal 1:500
ED1 BioRad Mouse IgG1 1:500
GFAP ThermoFisher Chicken Polyclonal 1:1000
iNOS BD Biosciences Mouse IgG2a 1:100
Laminin Sigma Rabbit Polyclonal 1:500
MBP Merck Millipore Mouse IgG2a 1:500
Nestin Merck Millipore Mouse IgG1 1:500
Neurofilament-200 Sigma Aldrich Mouse IgG1 1:1000
O4 Hybridoma Mouse IgM 1:1
P0 ThermoFisher Goat Polyclonal 1:100
SMI-31 Merck Millipore Mouse IgG1 1:1000
S100β Dako Rabbit Polyclonal 1:1000
Vimentin (3CB2) Merck Millipore Mouse IgM 1:500

TABLE 2.6: Histology antibodies

were split into three groups by sequential numbering, and each group was stained with

a separate antibody cocktail, as detailed in Table 2.6. Sections were incubated in 50%

ethanol for 30 min (500 µl) washed 3x in PBS for a minimum of 10 min, before being

incubated in primary antibodies for 72 h at 4 ◦C. Sections were washed a further 3x 10

min in PBS before incubation with secondary antibodies for 3 h at 4 ◦C, protected from

light. Sections were then washed 3x 10 min in PBS, mounted on glass slides in either

Vectashield or mounting medium described in 2.5.1, covered in coverglass and sealed

with nail varnish. Sealed slides were stored at −20 ◦C, protected from light.

2.14 Microscopy

To prevent bleaching, all sections were first examined using a Zeiss Axioplan epiflu-

orescence microscope to identify sections with the largest cavity size, and to inspect

immunolabeling. Representative sections selected were considered the most medial in-

jury sections. Where possible, images displaying the most visibly successful immuno-

labelling were chosen. Selected illustrative sections were scanned with a Zeiss LSM

710 confocal system using X20 and X63 objective lenses. Laser excitation wavelengths

used for scanning were 405, 488, 561 and 633 nm. Tissue sections were scanned as

tiled composites of multiple fields at low (X20) and high (X63) magnification (60 µm

thickness) to cover the entire injury site. All sections were scanned throughout the
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stained tissue to accumulate a series of optical sections at 5 µm intervals. Stacked im-

ages were projected into 2D maximum intensity projections using Zeiss Zen software

(Zeiss, Germany). For illustrative purposes, images were exported to Adobe Photoshop

CS3, where minor changes were made to brightness and contrast.

2.15 Histology quantification

2.15.1 Cavity extent

Sagittal sections from each injury block were viewed under an epifluorescence micro-

scope and rostral and caudal limits of the injury identified by the construct-tissue border

signified by construct autofluorescence, or in control sections from cavity rims. Sections

containing the most extensive sites were selected for confocal imaging and the maximal

injury length and height were measured using ZEN lite 2010 software (Zeiss). Injury

site width was quantified by counting the number of sections containing the injury and

multiplying by section thickness (60 µm).

2.15.1.1 GFAP-nestin overlap in the glial scar surrounding construct implants
and injury cavities

High resolution representative stacked images from each injury were captured using

the Zeiss LSM 710 confocal system as described in 2.14. Raw 2-channel GFAP-nestin

images were exported into ImageJ, and analysed as follows. First, the 2-channel im-

age was made binary using the ”make binary” function, and the corresponding non-

background pixel values were recorded using the ”histogram” function. The raw image

was then re-exported into ImageJ, and the channels were separated. Each channel was

separately made binary using the ”make binary” function. Pixel values were generated

from the GFAP channel image using the histogram function. Binary pixels overlapping

between channels were visualised using the ”image calculator” function by using the

”AND” command, and the corresponding pixel values were once again recorded using

the ”histogram” function. For each image, the overlapping pixel number was expressed

as a percentage of GFAP pixels (thus quantifying % astrocytes expressing nestin), and

GFAP pixels expressed as a percentage of pixel values generated from the binary 2-

channel image (thus quantifying % astrocytes in the each injury section).
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2.15.1.2 Semi-quantification of GFAP-nestin overlap surrounding construct im-
plants and injury cavities

Due to high levels of variation observed between samples analysed using ImageJ as de-

scribed in 2.15.1.1, GFAP-nestin overlap analysis was supplemented with semi-quantita-

tive analysis, as follows. representative images from each animal were scored according

to the degree of GFAP-nestin co-expression visible by eye, from 1 to 3. Scores of 1 de-

noted no co-labelling visible whatsoever, scores of 2 denoted a minimum amount of

visible co-labelling, and scores of 3 denoted high levels of visible co-labelling.

2.15.1.3 Semi-quantification of nestin-expressing cells in construct implants and
injury cavities

High resolution representative stacked images from each injury were captured using the

Zeiss LSM 710 confocal system as described in 2.14. To describe the extent of non-

astrocytic nesin-expressing cell presence in implanted constructs and injury cavities,

representative images were scored according to nestin presence. Images containing

nestin-positive, GFAP-negative cells were scored positively (+), and sections in which

nestin-positive, GFAP-negative cells were absent were scored negatively (-).

2.15.1.4 Quantifcation of laminin-expression in construct implants and injury
cavities

High resolution representative stacked images from each injury were captured using

the Zeiss LSM 710 confocal system as described in 2.14. Images were exported into

ImageJ, and construct implants and injury cavities were delineated and isolated using

the ”freehand selection” tool. Images were then made binary using the ”make binary”

function, and non-background pixel values representing laminin expression from each

injury cavity were generated using the ”histogram” function. These pixel values were

expressed as a % of total pixel values in each injury cavity or construct implant.

2.15.2 Statistical analysis

All statistical analysis was carried out using GraphPad Prism software. Following a

test for normal distribution (DAgostino-Pearson), either an unpaired students t-test or
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one way ANOVA, with Dunnett’s or Tukey’s post hoc tests, was used for null hypoth-

esis statistical testing, where a p<0.05 was considered statistically significant. In in

vitro analysis, N indicates biological replicates incorporating a minimum of 3 technical

replicates. In in vivo analysis, N indicates separate animals implanted.
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Chapter 3

Proliferate R© appearance and
mechanical properties

3.1 Introduction

The suitability of any biomaterial candidate for surgical implantation is incumbent upon

its mimicry of target tissue. The ideal implant should match the mechanical properties

of host tissue, including stiffness, tensile strength, compressive strength, elasticity, and

porosity, to achieve seamless continuity with the endogenous milieu. To assess the

potential of Proliferate R© as a spinal cord implant, its mechanical properties must be

comparable to that of spinal cord tissue. Extensive research has been carried out into

the effects of stiffness on cell behaviour and cytoarchitecture. Specifically in the CNS,

alterations to extracellular stiffness can alter stem cell differentiation lineage, neurite

extension, neural branching and glial cell morphology (Bollmann et al., 2015, Engler

et al., 2006, Flanagan et al., 2002, Georges et al., 2006, Koch et al., 2012, Moshayedi

et al., 2014, Urbanski et al., 2016, Yu and Bellamkonda, 2001). Application of external

tension has also been shown to stimulate neurite outgrowth (Bray, 1984, Heidemann

and Buxbaum, 1994, Zheng et al., 1991), and external mechanical forces are known to

induce internal mechanical responses in cells (DuFort et al., 2011, Wozniak and Chen,

2009).

Due to the soft viscoelastic properties of spinal cord tissue, the elastic modulus of the

cord is one of the most useful mechanical properties to measure. Accurate measurement

of the elastic modulus would not only allow better modelling of SCI by determining

cord tissue response to insult, but would also provide a practical point of reference for
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tuning implant mechanical properties. Due to the inaccessibility of the spinal cord for

tensile testing in situ, most mechanical testing of the cord has been conducted ex vivo.

However, isolation of the spinal cord disrupts the intrinsic CNS environment on which

tissue physical properties are dependent. Testing is further limited by the delicate na-

ture of the cord, which restricts the range of methods employable for testing spinal cord

tensile properties. Current methods established include uniaxial tensile testing, com-

pression testing, atomic force microscopy (AFM), pipette aspiration, rheometry, and

magnetic resonance electography (Bartlett et al., 2016). However, due to soft viscoelas-

tic properties of the cord, results using these techniques are susceptible to several poten-

tial inaccuracies, ranging from the effect of pre-conditioning cycles (Cheng et al., 2008,

Hosseini et al., 2014, Wilcox et al., 2003), ambient temperature (Rashid et al., 2013),

humidity (Bartlett et al., 2016), time delay post-mortem (Bartlett et al., 2016, Oakland

et al., 2006), specimen size and regional properties (Cheng et al., 2008, Moeendarbary

et al., 2017), attachment to experiment apparatus (Bartlett et al., 2016, Cheng et al.,

2008) and age and species of the tissue tested (Cheng et al., 2008), on measurements

obtained. Such limitations, coupled with species variability and the relative scarcity of

such studies, explains the variability in reported elastic moduli.

Data obtained using uniaxial tensile testing, currently the predominant method in the

literature, includes studies on the spinal cords of cats, dogs, rats, sheep and humans,

as summarised in Table 3.1. Elastic moduli reported in these studies vary significantly,

ranging from 0.0081 MPa (rat neonates, Clarke et al. (2009)) to 2 MPa (sheep, Ramo

et al. (2018)). A further consideration is the difference between white and grey matter

in the cord which, due to differences in composition, may differ in stiffness. Although

Ozawa et al. (2001) found, using pipette aspiration, no significant differences in grey

and white matter in the sectioned rabbit spinal cord. However, Ichihara et al. (2001)

found, using uniaxial tensile testing of the bovine cervical cord, found grey matter pre-

sented lower tensile strength and elongation at failure than white matter. This, coupled

with an higher tangent modulus, characterises grey matter as more brittle than white

matter. The mechanical effects of the meningeal layers of the cord are of further con-

sideration. Ramo et al. (2018) showed the marked difference between the spinal cord

parenchyma elastic modulus (0.9 MPa) and the cord-pia-arachnoid complex (2 MPa) in

sheep, and noted the lack of disclosure in the present literature of the exact meningeal

layers removed prior to testing, which would account for significant differences in the

elastic moduli recorded.
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Publication Species Status Preconditioning Max strain (%) Strain rate Young’s modulus (MPa)

Tunturi (1978) Dog In situ No precond 19 (failure)
Quasi-static (5
g increments)

0.0119 - 0.0168

Hung and Chang (1981) Puppy In situ No precond 1.7 0.003 s-1 0.265
Hung et al. (1981b) Cat In situ No precond 8 - 12 0.0008 s-1 0.4
Hung et al. (1981a) Cat In situ No precond 1.6 - 16 0.002 s-1 0.252 - 0.295
Chang et al. (1988) Cat in situ No precond 0.003 s-1 0.229 - 0.240
Bilston and Thibault
(1995)

Human Ex vivo No precond ∼10
0.048 - 0.225
s-1 1.02 - 1.37

Fiford and Bilston (2005) Rat Ex vivo 10 5 0.002 - 0.2 s-1 0.0288
Oakland et al. (2006) Cow Ex vivo 15 ∼10 0.24 s-1 1.19

Clarke et al. (2009)
Rat
(neonate)

Ex vivo 10 5 0.002 - 0.2 s-1 0.0081

Ratajczak et al. (2016) Pig Ex vivo No precond max
Quasi-static
0.05 mm/s

0.323

Ratajczak et al. (2016) Rabbit Ex vivo No precond max
Quasi-static
(0.05 mm/s)

0.106

Varone et al. (2017) Rat Ex vivo No precond max 0.2 min-1 0.15 - 0.22
Ramo et al. (2018) Sheep Ex vivo 100 5 0.016 - 1.6 s-1 0.9

TABLE 3.1: Summary of published spinal cord uniaxial tensile tests
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Also largely absent in the contemporary literature are in vivo measurement of spinal

cord elasticity. This is due to the incompatibility of uniaxial tensile testing with in vivo

testing. One solution to this is the elastography method. Using shear wave ultrasound

elastography, Al-Habib et al. (2018) have conducted in vivo mechanical testing of the

canine spinal cord. This study finds mean elasticity of the spinal cord, central canal,

pia mater and dura to be 0.019 MPa, 0.022 MPa, 0.022 MPa and 0.063 MPa respec-

tively, again highlighting the importance of the meningeal layers and connective tissue

in contributing to overall cord tensile properties. Overall, although accurate assump-

tions about the precise cord mechanical properties cannot be drawn from the current

literature, it remains undisputed that the cord is characterised by non-linear viscoelastic

properties common in soft tissue. Therefore, materials designed to integrate into the

cord should ideally have a similar soft, viscoelastic nature.

Aside from mechanical properties under tensile stress, porosity is another important

consideration for biomaterial implants in SCI. Scaffold porosity is broadly classified

into two categories: large channels designed for cellular guidance across the cavity and

smaller pores connecting these channels to allow for vascularisation, cell-cell communi-

cation and nutrient/waste exchange. The importance of porosity for a successful spinal

cord scaffold has been discussed in greater extent in 1.5.1. Here, only a selection of

studies demonstrating this importance, in different polymer scaffolds previously inves-

tigated, are highlighted. One such polymer scaffold is the poly(lactide-co-glycolide)

(PLG), which when synthesised to contain linear channels interconnected by pores,

has been shown to support cell ingrowth, including astrocytes, oligodendrocytes, mi-

croglia and axons, in rat and mouse hemisection SCI models in vivo, with cell influx

increasing proportionally to porosity (Thomas et al., 2013, Yang et al., 2009). Kubi-

nová et al. (2015) highlighted the importance of balancing porosity with stiffness and

guidance cues in rat hemisection and transection SCI models, finding more pronounced

axonal ingrowth in modified poly (2-hydroxethyl methacrylate) (PHEMA) hydrogels

with porositities of 57% and 68% than those of 77% porosity. These researchers pro-

posed this finding to be a result of thinner inter-pore walls in the higher porosity scaf-

fold causing pores to collapse readily in the SCI cavity. More recently, Slotkin et al.

(2017) have corroborated the potential of porous scaffolds for CNS repair found in ro-

dent models in a primate hemisection model, implanting a poly-lactic-co-glycolic acid -

poly-l-lysine copolymer (PLGA-PLL) in a hemisection model, and finding scaffolds to

promote tissue remodelling and greater locomotor recovery. Of further consideration is

the contribution of porosity to scaffold mechanical properties. This was demonstrated
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by Shahriari et al. (2017), who showed polycaprolactone (PCL) channeled nerve guid-

ance scaffolds with interconnected pores to alter mechanical properties with altered

porosity. Solid PCL has a Young’s modulus of ∼182.1 MPa, but by introducing inter-

connected porosity, this group found an elastic modulus of 2.09, matching more closely

that of the spinal cord.

3.1.1 Aims

In this chapter, the practicality of Proliferate R© as a spinal cord implant will be exam-

ined. The different forms in which the material is synthesised will be characterised,

its mechanical properties investigated and its porosity characterised. Consequently, the

potential for integration of the construct in spinal cord tissue will be inferred, thus de-

termining its suitability as a spinal cord implant
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3.2 Results

3.2.1 Proliferate R© is a structurally versatile, hydrophilic scaffold

Proliferate R© is a PεK based cross-linked polymer which can be formed with excess

carboxylic acid or excess amine function, and with the propensity for modification via

carboxyl and amine moieties (see 1.5.3). The carboxyl-functional version of the con-

struct, denoted as P-C, is shown in Figure 3.1 to demonstrate the appearance and gen-

eral properties of the scaffold in its various forms. It was produced primarily in sheet

form (Figure 3.1 A), the diameter of which was dependent on the surface area of the

vessel in which it was synthesised. For the purpose of cell culture, the construct was

silanised to glass coverslips (Figure 3.1 B, C), however doing so compromised the true

3D nature of the construct due to the presence of a 2D glass surface to which cells

could partially bind. In order to maintain the integrity of the 3D structure, constructs

were also moulded into suspended 24-well cell culture inserts (Figure 3.1 F, G) from

fully polymerised sheets, ensuring cell binding solely to the scaffold. By carrying out

the polymersiation process in a serological pipette containing soluble fibres, constructs

were also manipulated into tubular form containing longitudinal parallel channels (Fig-

ure 3.1 F, G). The polymerisation process coupled with the tuned degree of cross-linking

naturally gave rise to a spongy, porous structure. Therefore, in addition to the parallel

channels synthesised in the tubular construct, the scaffold also consisted of intercon-

necting pores between channels. The scaffold texture was found to be sponge-like in

both dry (Figure 3.1 H) and hydrated (Figure 3.1 I) forms.

3.2.2 Proliferate R© mechanical properties are compatible with the
spinal cord

Tensile data for hydrated P-C was provided by Spheritech (Figure 3.2). The scaffold

exhibits a linear stress-strain curve, with an average failure strain of 1.11 and an average

ultimate tensile stress of 0.014 MPa. The construct exhibits elastic properties, stretching

to 111% of it’s original size, and has a Young’s modulus of 0.0128 MPa.
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FIGURE 3.1: Carboxyl-functionalised Proliferate R© (P-C) synthesised in various
forms for cell culture and in vivo implantation

Structural malleability of Proliferate R© allows customisation of the scaffold accord-
ing to in vitro and in vivo requirements. Proliferate R© scaffolds (A) synthesised in
sheet form, (B, C) attached to 13mm glass coverlips by silanisation, (D, E) suspended
in cell culture wells and (F, G) in tubular form, containing parallel-running channels
created using soluble fibres. C and E show Proliferate R© in cell culture, with arrows
indicating direction of cell seeding. Although cells were seeded onto constructs, cul-
tures were able to disperse throughout constructs in several layers by moving through
pores. G demonstrates a cross-section of the tubular construct, showing parallel chan-
nels running through the length of the tube (F), designed to aid axonal alignment when
implanted in vivo. Proliferate R© malleability is shown in dry (H) and hydrated (I) forms.
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Ultimate tensile stress 
(MPa)

Failure strain % Elongation Young’s Modulus
(MPa)

0.014 1.11 111 0.0128

A

B

FIGURE 3.2: P-C tensile properties
(A) A P-C sample stress-strain curve generated using a Linkam TST350 tensile tester,
showing a linear stress strain response, and (B) mean mechanical properties across 6

samples. Data provided by Spheritech.
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3.2.3 Proliferate R© scaffolds have a heterogeneously beaded, porous
3D topography

Figure 3.2 shows representative scanning electron microscope (SEM) images of Prolife-

rate R© in 3 functionalised forms: the carboxyl-functional construct containing free car-

boxyl moieties only (denoted as P-C), the amine-functional construct containing free

carboxyl and amine moieties (denoted as P-N) and the isoleucine-lysine-valine-alanine-

valine (IKVAV)-coated carboxyl functional construct (denoted as P-IK), in freeze dried

form prior to hydration, sterilisation and cell seeding. In all forms, the predominant

structural property of the scaffold is the beaded polymer (Figure 3.2 A-C), with sparsely

distributed flat polymer residues (an artefact of the polymerisation process) also present

over the structure (Figure 3.2 C), visible mostly in the peptide-coated construct. These

residues were removed prior to sterilisation and cell seeding by extensive washing in

PBS.

Proliferate R© is inherently porous, with porosity measured at >90% when guidance

channels are incorporated into the structure, and 80% in the absence of channels (data

from Spheritech, not shown). However, the construct does not display regular poros-

ity. Instead, the polymer surface contains peaks and troughs within a beaded structure,

which collectively create a sponge-like irregular porosity. To quantify this heteroge-

neous surface topography, SEM images were analysed according to pixel values, using

ImageJ software. As shown in Figure 3.2 D, troughs in the structure, corresponding to

deep open regions interspersed throughout the beaded polymer, are depicted by darker

regions in the image (Figure 3.2 Di). These regions equate to areas of low pixel value,

as shown in the corresponding pixel profile (Figure 3.2 Dii). Pixel values below 50

were seen to correspond with all visible regions of structural depth in the images. The

number of pixel values under 50 per image are averaged across all images in Figure

3.2 E, serving as a measure of the heterogeneity of the construct’s surface topography.

Total pixel number was equal across all images, at 3,330,048 pixels. Figure 3.2 E also

shows the mean proportion of pixel values <50 as a percentage of total pixels in each

image, corresponding to the percentage depth visible in the images and therefore indi-

cating the degree to which the construct surface is uneven. No significant difference in

depth distribution across the surface topography was seen between P-C, P-N and P-IK

constructs, all of which contained 30-50% pixels <50. For in vivo implantation, large

parallel channels were synthesised in a tubular form of the construct, designed for cel-

lular guidance (Figure 3.2 F). These channels were formed using soluble fibres within
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a tubular form of the porous construct, and were therefore lined with interconnecting

pores. Channels were 100−200 µm in diameter, with flexible interconnecting walls.

3.2.4 Water absorption properties of Proliferate R©

The porosity of Proliferate R© constructs described in 3.2.3 makes the construct highly

absorbent. To demonstrate this, weights of constructs silanised to glass were compared

to glass alone when dry (T=0) and when hydrated with deionised H2O at various time-

points (recorded every 0.5 h for 3 h). Proliferate R© absorbent qualities are demonstrated

by the immediate dramatic increase in weight of 64.6% and 67% increase in P-C and

P-N weight respectively after 0.5 h, compared with 3.4% increase seen in glass controls

(an artefact of droplets remaining on glass when weighed, since glass is non-absorbent).

This increase in weight was not accompanied by an increase in volume, as was en-

sured by freeze-drying of constructs during synthesis. A small, non-significant rise in

% weight increase (standardised to dry weight at T=0) is seen between 0.5 h and 3 h

hydration, showing that total saturation with H2O takes place gradually over time.
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FIGURE 3.2: Proliferate R© scaffolds present a beaded, macroporous 3D topogra-
phy

Scanning electron microscopy images of (A) carboxyl-functional (P-C), (B) amine-
functional (P-N) and (C) IKVAV-functional (P-IK) Proliferate R©, imaged at (i) 200X
and (ii) 1000X magnification. PεK monomers polymerise and cross-link to form het-
erogeneous bead-like structures, creating surface peaks and troughs that amount to a
porous, sponge-like texture and 3D surface topography. In spite of differential size
and dispersal of pores, shown at 1000x magnification, overall topography is reliably
reproducible with relative regularity, shown at 200x magnification. Flat residues on
surface (highlighted, C) are artefacts of polymerisation which are removed by exten-
sive washing prior to cell culture or implantation. Scale bars (i) 100 µm, (ii) 20 µm. (D)
Development of analysis method for estimation of depth dispersal in construct surface
topography using pixel values. The line drawn across a segment of an SEM image (i,
200x magnification) correlates to pixel values plotted in ImageJ using ”Plot Profile”
function (ii) As illustrated, areas of surface depth correspond to pixel values <50. (F)
Graphs showing average number of pixel values <50 across P-C, P-N and P-IK cell
culture inserts, and proportion of pixel values <50 as a percentage of total pixels, per
image. N = 2, 5 representative images analysed per insert. (D) Tubular construct with
aligned parallel channels, created using soluble fibres, running through the structure at

500x magnification, scale bar 100 µm.
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FIGURE 3.3: Proliferate R© is an absorbent construct, with little fluctuation in wa-
ter retention capacity when hydrated

(A) Glass coverslips (13mm) coated, by silanisation, with P-C and P-N increase
in weight upon hydration with deionised H2O, as compared with non-coated,
non-absorbent control glass coverslips, demonstrating significant water uptake by
Proliferate R©. (B) Coated coverslips gained over 60% of dry weight when hydrated,
and steadily maintained this level over time, with little fluctuation. N=3. T=0 denotes

dry coverslips weighed immediately prior to hydration.
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3.3 Discussion

An overview of currently available data characterising spinal cord mechanical proper-

ties was provided at the start of this chapter, providing an estimation of spinal cord prop-

erties to which potential biomaterial implant properties should be matched as closely as

possible for compatibility with spinal cord tissue. A further biomaterial property iden-

tified as crucial to the design of a spinal cord implant was porosity, both within the

fabric of the material to allow fluid exchange, and in the form of cell guidance channels

running through the material, connecting both sides of the cavity. Using these param-

eters, in this chapter we demonstrated the suitability of Proliferate R© as a biomaterial

candidate. We are the first group to investigate this cross-linked PεK construct in the

context of spinal cord injury and CNS repair, though several other synthetic polymers

have been studied for this purpose, including PLGA-PLL (Teng et al., 2002), poly(D,L

lactic acid) (PLA, Oudega et al. (2001)), poly(glycolic acid) (PGA, Shin et al. (2018)),

poly-ε-caprolactone (PCL, Donoghue et al. (2012), Schnell et al. (2007)), polyethy-

lene glycol (PEG, Laverty et al. (2004)), poly(2-hydroxyethyl methacrylate) (pHEMA,

Giannetti et al. (2001)), Poly[N-(2hydroxypropyl) methacrylamide] (pHPMA, Woerly

et al. (1998)) and poly(acrylonitrile-covinylchloride) (PAN/PVC, Bamber et al. (2001)).

