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Enhancing axon regeneration and neuroplasticity after spinal cord injury: 

Bridging the gap between development and disease 

 

ABSTRACT 

The precise wiring of the adult mammalian central nervous system (CNS) is determined during 

axon growth, guidance and neuroplasticity during and shortly after development. This intricate 

system is unable to regenerate when the adult spinal cord is injured. It's not well understood how 

to translate what is known about developmental processes into therapies for spinal cord injury 

(SCI). Therefore, effective therapies are difficult to find. This thesis aims to fill an important gap 

in our understanding of how developmental strategies for axonal growth and plasticity are 

exploited in SCI regeneration. In particular, we will contrast two approaches: (i) reducing the 

inhibitory environment that forms around the lesion, and (ii) exploiting the inhibitory environment 

for regeneration by forcing the overexpression of an appropriate integrin isoform in sensory 

neurons and allowing axons to grow on this environment. In this thesis, Aim 1, we used 4-

methylumbelliferone (4-MU) to reduce the inhibitory environment formed around the lesion. The 

first step was to assess the potential adverse effects of long-term treatment. Using 

immunohistochemistry, proteomics, biomechanics, qPCR, behavioural tests and commercially 

available blood and urine tests, we found no irreversible adverse effects. Our next step was to test 

whether 4-MU could play a role in chronic SCI. 4-MU treatment reduced scarring after chronic 

SCI. However, the current dose was not sufficient to suppress SCI-induced CS-GAG upregulation. 

Further dose adjustment will be required to improve functional recovery after SCI. In Aim 2 of 

this thesis, the integrin adhesion molecule together with its activator was expressed in sensory 

neurons using a viral vector. The sensory pathway was partially restored in the presence of this 

adhesion molecule. Many axons regenerated from the thoracic lesion to the brainstem. This is a 

distance of 4-5 cm. Taken together, these findings have implications for our understanding of the 

developmental mechanisms of spinal cord regeneration. 
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Zvýšení regenerace axonů a neuroplasticity po poranění míchy: 

Využití poznatků z vývoje centrálního nervového systému k léčbě jeho poranění 

 

ABSTRAKT 

V průběhu vývoje centrálního nervového systému (CNS) a krátce po něm, dochází k růstu a vedení 

axonů, a zároveň k jeho plasticitě a tvorbě synaptických zapojení, které u dospělých savců pečlivě 

určují jeho přesné uspořádání a funkci. V dospělosti je tento proces ukončen a jistým způsobem 

zakonzervován. Po poranění míchy (spinal cord injury, SCI) dospělého jedince tento komplexní a 

složitý systém není schopen reagovat na poranění stejným způsobem, jako v období vývoje. 

Způsob, jak přenést poznatky o vývojových procesech do terapií po SCI, není dobře znám, což 

představuje obtížnost při hledání účinných léčebných postupů. V této práci se snažíme zaplnit 

důležitou mezeru v chápání toho, jak by bylo možné využít vývojové strategie růstu a plasticity 

axonů při regeneraci axonů po SCI, a to konkrétně dvěma přístupy: (i) Redukce inhibičního 

prostředí, které se tvoří okolo léze a (ii) naopak využitím inhibičního prostředí ve prospěch 

regenerace, a to vynucením nadměrné exprese příslušné izoformy integrínu v senzorických 

neuronech a umožnění růstu axonů po tomto prostředí. V této práci, pro cíl 1, jsme použili 4-

methylumbeliferon (4-MU) ke snížení inhibičního prostředí vytvořeného kolem léze. Prvním 

krokem bylo posouzení možných nežádoucích účinků dlouhodobé léčby. Pomocí 

imunohistochemie, proteomiky, biomechaniky, qPCR, behaviorálních testů a komerčně 

dostupných testů krve a moči jsme nezjistili žádné nevratné nežádoucí účinky. Naším dalším 

krokem bylo otestovat, zda 4-MU může hrát roli při léčbě chronického SCI. Léčba 4-MU 

redukovala jizvu v chronické fázi SCI. Každopádně, námi prezentovaná dávka nebyla dostatečně 