In appearance, Proliferate R© is a soft, opaque, sponge-like material. When hydrated,

the material is flexible and is readily folded and manipulated without breaking, thus

demonstrating the construct’s ability to withstand movement when implanted into cere-

brospinal fluid (CSF) filled spinal cord tissue. These aesthetic properties remain un-

changed irrespective of chemical functionality, with P-C, P-N and P-IK constructs all

maintaining the same overall appearance. For this investigation, the construct was fab-

ricated in different structures for in vitro and in vivo testing. The scaffold was first

developed in sheet form, from which general mechanical properties could be tested.

For ease of in vitro cell culture, the construct was first silanised to glass coverslips.

However, due to the permeability of the construct and the presence of glass beneath,

cells not bound to the construct could theoretically still bind to glass and exhibit be-

haviours typical of binding to 2D surfaces. The suspended 3D cell-culture insert was

developed to overcome this caveat, allowing unbound cells to permeate through the con-

struct upon seeding. Due to the benefits of guidance channels for regeneration in SCI

implants (Straley et al., 2010), the construct was developed into a tubular form for in

vivo implantation, containing aligned parallel channels (up to 200 µm in diameter) syn-

thesised using soluble fibres. One disadvantage of this form of implant is that it must be

preformed prior to implantation, necessitating a disruptive surgical process, including
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opening, or re-opening, an injury site by laminectomy, disruption of the dura and re-

moval of scar tissue, to implant into an SCI lesion. Several groups have investigated the

potential of injectible materials which solidify upon injection into a lesion cavity, in-

cluding injectible fibrin and fibronectin (King et al., 2010), hyaluronan-methylcellulose

(Gupta et al., 2006), self-assembling nanofibers (Tysseling-Mattiace et al., 2008) and

fibrin sealant (Petter-Puchner et al., 2007), among others. Proliferate R© can also be used

as an injectible scaffold, but doing so may compromise the capacity for formation and

retention of robust guidance channels within the site of SCI, and therefore requires fur-

ther investigation.

To compare viscoelastic properties of Proliferate R© with those of the spinal cord, we

attempted to obtain tensile properties of the cord using atomic force microscopy (AFM),

however the construct proved too soft for such testing, with the cantilevers piercing

through the material and registering only the material below (glass coverslip or a plastic

petri dish). Therefore, tensile testing was provided from Spheritech for P-C in sheet

form. The Young’s modulus recorded for the construct was 0.0128 MPa, comparable to

the spinal cord tensile properties detailed in Table 3.1.

Magnified under SEM, Proliferate R© displays a heterogeneously beaded structure con-

taining peaks and troughs which collectively make up construct porosity. This structure

provides a range of surfaces for binding, migration and communication of cells. Anal-

ysed using SEM images and ImageJ software, depth dispersal across construct surfaces

averages between 30% and 50%, with greater variation seen between P-IK samples

than P-C or P-N, but no significant difference in heterogeneity of surface topography

across differentially functionalised forms. This variability is postulated to be a prod-

uct of a greater proportion of flat polymer residues present on P-IK than P-C and P-N.

These residues are an artefact of the polymerisation process, and are thought to occur at

higher frequency in P-IK constructs due to the added coating step required to attach the

IKVAV peptide to P-C construct sheets. These residues are removed by extensive PBS

washing prior to sterilisation and cell seeding, therefore are not thought to affect cell

binding and behaviour on the constructs. Interestingly, in spite of the heterogeneity of

the beaded structure visible at ∼1000X magnification or higher, at lower magnification

(∼200X or lower) the structure displays a level of uniformity. Therefore, Proliferate R©

is characterised both by its structural heterogeneity and by its intrinsic uniformity. In

this way, Proliferate R© is closer in structure to natural mesh biomaterials like chitosan

(Masotti et al., 2007), collagen (Antoine et al., 2014, León-Mancilla et al., 2016) or

hyaluronic acid (Tian et al., 2005) than highly regular synthetic structures.
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Due to its hydrophilicity, porosity and sponge-like structure, Proliferate R© readily ab-

sorbs liquids, further cementing its potential for integrating into biological environ-

ments. Upon hydration with H2O, Proliferate R© silanised to glass increases in weight

by over 60%. This absorbent quality indicates its capacity for cellular waste and nu-

trient exchange within the CNS environment, a necessary consideration in biomaterial

design for SCI, and demonstrates high construct permeability. There is a small increase

in water weight over time following initial absorption at hydration for up to 3 h, and

potentially longer. This demonstrates a small degree of delayed, residual water uptake

before an equilibrium is reached. This is an important consideration for application as

an in vivo implant as prior to implantation, the construct must be hydrated for a time

period sufficient to reach this equilibrium. This is because insufficient hydration of

the in vivo implant could prevent sufficient hydration of guidance channels, rendering

channels sub-optimally effective.
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Chapter 4

Cellular interactions with Proliferate R©

in vitro

4.1 Introduction

The mechanical viability of Proliferate R© for spinal cord implantation was demonstrated

in the previous chapter, however mechanical viability alone does not guarantee biolog-

ical viability. The suitability of a biomaterial for spinal cord implantation depends on

its ability to support CNS cell survival, with no adverse impacts on behaviour, differ-

entiation or cell-cell interaction. Due to the advantages of primary CNS cell cultures

compared with immortal cell lines in CNS research (discussed in 1.5.2.1), primary cul-

ture was used to investigate construct biological viability in this study. The absence of

cell division in mature neuronal cells renders effective in vitro modelling of the adult

CNS a formidable challenge, so primary cell culture is typically derived from embry-

onic and neonatal preparations and cultured to maturation.

The cellular hallmark of SCI is the glial scar, within which astrocytes are the dominant

cell type (Silver and Miller, 2004). The astrocytic response to trauma is simultaneously

protective and detrimental (Liddelow and Barres, 2017). In the immediate aftermath of

injury, astrocytes can adopt phagocytic properties to clear the injury site (Chung et al.,

2013, Morizawa et al., 2017, Tasdemir-Yilmaz and Freeman, 2013), enable reparation of

the blood-brain barrier (BBB) (Bush et al., 1999) and support axonal regeneration across

the injury site (Anderson et al., 2016). Concurrently, however, the astrocytic scar also

creates a hostile environment for healthy neurons and glia (Davies et al., 1999, Inman

and Steward, 2003), attributed mainly to the release of proteoglycans (see 1.3.2.1 for
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further elaboration). Tuning this response to promote regeneration remains the focus of

much SCI research (Liddelow and Barres, 2017). As discussed in the previous chapter,

substrate properties can have profound effects on cell behaviour, to which astrocytes are

no exception. Biomaterial topography has been shown to induce alignment in astrocytes

and their secreted proteoglycans (Meng et al., 2012), astrocytic secretion of inflamma-

tory proteins such as caspase-1 and interleukin 1β (IL-1β), ATP release and calcium

signalling (Moshayedi et al., 2010, 2014, Singh et al., 2015). Alongside the abundance

of contemporary research on the nuances of astrocyte reactivity and the impact of that

reactivity on neuronal survival and regeneration (Kıray et al., 2016, Liddelow and Bar-

res, 2017), topographical control of astrocyte reactivity must also be considered.

Ultimately, the significance of astrocytic status in the context of SCI lies in the in-

ordinate influence of astrocytes on the fate of neurons in and around the injury site.

Functional tissue repair following SCI is only possible when neurons are spared and

regeneration, remyelination and reconnection is promoted across the injury site. There-

fore, neuronal support and guidance is a fundamental consideration in the design of

any spinal cord implant. Similar to astrocytes, the material properties of substrates

have tangible biological effects on CNS neurons. Of particular importance for neuronal

guidance is topographical alignment; the distinctive organisation of neurons by paral-

lel alignment is requisite to efficient axon potential propagation along nervous tissue.

The induction of axonal alignment by regulated material topography has been shown on

several materials using surface grooving and micropatterning, among other techniques

(Chelli et al., 2014, Clark et al., 1990, Fozdar et al., 2010, Hoffman-Kim et al., 2010,

Murphy et al., 2017, Sørensen et al., 2007, Thomson et al., 2017). Further, micropat-

terning has demonstrated the efficacy of some chemotactic agents for neural guidance,

including laminin (Joo et al., 2015, Recknor et al., 2006) and its isolated functional

peptide IKVAV (Heller et al., 2005, Ranieri et al., 1994, Tashiro et al., 1989). IK-

VAV in particular has been shown to promote neuronal adhesion and guidance when

incorporated into implantable biomaterials (Cheng et al., 2013, Lévesque and Shoichet,

2006, Tysseling-Mattiace et al., 2008). Neuronal alignment in vitro does not, however,

develop only in response to topographical or pattern alignment. Solanki et al. (2013)

showed induction of neuronal alignment by graphene-coating of glass coverslips, as

well as enhanced neuronal stem cell differentiation. Nonetheless, most current cell-

culture is carried out on traditional glass or plastic substrates, and consequently lack

highly directional alignment. Mixed myelinating cultures, derived from neonatal stria-

tum and embryonic spinal cord, are an example of a complex culture system that main-

tains some endogenous axonal alignment, if not with the same uniform directionality.
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In these cultures, neurons form cell body bundles from which parallel-aligned axons

extend in all directions (Sorensen et al., 2008, Thomson et al., 2006). However, these

cultures are yet to be studied on a 3D substrate, and it is possible that this perceived

alignment is a response exclusive to 2D surfaces only. The conformation of axons in

mixed myelinating cultures on Proliferate R© would allude to the role of substrate topog-

raphy in instigating axonal alignment in vitro.

The advantage of mixed myelinating cultures as compared with pure neuronal or glial

monolayers, is that the inclusion of all CNS cell types simultaneously in culture repli-

cates the complex communication and interactions between these cells in CNS tissue.

However, due to the necessity for their long-term maintenance, and difficulties of iso-

lating the effects of single cell types within mixed cultures, simple culture systems are

at times preferable. One example of the convenience of single cell cultures is in the dif-

ferentiation of oligodendrocyte precursor cells (OPCs) to mature oligodendrocytes in

isolation (Noble and Murray, 1984), achievable in under 7 DIV and a convenient screen

for impacts on oligodendrocytes, and their ability to produce myelin, by different sub-

strates. Pure neuronal cultures are similarly beneficial, allowing isolation of neurons

specific to the tissue in question (Gordon et al., 2013). However, most currently estab-

lished neuronal cultures are derived from neonatal rodent brains, with fewer specific to

spinal cord neurons.

A further consideration for implantable spinal cord biomaterials is in their potential ap-

plication as cellular transplantation vessels. As discussed in 1.5.2.1, cell transplantation

is an extensively studied, viable therapeutic strategy for SCI. The main caveat of this

therapy, however, lies in the practical difficulty of culturing autologous cells, in a time-

sensitive manner, to high enough densities to fill large SCI cavities, and ensuring that

enough of these cells remain localised to the cavity site following transplantation. One

strategy to overcome this limitation is to culture cells on scaffolds prior to implanta-

tion (Xu et al., 1997), thus enabling immobilisation to the cavity site and lowering the

threshold for transplantable cell density (Liu et al., 2018). Schwann cells (SCs), the

myelinating cells of the PNS crucial to PNS regenerative capacities, are an example of

one transplantable cell type extensively investigated for spinal cord implantation. SC

transplantation into spinal cord lesions has been found to fill SCI cavities, promote spar-

ing of neural tissue and promote growth of axons into the injury lesion at both proximal

and distal stumps (Marcol et al., 2015, Weidner et al., 1999a, Xu et al., 1997). Ol-

factory ensheathing cells (OECs), unique glial cells existing both in the CNS (in the

olfactory bulb) and outside the CNS (in olfactory mucosa), similar in properties to SCs,
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are another (Barnett and Riddell, 2007). These cells have long been investigated for

their potential CNS reparative qualities, including regenerative support and myelination

capabilities (Franssen et al., 2007). OECs and SCs are both currently in clinical trials

for SCI transplantation, and are therefore two promising cell types for implantation as

part of a scaffold-cell complex.

4.1.1 Aims

The aim of this chapter is to establish the propensity of Proliferate R© for support of

neural cell growth, differentiation and maturation. This will be carried out by:

1. Culturing neurosphere-derived astrocyte monolayers on Proliferate R© substrates

and assessing astrocytic changes in morphology and potential reactivity in re-

sponse to the construct

2. Monitoring the health and conformation of mixed myelinating cultures on the

construct, with focus on axonal alignment

3. Establishing a singular neuronal culture system specific to spinal cord neurons,

and comparing these cultures on glass to Proliferate R© substrates

The overarching hypothesis of this investigation is that due to the biocompatibility of

the Proliferate R© polymeric structure, and the absence of toxic or cell-inhibitory factors

in construct structure, Proliferate R© in all modified forms will support CNS cell culture.

However, differences in cell morphology, across all CNS cell types, are expected as a

result of the heterogeneous 3D construct topography, compared to traditional 2D culture

substrates. Furthermore, the IKVAV-coated construct (P-IK) is hypothesised to better

support CNS culture and myelination than unmodified versions.
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4.2 Results

4.2.1 Astrocyte behaviour on Proliferate R©

4.2.1.1 Selection of neonatal astrocyte culture

Of the various existing methods for primary astrocyte culture, cortex-derived cultures

are among the most used. To isolate these cultures from neonatal rat brains, whole cor-

tices are dissociated and incubated in serum-containing media. Inevitably, these cultures

are impure, and contain several other glial cell types. This is demonstrated in Figure

4.1, which shows a dissociated cortical cell monolayer following 1 passage, after 5 DIV.

Aside from astrocytes, these cultures contain OPCs, oligodendrocytes, and microglia.

However, threshold images generated using ImageJ software show that spatially, as-

trocytes are dominant, with cells expressing the astrocyte marker glial fibrillary acidic

protein (GFAP) occupying the greatest surface area. Astrocytes are also co-labelled

with nestin, occupying a slightly lower surface area. Nonetheless, to culture cortical

astrocytes with minimum interference from other glial cells, cortical cultures require

purification.

A different method for obtaining astrocyte monolayers is to induce neurosphere stem

cell differentiation to astrocytes. To achieve this, neurospheres are first derived from dis-

sociated neonatal cortex, passaged once for purity, then cultured in serum-containing

media. This process is demonstrated in Figure 4.2, which shows differentiating neu-

rospheres 24 h after seeding on PLL-coated glass coverslips, as stained by Hoechst

33342, GFAP, nestin and the pluripotency-indicating transcription factor Sox2. Neu-

rospheres were seeded either in astrocyte media (ASM) containing 10% foetal bovine

serum (FBS), or in neurosphere media (NSM), in which undifferentiated neurospheres

are maintained (Figure 4.2 A). Neurospheres cultured in serum preferentially differen-

tiate to GFAP+ astrocytes (Reynolds and Weiss, 1996). This is reflected in higher neu-

rosphere perimeter at 24 h in ASM compared with NSM (Figure (4.2 B), as visualised

by GFAP and nestin labelling. As cells differentiate, they migrate outwards from the

sphere centre. After 7 DIV, cells differentiate and migrate to form a confluent GFAP and

nestin co-expressing astrocyte monolayers (Figure 4.2 C). Using the ImageJ ’threshold’

and ’image calculator’ functions, co-expression of GFAP and nestin is shown in Figure

4.2 D-F. Astrocytes can express both GFAP and nestin (Figure 4.2 D), or GFAP only

(Figure 4.2 E). Cells expressing nestin only include stem cells in early differentiation

stages and fibroblasts (Figure 4.2 F).
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FIGURE 4.1: Cellular composition of cortex-derived mixed glial cultures
(A) Dissociated P1 cortical cultures plated onto PLL-glass contain astrocytes (GFAP+,
Nestin+), OPCs (A2B5+, O4+), mature oligodendrocytes (O4+, PLP+) and microglia
(Iba-1+, ED-1+) after 5 DIV. (B) Threshold intensity measurements (arbitary units,
A.U, generated by ImageJ), which demonstrate that spatially, astrocytes are the most
dominant cell type in these cultures, with GFAP occupying a significantly greater sub-
strate surface area than nestin (P=0.0022) and all other glial cell types (P<0.0001,
one-way ANOVA with Tukey’s post-hoc test). SMI-31+ neurites are absent from these
cultures, and therefore not quantified. N=3. Error bars = mean ± SEM. Scale bar =

50 µm.
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FIGURE 4.2: Culture of astrocyte monolayers from neurospheres
Suspended neurospheres plated on PLL-glass, labelled after culturing for 24 h in ei-
ther NSM or ASM. Sox2 and Hoechst 33342 staining show cell nuclei enclosed within
the sphere, whereas GFAP and nestin staining show astrocytes beginning to differ-
entiate and extend outwards. (B) The average area per sphere (obtained using Im-
ageJ ’Measure’ function) shows no significant difference between sphere size accord-
ing to GFAP perimeter compared to nestin perimeter, demonstrating GFAP-nestin co-
expression. Average GFAP perimeter is significantly higher in ASM than in NSM
(one-way ANOVA with Tukey’s post-hoc test, P=0.0173). (C) After 7 DIV, visible
spheres are absent from cultures, with cells migrating and differentiating to form con-
fluent astrocyte monolayers expressing both GFAP and nestin. Using ImageJ ’thresh-
old’ and ’image calculator’ functions, GFAP-nestin overlap (D), fully differentiated
cells expressing GFAP only (E), and cells in the early differentiation stage expressing
nestin only (F) are shown. Error bars = mean ± SEM. N=2 (graph shows individual

data points from all repeats). Scale bars = 50 µm.

4.2.1.2 Astrocyte viability on Proliferate R©

Neurosphere-derived astrocyte cultures were plated onto suspended Proliferate R© cell

culture inserts. Due to construct opacity, cell viability on the constructs was first deter-

mined indirectly using the resazurin assay, whereby the conversion of resazurin to re-

sorufin by mitochondria is detected by a change in the media absorbance (Ahmed et al.,

1994). This assay was first validated using standard neurosphere-derived astrocyte cul-

tures on PLL-glass seeded at varying densities, from which the media was removed

at different timepoints and absorbance recorded (Figure 4.3 A). The assay accurately

detected absorbance differences only after incubation for a minimum of 6 h, with the

clearest detection occurring after 24 h. Astrocytes on Proliferate R© substrates, seeded at

high density to ensure sufficient cell adherence (100,000 cells per insert), were conse-

quently incubated with resazurin for 24 h, the results of which are shown in Figure 4.3

B. Astrocytes were found to be viable on all Proliferate R© substrates, with no difference

in viability is seen between P-C, P-N, P-IK and PLL-glass. Thus, Proliferate R© support

of astrocyte survival in culture is considered equal to that of PLL-glass.

4.2.1.3 Astrocyte morphology on Proliferate R©

Following the demonstration of astrocyte viability on Proliferate R©, GFAP and nestin

immunolabelling was used to investigate astrocyte morphology on the construct. As-

trocytes on PLL-glass adopt a predominantly flattened structure in serum-containing

media on the 2D surface, with each cell occupying maximal space. On Proliferate R©,

however, cells adopt a branched, stellate morphology as cells adapt to the 3D construct
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FIGURE 4.3: Astrocyte viability on Proliferate R© equals viability on PLL-glass
(A) Standard curve showing absorbance values of cell culture media from neurosphere-
derived astrocyte cultures following incubation with resazurin for 2, 4, 6, 8 and 24 h.
Graph shows that the detection of resazurin-resorufin conversion in cells seeded at any
density is detectable when incubated for 6 h or more, with highest potency after 24 h
incubation. (B) Following results in (A), astrocytes seeded at high density on P-C, P-N
and P-IK and control PLL-glass were incubated with resazurin for 24 h. No significant
difference in resorufin conversion, as an indication of viability, was seen in astrocytes

seeded on Proliferate R© compared with PLL-glass (one-way ANOVA). N=1.

93



topography (Figure 4.4). The Proliferate R© beaded structure is visible by non-specific

staining, particularly of the nestin antibody, allowing visualisation of cells in relation

to construct beads and pores. High power scanning electron microscope (SEM) im-

ages further demonstrated the interaction between astrocytes and construct beads and

pores (Figure 4.5), showing cell fibres outstretched multi-directionally from cell bodies

to extend across pores and over beads on the construct surface. This is markedly dif-

ferent from cells seeded on PLL-glass which, with the exception of yet undifferentiated

neurospheres, adopt their characteristic flat morphology.

4.2.1.4 Astrocyte reactivity on Proliferate R©

GFAP and nestin expression in neurosphere-derived astrocyte cultures were quantified

as signifiers of potential changes in reactivity. Western blot data showed no significant

difference in GFAP expression between cultures on Proliferate R© and PLL-glass, how-

ever a downward trend in GFAP level was observed on the construct. High variability

was found in GFAP expression, as shown by error bars, in cultures on all substrates.

Nestin expression, however, was significantly reduced on P-C and P-N compared with

glass. No significant difference was observed in P-IK compared with glass, however a

dramatic lowering of nestin expression is still seen at levels close to those of P-C and

P-N. Similarly to GFAP, higher nestin variability was seen in cultures on PLL-glass,

however this was not observed in cultures on Proliferate R©. The downward trend in

GFAP expression collated with the dramatic lowering of nestin expression shows that

the astrocyte morphology changes described in 4.2.1.3 are coupled with marked changes

in protein expression. These protein-level changes were compared with changes at gene

level by using qPCR, however no significant fold change was found in GFAP or nestin

genes on Proliferate R© compared to PLL-glass (Figure 4.7).
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FIGURE 4.4: Astrocytes adopt differential morphology on Proliferate R© compared
with PLL-coated glass

Neurosphere-derived astrocytes on P-C, P-N and P-IK compared with PLL-glass la-
belled by GFAP (green) and nestin (red) antibodies. On all forms of the construct,
astrocytes adopt a distinctly stellate, branched morphology compared with the flat
morphology characteristic of seeding in serum-containing media on 2D glass. GFAP
labelling is specific only to astrocytes, however nestin non-specifically co-labels the
construct, highlighting pores (P-IK, yellow outline) and beads in the polymer structure.
Cells present this fibrous structure both when extending across pores (P-IK, yellow ar-
row) and when bound entirely to construct beads with no apparent cross-pore extension

(P-IK, pink arrows). Scale bar = 20 µm.

95



P-IK

P-CPLL-Glass
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FIGURE 4.5: Astrocyte interaction with Proliferate R© topography
Scanning electron microscope images of neurosphere-derived astrocytes on P-C, P-N
and P-IK surface at 2000X magnification. Cultures on PLL-glass consist mostly of flat
astrocytes extending from an elevated nucleus (red arrow), with undifferentiated neu-
rospheres (yellow arrow) also sporadically present. On P-C, P-N and P-IK, astrocytes
display a different morphology, with cell bodies anchored by fibres outstretched in all
directions, extending across pores (highlighted by green arrows and inset magnified

images). Scale bar 10 µm.
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FIGURE 4.6: GFAP and nestin protein expression is altered in astrocytes on
Proliferate R© compared with PLL-glass

Western blot data from protein samples extracted from confluent astrocytes at 7 DIV. A
trend is observed towards GFAP reduction on Proliferate R© compared with PLL-glass
(A), paralleled by a significant reduction in nestin expression on P-C and P-N com-
pared with glass (B, one-way ANOVA with Dunnett’s post-hoc test, P<0.05). Nestin
is also dramatically reduced on P-IK compared with glass, however this difference was
not significant. Considerable variation in GFAP levels were observed across biologi-
cal repeats on all substrates, and in nestin levels on PLL-glass, as shown by error bars
(mean±SEM), but not in nestin expression on Proliferate R© substrates. (C) Represen-

tative western blots. N=4.
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FIGURE 4.7: Alterations in GFAP and nestin protein expression on Proliferate R©

are not mirrored by corresponding gene regulation
RNA was extracted from confluent astrocytes at 7 DIV and RT-qPCR was carried out.
No significant fold change is seen either in GFAP (A) or nestin (B) gene expression
in astrocyte cultures on Proliferate R© compared with control PLL-glass (one-sample t
test. Data points on graph correspond to average fold change values for each biological
repeat). High variability was seen in results across biological repeats, as shown by

error bars (mean ± SEM). N=3.
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4.2.2 CNS neurite survival and myelination on Proliferate R©

4.2.2.1 CNS mixed myelinating cultures on Proliferate R©

Mixed myelinating cultures were used to assess Proliferate R© support of myelinating

axons. Although this culture system is well established on PLL-glass (Sorensen et al.,

2008, Thomson et al., 2006), it is yet to be replicated on a true 3D substrate. A dense

neurite network forms in myelinating cultures (MCs) for the first 12 DIV, after which in-

sulin removal from the culture media instigates OPC maturation and consequent myeli-

nation. At this timepoint, pre-myelination, neurites typically form cell body bundles

from which axons extend outwards in an organised and largely parallel manner on PLL-

glass. However, as shown in Figure 4.8, this organised conformation dissipates on

Proliferate R©. Although some cell body bundles are still present on the construct, nuclei

are more dispersed, and axons extend with no collective direction or parallel organi-

sation. Conventionally, optimal myelination is reached after 24-28 DIV on PLL-glass,

however, as shown in Figure 4.9, this is not observed on any Proliferate R© substrates.

Neurites are present on the constructs, however neurite density is seemingly higher at

construct edges than in the construct centre. Proteolipid protein (PLP)+ oligodendro-

cyte cell bodies were dispersed throughout constructs, as were Hoechst 33342+ nuclei,

implying that the lack of myelination originates from a lack of oligodendrocyte process

extension and ensheathment, rather than hindrance of oligodendrocyte differentiation.

To confirm OPC differentiation on the construct, OPCs were isolated from P1 cortical

cultures, plated on Proliferate R© in the absence of axons (Figure 4.10) and allowed to

differentiate for 5 DIV. Cells displayed extensive branching on the construct similar to

that seen on PLL-glass, as shown by O4 labelling, implying differentiation. This was

corroborated by a visibly higher proportion of O4+ (a mid- and late-lineage marker)

cells compared with NG2+ (an early-linage marker) cells. Therefore, it was hypothe-

sised that myelination on ProlfierateTM is possible, but is potentially delayed.

To investigate this possibility, myelinating cultures were incubated in myelinating media

for longer than the conventional 28 DIV timepoint, and indeed myelin sheaths were

visible after 33 DIV (Figure 4.11). On P-C and P-N, sheaths were present only at

construct edges, with construct centres containing SMI-31+ neurofilament and PLP+

cell bodies, but no myelin sheaths. On P-IK, myelin sheaths were present both at the

centre and edge of the constructs. When incubated for 40 DIV, however, myelin sheaths

were present at both the centre and edges of constructs on P-C, P-N and P-IK. At both

33 and 40 DIV, however, neurite density was not observed uniformly across constructs
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FIGURE 4.8: Neurite survival at 11 DIV in mixed embryonic spinal cord myeli-
nating cultures (MCs) on Proliferate R© compared with PLL-glass

MCs at 11 DIV on Proliferate R© and PLL-glass, labelled with SMI-31 (red, neu-
rites), PLP (green, mature oligodendrocytes) and Hoechst 33342 (blue, nuclei), pre-
myelination. Control cultures on PLL-glass are characterised by a parallel-aligned
dense axon network extending from cell body bundles. On P-C, P-N and P-IK, this
organisation is disrupted, with axons extending multi-directionally from more broadly
distributed cell bodies. At this early timepoint, PLP is expressed by relatively few
maturing oligodendrocytes, none of which have yet ensheathed axons. PLP+ cells are

present in all forms of the construct. Scale bar = 50 µm.

as it was on PLL-glass, instead clustering only on some construct regions (figures show

representative images of neurite rich regions).

4.2.2.2 Conditioning of myelinating cultures by neurosphere-derived astrocytes
on Proliferate R©

The differences found in astrocyte morphology and protein expression on Proliferate R©

can have a consequent effect on astrocytic support of myelination. This effect was quan-

tified by conditioning of myelinating cultures with astrocytes cultured on Proliferate R©

substrates: Confluent astrocyte monolayers were grown on Proliferate R© suspended in-

serts and removed from insert moulds. Each isolated insert was then added to 35 mm

MC culture dishes at 12 DIV and added to culture dishes containing MCs on PLL-glass.

Each dish, therefore, contained one extracted Proliferate R© insert containing astrocytes,

and two PLL-glass coverslips containing MCs. To prevent construct debris from sed-

imenting on MCs, a polydimethylsiloxane (PDMS) barrier was placed between con-

structs and MCs (see 2.4.8 for detailed method). No significant difference was seen

in neurite density or myelination between unconditioned cultures and those conditioned

with astrocytes on Proliferate R©, however, a trend towards increased myelination in MCs

conditioned with astrocytes on P-IK was observed (Figure 4.13).
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FIGURE 4.9: Myelination is not supported on Proliferate R© substrates at 28 DIV
MCs labelled with SMI-31 (neurites), PLP (myelinating oligodendrocytes) and
Hoechst 33342 (nuclei) at 28 DIV. Though SMI-31 fluorescence is present on P-C,
typical axonal structures are not visible, suggesting axonal dieback. This is also true
on P-N, except for at construct edges. On P-IK, axons are visible in both the centre
(shown) and edges of the construct. PLP+ oligodendrocytes are dispersed throughout
constructs but, in contrast to PLL-glass, show no evidence of ensheathment. Hoechst
33342+ nuclei are dispersed across all constructs, as on PLL-glass. Scale bar = 50 µm.
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FIGURE 4.10: Proliferate R© supports OPC differentiation
OPC cultures derived from neonatal cortex on P-C, P-N and P-IK after 5 DIV. Cells
express early lineage marker NG2 and mid-lineage marker O4. Extensive branching
shown by O4 staining, and the apparent higher proportion of O4 expressing cells com-
pared with NG2 expressing cells, demonstrates differentiation from OPCs to mature

oligodendrocytes. Scale bar = 50 µm.
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FIGURE 4.11: Myelination on Proliferate R© at 33 DIV
MCs after 33 DIV labelled with SMI-31 (red, neurites), PLP (green, oligodendrocytes
and myelin sheaths) and Hoechst 33342 (nuclei, blue). Myelin sheaths are present in
mixed myelinating cultures on Proliferate R©. On P-C and P-N, myelin is present only at
construct edges, with construct centres containing neurites and PLP+ oligodendrocytes,
but no myelin sheaths. On P-IK, myelination is seen both at construct edges and at the

construct centre. Scale bar = 20 µm. N=2.
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FIGURE 4.12: Myelination on Proliferate R© at 40 DIV
MCs after 40 DIV labelled with SMI-31 (red, neurites), PLP (green, oligodendrocytes
and myelin sheaths) and Hoechst 33342 (nuclei, blue). Myelination on Proliferate R© is
more extensive, and more closely resembles that seen on PLL-glass cultures. Myelin
sheaths extending from PLP+ mature oligodendrocyte cell bodies are visible equally at
the centre and at edges of constructs, similar to PLL-glass controls. Scale bar = 20 µm.

N=1.
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FIGURE 4.13: Conditioning of MCs with astrocytes seeded on Proliferate R©

(A) MCs were conditioned from 12 DIV onwards either by astrocytes on P-C (asP-
C), astrocytes on P-N (asP-N) or astrocytes on P-IK (asP-IK). A PDMS barrier was
placed between MCs and constructs to prevent construct debris from sedimenting on
MCs. Controls were either unconditioned (no cond) or cultured alongside the PDMS
barrier only (PDMS). Cultures were fixed and labelled after 28 DIV and labelled by
SMI-31 (red) and PLP (green). (B) Quantification of myelination in conditioned MCs,
showing no significant difference in neurite density or myelination between cultures
conditioned with different astrocyte-construct cultures (one-way ANOVA). Scale bar =
100 µm. No cond N=2, PDMS N=3, asP-C N=2, asP-N N=2, asP-IK N=6. Differing

N numbers correspond to differing culture survival.
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4.2.2.3 Characterisation of spinal cord neuronal cultures on Proliferate R©

Mixed myelinating cultures are valuable for mimicking the CNS in vitro, however be-

cause neurosphere-derived astrocyte monolayers are an essential component to neurite

survival and myelination in these cultures, they may not accurately mimic the spinal

cord environment. We therefore also cultured cells obtained from embryonic spinal

cord in the absence of an astrocyte monolayer, to investigate the survival of spinal cord

cells in isolation on Proliferate R©, henceforth denoted as spinal cord cultures (SCCs).

This was achieved using serum-free media containing B-27 supplement (Brewer et al.,

1993). As these cultures were not yet established in our lab, they were first validated

and characterised on PLL-glass, prior to seeding on Proliferate R© substrates. Neurites,

labelled by β-III-tubulin, had begun to extend and form networks in SCCs at 7 DIV, as

shown in Figure 4.14 A. The majority of nuclei in SCCs at this timepoint are NeuN+,

implying the absence of non-neuronal lineage cells in these cultures. Quantification of

NeuN+ cells as a percentage of Hoechst 33342+ nuclei confirmed this purity: 91% of

nuclei were found to be NeuN positive, as portrayed by Figure 4.14 B. A similar but

slightly lower NeuN : Hoescht 33342 ratio is observed at 14 DIV, with 87% nuclei ex-

pressing NeuN. Staining with other glial biomarkers revealed the identity of some of

the NeuN- cells in SCC cultures as nestin+/GFAP- stem cells, GFAP+ astrocytes, and

O4+/PLP+ oligodendrocytes, though these cell types are sparsely distributed across the

cultures. Neurites in SCCs are immature, as signified by their lack of SMI-31 expres-

sion.

4.2.2.4 SCC cell proliferation increases on Proliferate R© constructs compared with
PLL-Glass

Once established, SCC’s were cultured on Proliferate R© substrates and compared with

PLL-glass. β-III-tubulin+ cells exhibit a similar conformation on Proliferate R© sub-

strates compared with PLL-glass after 24 h in vitro, with neurites beginning to extend

outwards from cell bodies, as portrayed in Figure 4.16 A. SCCs were incubated with

EdU shortly after seeding to quantify cell proliferation after 24 h in culture. Due to

non-specific Hoechst 33342 labelling of Proliferate R© constructs, nuclear counting was

not possible, therefore EdU count was expressed as a percentage of β-III-tubulin+ cells

with visible nuclear structures. Due to the high purity of β-III-tubulin+ cells in SCCs

(4.2.2.3), EdU incorporation into β-III-tubulin+ cell nuclei was considered an accurate
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FIGURE 4.14: Characterisation of SCCs at 7 DIV
(A) Images of SCCs plated on PLL-glass after 7 DIV. β-III-tubulin+ neurite network
formation has begun in cultures at this point, but networks are not yet extensive. The
majority of Hoechst 33342+ nuclei in SCCs are NeuN+, implying the dominance of
neural-lineage cells. This is confirmed in (B), where Hoechst 33342 quantification per
field of view (FOV) shows 91% of Hoechst 33342+ nuclei are NeuN+. N=2 (10 data

points per N). Error bars = mean±SEM. Scale bar = 50 µm.
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FIGURE 4.15: Characterisation of SCCs at 14 DIV
(A) Images of SCCs at 14 DIV, at which point cultures have established extensive
β-III-tubulin+ neurite networks with NeuN+ nuclear bundles at the centre. The follow-
ing cells are also sparsely distributed across cultures: Nestin+/GFAP- stem cells and
GFAP+ astrocytes in constricted but sellate morphology (B), O4+ mid-lineage oligo-
dendrocytes (C) , and late lineage PLP+ oligodendrocytes (D), and absence of SMI-31
staining shows that SCC neurites are immature at this time-poinmature MPB+ oligo-
dendrocytes are absent. (E) Count/FOV shows 87% Hoechst 33342+ nuclei are also

NeuN+. N=2 (10 data points per N). Error bars = mean±SEM. Scale bar = 50 µm.
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measure of overall culture proliferation. β-III-tubulin+ cells were found significantly

more proliferative on the Proliferate R© constructs compared with PLL-glass (P<0.001).

4.2.2.5 Development of SCC-OPC co-cultures

To test the capacity for myelination in SCCs in the absence of astrocyte monolayers,

OPCs isolated from neonate cortices were added to SCC cultures at 7 DIV (20,000

OPCs per coverslip), and SCC’s were cultured thereafter in MC cell culture media for

28 DIV. Myelination resembling that of MCs was not found in these cultures at 28

DIV, as shown by PLP labelling shown in Figure 4.17 A. PLP+ oligodendrocyte cell

bodies were present, however ensheathment was scarce, and neurites lacked the parallel

organisation seen in MCs at this timepoint. This limited myelination is represented in

myelin quantification shown in Figure 4.17 B. The neurite organisation and PLP staining

seen on PLL-glass was also present on Proliferate R© (Figure 4.17 C).

4.2.2.6 IKVAV increases SCC cell adhesion on PLL-glass

To elucidate the effects of IKVAV incorporated in P-IK constructs on spinal cord cells,

soluble IKVAV peptide was added to SCCs on PLL-glass. Cells were either treated

upon plating and cultured for 24 h, or cultured for 7 DIV with two subsequent treat-

ments. Hoechst 33342+ nuclei and NeuN+ nuclei were counted and compared, as a

measure of cell adhesion. SCCs were plated at equal densities. As shown in Figure

4.18, IKVAV treatment had no effect on cell adhesion upon plating, but after 7 DIV of

repeated treatments (3 in total), fewer NeuN+ and Hoechst 33342+ nuclei were present

in untreated cultures (P<0.05).
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FIGURE 4.16: Proliferation of β-III-tubulin+ is increased on Proliferate R© sub-
strates compared to PLL-glass

Proliferation of β-III-tubulin+ neurites in SCCs, quantified by EdU incorporation into
cells in S-phase DNA. (A) Images of Edu (red) is incorporated into cell nuclei (Hoechst
33342, blue) of proliferating β-III-tubulin+ (green) cells in SCC cell cultures on PLL-
glass, P-C, P-N and P-IK after 24 h in vitro. (B) Graph shows EdU nuclei as a percent-
age of β-III-tubulin+ neurites. % EdU is significantly higher on P-C, P-N and P-IK
compared with PLL-glass. (one-way ANOVA with Tukey’s post-hoc test, P<0.0001).

Error bars = mean ±SEM. N=2. Scale bar = 50 µm.
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FIGURE 4.17: Limited myelination is observed in SCC-OPC co-cultures at 28 DIV
(A) SCC-OPC co-cultures at 28 DIV contain few myelin sheaths, with PLP (green)
mostly labelling oligodendrocyte cell bodies and non-specifically labelling neurites.
SMI-31 (red) shows extensive mature neurite networks, however these networks lack
the parallel organisation typical of MCs at 28 DIV. Scale bar = 100 µm. N=3 (B)
Myelin quantification shows the limited extent of myelin ensheathment in SCC-OPC
co-cultures. N=3 (C) High power images show similar neurite organisation and myeli-

nation on P-C, P-N and P-IK. N=2. Scale bar = 20 µm.
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FIGURE 4.18: Effects of soluble IKVAV peptide on SCC adhesion
SCCs were cultured and treated with soluble IKVAV. (A) Images and graph showing
quantified count/FOV of cells treated with IKVAV when plating, and labelled after 24
h. (B) Images and graph showing quantified count/FOV of cells treated with IKVAV
3 times over 7 DIV. Cultures are labelled with Hoechst 33342 (blue), NeuN (red) and
β-III-tubulin (green). No difference in NeuN+ or β-III-tubulin+ cell count/FOV is
observed after 24 h in vitro, but a decrease in both NeuN+ and β-III-tubulin+ cell
count/FOV is seen after 7 DIV (one-way ANOVA with Tukey’s post-hoc test, P<0.05).

Scale bar = 50 µm. N=2.
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4.2.3 Proliferate R© potential as cell transplantation vessel

SCs and OECs, both viable cell transplantation candidates for SCI therapy, were seeded

onto Proliferate R© to test its capacity as a vessel for cell transplantation (Figure 4.19).

Both cell types adhered to and survived on the construct, however both displayed mor-

phological differences on Proliferate R© compared with PLL-glass, correlating to the con-

structs 3D topography. This is most starkly visible in SCs, which lose their highly

regular characteristic palisade pattern when seeded on the 3D surface, instead binding

opportunistically on and across peaks and troughs on the construct surface. Due to

resource limitations, P-IK was not available for these cultures.

CNS cell responses to Proliferate R© in vitro are summarised in Figure 4.20.
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FIGURE 4.19: Cell transplantation candidates seeded onto P-C and P-N, com-
pared with PLL-glass

Schwann cells (SCs) and olfactory ensheathing cells (OECs) were plated on P-C and
P-N, and comparisons were made with PLL-coated glass. Cells are visualised by GFP
expression. The regularity in cell morphology observed on the 2D PLL-glass sur-
face dissipates on Proliferate R© as cells adhere to the 3D construct morphology. This
was most starkly seen in the disruption of the conventional SC palisade pattern on
Proliferate R© substrates compared with PLL-glass. Due to resource limitations, P-IK

was not available for these cultures. Scale bars: (A) 50 µm, (B) 20 µm.
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Cell culture Response to Proliferate®

Astrocytes § Equally viable to cultures on PLL-glass (resazurin assay)
§ Adopt stellate conformation, fibers extend over and across 

construct pores (ICC, SEM)
§ Reduced nestin expression on P-C and P-N compared to PLL-glass 

(western blot)
§ Non-significant trend towards reduced nestin expression on P-IK 

compared to PLL-glass (western blot)
§ Non-significant trend towards reduced GFAP on constructs 

compared to PLL-glass (western blot)
§ No difference in GFAP and nestin gene expression on constructs 

compared to PLL-glass (qPCR)

Myelinating 
cultures (MCs)

§ Neurite survival (ICC)
§ Delayed myelination compared with PLL-glass (ICC)
§ Non-significant trend towards increased myelination in MCs 

conditioned with astrocytes on P-IK compared with PLL-glass

Spinal cord 
neuronal cultures 
(SCCs)

§ Increased proliferation on P-C, P-N and P-IK compared with PLL-
glass

Olfactory 
ensheathing cells 
(OECs)

§ Extend processes over and across construct pores (ICC)

Schwann cells 
(SCs)

§ Lose palisade conformation, cells randomly oriented (ICC)
§ Extend processes over and across construct pores 

FIGURE 4.20: Summary of CNS cell responses to Proliferate R© in vitro
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4.3 Discussion

This chapter has demonstrated the biological viability of Proliferate R© in supporting

CNS cells in vitro. This was first demonstrated with astrocytes, one of the most in-

fluential glial cell targets for SCI repair. Astrocyte metabolic activity was maintained

on all Proliferate R© substrates in equal levels to PLL-glass, with no adverse effects on

cell survival observed on the construct. Astrocyte morphology was, however, altered on

the substrates, with cells appearing more stellate on the 3D constructs compared with

on 2D PLL-glass. Astrocytes typically display a spectrum of morphologies between

a branched, stellite morphology and an unbranched, flat morphology, tending towards

the latter in serum-containing culture and the former in vivo. Therefore, the branched

morphology seen on Proliferate R© more closely resembles that observed in vivo. Sev-

eral contributing factors to the regulation of astrocyte morphology in vitro have been

investigated, including Rho GTPase activity, aquaporin-4 expression, and neuronal sig-

nalling (Matsutani and Yamamoto, 1997, Nicchia et al., 2003, Zeug et al., 2017). Fewer

studies have investigated the contribution of substrate topography on astrocyte morphol-

ogy. Our findings contradict those of Balasubramanian et al. (2016), who found mouse

astrocytes adopting a more rounded morphology on 3D collagen substrates compared

with collagen-coated glass, but corroborate the results of Placone et al. (2015), who

found increased branching of human astrocytes cultured in 3D collagen and HA gels.

This suggests that although culture on a 3D substrate alone does not predict specific

alterations to astrocyte morphology, the nuances of substrate topography have profound

and varied effects on morphology. Lau et al. (2014) have shown a similar tendency to-

wards fibrous, branched astrocyte morphology on 3D electrospun PCL fibres compared

to glass. Our results are also compliant with the findings of Moshayedi et al. (2014),

who found increased substrate stiffness to increase astrocyte spreading and consequent

departure from stellate morphology, thus explaining the tendency for flat astrocyte mor-

phology on PLL-glass compared with soft Proliferate R© constructs. In light of our find-

ings, the conventional use of 2D surfaces for cell culture may, therefore, account for

the disparity between astrocytic cell culture and astrocyte behaviour in vivo. It is no-

table that astrocytes are also known to adopt a stellate morphology on 2D surfaces when

grown and matured in serum-free media (Kim et al., 1983), suggesting that the removal

of serum from culture media elicits similar structural changes in astrocytes to physical

conformation to a 3D topography.

The pertinence of astrocytes in the spinal cord following trauma lies in their role as

mediators of the glial scar. The scar perpetuates a hostile mileu attributed largely to
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the release of compounds, such as proteoglycans, which inhibit CNS repair and regen-

eration (Asher et al., 2001). Quiescent astrocytes in the CNS do not create such an

environment, so astrocyte propagation of the glial scar is a result of astrocyte reactivity,

however biomarkers of astrocyte reactivity, both in vitro and in vivo remain elusive. In-

creased expression of the astrocytic marker GFAP remains the most reliable hallmark of

reactivity. The Barnett lab has also proposed nestin, a developmental marker expressed

by astrocytes in primary cultures in vitro and in SCI models in vivo, as further reactivity

marker (O’Neill et al., 2017). This is due to the absence of nestin expression in qui-

escent astrocytes in the uninjured adult cord in vivo (Holley et al., 2005). Both GFAP

and nestin expression appeared to be reduced in astrocytes cultured on Proliferate R©

compared to PLL-glass, nestin significantly so, indicating reduced astrocyte reactiv-

ity on the constructs compared to glass. Lau et al. (2014) also showed a decrease in

GFAP expression in astrocytes cultured on 3D PCL substrates compared with glass. At

a genetic level, however, we did not find a reduction in GFAP and nestin gene expres-

sion between Proliferate R© substrates and PLL-glass, corresponding to reduced protein

expression. Therefore, Proliferate R© appears to be inducing pro-repair phenotypes in

astrocytes in vitro.