účinná k potlačení SCI indukované upregulace CS-GAG. Ke zlepšení funkčního zotavení po SCI 

bude nutná další úprava dávky. V cíli 2 této práce byla adhezivní molekula integrín společně se 

svým aktivátorem exprimována v senzorických neuronech pomocí virového vektoru. V 

přítomnosti této adhezní molekuly došlo k částečné obnově senzorické dráhy. Mnoho axonů se 

regenerovalo z hrudní léze do mozkového kmene. Jedná se o vzdálenost 4-5 cm. Dohromady nám 

tyto výsledky pomáhají pochopit, jak by se vývojové mechanismy daly využít v regeneraci míchy 

po SCI. 
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1. INTRODUCTION 

1.1 Spinal cord Injury 

A spinal cord injury (SCI) is a serious condition, often leading to severe morbidity and 

permanent disability, that can affect anyone at any time, especially in daily life. The spinal 

cord has three main functions: It sends motor commands from the brain to the body, it sends 

sensory information from the body to the brain, and it coordinates reflexes. When an injury 

occurs, i.e., damage to the axons of the nerves that run through the spinal cord, a loss of 

motor and sensory function occurs and ultimately leads to paralysis, the severity of which 

depends on the degree of injury. However, SCI brings with it a high degree of health 

complications and limitations in daily life, such as breathing problems, impaired bladder and 

bowel functions, disturbances of autonomic functions and impairment of sexual functions. 

 

SCIs can occur when an external physical force causes an acute SCI (traumatic SCIs) or 

when an acute or chronic disease process, such as a neoplasm, infection or degenerative disc 

disease, causes a primary injury (nontraumatic SCIs). What traumatic and non-traumatic 

injuries have in common is that the injury is usually the result of severe trauma, and the 

primary injury is often irreversible (Ahuja et al. 2017). Accidents are the primary cause of 

SCIs in daily life, namely traffic accidents (more than 50%), falls (more than 24%), acts of 

violence (more than 17%) and extreme sports (more than 9%) (‘WHO’, n.d.). Traumatic 

lesions of the spinal cord axon projection pathways are not treatable. in human patients, 

although numerous research groups worldwide are investigating possible treatment 

strategies. The World Health Organisation (WHO) estimates that between 250,000 and 

500,000 people suffer from SCI each year. They disproportionately affect patients under the 

age of 30, result in significant functional limitations for the rest of their lives, and put people 

at risk of multiple complications leading to increased morbidity and mortality. There is also 

an increasing incidence of SCI in elderly people in developed countries. This is due to 

advances in medicine, technology and health care that have increased life expectancy over 

the last 50 years. But longer life expectancy also means more chronic and acute diseases and 

higher medical costs. For these patients, SCI is a contributor to age-related functional decline 

and usually exacerbates pre-existing conditions. In addition, people over the age of 65 have 

shown an increased susceptibility to SCI. SCI adds to the list of complications that are 

common in this age group, such as osteoporosis, diabetes, heart disease and lung disease 

(Ikpeze and Mesfin 2017). 
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The pathophysiology of SCI involves primary and secondary mechanisms of injury. 

Although both mechanisms are involved in the neurological dysfunction at SCI. After the 

initial irreversible mechanical injury leading to necrosis and destruction of neuronal 

connections, several secondary processes take place that may last for several months until a 

lesion cavity forms. The location and severity of the spinal cord lesion are used to classify 

the consequences of injury. Current research efforts are focused on these processes, which 

are thought to be reversible or modulable to some degree. Such modulation would be 

beneficial to the patient as it would prevent degenerative damage to the spared tissue, which 

is known to progress over several months after the actual injury. Secondary processes 

include oedema, blood-spinal cord barrier (BSCB) disruption, ischaemia, inflammation, 

oxidative stress, glutamate excitotoxicity and apoptosis, all of which occur immediately after 

the mechanical insult. The molecular cascades in these processes are interconnected and 

proceed via positive feedback loops or through the use of different molecular and cellular 

elements at different time points (Oyinbo 2011). In terms of time, SCI can then be divided 

into the acute phase (< 48 hours), the sub-acute phase (48 hours to 14 days), the intermediate 

phase (14 days to 6 months) and the chronic phase (> 6 months) (Ahuja et al. 2017). 