Neuron-glia interactions in the CNS are not exclusive only to astrocytes, extending also

to other all other cell types in the CNS. For this reason, modelling of neuronal health in

cultures representative of the intrinsic CNS environment is a complex endeavour, requir-

ing replication of multiple intricate simultaneous cell-cell interactions and culturing in

media supportive of all CNS cell types. Therefore, rather than investigating neuronal in-

teractions with Proliferate R© using pure neuron cultures, we studied mixed myelinating

cultures, containing all CNS components, on the cultures. These cultures did not retain

their characteristic organisation, consisting of cell body bundles from which roughly

parallel axons extend, on Proliferate R© substrates. Neurite survival was supported on the

construct, however axonal growth lacked directional alignment or parallel organisation.

This is a likely product of the heterogeneity of Proliferate R© structure, as directional

neuronal alignment is typically promoted by homogeneous scaffolds with high struc-

tural regularity (Kim et al., 2017a, Meco and Lampe, 2018, Nguyen et al., 2017, Solanki

et al., 2013). Myelination in these cultures was supported on Proliferate R©, but was sub-

stantially delayed, even though OPCs were able to differentiate on the construct. One

potential cause of this could have been the microglial response. Further experimentation

is required to determine the reactivity status of microglia within MCs on Proliferate R©,

and when cultured alone on Proliferate R©. Similarly to astrocytes, microglia also display

a spectrum of reactivity, ranging from the beneficial to the detrimental (Li and Barres,
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2018). Therefore, acute microglial responses to Proliferate R© could underlie slowed

myelination construct. This is potentially a result of the increased surface area across

which oligodendrocyte branches must extend, and across which chemotactic secreted

compounds must be accessed, to locate axons before ensheathment occurs. Both neu-

rite survival and myelination occur preferentially at the edges, rather than the centre, of

suspended Proliferate R© cell culture inserts. This is considered an artefact of construct

thinning at edges caused by compression of scaffolds when attached to insert moulds.

Reduced construct thickness is thought to promote more cell-cell interaction by allow-

ing closer cell-cell proximity. Changes in astrocytic protein expression on Proliferate R©

did not affect neurite density or myelination in MCs on PLL-glass, implying no as-

trocytic release of inhibitory compounds, and supporting our suggestion that astrocyte

reactivity is dampened on the construct.

A caveat of MCs is their reliance on healthy underlying neurosphere-derived astro-

cyte monolayers. This is partly due to the presence of brain-derived cells in spinal

cord cultures, which prevent exact recreation of a spinal cord-specific mileu, and partly

due to the practical challenges of ensuring a healthy astrocyte monolayer on opaque

Proliferate R© constructs. Monolayer confluency, the degree of which is critical to MC

success, is usually assessed by monitoring culture appearance using brightfield mi-

croscopy. The opacity of Proliferate R© constructs disallows such monitoring of culture

appearance, thus rendering MC reproducibility variable on the construct. We therefore

attempted the culture of spinal cord cultures (SCCs) on Proliferate R©, in the absence of

astrocyte monolayers. Characterisation of these cultures showed high neurite purity,

with other glial cell types sporadically present in cultures as well. Interestingly, GFAP+

astrocytes in these cultures were found to adopt a branched, stellate morphology, and

did not express nestin. This could be due to the absence of serum, which has been shown

to affect astrocyte morphology in vitro, in SCC culture media (Balasubramanian et al.,

2016, Ramsell et al., 1996). Alternatively, as astrocytes are known to be a highly het-

erogeneous cell population expressing different characteristics in different CNS regions,

this may be an intrinsic property of spinal cord astrocytes in vitro (Haim and Rowitch,

2017). Nestin expressing cells were present in cultures, however due to the lack of

GFAP expression, were considered to be stem cells. Neurites survived on SCCs for 28

DIV, undergoing maturation during that time. Proliferate R© supported SCCs, with pro-

liferation of SCC neurites significantly higher on constructs compared with PLL-glass.

Overall, however, proliferative cells in SCCs were low in quantity, and SCCs fall short

of MCs in the absence of myelination, and in their lack of neurite organisation.
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The incorporation of the laminin IKVAV peptide in P-IK was seemingly beneficial to

in vitro MCs, as myelination was more robustly supported on P-IK than on P-C or P-N.

Further, there was a trend towards increased myelination in MCs conditioned with as-

trocytes on P-IK compared with P-C and P-N. To investigate the effect of the IKVAV

peptide in the absence of Proliferate R© on cell adhesion, SCCs were treated with soluble

IKVAV. Although no difference was seen between IKVAV-treated and untreated cells at

24 h, fewer cells/FOV were present in untreated SCCs at 7 DIV compared with IKVAV

treated SCCs, suggesting that the presence of IKVAV peptide is beneficial to SCC cell

survival over time, or continued SCC adhesion to the culture substrate, over time. The

perpetuation of this effect over time demonstrates the advantage of long-term immobil-

isation of the peptide to Proliferate R©, bypassing the necessity for routine treatment.

Finally, we demonstrated the propensity of Proliferate R© to act as an implantable deliv-

ery vessel for CNS cell transplant candidates. Schwann cells and olfactory ensheathing

cells, both cells currently at clinical trial stage as autologous cell transplant candidates

for SCI, were supported on Proliferate R©. Overall, we conclude that Proliferate R© is a

viable and promising biomaterial implant for SCI repair, suitable for in vivo testing.
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Chapter 5

Implantation of Proliferate R© in vivo

5.1 Introduction

As discussed in the previous chapter, in vitro CNS cell culture is a limited representa-

tion of the in vivo CNS. Therefore, following demonstration of Proliferate R© constructs’

capacity for supporting CNS cells in culture, Proliferate R© propensity for SCI repair was

tested in vivo. There are several ways in which biomaterials can promote CNS repair

in vivo (O’Brien, 2011, Tsintou et al., 2015). Examples of this include neuronal and

glial alignment (Liu et al., 2012, Prang et al., 2006) and attenuation of glial scarring

and inflammatory responses (Jain et al., 2006, Liu et al., 2013). However, the greatest

benefit of biomaterial strategies for CNS repair is in combination with other therapies.

For instance, biomaterials can offer substrates to which cell transplant candidates can

be immobilised for transplantation, thus overcoming a major limitation to cell trans-

plantation therapies: localisation to the injury site (Liu et al., 2018). The same is true

for drug delivery; several pharmaceutical compounds have been identified as beneficial

SCI therapeutics (Silva et al., 2014), however delivering these compounds, many of

which do not readily cross the blood-brain-barrier (BBB), to the highly protected and

relatively inaccessible CNS, remains a substantial caveat of pharmaceutical interven-

tions to SCI. Biomaterials can allow for gradual, potentially tuned, release of attached

pharmaceutical compounds over time, localised directly to the injury site, overcoming

this limitation.

Several established rodent SCI models have been used to investigate biomaterial pro-

motion of SCI (Cheriyan et al., 2014, Kjell and Olson, 2016, Steward and Willenberg,

2017, Zhang et al., 2014). The simplest of these is the transection model, in which the
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cord is partially or completely transected using a blade, severing axonal connections

without causing compression or cavity formation (Cheriyan et al., 2014). However,

the most commonly used SCI rodent models are compression and contusion models

(Allen, 1911, Cheriyan et al., 2014, Gruner, 1992, Marcol et al., 2012, Pearse et al.,

2005, Scheff et al., 2003, Stokes, 1992). The value of these SCI models is their correla-

tion with human SCI cases, the majority of which include compressive trauma to spinal

cord tissue (Bunge et al., 1993, Norenberg et al., 2004). In compressive and contusive

models, a spontaneous cavity forms in the cord, akin to that observed in human SCI,

surrounded by a glial scar and filled with cerebrospinal fluid (CSF) (Norenberg et al.,

2004, Sroga et al., 2003). Formation of this cavity, however, occurs in a time-delayed

manner following contusion. An immediate fluid-filled injury cavity can also be formed

using the wire knife method, in which a wire knife is lowered onto, and curves inside,

the spinal cord at the dorsal surface, and is lifted to form a cavity of controlled size (Toft

et al., 2007). This model is more artificially formed than in contusion models, however

results in a histologically similar cavity displaying the hallmarks of SCI, including the

surrounding glial scar and inflammatory response. Both contusion and wire knife SCI

models can be used to cause cord tissue damage in a highly controlled manner, allow-

ing control of injury severity (including the degree of sensory and/or motor impairment)

and pathology (partial/complete injury). For example, injury can be restricted to dorsal

columns, causing sensory impairment only, or more extensively through the cord, caus-

ing additional motor impairment and loss of bladder and bowel control. The anatomical

location, including cord level at which injury is applied in the cord allows further con-

trol of injury outcomes (Kjell and Olson, 2016, Zhang et al., 2014) . Rodent SCI models

are applicable to both rats and mice, however rat models are the most established, due to

their provision of small and large cavities, and formation of extensive fluid filled cysts

(Norenberg et al., 2004, Sroga et al., 2003, Zhang et al., 2014).

For our investigations on Proliferate R© constructs, we first investigated the construct in

the mouse incision model, then progressed to rat contusion and wire knife models. For

these studies, Proliferate R© was first implanted in vivo in sheet form, the simplest con-

figuration of the construct. Though this formation was ideal for implantation into small

incision injuries in the mouse cord, for implantation into aforementioned fluid-filled

cysts, the construct was developed into tubular form, containing parallel-aligned chan-

nels formed using soluble fibres during construct synthesis. SCI cysts formed by contu-

sion and wire knife models are extensive, occupying vast portions of spinal cord tissue.

Adequately filling such cavities necessitates Proliferate R© constructs of high thickness,

therefore constructs were prepared in tubular form. Parallel channels were formed in
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construct tubes to prevent constructs of such thickness from posing a density barrier to

cell infiltration. This, in addition to the pores intrinsic to the heterogeneous polymer

structure, was hypothesised to provide sufficient intra-construct space for mixed cellu-

lar influx. Guidance channels in biomaterial SCI implants have indeed been shown to

improve cell density and alignment in implanted constructs (Thomas et al., 2013, Yang

et al., 2009).

Following our findings in the previous chapter demonstrating the advantages of IKVAV-

coating of the construct, the P-IK construct was the focus of in vivo Proliferate R© inves-

tigations. The uncoated construct, P-C, was also implanted as a non-coated construct

control. For these investigations we also coated the construct with an additional com-

pound: modifiied heparin 7 (Hep-7). As discussed in 1.5.2.2, heparins are a highly

sulfated class of heparan sulphates, linear polysaccharides in the CNS extracellular

matrix known to bind several extracellular signalling ligands involved in moderation

of remyelination and regeneration in the CNS. The standard heparan sulfate backbone,

comprised of a disaccharide repeat of glucuronic acid (GlcA) and N-acetyl glucosamine

(GlcNAc), can undergo sequential enzyme driven modifications including epimerisation

of GlcA to IdoA, and N/O-sulfations at various positions along the polysaccharide. One

such modification, consisting of a IdoA-GlcNS disaccharide repeat (following modifi-

cation by 2-O-desulfation/6-O-desulfation), has been identified by the Barnett lab as a

promoter of CNS regeneration and remyelination in in vitro models of SCI (McCanney

et al, in preparation). This particular modified heparin was also attached to Proliferate R©

for in vivo implantation, henceforth denoted as P-H7. Biomaterial implantation is in-

tended as a long-term SCI therapeutic. Ideally biomaterials should remain localised to

the injury over a long time period before gradually biodegrading, and being replaced by

healthy, regenerating cord tissue. Therefore, our studies of Proliferate R© in vivo inves-

tigated construct effects following both short- and long-term implantation, thereby also

providing indications of the Proliferate R© in vivo degradation timeline.

5.1.1 Aims

In this chapter, we will investigate the viability of Proliferate R© as a spinal cord implant

in vivo. This will be carried out using three established in vivo spinal cord injury models:

incision, contusion and wire knife. Using these models we will:

1. Investigate the integrative capacity of Proliferate R© in the spinal cord
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2. Assess the impact of Proliferate R© implantation on the surrounding cell matrix,

glial scar and inflammatory response using quantitative histology

3. Use cord histology to investigate axonal extension, and myelination, across Prolif-

erate R© constructs

4. Evaluate the success of parallel-channel incorportation into Proliferate R© implants

5. Compare the above parameters in short- and long-term implantations, also infer-

ring the constructs’ degradative capacity
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5.2 Results

5.2.1 Mouse incision SCI model demonstrates P-IK integration

The SCI incision model was first used to establish Proliferate R© integrative capacity in

spinal cord milieu. A longitundinal incision was made in the cord dorsal columns of

adult mice, adjacent and parallel to the central dorsal blood vessel, and a segment of

Proliferate R© in P-IK sheet form was immediately inserted into the incision. The P-IK

segment varied in size, and was adjusted according to the size of the incision made,

but was approximately ∼2 mm2. Ventral tracts and grey matter were left intact. Fol-

lowing a 7 day recovery period, the cord was fixed by perfusion-fixation, extracted and

histologically processed. Construct autofluorescence made P-IK segments clearly dis-

tinguishable from antibody-labelled spinal cord tissue under fluorescence microscopy.

The simplicity of this model allowed for basic establishment of construct compatibility

with the spinal cord, allowing immediate identification of any potential harmful or toxic

effects of, or immunological rejection of, the construct. The P-IK form of the construct

was specifically selected for these preliminary investigations because of our findings in

the previous chapter, detailing P-IK favourability in supporting CNS cells in vitro. Al-

though the majority of rodent SCI models are established in rats, we selected the mouse

model for preliminary studies in order to use transgenic mice expressing fluorescent

axons and microglia, rat homologues of which were not available to us.

The first of these investigations was carried out on a B6.Cg-TgN (Thy1-CFP) 23Jrs

mouse (gifted by Prof. Hugh Willison’s lab and the University of Glasgow, henceforth

denoted as Thy1-CFP), in which Thy-1, an axonal marker, is expressed with a fluo-

rescent protein (CFP), thus allowing clear axonal visualisation. As shown in Figures

5.1, 5.2 and 5.3, P-IK clearly integrates into the cord, fusing with spinal cord tissue

and leaving no gap at the tissue-construct border. Cell influx to the injury site is evi-

dent from Hoechst 33342 nuclear staining in these figures, with the highest cell density

visible adjacent to the tissue-construct border. Some nuclei are also visible inside the

construct, suggesting some cell migration through construct pores to the depths of the

substrate, however occurring at much lower density than construct-adjacent regions.

Figure 5.1 identifies some cells within the construct as GFAP positive astrocytes, and

some as non-axonal Thy1 positive cells. These Thy-1 positive cell entities are further

visible in Figures 5.2 and 5.3, seen most potently at the construct border, where some

are migrating into the construct.
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FIGURE 5.1: Thy1+ and GFAP+ cell response to P-IK implant in Thy1-CFP mouse
spinal cord incision injury 7 d post-implantation

P-IK implanted into a longitudinal incision in the spinal cord WM of a Thy1-CFP
transgenic mouse. A small (approx. 2mm2) P-IK sheet segment was inserted into
incised cord, and the animal was perfusion-fixed 7 d post-implantation. 20 µm lon-
gitudinal sections of the injury site were labelled with anti-GFAP (red) and Hoechst
33342 nuclear stain (blue) to supplement Thy1-CFP fluorescence (green). (A) Unin-
jured WM, showing parallel Thy1+ axons surrounded by GFAP+ astrocytes and an
abundance of neuronal and glial nuclei. (B) Implanted P-IK, showing evidence of in-
filtrating GFAP+ astrocytes (yellow arrow) and non-axonal Thy1+ cells (pink arrow).
(C) Construct-tissue borders are delineated by an influx of astrocytes displaying height-
ened GFAP expression, and non-axonal Thy1 cells bodies described in (B). N=1. Scale

bar = 50 µm.

Identification of nestin positive cell presence within the construct was obstructed by

high levels of non-specific constuct binding by anti-nestin antibody, which was con-

firmed by secondary antibody staining in absence of nestin primary antibody (data not

shown). However, nestin positive cells were observed surrounding the construct, as

shown in Figure 5.2, in stark contrast with non-injured tissue, in which nestin positive

cells are wholely absent. Immunological response to P-IK, as indicated by the Iba-1 pos-

itive microglial influx, was strongly visible at the construct-tissue border, but was not

heightened dramatically above levels seen in uninjured tissue, suggesting a low level

acute immunological reaction to construct presence in the cord (Figure 5.3). Though

few in number, some Iba-1 positive microglia were also seen within the construct, again

confirming some limited cell migration into the scaffold.

To further investigate the immunological response to P-IK implantation, the experiment

was repeated with B6.Cg-TgN (Csf1r-EGFP) mice (gifted from Prof. Gerard Graham’s

group at the University of Glasgow, henceforth denoted as Csf1r-GFP), which express

the macrophage and microglial marker Csf1r with a GFP fluorescent tag, thus allowing

broader visualisation of the acute immunological response than is possible using Iba-1

antibody alone. Csf1r positive and GFAP positive cell responses to P-IK after 7 days are

shown in Figure 5.4. Quantification of sagittal sections in this experiment showed that

injury extent in the P-IK implanted injury is greater than that of non-implanted incision

injury, as indicated by cavity height and length (Figure 5.4 E, F). It was further shown

that the influx of microglia and macrophages to the injury site is increased in the P-IK

implanted injury compared with non-implanted injury (Figure 5.4 G), however this is

considered correlative to greater injury extent.

Notably, in both the Thy1-CFP and Csf1r-GFP experiments, although the incision was
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FIGURE 5.2: Nestin+ cell response to P-IK implant in Thy1-CFP mouse spinal
cord incision injury 7 d post-implantation

P-IK implanted into a longitudinal incision in the spinal cord WM of a Thy1-CFP
transgenic mouse. A small (approx. 2mm2) P-IK sheet segment was inserted into
incised cord, and the animal was perfusion-fixed 7 d post-implantation. 20 µm longitu-
dinal sections of the injury site were were labelled with anti-nestin (red) and Hoechst
33342 nuclear stain (blue) to supplement Thy1-CFP fluorescence (green). (A) Un-
injured WM, showing parallel Thy1+ axons and nuclear staining, but no nestin cell
expression. (B) Implanted P-IK, showing infiltrating Thy1+ cells (as seen in previous
figure), an influx of nestin expressing cells surrounding the construct, and non-specific
labelling of the construct by nestin antibody. (C) The construct-tissue border is delin-
eated by heightened nestin expression, with non-specific construct labelling preventing
identification of nestin+ cell presence across the construct border or within the con-

struct. N=1. Scale bar = 50 µm.

made in the white matter (WM) of the dorsal columns, the construct was mostly lo-

cated in grey matter (GM) at the time of fixation and histological processing. This is

most visible in the Thy-1-CFP experiment, in which the regular arrangement of paral-

lel Thy-1 positive axons characteristic of WM is not present around the construct, with

surrounding tissue seemingly more representative of GM. This was most likely a result

of the injury model. Because no tissue is removed in the incision injury model, the

construct inserted into the incision site is superfluous to the endogenous tissue mass.

Therefore, the construct is under physical pressure, causing compression of the con-

struct into the tissue and seemingly causing the construct to integrate largely into GM

tissue. The small size of the mouse spinal cord relative to the construct segment being

inserted also account for this, with very little WM area between the central vessel and

the GM available for incorporation of the construct. Therefore, in order to continue in

vivo investigations on Proliferate R© with greater accuracy and detail, we proceeded with

more complex rat injury models of SCI.
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FIGURE 5.3: Iba+ cell response to P-IK implant in Thy1-CFP mouse spinal cord
incision injury 7 d post-implantation

P-IK implanted into a longitudinal incision in the spinal cord WM of a Thy1-CFP
transgenic mouse. A small (approx. 2mm2) P-IK sheet segment was inserted into
incised cord, and the animal was perfusion-fixed 7 d post-implantation. 20 µm longi-
tudinal sections of the injury site were were labelled with anti-Iba1 (red) and Hoechst
33342 nuclear stain (blue) to supplement Thy1-CFP fluorescence (green). (A) Un-
injured WM, showing parallel Thy1+ axons, Iba-1+ microglia, and Hoechst 33342+
nuclei. (B) Implanted P-IK, showing infiltrating Thy1+ cells and Iba1+ microglia lo-
calised to the construct edge. A few Thy1+ (pink arrow) and Iba-1+ (yellow arrow)
cells are present within the construct. (C) Tissue adjacent to the construct shows no ev-
idence of excessive Iba-1+ microglia expression, however the construct-tissue border
is delineated by heightened Iba+ expression, indicating potential microglial reactivity

at the construct-tissue junction. N=1. Scale bar = 50 µm.
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FIGURE 5.4: Injury characterisation and microglial response to P-IK implanted
into Csf1r-GFP mouse spinal cord 7 d post-implantaton

P-IK was implanted into a longitudinal incision in the spinal cord WM of a Csf1r-GFP
mouse. Cords were fixed and cut longitudinally (A, B) and sagitally (C, D) 7d post-
implantation, and compared with a non-implanted injury control. Longitudinal rostral-
caudal sections of the spinal cord show an influx of Csf1r+ microglia/macrophages into
the injury cavity (green), and a distinct GFAP+ astrocytic border surrounding injuries
(red) in both the non-implanted incision injury control (A), and P-IK implanted injury
(B). Microglial (Csf1r-GFP, green) and astrocytic (GFAP+, red) reactivity surround-
ing the injury is observed both control (C) and implanted (D) sagittal sections. (C-E)
Quantification of sagittal injury cavities from 3 representative medial injury sections
from implanted and non-implanted injury sites. The extent of incision injuries after 7 d
is greater in P-IK implanted sections than in controls, as inferred from the significantly
higher maximal injury height (C) and width (D) generated using the ImageJ ’measure’
tool (A.U = arbitary unit of length). Areas of disproportionate Csf1r expression (green)
surrounding injury sites in sagittal sections (marked by dotted lines) were also quan-
tified using the ImageJ ’measure’ tool, showing significantly larger areas of reactivity
surrounding P-IK implants compaired with non-implanted controls (G, A.U = arbitary
unit of area). 1 implanted animal and 1 control animal were used. Statistics: unpaired

two-tailed T tests, P<0.05. N=1. Scale bars = 100 µm.
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5.2.2 Complex SCI model selection

Proliferate R© implantation was trialled in two established rat SCI models: contusion

and wire knife. Both injury models result in a cavity in the cord similar to that seen

in human SCI, surrounded by a perpetuating glial scar. These cavities also allow for

construct implantation without increasing tissue mass in the cord, and thus avoiding ex-

cessive tissue or construct compression. For the purpose of construct implantation, the

contusion model was considered the most representative of human SCI. This model con-

sists of controlled cord contusion followed by a 3 week recovery period, during which

an injury cavity forms. However, the cavity formed is largely filled with cerebrospinal

fluid (CSF) and cellular debris, necessitating CSF removal prior to implantation. This,

coupled with the potential trauma of reopening the original injury site for implantation,

complicates the contusion-implantation model. Therefore, the wire knife injury model

was also trialled as an alternative, whereby an immediate cavity is created artificially

using a wire knife, allowing immediate construct implantation (see 2.11.5 for more de-

tailed descriptions and schematic representation of both injury models). Additionally,

following demonstration of the short-term integrative capacity of Proliferate R© in 5.2.1,

we further extended our aim to investigate Proliferate R© implantation at longer time-

points, allowing sufficient time for cell growth into and across the construct. Therefore

for initial injury model selection studies, 3 week and 7 week timepoints were trialled,

in contrast to the 7 day timepoint assessed using the mouse incision model. Due to

the substantially greater cavity extent in the rat injury models compared to the mouse

incision model, Proliferate R© was implanted in tubular form in order to sufficiently fill

the injury cavity. Parallel guidance channels were also fabricated into this form of the

construct (created using soluble fibres, see 2.1.5 for further details) to guide cells into

the construct. Initially, this tubular form was available only in the uncoated P-C form,

so injury selection studies were conducted using this form only.

High levels of vascularisation, visualised using anti-laminin antibody, were observed in

both injury models both 3 and 7 weeks following implantation, as shown in Figures 5.5

(A, C) and 5.6 (A, C). Extensive astrocytic scarring was also observed in both models,

with heightened levels of GFAP surrounding implants and delineating the border be-

tween tissue and construct. Astrocytes were not, however, observed to migrate into the

construct, remaining exclusively at implant edges. Interestingly, GFAP positive astro-

cytes surrounding the implant were largely nestin negative 3 weeks post-implantation

(Figure 5.5 A, C), however high levels of anti-nestin labelling were present within the

cavity. Although much of this was attributed to non-specific labelling of the construct,
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some GFAP negative, nestin positive cellular entities, distinct in structure from the con-

struct and displaying typically cellular morphologies, were present inside implants (Fig-

ure 5.5 A, C, yellow arrows).

Axonal migration into the construct was present but limited 3 weeks post-implantation,

with NF-200 positive axonal presence localised in close proximity to the construct-

tissue border in both contusion and wire knife implants (Figure 5.5 B, D, yellow ar-

rows). Similar observations were made at 7 weeks, with overall axonal influx remain-

ing limited, however in the contusion implant, axons appeared to be present at slightly

higher frequency and more centrally in the construct at this timepoint compared with

the wire knife implant (Figure 5.6 B, D, yellow arrows). Axons seen migrating into

the construct were seemingly guided by openings in the construct created by parallel

channels, however these guidance channels failed to maintain structural integrity once

implanted, resulting in a less organised network of channels than anticipated. At both

timepoints, little difference was observed in implant and tissue characteristics between

the two injury models. Animal behaviour and recovery was also equal between injury

models, as assessed by presence of locomotive ability, touch-reflexes and feeding, dis-

pelling concerns that re-opening the original contusion site for implantation could cause

excessive trauma and confirming that the cord is able to maintain structural, and subse-

quently histological, integrity in spite of site re-opening and CSF removal. Therefore,

further implantation was carried out using the more clinically relevant contusion injury

model only.
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FIGURE 5.5: P-C implant characterisation in rat contusion and wire knife injury
models 3 weeks post-implantation

Tubular P-C was implanted into cavities formed using contusion and wire knife in-
jury models in the adult rat spinal cord, fixed 3 weeks following implantation, and
visualised using anti-laminin, anti-nestin, anti-GFAP and anti-neurofilament-200 (NF-
200) antibodies in 60 µm sagittal sections, as shown. Sections are oriented as follows:
caudal (left) to rostral (right), and ventral (bottom) to dorsal (top). Extensive vascu-
larisation was observed by labelling with anti-laminin antibody (A, C, pink arrows) in
both injury models, along with a clear anti-GFAP labelled astrocytic scar surrounding
the implant (B, D, pink arrows). Though extensive astrocytic infiltration was not seen,
limited astrocyte migration was observed in the wire knife implanted cord (D, white
arrow). Anti-NF-200 labelling showed limited axonal migration into the scaffold, con-
centrated at construct-tissue borders only (B, D, yellow arrows). Though anti-nestin
antibody largely non-specifically stained the construct, some nestin+ cells, structurally
distinct from the construct, were seen within the construct (A, C, yellow arrows). No
clear difference was observed in implant and surrounding tissue appearance between
contusion and wire knife models. Parallel channels in the constructs are not clearly

visible. N=1 (per implant group). Scale bar = 500 µm.
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FIGURE 5.6: P-C implant characterisation in rat contusion and wire knife injury
models 7 weeks post-implantation

Tubular P-C was implanted into cavities formed using contusion and wire knife injury
models in the adult rat spinal cord, fixed 7 weeks following implantation, and visu-
alised using anti-laminin, anti-ED-1, anti-GFAP and anti-NF-200 antibodies in 60 µm
sagittal sections, as shown. Sections are oriented as follows: caudal (left) to rostral
(right), and ventral (bottom) to dorsal (top). Extensive vascularisation was observed by
labelling with anti-laminin antibody (A, C, pink arrows) in both injury models, along
with a persistent anti-GFAP labelled astrocytic scar surrounding the implant (B, D,
pink arrows). Anti-NF-200 labelling showed limited axonal migration into the scaf-
fold in the wire knife model (D), however axonal migration is seen at greater depth
in the contusion model (B, yellow arrows). Anti-ED-1 labelling showed microglial
influx surrounding the implant, and some microglial infiltration into the construct, in
both injury models (A,C, yellow arrows). No clear difference was observed in implant
and surrounding tissue appearance between contusion and wire knife models. Parallel
channels in the construct are unclear, but some channel remnants are visible, implying

channel compression or degradation. N=1 (per implant group). Scale bar = 500 µm.
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5.2.3 Short- and long-term contusion experiments

For accurate characterisation of the potential of Proliferate R© in promoting SCI repair,

implanted contusion injuries were assessed at 7 weeks, allowing short-term characteri-

sation, and 6 months, allowing long-term characterisation of tissue response to implants.

More acute timepoints were excluded as the primary aim of scaffold implantation is to

stabilise the cord and improve long-term injury outcomes. The 6 month timepoint in

particular was selected to provide an indication of scaffold degradation over time, as

well as providing insight into more chronic injury responses to Proliferate R© implants.

The timeline for this study is shown in Figure 5.7 A. Proliferate R© constructs were im-

planted 3 weeks after the initial contusion injuries, and animals were maintained ei-

ther for 7 weeks or 6 months, at which point they were culled by perfusion fixation,

and were histologically processed. Following confirmation of the efficacy of contusion

implantation in 5.2.2 using the non-coated construct (P-C), this study also included a

comparison between the coated forms of Proliferate R©, P-IK and P-H7, as well as cavity

controls in which contusion injuries were re-opened and cavity CSF was removed, but

cavities were not implanted. Animal survival varied across surgical procedures, with

a substantial number of animals not surviving the full length of the study. This was

attributed in part to the risks intrinsic to surgical procedures of this severity, in part to

unintended tissue removal in the CSF removal process, and partly to tissue compression

caused by implantation of construct segments cut to lengths in excess of the original

cavity length. Figure 5.7 B shows the total number of animals injured, and those lost in

the progression of surgical procedures. 67.5% of animals injured progressed to the end

of the study.

Animals used in this study were adult, male Sprague dawley rats, weighing between 200

and 300 g at contusion, and between 300 and 400 g at implantation. No significant dif-

ference was observed across animals implanted with different forms of Proliferate R©, as

shown in Figure 5.8. All contusions were applied at the C6 cord level at 175 kdyn, how-

ever there were slight variations in the actual force recorded between animals. These are

summarised in Figure 5.9 (A, F). No significant differences were found in force applied

across animals in different experimental groups. Impactor velocity and displacement

values were also recorded for each contusion. No significant difference was seen in

velocity recorded across animals in varying experimental groups, and in displacement

recorded across most experimental groups. A difference was recorded however, be-

tween displacement values in the cavity control group compared with the P-H7 group

maintained for 6 months post-implantation. However, due to the continuity observed in
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FIGURE 5.7: Experimental timeline and animal survival in short- and long-term
contusion implant studies

(A) Experimental timeline. Contusion injuries of 175 kdyn were carried out at the C6
level. Injury sites were re-opened after 3 weeks, CSF inside the cavity was removed,
and either P-C, P-IK or P-H7 (in tubular form, containing parallel channels) was im-
planted into the cavity. Animals were then fixed by perfusion after either 7 weeks or
6 months for histological processing and analysis. (B) Summary of animal survival in
contusion-implantation experiments. Of 40 adult, male, Sprague-Dawley rats injured,
34 survived for subsequent implantation. Of these implanted animals, 27 survived to

the study end-point (6 cavity contol, 6 P-C, 7 P-IK and 8 P-H7), as shown.
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force applied and subsequent cavities created, this difference was not considered suffi-

cient to affect results. The strong correlative relationship between force applied and im-

pactor velocity recorded, and that of force applied and displacement recorded, is shown

in Figure 5.9 D, E, I, J, further demonstrating overall continuity across procedures. Both

Figure 5.8 and Figure 5.9 encompass all animals used in the study, not accounting for

animal survival, demonstrating strong replicability of experimental procedures across a

large quantity of animals.
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Contusion injuries for 6 month implantation:

FIGURE 5.8: Animal weights across experimental groups
Animal weights were consistent across all experiment groups (Cavity, P-C, P-IK and
P-H7) at the time of each surgical procedure (contusion and implantation), and across
animals included in 7 week (A) and 6 month (B) maintenance post-implantation (one-

way ANOVA). Total N=40 (detailed in Figure 5.7).
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FIGURE 5.9: Actual force, velocity and displacement recorded in contusion exper-
iments

Force, velocity and displacement values obtained from Infinite Horizon Impactor soft-
ware used to carry out contusion procedures. (A, F) Intended force in all contusions
was 175 kdyn, however the actual forces applied varied across animals. No significant
variation in actual force was found across different experimental groups, in animals
implanted either for 7 week or 6 month end-points. (B, G) No significant variation
in impactor velocity was recorded across contusion injuries in different experimental
groups, implanted for either 7 week or 6 month end-points. (C, H) No significant
variation was observed in displacement values recorded across experimental groups in
animals implanted for 7 weeks, however a difference was found between the cavity
and P-H7 groups implanted for 6 months (one-way ANOVA with Tukey’s post-hoc
test, P<0.01). No variation was found among other groups implanted for 6 months.
(D, E, I, J) A strong correlative relationship was found between force and velocity, and
between force and displacement, in all experimental groups. Velocity and displace-
ment clustering reflect the little variation in force applied across animals. ’No Implant’
denotes animals that underwent contusion injury, but did not survive to implantation,
showing that excessive force applied was not the cause of mortality in these animals.

Total N=40 (detailed in Figure 5.7).
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5.2.4 Cavity extent

The first parameter assessed using histological data was cavity extent. Examples of cav-

ity extent in the most medial sections obtained from each cord after 7 weeks are shown

in Figure 5.10, and those at 6 months post-implantation in Figure 5.12. Anti-GFAP an-

tibody shows the astrocytic border surrounding cavities, persistent at both 7 weeks and

6 months post-implantation. This border clearly delineates the tissue-cavity and tissue-

construct borders, allowing visualisation of cavity extent. Labelling with anti-nestin

antibody, previously shown to non-specifically stain Proliferate R© constructs, further

confirms positioning of this border, as well as highlighting the implant height from the

ventral to the dorsal surface, the latter of which is not marked by a tissue border. Exten-

sive cavities are observed at both timepoints, however construct-implanted cavities ap-

pear more expansive, and unlike non-implanted cavities, lack a tissue cap over the injury

site at the dorsal surface. This is confirmed by cavity extent quantification (Figures 5.11

and 5.13). At 7 weeks post-implantation, little variation is seen between cavity length,

defined as the distance from the rostral to the caudal extremities of the injury or con-

struct implant, though a significantly higher cavity length was found in cords implanted

with P-H7 compared with P-C (P<0.05, Figure 5.11 A). A more stark difference was

seen in cavity height, defined as the distance between the dorsal and ventral extremities

of the injury or construct implant, with Proliferate R© implants in all forms significantly

higher in height than non-implanted cavities (P-C P<0.01, P-IK and P-H7 P<0.001,

Figure 5.11 B). This is considered to be due to the physical presence of the implant

preventing cavity collapse. No significant variation was seen between non-implanted

cavities and construct implants in cavity width, defined as the distance between the lat-

eral extremities of injuries or construct implants (Figure 5.11 C) as exrapolated from the

number of histological sections containing cavity, or in the percentage cavity, defined

as the percentage of the total cord width occupied by the injury or construct implant

(Figure 5.11 D). At 6 months post-implantation, non-implanted cavity extension is vis-

ibly higher than that of construct-implanted injuries (Figure 5.12). This is confirmed by

cavity length quantification, which shows all forms of Proliferate R© construct to exhibit

lower injury length than non-implanted cavities (P<0.05, Figure 5.13 A). A trend is still

observed towards increased injury height in construct-implanted cords compared with

non-implanted cavity controls, however this comparison is more nuanced at 6 months

than that previously described at 7 weeks post-implantation, with only P-IK implanted

animals displaying significantly higher injury heights than cavity controls (P<0.05, Fig-

ure 5.13 B). As seen previously with cavities 7-weeks post-implantation, no significant
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variation was present across experimental groups (Figure 5.13 C). This was paralleled

in percentage cavity width measurements (Figure 5.13 D), which also showed no sig-

nificant variation between construct implants and cavity controls.

In spite of the differences noted between cavity extent at 7 weeks and 6 months post-

implantation, direct comparison of cavity extent in each experimental group between

timepoints reveals similar trends across groups (Figure 5.14). Comparisons between 7

week and 6 months timepoints in each seperate experimental group showed very little

difference in cavity length (Figure 5.14 A), height (Figure 5.14 B), width Figure 5.14

C) and percentage width Figure 5.14 D). The only significant difference across groups

is seen in P-H7 cavity length, which was found to be significantly lower after 6 months

than 7 weeks post-implantation (Figure 5.14 A).
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FIGURE 5.10: Anti-GFAP and anti-nestin labelling delineates cavity extent in con-
struct implanted injuries and cavity controls 7 weeks post-implantation

Contusion injury cavities were implanted with tubular P-C, P-IK and P-H7. Non-
injured cavity controls underwent injury site re-opening and CSF removal, but were not
implanted with Proliferate R© constructs. Images show 60 µm sagittal sections labelled
with anti-GFAP antibody (blue), delineating construct-tissue border, and anti-nestin
antibody (green), highlighting Proliferate R© implants. Sections are directed from cau-
dal (left) to rostral (right), and dorsal (top) to ventral (bottom) orientation. Images
shown are representative of the most medial injury sections in the cord. Injury extrem-
ities are highlighted in non-implanted cavities (A) and P-C (B), P-IK (C), and P-H7 (D)
implanted injuries, 7 weeks after implantation, by yellow lines. No obvious difference
in construct length (the distance between rostral and caudal injury extremities) is seen
across experimental groups, however the non-implanted cavity height is clearly lower
in distance than implanted construct height. The non-implanted control is marked at
the dorsal region by a clear GFAP+ tissue cap, however no such tissue cap is present in
implanted sections. Cavity N=4, P-C N=3, P-IK N=3, P-H7 N=5. Scale bar = 500 µm.
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FIGURE 5.11: Quantification of cavity and implant extent 7 weeks post-
implantation

(A) Maximum cavity length, defined as the distance between the caudal and rostral
extremities of the injury, showed little overall variation between implanted groups and
cavity controls, though P-H7 implanted injuries were found to be significantly higher
in length than P-C implanted injuries (one-way ANOVA with Tukey’s post-hoc test,
P<0.05). (B) Cavity height, defined as the distance between the dorsal and ventral
injury extremities, was significantly higher in implanted injuries than in cavity controls
(one-way ANOVA with Tukey’s post-hoc test, P-C P<0.01, P-IK and P-H7 P<0.001).
(C) Significant variations were not observed in maximum cavity width, defined as the
lateral injury extremities across the cord width, across experimental groups (one-way
ANOVA). This was paralleled in (D) percentage cavity width, defined as the percentage
of the total cord width occupied by the injury cavity, which also showed no significant
variation across experimental groups (one-way ANOVA). Cavity N=4, P-C N=3, P-IK

N=3, P-H7 N=5.
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FIGURE 5.12: Anti-GFAP and anti-nestin labelling delineates cavity extent in con-
struct implanted injuries and cavity controls 6 months post-implantation

Contusion injury cavities were implanted with tubular P-C, P-IK and P-H7. Non-
injured cavity controls underwent injury site re-opening and CSF removal, but were not
implanted with Proliferate R© constructs. Images show 60 µm sagittal sections labelled
with anti-GFAP antibody (blue), delineating construct-tissue border, and anti-nestin an-
tibody (green), highlighting Proliferate R© implants. Sections are directed from caudal
(left) to rostral (right), and dorsal (top) to ventral (bottom) orientation. Images shown
are representative of the most medial injury sections in the cord. Injury extremities are
highlighted in non-implanted cavities (A) and P-C (B), P-IK (C), and P-H7 (D) im-
planted injuries, 6 months after implantation, by yellow lines. Though non-implanted
cavity height seems lower in distance than implanted construct height, non-implanted
cavity length seems comparatively higher than in implanted cords. The non-implanted
control is marked at the dorsal region by a clear GFAP+ tissue cap, however no such
tissue cap is present in implanted sections. No clear construct degradation is visible at

this timepoint. Cavity N=2, P-C N=3, P-IK N=3, P-H7 N=3. Scale bar = 500 µm.
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FIGURE 5.13: Quantification of cavity and implant extent 6 months post-
implantation

(A) Maximum cavity length, defined as the distance between the caudal and rostral ex-
tremities of the injury, was significantly lower in implanted injuries than non-implanted
cavity controls (one-way ANOVA with Tukey’s post-hoc test, P<0.05). (B) Cav-
ity height, defined as the distance between the dorsal and ventral injury extremities,
showed little variation across experimental groups, though significantly higher cavity
heights were observed in P-IK implanted cords compared to cavity controls (one-way
ANOVA with Tukey’s post-hoc test, P<0.05). (C) Significant variations were not ob-
served in maximum cavity width, defined as the lateral injury extremities across the
cord width, across experimental groups (one-way ANOVA). This was paralleled in (D)
percentage cavity width, defined as the percentage of the total cord width occupied
by the injury cavity, which also showed no significant variation across experimental

groups (one-way ANOVA). Cavity N=2, P-C N=3, P-IK N=3, P-H7 N=3.
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FIGURE 5.14: Cavity extent comparisons between short- and long-term implan-
tation timepoints within each experimental group

Cavity length does not significantly vary between 7 week and 6 month timepoints in
cavity controls, P-C implants and P-IK implants, however P-H7 implants were found
to be significantly lower after 6 months than 7 weeks post-implantation (A; Student’s
t tests, P<0.05). Cavity height, width and percentage width did not vary significantly
within experimental groups across the two timepoints. 7 weeks post-implantation:
Cavity N=4, P-C N=3, P-IK N=3, P-H7 N=5. 6 months post-implantation: Cavity

N=2, P-C N=3, P-IK N=3, P-H7 N=3.
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5.2.5 Vascularisation and cell infiltration

As shown in 5.2.2, extensive vascularisation is observed in P-C implants as early as

3 weeks post-implantation. This was further confirmed by laminin labelling in P-C,

P-IK and P-H7 implants at both 7 weeks (Figure 5.15) and 6 months (Figure 5.16) post-

implantation, and compared with non-implanted cavity controls. At both timepoints,

clear vascular strucures were observed thoughout implants, including at the centre of

the most medial injury sections. Vessels observed seemingly varied in diameter, and

appeared to form at times along remnants of guidance channels in an organised man-

ner, and at times in disorganised fashion across constructs. Laminin presence in non-

implanted cavities was observed to be more disorganised, making vasculature more

difficult to identify. This is demonstrated by the representitive cavity control image

at 7 weeks post-implantation (Figure 5.15 A), in which the cavity is part-vascularised,

but the lack of an anchoring substrate within the cavity prevents blood vessels from

fully extending throughout the cavity. Conversely, the representative cavity control at

6 months post-implantation portrays a minimally vascularised cavity. Though some

heightened laminin expression surrounding the cavity is observed, as is a low level of

vascularistion at the rostral extremity of the injury, this cavity mostly lacks vasculari-

sation, or any form of laminin positive matrix infilling (Figure 5.16 A). In contrast, all

implanted injuries display vasculature distributed somewhat regularly across constructs,

with scaffolds providing sufficient substrate surface area for blood vessels to anchor to

and extend across (Figures 5.15 and 5.16 B-D). Quantification of vascularisation within

cavities across Proliferate R©, using ImageJ binary image analysis, showed no difference

in the amount of vascularisation, however, within constructs between P-C, P-IK and

P-H7 implants (Figures 5.15 and 5.16 B-D). High levels of intra-group variation were

observed.

Construct support of vascularisation is a strong indicator of the construct’s propensity

to support cellular infiltration, as vasculature provides the necessary architecture for

the nutrient and waste exchange necessary to cell survival in the scaffold. To confirm

this, constructs were labelled with Hoechst 33342 nuclear stain, as shown in Figures

5.17 and 5.18. Hoechst 33342 non-specifically stains constructs, adding difficulty to

the distinction between constructs and nuclei. However, in the gaps between polymeric

regions, for example in porous regions or in guidance channel segments nuclei were

observed in abundance, both at 7 week and 6 months post-implantation (Figures 5.17

and 5.18, B-D), and in these regions nuclear density appeared to parallel that of cavity
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adjacent regions observed in cavity controls (Figures 5.17 and 5.18, A). This demon-

strates further the support of CNS cells by Proliferate R© constructs. No clear difference

was visible in nuclear density between P-C, P-IK and P-H7 implants.
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FIGURE 5.15: Vascularisation of the injury site 7 weeks post-implantation
Anti-laminin labelling (green) shows vascularisation levels in Proliferate R© implanted
injuries and cavity controls 7 weeks after implantation. Representative images show
part-vascularisation of the non-implanted cavity (A), comprised of a dense network
of blood vessels and laminin matrix network (highlighted), but limited in cavity area
covered, with a distinct border between densely laminin+ areas and cavity areas lacking
laminin. Conversely, implanted injuries show extensive laminin+ vascular networks
distributed broadly across construct surfaces (B, C, D), containing laminin+ vessels of
varying diameter (highlighted). Quantification of laminin density within cavities using
ImageJ threshold analysis across P-C, P-IK and P-H7 implants shows no significant
difference between, and high variation within, experimental groups (one-way ANOVA)

Cavity N=4, P-C N=3, P-IK N=3, P-H7 N=5. Scale bar = 500 µm.
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FIGURE 5.16: Vascularisation of the injury site 6 months post-implantation
Anti-laminin labelling (green) shows vascularisation levels in Proliferate R© implanted
injuries and cavity controls 6 months after implantation. Representative images show
limited vascularisation at the injury border in the cavity control, with a limited laminin
network situated at the rostral injury extremity, however overall the cavity control is
characterised by an extended laminin-deficient cavity (A), with vascularisation visible
only at the distinct cavity border (highlighted). Conversely, implanted injuries show
extensive laminin+ vascular networks distributed broadly across construct surfaces (B,
C, D), containing laminin+ vessels of varying diameter (highlighted). Quantification
of laminin density within cavities using ImageJ threshold analysis across P-C, P-IK
and P-H7 implants shows no significant difference between, and high variation within,
experimental groups (one-way ANOVA). Cavity N=2, P-C N=3, P-IK N=3, P-H7 N=3.

Scale bar = 500 µm.
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FIGURE 5.17: Hoechst 33342 staining reveals cell nuclei in construct-implanted
cavities 7 weeks post-implantation

Nuclei were labelled in construct implanted sections and cavity controls using Hoechst
33342 stain (blue). (A) Hoechst was found in control cavities only in matrix-filled
regions, but no nuclei were present in non-filled cavity regions. (B-D) Distinction
of cell nuclei was obstructed by non-specific staining of Proliferate R© constructs by
Hoechst 33342 stain. Irrespective of this, a high density of nuclei were observed in
construct-implanted cavities (highlighted), most clearly visible in gaps between poly-
meric regions, for example in construct pores or gaps created by guidance channels.

Cavity N=4, P-C N=3, P-IK N=3, P-H7 N=5. Scale bar = 500 µm.
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FIGURE 5.18: Hoechst 33342 staining reveals cell nuclei in construct-implanted
cavities 6 months post-implantation

Nuclei were labelled in construct implanted sections and cavity controls using Hoechst
33342 stain (blue). (A) Hoechst was found in control cavities only in matrix-filled re-
gions, but no nuclei were present in non-filled cavity regions. (B-D) As seen 7 months
post-implantation, a high density of nuclei were observed in construct-implanted cavi-
ties (highlighted), most clearly visible in gaps between polymeric regions, for example
in construct pores or gaps created by guidance channels. Cavity N=2, P-C N=3, P-IK

N=3, P-H7 N=3.Scale bar = 500 µm.
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5.2.6 Glial response to, and infiltration into, Proliferate R© implan-
tation

As previously demonstrated, GFAP positive astrocytes were absent from both control

and construct-implanted cavities, but GFAP labelling was heightened at the cavity-

tissue border, as is characteristic of astrocytic scarring in SCI. GFAP-nestin co-expressi-

on has been previously identified as a potential marker of astrocyte reactivity (O’Neill

et al., 2017) in SCI models in vivo. Nestin is not typically expressed in the non-injured

adult cord, but is expressed, and co-expressed in astrocytes, following injury (as shown

in 5.2.1). To quantify GFAP-nestin coexpression surrounding the injury in cavity con-

trol and construct-implanted contusion injuries, representative sections were analysed

using the ImageJ ”make binary” function as follows. Pixel values were separately gen-

erated from single channel GFAP and nestin binary images using the ”histogram” func-

tion, and for binary overlap of pixels for combined GFAP and nestin channels using the

”image calculator” function (using the command ”AND” to generate overlap image).

The overlapping pixel values were then expressed as a percentage of GFAP staining,

discounting intra-cavity nestin staining. The results of this analysis at 7 week and 6

months post-implantation are shown in Figures 5.19 and 5.20. For illustrative purposes,

images shown portray non-binary 8-bit images of individual GFAP and nestin channels,

followed by the non-binary GFAP-nestin overlap image generated, for each experimen-

tal group (Figures 5.19 and 5.20, A-D). Overlap images remove non-astrocytic nestin

labelling in the construct, as no GFAP immuoreactivity is found within the injury cavity

or construct implants. Although little variation is observed in GFAP-nestin overlap sur-

rounding cavities across experimental groups 7 weeks post-implantation (Figure 5.19

E), direct comparison of overlap between non-implanted controls and P-IK implanted

cavities shows significantly reduced overlap surrounding P-IK compared with non-

implanted contusion injuries (Figure 5.19 F, P<0.01). A similar result is observed in

percentage GFAP in each section, defined as the percentage of pixels in each 2-channel

GFAP-nestin binary image occupied by GFAP pixels obtained from the correspond-

ing GFAP only image, whereby percentage GFAP is also reduced in P-IK implanted

sections compared with cavity controls, seen in both multiple comparisons across all

experimental groups, and in direct comparisons between non-implanted and P-IK im-

planted injuries (Figure 5.19 F, G). This effect is specific only, however, to short-term

astrocyte response, with these findings not present 6-months post implantation (Figure

5.20, E, F). Here, no significant differences are found in GFAP and nestin overlap across

non-implanted and implanted groups.
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At both 7 week and 6 months post-implantation, high intra-group variation was seen

between percentage GFAP-nestin overlap and percentage GFAP. Therefore, this analy-

sis was supplemented with semi-quantitative analysis, whereby sections were assigned

scores, from 1-3, on the level of GFAP-nestin co-expression visible in each section (1

= no co-labelling visible, 2 = minimum co-labelling visible, and 3 = high co-labelling

visible). As shown in 5.2.2, in addition to co-expression in astrocytes, nestin expression

was previously found in GFAP negative cells within P-C implanted injuries. Due to the

high levels of non-specific labelling of Proliferate R© constructs by anti-nestin antibody,

as previously discussed, quantification of nestin levels within injury cavities in repre-

sentative images cannot be used to quantify nestin positive cell presence within cavities,

as objective distinction between construct and cellular structures is not possible using

image analysis software. Therefore, semi-quantitative analysis was used to describe the

presence of nestin positive cellular structures, visually distinguishable in morphology

from constructs. This was carried out by scoring sections either as positive or negative,

positive denoting cavities containing nestin+/GFAP- cells, and negative denoting their

absence. Semi-quantification results are seen in Figures 5.21 and 5.22.

At 7 weeks post-implantation, cavity controls contained a high proportion of highly

co-labelled sections, few minimally co-labelled sections and no sections in which co-

labelling was absent. In contrast, all construct-implanted sections contained minimal

to no co-labelling, with high co-labelling only recorded in one P-H7 implanted sec-

tion (Figure 5.21 A, B). At 6 months post-implantation, high co-labelling is absent

from all sections, including cavity controls (Figure 5.22 A, B). This, coupled with the 6

month binary analysis described, showing no difference in GFAP-nestin co-expression,

suggests moderation of nestin expression over time to equal low levels observed in

construct-implanted sections. Nestin expression inside cavities was observed dispro-

portionately in construct-implanted sections 7 weeks post-implantation (Figure 5.21 C,

D), and exclusive only to construct-implanted sections at 6 months post-implantation

(Figure 5.22 C, D).

To elucidate the identity of non-astrocytic nestin expressing cells within the cavity,

sections were labelled with anti-vimentin, anti-BLBP and anti-S100β. Although both

BLBP and vimentin also label astrocytes, the absence of astrocytes from the centre

of cavities, as previously demonstrated by anti-GFAP labelling, allows identification

of non-astrocytic cells expressing these markers within cavities. Specifically, the anti-

vimentin antibody clone used, 3CB2, and anti-BLBP antibodies are known markers

of CNS radial glia, a possible identity of nestin positive, GFAP negative cells within
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cavities. Results are shown in Figures 5.23 and 5.24. As shown in Figure 5.23, At 7

weeks post-implantation, GFAP-vimentin coexpression is seen in regions surrounding

injury cavities, but is largely absent, with the exception of some astrocyte co-labelling,

from cavities and implants. BLBP expression is seen more strongly within construct

implants, with some potentially cellular fibrous structures present within cavities, how-

ever the level of non-specific construct labelling makes confirmation of these structures

as cells challenging. In regions surrounding the cavity, BLBP is largely absent at this

timepoint. No clear, discernible difference is seen in the expression of either antibody

between implant groups. Both vimentin and BLBP are absent from control cavities.

Conversely, as shown in Figure 5.24, BLBP is heightened in the regions surrounding

cavities 6 months post-implantation, closely resembling GFAP expression at this time-

point. BLBP expression is also seen within cavities, however at this timepoint BLBP ex-

pression is slightly more reminiscent of nestin expression in cavities. Vimentin labelling

at 6 months is similar to that seen 7 weeks post-implantation, with most intra-cavity la-

belling attributable to non-specific construct labelling. As before, no discernible differ-

ence is observed between the expression of each of these antibodies across experimental

groups.

Another potential identity of cells present in the cavity, as previously indicated by dense

Hoechst 33342 nuclear staining, are Schwann cells (SCs). To investigate this possibil-

ity, sections were labelled with anti-S100β antibody at 7 week and 6 month timepoints

(Figures 5.25 and 5.26). S100β is predominantly expressed by astrocytes and Schwann

cells. Localisation of astrocytes to implant and cavity edges, as shown by GFAP ex-

pression, allows distinction of S100β positive cells within cavities as potential SCs. At

both timepoints, S100β is observed to non-specifically label P-C, P-IK and P-H7 im-

plants, however some fibrous, SC-like structures are also visible within the construct

structure. Irrespective of their presence, however, these structures are sparse within the

cavities relative to the density of nuclei and of nestin positive cellular structures previ-

ously described. Therefore, it was concluded that SCs do not comprise the majority of

cells within cavities, at both timepoints. This is further confirmed by the lack of GFAP

negative S100β positive cells in non-implanted cavity controls.

The immune response to Proliferate R© implants was assessed using anti-ED-1 and anti-

iNOS labelling of microglia. ED-1 expression is characteristic of microglia in the rat

cord regardless of reactivity status, however iNOS, a marker of inducible nitric oxide

synthase, is typically observed only in microglia and macrophages in reactive states.

As shown in Figures 5.27 and 5.28 ED-1 was strongly expressed at both 7 weeks and
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6 months post-implantation in regions surrounding cavities and construct implants. No

visible difference in ED-1 expression was observed across experimental groups, or be-

tween 7 week and 6 month timepoints. iNOS expression appeared considerably lower

in all experimental groups, at both timepoints, than ED-1 expression, indicating that the

majority of microglia surrounding cavities and implants were not in reactive state. Both

ED-1 and iNOS were present in low levels in construct implants, however a high degree

of non-specific labelling of Proliferate R© by the anti-iNOS antibody was also observed.
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FIGURE 5.19: Quantification of GFAP and nestin overlap in the glial scar sur-
rounding injury sites 7 weeks post-implantation

Single channel images illustrating GFAP and nestin expression separately, and overlap-
ping GFAP-nestin expression, for non-implanted, P-C implanted, P-IK implanted and
P-H7 implanted contusion cavities (A-D). GFAP-nestin overlap pixel number, gener-
ated using ImageJ, expressed as a percentage of GFAP pixels in each representative
section shows no significant difference in GFAP-nestin co-expression across experi-
mental groups (E; one-way ANOVA), however when directly compared, a significant
reduction was found in P-IK implanted sections compared with non-implanted cavities
(F; unpaired t test, P<0.01). This result was paralleled by a reduction in GFAP lev-
els, expressed as the percentage of pixels in each 2-channel GFAP-nestin binary image
occupied by GFAP pixels obtained from the corresponding GFAP only image, in P-
IK implants compared with non-implanted controls (G: one-way ANOVA, P<0.01; F:
unpaired t test, P<0.01). No significant differences were observed in GFAP levels be-
tween other experimental groups. Cavity N=4, P-C N=3, P-IK N=3, P-H7 N=5. Scale

bar = 500 µm.
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FIGURE 5.20: Quantification of GFAP and nestin overlap in the glial scar sur-
rounding injury sites 6 months post-implantation

Single channel images illustrating GFAP and nestin expression separately, and overlap-
ping GFAP-nestin expression, for non-implanted, P-C implanted, P-IK implanted and
P-H7 implanted contusion cavities (A-D). GFAP-nestin overlap pixel number, gener-
ated using ImageJ, expressed as a percentage of GFAP pixels in each representative sec-
tion shows no significant difference in GFAP-nestin co-expression across experimental
groups (E, one-way ANOVA). No difference was found in GFAP levels, expressed
as the percentage of pixels in each 2-channel GFAP-nestin binary image occupied by
GFAP pixels obtained from the corresponding GFAP only image, across groups (F,
one-way ANOVA). Cavity N=2, P-C N=3, P-IK N=3, P-H7 N=3. Scale bar = 500 µm.
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FIGURE 5.21: Semi-quantification of GFAP-nestin co-expression and the presence
of nestin+, GFAP- cells in injury cavities 7 weeks post-implantation

Representative sections labelled with GFAP and nestin antibodies were analysed by
semi-quantification. GFAP-nestin colabelling was scored according to co-expression
levels as follows. A score of 1 denotes no visible co-labelling, a score of 2 denotes min-
imal levels of GFAP-nestin co-labelling visible, and a score of 3 denotes high levels of
visible GFAP-nestin co-labelling, whereby all regions of heightened GFAP surround-
ing cavities co-express nestin. High GFAP-nestin co-labelling was mostly seen in cav-
ity controls, with one implanted group (P-H7) displaying high levels of GFAP-nestin
co-labelling (A). The proportion of each score in each group is shown in (B), showing
proportionally higher levels of minimal to no GFAP-nestin co-labelling in construct-
implanted sections compared with cavity controls. Cavities were also scored either
positively or negatively for nestin+/GFAP- cell presence within cavities as follows:
+ denotes the presence of clear nestin+/GFAP- cellular structures, distinct from non-
specific nestin labelling of the construct, and - denotes the absence of these cells from
cavities. Control cavities were found to be mostly deficient of nestin+/GFAP- cells,
in contrast to construct-implanted sections, in which these cells were mostly present
(C). These results are represented as a proportion of all sections per group (D). A trend
was observed towards increasing nestin+/GFAP- cell presence in implants from P-C to

P-IK to P-H7. Cavity N=4, P-C N=3, P-IK N=3, P-H7 N=5. Scale bar = 500 µm.

175



D

C

B

A

176



FIGURE 5.22: Semi-quantification of GFAP-nestin co-expression and the presence
of nestin+, GFAP- cells in injury cavities 6 months post-implantation

Representative sections labelled with GFAP and nestin antibodies were analysed by
semi-quantification. GFAP-nestin colabelling was scored according to co-expression
levels as follows. A score of 1 denotes no visible co-labelling, a score of 2 denotes min-
imal levels of GFAP-nestin co-labelling visible, and a score of 3 denotes high levels of
visible GFAP-nestin co-labelling, whereby all regions of heightened GFAP surround-
ing cavities co-express nestin. High GFAP-nestin co-labelling was not observed in any
experimental group, with all groups displaying minimal GFAP-nestin co-labelling at
most (A). However, the total absence of co-labelling was only observed in construct-
implanted sections, as shown proportionally to total sections in each group in (B).
Cavities were also scored either positively or negatively for nestin+/GFAP- cell pres-
ence within cavities as follows: + denotes the presence of clear nestin+/GFAP- cellular
structures, distinct from non-specific nestin labelling of the construct, and - denotes
the absence of these cells from cavities. The presence of nestin+/GFAP- cells within
injury cavities was found exclusively in construct-implanted sections (C, D). Cavity

N=2, P-C N=3, P-IK N=3, P-H7 N=3. Scale bar = 500 µm.
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FIGURE 5.23: Expression of vimentin and BLBP, compared with GFAP and
nestin, 7 weeks post-implantation

Anti-GFAP (yellow), anti-nestin (purple), anti-vimentin (green) and anti-BLBP (blue)
antibodies were used to label (A) cavity control, (B) P-C implanted, (C) P-IK implanted
and (D) P-H7 implanted sections 7 weeks post-implantation. (A) In control cavities,
vimentin labelling patterns generally paralleled those of GFAP and nestin, localising
to cavity edges only and remaining absent from cavity centres. BLBP expression is
sparse in these sections, with punctate BLBP expression observed only sporadically
throughout sections. (B-D) In construct-implanted sections, vimentin staining paral-
lels that seen in control cavities, remaining mostly at construct edges in all implants.
Some non-specific labelling of the construct is observed, however this is not discernible
from any potential cellular structures. As seen in cavity controls, BLBP staining is
largely absent in regions surrounding implants, however some BLBP labelling is ob-
served within implants. Though some of this intra-implant labelling is attributable to
non-specific construct staining, some fibrous, potentially cell-like, strucures are also
present. BLBP: cavity N=1, P-C N=1, P-IK N=1, P-H7 N=1. Vimentin: cavity N=2,

P-C N=3, P-IK N=3, P-H7 N=3. Scale bars = 500 µm.
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FIGURE 5.24: Expression of vimentin and BLBP, compared with GFAP and
nestin, 6 months post-implantation

Anti-GFAP (yellow), anti-nestin (purple), anti-vimentin (green) and anti-BLBP (blue)
antibodies were used to label (A) cavity control, (B) P-C implanted, (C) P-IK implanted
and (D) P-H7 implanted sections 6 months post-implantation. (A) In control cavities,
vimentin labelling patterns generally paralleled those of GFAP and nestin, localising to
cavity edges only and remaining absent from cavity centres. BLBP expression strongly
correlates with GFAP and vimentin expression in these sections, with BLBP observed
at cavity edges. (B-D) In construct-implanted sections, vimentin staining parallels that
seen in control cavities, remaining mostly at construct edges in all implants. Some
non-specific labelling of the construct is observed, however this is largely indiscernible
from any potential cellular structures. As seen in cavity controls, BLBP is expressed
strongly in regions surrounding implants. Some BLBP labelling is also observed within
implants. Though some of this intra-implant labelling is attributable to non-specific
construct staining, some cell-like strucures are present within cavities. BLBP: cavity
N=1, P-C N=2, P-IK N=2, P-H7 N=2. Vimentin: cavity N=3, P-C N=3, P-IK N=3,

P-H7 N=3. Scale bars = 500 µm.
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FIGURE 5.25: S100β expression within and surrounding cavities 7 months post-
implantation

Anti-S100β (green) labelling shows S100β-GFAP (red) co-labelling in astrocytic scars
surrounding cavities, and potential Schwann cell (SC) labelling within the control cav-
ity (A), P-C implant (B), P-IK implant (C) and P-H7 implant (D). In the cavity control,
S100β is co-expressed with GFAP, with no GFAP-/S100β+ present within the cav-
ity (A), indicating astrocytic labelling only. In all implanted cavities, anti-S100β is
observed to non-specifically label Proliferate R© constructs, however some fibrous, SC-
like structures are discernible from the construct structure, indicating some SC pres-
ence within implants (B-D). No obvious difference is visible in S100β labelling across

implant groups. Cavity N=1, P-C N=1, P-IK N=1, P-H7 N=1. Scale bar = 500 µm.
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FIGURE 5.26: S100β expression within and surrounding cavities 6 months post-
implantation

Anti-S100β (green) labelling shows S100β-GFAP (red) co-labelling in astrocytic scars
surrounding cavities, and potential Schwann cell (SC) labelling within the control cav-
ity (A), P-C implant (B), P-IK implant (C) and P-H7 implant (D). In the cavity control,
S100β is co-expressed with GFAP, with no GFAP-/S100β+ present within the cavity
(A), indicating astrocytic labelling only. In all implanted cavities, anti-S100β is ob-
served to non-specifically label Proliferate R© constructs. At this timepoint, no cell-like
structures are discernible from the construct, indicating SC absence from implants (B-
D). No obvious difference is visible in S100β labelling across implant groups. Cavity

N=1, P-C N=1, P-IK N=1, P-H7 N=1. Scale bar = 500 µm.
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FIGURE 5.27: ED-1 and iNOS expression by microglia in non-implanted and im-
planted injuries 7 weeks post-implantation

Representative images showing ED-1 (red) and iNOS (green) expression within and
surrounding the non-implanted cavity (A), P-C implant (B), P-IK implant (C) and P-H7
implant (D). ED-1 is strongly expressed in regions surrounding cavities and construct
implants, with no discernible difference in density across experimental groups. ED-1
is also sparsely present within construct implants (B-D). iNOS looks to be expressed
in fewer cells relative to ED-1 in all experimental groups, as well as non-specifically
labelling construct implants. Cavity N=4, P-C N=3, P-IK N=3, P-H7 N=5. Scale bar =

500 µm.

187



A B C D

ED
-1

iN
O
S

Cavity P-C P-IK P-H7

188



FIGURE 5.28: ED-1 and iNOS expression by microglia in non-implanted and im-
planted injuries 6 months post-implantation

Representative images showing ED-1 (red) and iNOS (green) expression within and
surrounding the non-implanted cavity (A), P-C implant (B), P-IK implant (C) and P-H7
implant (D). ED-1 is expressed in regions surrounding cavities and construct implants,
however seemingly at lower density in the cavity control than in construct-implants
(A). ED-1 is also sparsely present within construct implants (B-D). iNOS looks to be
expressed in fewer cells relative to ED-1 in all experimental groups except the non-
implanted control, in which iNOS expression seems to equal ED-1 expression. iNOS
is also found to non-specifically label construct implants. Cavity N=2, P-C N=3, P-IK

N=3, P-H7 N=3. Scale bar = 500 µm.
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5.2.7 Neuronal response to, and infiltration into, Proliferate R© im-
plantation

Following characterisation of glial influx into construct implants compared with cav-

ity controls in previous sections, neuronal influx was next characterised using neuro-

filament and myelin antibodies. As already alluded to with regard to P-C implants

in 5.2.2 NF-200 labelling revealed some axonal presence in constructs 7 weeks post-

implantation, albeit in limited quantity. This is shown in Figure 5.29 B-D, in which

few axons are seen migrating into construct implants from construct-tissue borders, and

though there is some evidence of axons inside construct implants, this axonal presence

is highly limited. Axonal influx in cavity controls was dependent on tissue infilling of

the cavity. In sections with no evidence of tissue infilling in the injury cavity (Figure

5.29 Ai), no evidence of axonal influx was found. In sections with evidence of some ma-

trix infilling (Figure 5.29 Aii), some axonal migration was observed across the infilled

regions. Similar to construct implants, however, few migrating axons were observed

in these sections. At 6 months post-implantation, we predicited greater axonal influx

into cavities and construct implants, however evidence of axonal migration was lim-

ited at this long-term timepoint as well (Figure 5.30). Here, negligable axonal presence

was observed in non-implanted cavities (Figure 5.30 A), and construct implants (Fig-

ure 5.30 B-D). Where axonal migration was observed, however, axons extended further

through the implant than had been previously seen 7 weeks post-implantation. This is

most starkly visible in Figure 5.30 D, showing the P-H7 implant, in which axons extend

across rostral-caudal injury extremities. These axons appear to follow guidance chan-

nels in the implant, which in this particular implant seem to have remained relatively

intact, compared with other implants which largely display less orgnanised structures,

with guidance channels fully or partially lost either during the surgical process or in

compression by animal movement throughout recovery periods.

Due to the limited axonal presence in construct implants and cavity controls, myelina-

tion within implants and cavities was not expected. This was tested by anti-proteolipid

protein (PLP) and anti-myelin basic protein (MBP) labelling of sections. At 7 weeks

post-implantation, no clearly discernible myelination was observed inside construct im-

plants, with myelination observed only in the white matter tracts surrounding injury

sites in non-implanted and construct-implanted cords (Figure 5.31). At 6 months post-

implantation, however, a small amount of myelination was observed within the P-IK

implant, localised close to the construct-tissue border (Figure 5.32 C), and the P-H7 im-

plant, following axons extending into the intact remaining guidance channels described
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in 5.2.7 (Figure 5.32 D). These guidance channels were made more clearly visible in

these sections by non-specific construct labelling by anti-MBP antibody.
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FIGURE 5.29: NF200 labelling reveals limited axonal migration into cavities and
construct implants 7 weeks post-implantation

Anti-NF200 labelling (red) shows the extent of axonal migration into cavities and con-
struct implants 7 weeks post-implantation. (A) Axonal migration in non-implanted
cavities was found to be dependent on the level of tissue infilling evident in the cav-
ity; Cavities with no evidence of infilling display no axonal migration into cavities,
with clear borders seperating the NF200+ surrounding tissue from the NF200- cav-
ity (i, highlighted), however where tissue infilling is observed, some limited axonal
migration is also observed, seemingly anchored to and following this tissue (ii, high-
lighted). (B-D) Very little axonal migration into P-C (B), P-IK (C) and P-H7 (D)
cavities was observed, however some axonal presence was noted within the constructs
and at construct-tissue borders (highlighted). Cavity N=4, P-C N=3, P-IK N=3, P-H7

N=5. Scale bar = 500 µm.
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FIGURE 5.30: NF200 labelling reveals some axonal migration in cavities and con-
struct implants 6 months post-implantation

Anti-NF200 labelling (red) shows the extent of axonal migration into cavities and con-
struct implants 6 months post-implantation.(A) Axonal migration in non-implanted
cavities was limited, but was evident to a small extent in regions where some tissue
infilling was observed (highlighted). (B-D) Though axonal migration into construct
implants was limited, where observed axons were found to extend far into the centre
of construct implants. This is most strongly visible in P-C (B) and P-H7 (D) images,
though axonal staining of lower intensity was observed in the centre of P-IK (C) im-
plants as well. In the P-H7 implanted cord (D), the greater axonal extension across the
implant between rostral and caudal injury extremities seems to follow intact guidance
channels in the construct. Cavity N=2, P-C N=3, P-IK N=3, P-H7 N=3. Scale bar =

500 µm.
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FIGURE 5.31: Myelination of axons surrounding cavity controls and construct
implants 7 weeks post-implantation

Anti-NF200 labelling (red) alongside anti-PLP (blue) and anti-MBP (green) labelling
show the extent of myelination surrounding cavities and construct implants. Anti-
MBP antibody was found to strongly label mature oligodendrocyte cell bodies, and to
non-specifically label Proliferate R© implants, making anti-PLP a comparatively more
accurate marker of myelin sheaths. (A) In non-implanted cavities, a clear border is
present between myelinated axons and axon-deficient injury cavities (highlighted). (B-
D) Though no myelinated axons are observed within construct implants and injuries,
myelination is maintained in white matter tracts surrounding the implant sites, with
Proliferate R© implants seemingly having no detrimental impact on myelination of axons
surround the injury in comparison with cavity controls (highlighted). NF-200: Cavity
N=4, P-C N=3, P-IK N=3, P-H7 N=5. MBP: cavity N=3, P-C N=3, P-IK N=4, P-H7

N=4. PLP: cavity N=2, P-C N=2, P-IK N=2, P-H7 N=2. Scale bar = 500 µm.
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FIGURE 5.32: Myelination of axons within and surrounding cavity controls and
construct implants 6 months post-implantation

Anti-NF200 labelling (red) alongside anti-PLP (blue) and anti-MBP (green) labelling
show the extent of myelination surrounding, and extending into, cavities and construct
implants. Anti-MBP antibody was found to strongly label mature oligodendrocyte cell
bodies, and to non-specifically label Proliferate R© implants, making anti-PLP a com-
paratively more accurate marker of myelin sheaths. (A) In non-implanted cavities, a
clear border is present between myelinated axons and axon-deficient injury cavities
(highlighted). (B) P-C implant shows no evidence of myelination extending into the
construct implant, with myelination localised to surrounding tissue only (highlighted).
(C) Some evidence was found of myelination in axons migrating into the P-IK con-
struct implant across the construct-tissue border (highlighted). (D) Myelination was
observed in axons migrating through the intact guidance channels (highlighted by MBP
staining of the construct) in the P-H7 implant (highlighted). NF-200: cavity N=2, P-C
N=3, P-IK N=3, P-H7 N=3. MBP: cavity N=2, P-C N=3, P-IK N=3, P-H7 N=3. PLP:

cavity N=1, P-C N=1, P-IK N=1, P-H7 N=1. Scale bar = 500 µm.
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5.3 Discussion

Using in vivo spinal cord injury models, this chapter has demonstrated the viability

of Proliferate R© for incorportation into SCI cavities. This was first achieved using the

mouse incision model, in which the IKVAV-functional sheet form of the construct, P-IK,

was observed to successfully integrate into spinal cord tissue. The integrative capacity

of Proliferate R© is largely due to its soft, sponge-like physical properties which largely

mimic those of soft spinal cord tissue, as discussed in Chapter 3. This, combined with

its promotion of cell adhesion, discussed in Chapter 4, allows the construct to adhere

to endogenous tissue, leaving little gap at the construct-tissue border. The lack of a

cell-supporting substrate in the cavity left by SCI is one of the most insurmountable

challenges to axonal extension across the injury site. Axons, along with supporting

glial cells, require a robust growth substrate, which CSF and matrix infilling typical

of SCI sites cannot adequately provide. Therefore, elimination of physical gaps in the

tissue is a paramount goal of any biomaterial implant candidate.

In spite of P-IK integration, however, and immobilisation of the IKVAV peptide in the

construct acting as a chemical guidance cue, low cell density was observed in P-IK

implants in the incision model, indicating that despite the physical connection of con-

struct and tissue, cell migration across the construct-tissue barrier was blocked. It is

also possible that an undescernible physical barrier exists between tissue and construct,

whereby the construct is too dense to allow cell influx, in spite of porous structure.

This was supported further by the high cell density observed at tissue-construct bor-

ders, alluding to obstruction of migration into the construct despite cell attraction to

the construct. Among these cells were GFAP positive astrocytes, nestin positive cells,

and Iba-1 positive microglia. Non-axonal Thy1 positive cells were also observed in

this region, which could comprise Thy1 expressing cells potentially include fibroblasts,

thymocytes, peripheral T cells, myoblasts, and epidermal cells influxing into the injury

site following breach of the blood-brain-barrier (BBB) (Haeryfar and Hoskin, 2004).

The microglial response to P-IK, analysed in Csf1r-GFP mice, was found to be elevated

in the region surrounding the P-IK implanted incision, compared with a non-implanted

incision in the same cord, however it was not possible to elucidate the reactivity sta-

tus of this response. Further, influx of Csf1r positive microglia around construct could

be correlative to injury extent, which was found to be higher in P-IK implanted injury.

Following proof-of-principle demonstration in the mouse incision model, more com-

plex rat SCI models were explored to elucidate in greater detail the properties of the

cord responses to Proliferate R©.
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Cavity formation in the rat cord was trialled using contusion and wire knife methods,

into which tubular P-C was implanted. No difference was seen in cavity structure, con-

struct integration, or surrounding tissue between the two injury types, so the model

more representative of human SCI, the contusion model (Cheriyan et al., 2014), was

adopted for subsequent procedures and extensive analysis. In these subsequent proce-

dures, chemical guidance cues were also investigated in the form of P-IK and P-H7 con-

structs, immobilised with IKVAV and Hep 7 respectively, as well as physical guidance

cues formed using parallel soluble fibres in construct moulds during polymerisation, to

further improve injury outcomes. Cavity physical appearances were dramatically dif-

ferent when implanted with Proliferate R© compared with non-implanted controls. In

the short-term, cavities implanted with Proliferate R© appeared more extensive, with im-

plants obstructing the formation of a dorsal tissue cap and preventing tissue collapse.

After 6 months, however, cavity length was lower in construct-implanted sections than

non-implanted cavity controls. This demonstrates the capacity of construct integration

for improving injury outcomes by preventing chronic tissue die-back. By adhering to

endogeous tissue, tissue retraction at rostral and caudal extremities was prevented. The

general persistence of construct structure at this timepoint, however, comparatively to

the short term 7 week timepoint, demonstrated a lack of clear construct degradation

after 6 months. Biodegradation of Proliferate R© constructs was therefore shown to be a

slower process than anticipated. It is possible that degradation is hindered by the insuf-

ficiency of protease activity in contact with the construct. The degradative capacity of

Proliferate R© is an important advantage of this construct (Straley et al., 2010), therefore

the elucidation of the in vivo construct degradation timeline and optimisation of con-

struct degradation, is an important consideration of future research with this material.

Histologically, the most striking finding in construct-implanted injuries was extensive

vascularisation. Throughout contusions implanted with all forms of Proliferate R©, ex-

tensive vascularisation was observed in both short- and long-term studies. Clear laminin

positive blood vessels of varying sizes were observed in all constructs, providing a ro-

bust nutrient delivery and metabolic waste removal system for any cells migrating into

the cavity. The presence of Proliferate R© in all forms was found beneficial for overall

laminin matrix infilling, with laminin positive matrix infilling limited in non-implanted

cavities. In these cavities, any cell growth was observed only in matrix infilled regions.

Therefore, the widespread distribution of vascularised cell matrix across construct sur-

face area in implanted injuries theoretically forges more extensive pathways for cellular

influx and axonal regeneration. This was indeed found to be the case, with cell nuclei
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present in constructs at high density, and distributed throughout constructs. The iden-

tity of these cells, however, remains somewhat elusive. GFAP labelling demonstrated

perpetuation of the glial scar surrounding the SCI cavity, with astrocytes remaining lo-

calised to the tissue surrounding constructs only, in both short and long-term studies.

Therefore, cells within the cavities were not considered to be astrocytes. Nestin stain-

ing revealed the presence of some nestin positive cellular structures inside construct

implants. Upon observation of these after 7 weeks, it was hypothesised that these could

be stem cells in the midst of differentiation to astrocytes, however the lack of GFAP

positive cells, and perpetuation of nestin positive cells, in construct implants after 6

months disproved this hypothesis.

Radial glia are one possible identity of these nestin expressing cells. This was investi-

gated using anti-vimentin (clone 3BC2) and anti-BLBP antibodies, which were found

to be potentially expressed some intra-cavity cells. These potential cells, however, were

clearly not the dominant cell type in constructs. BLBP staining also offered potential

elucidation of the progression of astrocyte reactivity over time in this SCI model, as fol-

lows. In the short-term, BLBP expression was minimal, and largely absent, from cord

regions surrounding cavities and construct implants. However, after 6 months, BLBP

was co-expressed in GFAP-dense astrocytic regions surrounding the injuries in both

non-implanted and construct-implanted injuries. Therefore, BLBP may be a marker of

chronic astrocyte response to SCI. Similar to nestin, BLBP is a progenitor marker not

regularly seen in the adult cord (Feng et al., 1994), therefore it may also signify the

proliferation of neural progenitors in the chronic response to SCI. SCs were postulated

as another potential non-astrocytic cell type in the construct, potentially influxing from

the periphery, as is common following rat SCI (Beattie et al., 1997). However, once

again although SCs may account for some cell identities within constructs, they were

not the dominant cell type in implants. Further investigation of this is required using

more Schwann cell specific markers, such as p75NTR. It was therefore concluded that

cells within construct implants comprise a large array of cell types, with none substan-

tially dominant. These are likely to include stem cells, SCs, ependymal cells, radial

glia, fibroblasts, and immune cells infiltrating the cord following BBB breach, among

others. It is of interest therefore, that in spite of construct support of a range of cell

types, astrocytes remain exclusively at construct-tissue borders. This suggests an insur-

mountable biological, rather than physical, barrier to astrocytes, most likely a result of

astrocyte reactivity (Higginson et al., 2012, Silver and Miller, 2004).

Due to our earlier finding that nestin expression is reduced in astrocytes on Proliferate R©
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in vitro (4.2.1.4), and our subsequent finding of marked nestin expression in the in-

jured mouse cord in comparison to nestin absence in uninjured mouse tissue, GFAP-

nestin co-expression in astrocytes was used as an indicator of astrocyte reactivity in

rat contusion-implantations (O’Neill et al., 2017). Indeed, tissue surrounding P-IK im-

planted injuries was found to contain significantly lower levels of GFAP-astrocyte co-

expression than non-implanted controls 7 weeks post-implantation. Further, trends were

seen towards lower GFAP-nestin co-expression in all forms of the construct compared

with cavity controls at this timepoint. This was not paralleled, however, at 6 months

post-implantation, with no significant difference in GFAP-nestin coexpression found

across implanted and non-implanted groups at this timepoint. This difference between

short- and long-term timepoints was potentially due to moderation of nestin expression

over time in non-implanted injuries. This is because visually, nestin expression seemed

lower in cavity controls at 6 months compared to 7 weeks post-implantation, compared

with apparently similar nestin levels surrounding construct implants at both timepoints.

This could imply that Proliferate R© moderation of astrocyte reactivity is effective only

in the short-term response to SCI.

Of all histological investigations, neuronal regeneration through the construct is ar-

guably the most important for functional SCI repair. In the short-term, neuronal in-

flux into Proliferate R© constructs was observed only at very low levels, though more

neuronal migration into implants was observed than into non-implanted cavities. This

observation correlates with similar observations in other porous, implantable constructs

(Thomas et al., 2013, Yang et al., 2009). Observation of substantially greater levels

of neuronal influx were predicted at 6 months, however axonal migration into the con-

struct at this long-term timepoint was also highly limited. We postulate that this is due

to failure of the construct to maintain the structure of parallel guidance channels once

implanted. This is supported by the results recorded in one, P-H7 implanted, cord,

in which a comparatively high abundance of axons were shown to traverse the con-

struct across the injury, through anomalously large and extensive guidance channels. In

this case, PLP postive myelin was also observed in the guidance channel, in contrast

to the absence of myelin recorded in all other implanted injuries, and cavity controls,

at either timepoint. Therefore in order to further optimise Proliferate R© constructs for

implantation, optimisation of guidance channels that are maintained once implanted

is paramount. Future studies are required to achieve this, in which either larger sol-

uble fibres, or bundling of fibres, are used to create fewer, larger channels in tubular

constructs, high enough in diameter to prevent congealing of channel walls when com-

pressed, for example during animal movement. Construct degradation is another aspect
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that requires further investigation. Degradation was shown in these studies to occur

in a slower manner than predicted, however the exact in vivo degradation timeline is

yet unclear. Following construct optimisation, implantation into more severe contusion

injuries, affecting ventral motor tracts and causing animal motor deficits, is the next

research avenue to consider. We predict that a fully optimised Proliferate R© construct,

with larger, more robust channels to allow axonal extension and myelination across cav-

ities, has the capacity to ultimately improve motor outcomes of SCI. Overall, our in vivo

studies demonstrate tissue integration of, and cellular growth into, Proliferate R© in SCI

cavities, demonstrating the strong potential of this construct for SCI repair.
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Chapter 6

Discussion

6.1 Summary of main findings

6.1.1 Proliferate R© is mechanically viable for implantation into the
spinal cord

This thesis first demonstrated the mechanical viability of Proliferate R© as a spinal cord

implant. Proliferate R© is a biologically compatible construct, comprised mainly of PεK,

which is manufacturable on a large, industrial scale. In Chapter 3, we demonstrated

the mechanical compatibility of this material for spinal cord implantation. Proliferate R©

was found to be flexible and malleable when hydrated. Such properties are suitable for

spinal cord implantation, as the presence of cerebrospinal fluid (CSF) and surround-

ing blood supply in the spinal cord ensure perpetual construct hydration, maintaining

construct flexibility in the cord. Thus, the construct is able to withstand mechanical

pressures, such as movement and load, when implanted. Due to the constant fluid flow

within the cord, porosity is an important consideration for any potential spinal cord im-

plant. Proliferate R© is characterised by its highly porous architecture, with an irregular

beaded structure that gives rise to a heterogeneous 3D surface topography. These prop-

erties give rise to sponge-like material properties, with the construct readily absorbing

liquids and expanding in volume to accommodate hydration. The level of porosity, or

water absorption, was found unchanged irrespective of variations in the degree of cross-

linking, or of peptide coating. Tensile testing revealed mechanical similarities between

Proliferate R© and endogenous spinal cord tissue.
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In its simplest form, Proliferate R© was synthesised as an uninterrupted polymer sheet,

however this conformation was customisable according to purpose. For in vitro investi-

gations, the polymer was synthesised in two forms. Firstly, for cell culture practicality,

the construct was attached to glass coverslips by silanisation. However, combination

with the 2D glass surface nullified the impact of the 3D construct conformation on cul-

tured cells. This led to the development of the construct as a suspended 3D cell culture

insert. Although this complicated the cell culture methods required to culture CNS cells

on the construct, this formation enforced the interaction of cells with the 3D structure

only, allowing for accurate in vitro represention of cell interactions with the construct in

vivo. Proliferate R© is suitable for implantation in raw sheet form once sterilised, however

a more sophisticated, tubular version of the construct was developed for implantation.

By incorporation of soluble fibres into the tubular mould, parallel-aligned channels were

synthesised into the implant for cell alignment and guidance.

6.1.2 Proliferate R© supports CNS cells in vitro

Using in vitro CNS cell culture systems, we demonstrated that Proliferate R© mechan-

ical viability correlates with biological viability. This was carried out using primary

embryonic and neonatal CNS cells, in single-cell and mixed-cell cultures. Astrocyte

survival on, and conformation to Proliferate R© substrates was our first point of investi-

gation. This is due to the importance of astrocytes not only in supporting CNS cells in

the healthy spinal cord, but also in mediating and perpetuating the glial scar following

CNS trauma (Okada et al., 2017). Astrocytes were indeed able to adhere to and reach

confluency on Proliferate R© constructs, meeting no obvious impediments to growth or

proliferation. However, these cells differed vastly in morphology on Proliferate R© con-

structs compared with conventional PLL-coated glass substrates. Astrocytes, which or-

dinarily present a flat, expansive morphology on conventional 2D cell culture substrates

in serum-containing media, presented branched, stellate morphologies on Proliferate R©

constructs. This stellate morphology mirrors that observed in vivo (Haim and Rowitch,

2017), and was accompanied by corresponding changes in protein expression. Specif-

ically, nestin expression was reduced in astrocytes cultured on Proliferate R© substrates,

which correlated with trends towards GFAP reduction. This suggests a potential re-

duction in astrocytosis on the construct. Morphological changes are indeed known to

correlate with changes in astrocyte reactivity (Ben Haim et al., 2015), which are in turn
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elicited by substrate mechanical properties (Moshayedi et al., 2014). Therefore, the po-

tential propensity for Proliferate R© to attenuate astrogliosis is a significant finding for its

application to CNS repair.

Morphological differences were also observed in neurites on Proliferate R©. In the rat

embryonic mixed spinal cord myelinating culture system, neurites typically align in

a parallel manner, growing outwards from cell body bundles. This behaviour is rep-

resentative of axonal alignment in vivo therefore allowing in vitro modelling of sev-

eral CNS disease processes, including demyelination and injury. On Proliferate R© sub-

strates, however, this regular alignment was absent, with axons growing in a multi-

directional, disorganised manner. Myelination in this culture system was also affected

by Proliferate R© topography. Myelination, ordinarily present in abundance after ∼28

DIV in these complex cultures, was delayed on the construct, not appearing optimal

until ∼40 DIV. This finding corroborates with delayed myelination on PCL substrates

(Donoghue et al., 2012). This was not, however, due to hindrance of the culture and

differentiation of oligodendrocyte precursor cells (OPCs) to mature myelinating oligo-

dendrocytes on Proliferate R©, as was proven using primary OPC cultures. This delay in

myelination highlights the impact of surface topography on CNS cell processes, sug-

gesting that topographical cues fundamentally impact not only cell morphology, but

also cell-cell interactions, of which myelination is an important example. This calls

into question conclusions drawn about cell behaviour in 3D tissue environments from

observations on conventional 2D cell culture substrates. Further examples of changes

to cell behaviour on Proliferate R© in vitro include increased proliferation of embryonic

spinal cord cells on the construct, and improved adhesion of these cultures when plated

onto IKVAV-coated Proliferate R© (P-IK).

6.1.3 Proliferate R© is a viable in vivo implant, as demonstrated in
three rodent SCI models

Following demonstration of Proliferate R© mechanical and biological viability, Proliferate R©

was implanted in rodent models of SCI in vivo. The construct was first implanted, in P-

IK sheet form, into an incision made in the dorsal white matter tracts of an adult mouse

spinal cord. As predicted from in vitro studies, construct-implanted animals survived

and recovered following implantation, exhibiting no behavioural defects or impairment.

Histological assessment revealed construct integration in the cord as acutely as 7 days
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post-implantation, with the construct readily adhering to native cord tissue with no phys-

ical separation at the construct-tissue border. Cell nuclei were also observed within the

implant, however cells were more abundant at the implant-tissue border. This shows

that the Proliferate R© cytocompatibility observed in vitro is translatable in vivo. Some

of these cells were identified as astrocytes, microglia and other inflammatory cell types.

The presence of microglia and other inflammatory cells surrounding the construct al-

luded to an inflammatory reaction to the construct, however at this acute timepoint it

was unclear whether this was a result of the construct itself or the disruption intrinsic to

any acute cord injury. Therefore, the overall biocompatibility of Proliferate R© was dif-

ficult to discern in these experiments. Nestin expression in injury-surrounding regions

also alluded to the potential presence of stem cells.

Following proof-of-principle mouse studies, Proliferate R© was implanted into more com-

plex rat injury models, allowing characterisation of the construct implant in fluid filled

cavities similar to those typical of human SCI pathology. For these models, Proliferate R©

was implanted in tubular form, containing parallel-aligned channels, and either IKVAV-

coated (P-IK), Hep-7 coated (P-H7), or uncoated and in carboxyl form (P-C). The

loss of animals in this study was unusually high, the reasons for which were unex-

plained, however may relate to the increase in procedure severity imposed by reopening

a cervical-level injury. Any future such investigations should be carried out at the tho-

racic level to reduce severity. Integration and extensive vascularisation was observed in

Proliferate R© implants after just 3 weeks in two complex rat SCI models: contusion and

wire knife. These observations were accompanied by non-astrocytic, nestin-positive

cellular influx into the construct and some limited axonal migration across the tissue-

construct border into the construct-filled cavity. However, a distinct barrier was found

between implants and astrocytes, with astrocytes strictly remaining at construct edges

only, forming a characteristic glial scar. These findings were paralleled at 7 weeks,

with little difference observed between the two timepoints or between injury models.

In subsequent contusion-implantation experiments, extensive cellular influx, indicated

by nuclear staining, was observed in implanted cavities 7 weeks and 6 months post-

implantation. The distinct astrocytic border surrrounding constructs was maintained at

both of these timepoints, indicating long-term perpetuation of the glial scar irrespec-

tive of construct implantation. However, reduction in GFAP-nestin co-expression sur-

rounding the injury was reduced in P-IK implanted animals 7 weeks post-implantation

indicated some short-term alteration of the astrocytic response to injury in implanted

animals.

208



An inflammatory response was also observed in the injury-surrounding regions, as in-

dicated by ED-1 and iNOS microglial labelling, however this response did not appear

altered across experimental groups. Elucidation of non-neuronal intra-implant cell iden-

tities by GFAP, ED-1, iNOS, nestin, BLBP, vimentin and S100 labelling revealed mi-

gration of a mixture of cell types into implanted cavities, including microglia, and po-

tentially including stem cells, Schwann cells and radial glia, but expressly excluding

astrocytes. In contrast to the aforementioned glial cell types, however, axonal migration

into construct was limited. This was mainly considered a result of the loss of guidance

channel integrity in implanted constructs. Channels fabricated into tubular constructs

prior to implantation appeared to have congealed and/or collapsed by study endpoints.

However, where clear, open channels remained, with openings at the construct-tissue

border, robust axonal migration was observed 6 months post-implantation. Few bio-

materials have been identified for SCI therapeutics with the desired combination of

material properties, including porosity, degradability and mechanical compatability, for

implantation into cord tissue. Our in vivo findings show that Proliferate R©’s possession

of these properties translate to compatibility with cord tissue, however further tuning

of the material is required to attenuate the reactive astrocytic border surrounding the

implant, alleviate the inflammatory response to the implant and tune parallel channels

to retain stability over time.

6.2 Critical appraisal of findings

Overall, our findings position Proliferate R© as a feasible biomaterial construct with po-

tential for SCI therapeutics. Nonetheless, our research is limited by a few caveats.

Firstly, as previously discussed, the incapacity of parallel-guidance channels, in the

tubular form of Proliferate R©, to maintain structural integrity in the cord milieu nullifies

their benefits. This means that axonal migration across the injury is hindered. As regen-

eration across the cavity is the primary goal of biomaterial implantation, Proliferate R©

synthesis must be more finely tuned, with the primary goal of maintaining guidance

channel integrity, before the construct can be declared suitable for clinical applica-

tions. Structural integrity is a known concern in the fabrication of nerve guidance chan-

nels (Belkas et al., 2005, Hudson et al., 1999, Pawelec et al., 2018). Katayama et al.

(2006) identified a similar caveat to poly-hydroxyethyl methacrylate methyl methacry-

late (PHEMA-MMA) co-polymer construct implants, and solved this by incorporation

of PCL coils into the polymer, resulting in improved in vivo SCI regeneration outcomes.
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One potential method for improving Proliferate R© guidance channel structural integrity

is to reduce the degree of cross-linking in the core chemical structure of the construct.

By doing so, Proliferate R© can be synthesised as a hydrogel, rather than the sponge-like,

delicate form of the material used in the present study. A similar version of this con-

struct has been successfully developed into an anti-bacterial corneal bandage (Gallagher

et al., 2016, 2017), therefore such modifcations for SCI implantation are also tangible.

The disadvantage of this is that synthesising the construct in gel form reduces the in-

trinsic porosity, and sponge-like flexibility, of the material. This would therefore reduce

the construct’s capacity for cross-pore cell migration, cell process extension, and ex-

change of nutrients, chemotactic agents and signalling molecules. Further, the hydrogel

conformation of the construct diminishes the 3D construct topography, thus potentially

promoting characteristic 2D morphologies in migrating cells.

Perhaps more feasibly, alterations could be made in the construct synthesis process

to create more pronounced channels able to maintain greater patency. The channels

in implanted Proliferate R© constructs that appeared undisturbed following implantation

seemed larger in size than channels which appeared to have undergone collapse. The

adhesive properties of the construct, combined with its capacity for fluid absorption,

may provide an explanation for this. It was observed that when hydrated Proliferate R©

construct sheets came into contact, they congealed readily and were often difficult to re-

separate. While the flexibility of Proliferate R© constructs is advantagous for integration

into damaged soft tissue, and for allowing the implant to withstand mechanical load,

it also increases the probability of implant folding and the consequent likelihood of

construct channel walls adhering, and subsequently failing to re-separate. A simple

solution, therefore, would be to increase channel diameter, reducing the likelihood of

channel walls meeting and congealing by increasing the distance between them. This

could be achieved either by synthesis using larger soluble fibres, or by bundling a known

number of fibres, to create channels of greater diameter. Another development could be

the fabrication of a single hollow Proliferate R© lined with guidance grooves. These

potential modifications of the construct are summarised in Figure 6.1. Such techniques

have long been employed in the fabrication of guidance channels for peripheral nerve

repair, and so are also a promising avenue for Proliferate R© development for the CNS

(Sarker et al., 2018).

A further criticism of Proliferate R© lies in its intrinsically heterogeneous structure. Tun-

ability of constructs, with high levels of regularity and reproducibility, is a desirable

property of any biomaterial implant (Straley et al., 2010). However, herein lies a
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A B C

FIGURE 6.1: Future optimisation of tubular implantable Proliferate R© constructs
(A) High guidance channel density in tubular Proliferate R© constructs used in the
present study resulted in channel collapse and congealing once implanted, compromis-
ing channel structural integrity and posing consequent obstruction to axonal extension
across injury cavities. The following future optimisations of Proliferate R© implants are
proposed as a solution to these obstructions: (B) Incorporation of channels of greater
diameter to reduce probability of channel walls congealing; (C) Replacement of chan-
nels with guidance grooves distributed through the walls of a single, hollow implant

tube.
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dilemma of spinal cord biomaterial design: the most accessible avenue to the biocom-

patible material design is to create materials comprised of naturally occurring chem-

ical components. This can include isolated ECM components such as collagen and

hyaluronic acid, or other biologically-derived materials such as chitosan, fibrin and al-

ginate, among others (Liu et al., 2018, Straley et al., 2010). However, biomaterials

based on natural components do not often give rise to high structural regularity, or

allow reproducibility with high precision. Conversely, synthetic polymers such as poly-

ethylene glycol (PEG), poly 2-hydroxy ethylmethacrylate (PHEMA), poly-lactic co-

glycolic acid) (PLGA), can be produced with higher precision and structural regularity,

but are not always intrinsically biocompatible or bioresorbable. Biologically relevant

mechanical properties, such as rigidity and degradability, can be difficult to achieve

in synthetic constructs. Proliferate R© falls into the former category, with the dominant

amino-acid repeating unit (lysine) producing structural heterogeneity, but with the ad-

vantage of biocompatibility and bioresorbability, with no toxic degradation products.

Therefore, the propensity for precise tunability of Proliferate R© is limited.

A further practical limitation of Proliferate R© lies in the temporally short polymerisation

window available during the synthesis process. Proliferate R© polymerisation and cross-

linking is a rapid process, mostly occuring within 5 min of the addition of reaction

components. This limits the methods by which Proliferate R© can be administered. One

focus of current literature in the field is the potential for injectable biomaterials, of

which hydrogels are the most widely investigated (Cornelison et al., 2018, Gupta et al.,

2006, Kim et al., 2017b, Macaya and Spector, 2012). Injectable delivery to the cord

is an attractive prospect, due to the sensitivity and inaccessibility of spinal cord tissue,

particularly following trauma. Any retention of motor capacity, sensory reflexes and

bladder and bowel control following SCI is invaluable to patients. Therefore, a primary

concern of SCI therapeutics is assurance of no further trauma to the cord that may

cause loss of the spared fibres enabling retention of some functional capacity. Injection,

a procedure that typically inflicts minimal trauma to surrounding tissue, is therefore

considered more clinically translatable than complex, invasive surgical procedures. The

aforementioned short temporal window for Proliferate R© synthesis limits its capacity

for injectability, which would traditionally require storage of the construct in liquid

form for much longer stretches of time. However, by slowing the reaction rate, or by

using a dual compartment syringe to maintain reaction solutions separate until syringed,

Proliferate R© could be developed as an injactable scaffold in the future.

A major caveat, however, of delivery by injection is that biomaterials cannot be moulded
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and structurally altered prior to implantation, preventing formation, for example, of

guidance channels in the structure which, as previously discussed, have been demon-

strably critical to biomaterial regenerative capacity in vivo (Oudega et al., 2001, Stokols

and Tuszynski, 2004, Tsai et al., 2006). Arguably, the ideal biomaterial delivery method

is incorporation into surgical procedures already common to SCI cases. In the imme-

diate aftermath of traumatic SCI, surgical procedures are carried out to realign the ver-

tebral column, stabilise the injury site, remove bone fragments and relieve ligamentous

compression at the critical, acute SCI (Ahuja et al., 2017). Inclusion of biomaterial

implantation in these procedures is more clinically feasible than re-exposing, and risk-

ing potential damage to, an SCI injury site at intermediate or chronic stages. A further

advantage of this method would also be immediate stabilisation of the injury site, poten-

tially dampening the severity of chronic disease progression and thus improving injury

outcomes, including sparing of fibres.

Perpetuation of the astrocytic scar surrounding the injured cord may further limit the

potential of Proliferate R© implants. However, although the glial scar is known to in-

hibit reparative capacities following SCI (Ahuja et al., 2017, Silva et al., 2014, Wanner

et al., 2013), complete attenuation of the glial scar in animal models of spinal cord in-

jury is also detrimental to tissue regeneration (Anderson et al., 2016, Rolls et al., 2009).

Therefore, further investigations on the glial scar surrounding Proliferate R© implants is

required to characterise the status of astrocytes in the scar surrounding the implant and

identify their impact on regeneration across implants. Recent investigations characteris-

ing the nuances of astrocytic status in vitro, broadly separating astrocytes into quiescent,

neurotoxic and pro-regenerative phenotypes, identifies genetic markers which may help

elucidation of astrocytic responses to Proliferate R© in vivo (Liddelow and Barres, 2017,

Liddelow et al., 2017).

Aside from the aforementioned material optimisation required, lack of functional test-

ing in vivo is a further critique of our study. The purpose of our in vivo experiments

was primarily to gauge construct interactions with host tissue, therefore we focused our

investigations on histological results. However, as improvement of functional SCI out-

comes are the ultimate endeavour in SCI therapeutic research, the effect of Proliferate R©

implantation on these parameters should also be studied. Such parameters include be-

havioural testing and, particularly pertinently to dorsal column implantation, sensory

testing (Šedỳ et al., 2008). To truly ascertain the construct’s potential for improving

functional recovery, however, implantation must be carried out in disrupted motor, as

well as sensory, tracts, necessitating thoracic-level implantation rather than cervical.
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This is a potential future direction for further Proliferate R© in vivo research.

6.3 Clinical relevance of findings

The practicality of Proliferate R©’s manufacture, combined with its mechanical and bi-

ological compatibility with spinal cord tissue, gives Proliferate R© potential for SCI im-

plantation. Many of the biomaterials investigated for SCI implantation fail to meet these

combined criteria. PCL, a polymer previously investigated by the Barnett lab for this

purpose, is an example of this, producing promising results in vitro including neurite

alignment and myelination, but proving too rigid for subsequent application as an in

vivo implant (Donoghue et al., 2012). Indeed, incompatibility of construct mechanical

properties with spinal cord tissue properties has proven a challenge to clinical transla-

tion of implantable scaffolds for SCI therapeutics (Dalton et al., 2002, Katayama et al.,

2006, Straley et al., 2010). Therefore, the ability of Proliferate R© to integrate into spinal

cord tissue, and to display similar mechanical properties to the surrounding tissue, is a

marked advantage of this construct for clinical translation. Discontinuity between con-

struct and cord mechanical properties has also been postulated to facilitate cell growth,

differentiation and migration across the tissueimplant boundary (Balgude et al., 2001,

Flanagan et al., 2002, Leach et al., 2007, Saha et al., 2008, Woerly et al., 2004, Yu

and Bellamkonda, 2001). Further advantages that position Proliferate R© as a promising

SCI construct implant include its propensity for binding therapeutic compounds, and lo-

calised delivery of cell transplants. Therefore, from a purely structural standpoint, with

greater optimisation of structure and surgical delivery, Proliferate R© could be developed

to clinical grade.

However, Proliferate R© is still far from being considered biologically safe for clinical

translation. Our in vivo investigations revealed astrocytic and microglial inflammatory

responses to the construct at short-and long-term timepoints. Further investigation is

required to dissect the basis of these responses, and to devise strategies for alleviating

them. The precise degradation properties of Proliferate R© must also be defined to allow

prediction of long-term inflammatory responses throughout the Proliferate R© degrada-

tion course. The disparity between structural compatibility and biological safety in

spinal cord implant materials is common among many materials investigated for this

purpose. The field of biomaterial SCI implantation is currently highly limited in trans-

lation to clinic following pre-clinical studies. This is partly due to the aforementioned

difficulties in the design of biomaterials suitable for spinal cord implantation, but is also
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seemingly due to an unassailable leap in progression from in vivo studies to clinical ap-

plications. No studies of biomaterial implantation into spinal cord injuries have thus far

been published past pre-clinical stages. One reason for this, as previously discussed,

is the severity of the surgical procedures necessary for biomaterial implantation. How-

ever, a greater limitation is the marginal functional gains offered by biomaterials. SCI

remains one of the most incapacitating forms of physical truama in humans, and is not

wholely paralleled in severity by widespread rodent SCI models (Dietz and Schwab,

2017). Ultimately, the potential for biomaterial implantation in SCI relies on the com-

bination of biomaterials with other clinically relevant SCI therapeutics, such as cell

transplantation (Liu et al., 2018).

6.4 Future perspectives

6.4.1 Potential further applications of Proliferate R© as a biomaterial
implant

A potential application of Proliferate R©, beyond CNS repair, is in peripheral nerve im-

plantation. Due to the capacity for spontaneous regeneration in the PNS, damage to

peripeheral nerves does not commonly result in clinical outcomes as severely detrimen-

tal as CNS damage (Scheib and Höke, 2013, Seddon et al., 1943). In minor cases,

peripheral nerves can be re-attached once damaged by minimal surgical intervention,

after which the damaged nerve regenerates and the patient regains sensory and/or motor

functions. However, in severe cases, nerve severing can result in permanent functional

damage, for example (Scheib and Höke, 2013). In these cases, scaffold implantation

is a widely investigated, and clinically applied, functional solution, promoting spon-

taneous regeneration across the scaffold-grafted injury site, thus enabling recovery of

function (Arslantunali et al., 2014, de Ruiter et al., 2009). Similarly to the CNS, the

PNS is comprised of soft tissue containing aligned axons, supported by surrounding

glial cells. PNS nerves are broadly similar in mechanical properties to the spinal cord.

Therefore, Proliferate R© is predicted to integrate into PNS tissue in a similar manner

to that shown in this study, in CNS tissue. One consideration for PNS scaffold im-

plantation, however, is achieving attachment of the construct to native tissue robustly

enough to prevent detachment under mechanical load or movement pressures. This is

because comparatively to the CNS, peripheral nerves are more susceptible to movement

and stretch, particularly those orchestrating muscle activity. Therefore, development of
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Proliferate R© for PNS implantation may necessitate containment of the construct in a

biocompatible membrane in order to facilitate attachment to endogenous tissue. Prelim-

inary in vitro investigations at the University of Manchester have indeed demonstrated

the potential of Proliferate R© as a PNS implant, particularly when IKVAV-coated (data

not published).

Outwith nervous system applications, Proliferate R© also has potential as a soft-tissue

implant in other organs and tissues. One example of this is in dental implants and abut-

ments. Here, the interface between soft tissue and bone, and bone-like implants, can

be a source of bacterial infection (Gasik, 2017). A material like Proliferate R© could

be applied here as a bridge between soft tissue and bone-like implants, filling crevices

susceptible to bacterial colonisation at the tissue-implant interface and consequently

reducing the likelihood of infection. Another such application is in skin repair. Im-

mobilisation of anti-bacterial agents to Proliferate R© would allow for fabrication of this

scaffold into a bandage-like material for advanced wound repair, preventing wound in-

fection. Indeed, this application is currently being investigated by Spheritech, and is

in clinical stages. This can be further applied to surgical interventions into muscle and

connective tissue repair, which could benefit from Proliferate R© incorporation.

6.4.2 Potential further applications of Proliferate R© for CNS cell
culture

An emerging field in biomaterial research is the indentification of substrates for so-

phisticated cell culture systems. Currently, 2D surfaces such as glass and plastic are

conventionally used for in vitro cell culture. However, as indicated by our findings

in Chapter 4, 2D substrates can induce irregular morphologies in CNS cells. This

was first demonstrated using single cell astrocyte cultures, in which astrocytes adopt a

flat, expansive morphology on conventional 2D PLL-coated glass coverslips in serum-

containing media. This morphology was found to be disrupted on Proliferate R© sub-

strates, with astrocytes adopting more stellate, fibrous morphologies, with processes

extending multi-directionally from cell nuclei. In human tissue, astrocytes adopt the

latter morphology (Placone et al., 2015). This morphology is also commonly observed

in rodent tissue in vivo, demonstrating the incongruity between in vitro and in vivo CNS

models. Further morphological disparities were observed in our studies between con-

structs and PLL-glass in mixed myelinating cultures, whereby culture on Proliferate R©

substrates resulted in disruption of axonal alignment and neurite cell nuclei bundling. A
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major current goal of biological research on the whole is the reduction, replacement and

refinement of animals in research. However, until truly representative in vitro culture

systems are developed to replace in vivo animal experimentation, this goal remains un-

reachable. This is particularly true of CNS research, as in vitro representation of adult

CNS cell culture is already difficult to achieve.

Surface topographical cues are known to alter CNS cell morphologies (Hoffman-Kim

et al., 2010), and our findings confirm this on Proliferate R©. Current research is attempt-

ing to close the gap between 2D in vitro CNS culture systems and the 3D in vivo CNS

tissue using novel culture systems (D’Aiuto et al., 2018, Huh et al., 2011). One method

for achieving this is incorporation of cells within constructs during the synthesis process

(East et al., 2013). Advancements in 3D bioprinting have also accelerated developments

in this field, allowing widespread screening of 3D materials for cell culture, including

fibrin, collagen, hyaluronic acid, PCL and PEG (Thomas and Willerth, 2017). These

techniques are currently in early development stages, with no 3D cell-culture substrates

currently commercially available. Suspended cell culture inserts are the closest avail-

able substrate for mimicry of native tissue environments. However, these membranes

are formed porous 2D membranes, and are therefore not truly 3D in structure. Such

substrates are typically used for ex vivo tissue culture, which has been adopted by some

groups as a compromise between potentially non-representative cell culture and animal-

intensive in vivo experimentation.

Optimisation of Proliferate R© substrates for more accurate representation of in vivo tis-

sue could be achieved by changes to the degree of construct cross-linking. As previously

mentioned, reducing the degree of cross-linking affects construct texture, giving rise to

a more gel-like form, thus changing construct surface topography. This could be ex-

ploited to create Proliferate R© substrates of varying topography, comparable to varying

tissue topography. Structural changes could also be applied to the construct surface, for

example the addition of guidance grooves, to further encourage tissue-like behaviour in

culture systems. Thus, one potential aim of future research using Proliferate R© is de-

velopment as a cell culture substrate with the propensity for customisation for tissue

mimicry. Although Proliferate R© construct opacity necessitates expensive, sophisticated

imaging systems for immunucytochemical analysis, and its unusual conformation ne-

cessitates alterations in some widely adopted laboratory assays such as RNA and pro-

tein extraction, we postulate that optimisation of in vitro cell culture on Proliferate R©

will provide results more representative of endogenous tissue behaviour, making this an

avenue worth exploring.
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Overall, we have demonstrated that Proliferate R© is a viable, CNS-compatible bioma-

terial for SCI implantation. As SCI scaffolds begin to progress through clinical trials

(NCT02138110, NCT02510365, Theodore et al. (2016), Zhao et al. (2017)), it is in-

creasingly necessary to identify novel materials with optimal properties for SCI im-

plantation. We believe that with further pre-clinical optimisation, Proliferate R© will also

be compatible for clinical translation.

6.5 Closing remarks

This thesis has provided evidence for Proliferate R©, a novel biomaterial implant devel-

oped by Spheritech, for implantation into the spinal cord to treat SCI. We first demon-

strated the mechanical versatility of this material, and its compatibility with spinal cord

mechanical properties. Subequently, we showed biological compatibility of the material

with CNS cells using primary CNS cell culture. Finally, we demonstrated Proliferate R©’s

integrative capacities in rodent SCI models in vivo. Our findings offer novel contribu-

tions to CNS tissue engineering, with no currently published research investigating sim-

ilar PεK based biomaterials for this purpose. We have also proposed a further role for

Proliferate R© as a sophisticated cell culture substrate, aiming to diminish the disparities

between in vitro and in vivo CNS research.
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N. J. Abbott, L. Rönnbäck, and E. Hansson. Astrocyte–endothelial interactions at the

blood–brain barrier. Nature Reviews Neuroscience, 7(1):41, 2006.

K. L. Adams and V. Gallo. The diversity and disparity of the glial scar. Nature neuro-

science, 21(1):9, 2018.

S. A. Ahmed, R. M. Gogal Jr, and J. E. Walsh. A new rapid and simple non-radioactive

assay to monitor and determine the proliferation of lymphocytes: an alternative to

[3h] thymidine incorporation assay. Journal of immunological methods, 170(2):211–

224, 1994.

C. S. Ahuja, A. R. Martin, and M. Fehlings. Recent advances in managing a spinal cord

injury secondary to trauma. F1000Research, 5, 2016.

C. S. Ahuja, J. R. Wilson, S. Nori, M. R. Kotter, C. Druschel, A. Curt, and M. G.

Fehlings. Traumatic spinal cord injury. Nature Reviews Disease Primers, 3:17018,

2017.

A. Al-Habib, A. Albakr, A. Al Towim, M. Alkubeyyer, A. Abu Jamea, F. Albadr, A. A.

Eldawlatly, T. Kashour, H. Alkhalidi, and T. Alzahrani. In vivo assessment of spinal

cord elasticity using shear wave ultrasound in dogs. Journal of Neurosurgery: Spine,

pages 1–9, 2018.

A. R. Allen. Surgery of experimental lesion of spinal cord equivalent to crush injury of

fracture dislocation of spinal column: a preliminary report. Journal of the American

Medical Association, 57(11):878–880, 1911.

J. A. Amat, H. Ishiguro, K. Nakamura, and W. T. Norton. Phenotypic diversity and ki-

netics of proliferating microglia and astrocytes following cortical stab wounds. Glia,

16(4):368–382, 1996.

219



M. A. Anderson, Y. Ao, and M. V. Sofroniew. Heterogeneity of reactive astrocytes.

Neuroscience letters, 565:23–29, 2014.

M. A. Anderson, J. E. Burda, Y. Ren, Y. Ao, T. M. OShea, R. Kawaguchi, G. Coppola,

B. S. Khakh, T. J. Deming, and M. V. Sofroniew. Astrocyte scar formation aids

central nervous system axon regeneration. Nature, 532(7598):195, 2016.

E. E. Antoine, P. P. Vlachos, and M. N. Rylander. Review of collagen i hydrogels for

bioengineered tissue microenvironments: characterization of mechanics, structure,

and transport. Tissue Engineering Part B: Reviews, 20(6):683–696, 2014.

D. Arslantunali, T. Dursun, D. Yucel, N. Hasirci, and V. Hasirci. Peripheral nerve

conduits: technology update. Medical Devices (Auckland, NZ), 7:405, 2014.

R. A. Asher, D. A. Morgenstern, L. D. Moon, and J. W. Fawcett. Chondroitin sulphate

proteoglycans: inhibitory components of the glial scar. In Progress in brain research,

volume 132, pages 611–619. Elsevier, 2001.

S. Balasubramanian, J. A. Packard, J. B. Leach, and E. M. Powell. Three-dimensional

environment sustains morphological heterogeneity and promotes phenotypic progres-

sion during astrocyte development. Tissue Engineering Part A, 22(11-12):885–898,

2016.

A. Balgude, X. Yu, A. Szymanski, and R. Bellamkonda. Agarose gel stiffness deter-

mines rate of drg neurite extension in 3d cultures. Biomaterials, 22(10):1077–1084,

2001.

N. I. Bamber, H. Li, X. Lu, M. Oudega, P. Aebischer, and X. M. Xu. Neurotrophins bdnf

and nt-3 promote axonal re-entry into the distal host spinal cord through schwann

cell-seeded mini-channels. European Journal of Neuroscience, 13(2):257–268, 2001.

B. L. Bangasser, G. A. Shamsan, C. E. Chan, K. N. Opoku, E. Tüzel, B. W. Schlicht-
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C. Simon, M. Götz, and L. Dimou. Progenitors in the adult cerebral cortex: cell cycle

properties and regulation by physiological stimuli and injury. Glia, 59(6):869–881,

2011.

A. Singh, L. Tetreault, S. Kalsi-Ryan, A. Nouri, and M. G. Fehlings. Global prevalence

and incidence of traumatic spinal cord injury. Clinical epidemiology, 6:309, 2014.

A. V. Singh, M. Raymond, F. Pace, A. Certo, J. M. Zuidema, C. A. McKay, R. J. Gilbert,

X. L. Lu, and L. Q. Wan. Astrocytes increase atp exocytosis mediated calcium sig-

naling in response to microgroove structures. Scientific reports, 5:7847, 2015.

J. R. Slotkin, C. D. Pritchard, B. Luque, J. Ye, R. T. Layer, M. S. Lawrence, T. M.

O’Shea, R. R. Roy, H. Zhong, I. Vollenweider, et al. Biodegradable scaffolds promote

tissue remodeling and functional improvement in non-human primates with acute

spinal cord injury. Biomaterials, 123:63–76, 2017.
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