 

 

Fig. 1. Pathophysiology of spinal cord injuries. (A) Primary injury is caused by the initial 

external impact. The damage from mechanical injury causes cell death, axon transection, 

vascular compromise and disruption of the blood-spinal cord barrier (BSCB). Haemorrhage 

and oedema develop at the site of injury. Inflammatory cells begin to infiltrate, releasing 

cytokines that further activate the inflammatory cascade.  (B) Secondary injury can last from 

minutes to months and years after the primary injury. Axonal and neuronal degeneration and 

demyelination occur. Some limited axonal sprouting also occurs, but regeneration efforts are 

hampered by the inhibitory extracellular matrix (ECM) environment formed at the lesion 
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site. Astrocytes and fibroblasts are activated and form a glial and fibrotic scar. Created with 

BioRender.com 

 

The injury response following SCI resembles in many ways that of the developmental 

process. The first is axon guidance. During development, axons extend and navigate to form 

neural circuits, and after SCI, damaged neurons attempt to regrow axons and connect to new 

targets. It is also known that certain genes and pathways associated with neural development 

are reactivated following SCI. In the attempt to repair and regenerate damaged nerve tissue, 

this reactivation may play a role. Cell identity and function, both during development and in 

response to injury, may also change. There may be an attempt to recruit and activate different 

cell types, including stem cells, to participate in tissue repair after SCI. Finally, inflammation 

and activation of the immune system is part of the body's response to injury. There are also 

immune responses during development that affect how neural circuits form (Filous and 

Schwab 2018). However, the inflammatory response that follows a SCI can be either helpful 

or harmful. Despite these potential similarities, spinal cord regeneration in mammals is 

limited. Functional recovery after SCI is often only partial. In this thesis, we present a 

perspective on research in regenerative medicine that is inspired by the developmental 

mechanisms that facilitate regeneration after SCI. 

 

1.2 Axotomy: cellular and molecular events after nerve injury 

The SCI is often associated with axotomy that involves cutting or otherwise severing of an 

axon. When an axon is severed, there is an immediate influx of calcium at the injured axon 

tip (Bradke, Fawcett, and Spira 2012), the concentration of which exceeds 1 mM (Ziv and 

Spira 1995). This drastic increase in intracellular calcium is necessary for the initiation of 

axon regeneration, as neurons in a calcium-free environment are unable to initiate axon 

growth (Kamber, Erez, and Spira 2009; Ziv and Spira 1997). A retrograde first-wave injury 

signal transmits to the cell body through a backward propagating calcium wave, which is 

thought to lead to chromatin remodelling (Cho et al. 2013). This is the first communication 

between the injured tip and the soma. The cytoskeleton is remodelled (Yoo et al. 2003). After 

this initial burst of events, the soma undergoes chromatolysis, in which chromatin in the 

nucleus dissolves and disperses to the cell periphery as the cell body swells. Excitatory inputs 

are largely eliminated, leaving only inhibitory inputs as the main connection to the injured 

soma. 
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Local protein synthesis is necessary for the formation of the important retrograde signal, in 

which proteins such as importins and vimentin are translated locally in the injured axon 

(Yudin et al. 2008; Perry et al. 2012). Disruption of this signal attenuates the cellular 

response to injury (Yudin et al. 2008; Perry et al. 2012). The motor binding protein JIP, 

which interacts with Jun-N-terminal kinase (JNK), connects the axon vesicles to the injury 

signal and retrogradely transports the injury signal back along the microtubules(Abe et al. 

2009). When the resting potential of the membrane is restored, the axon can form either a 

retraction bulb or a new growth cone (Fig. 2).  

 

Fig. 2. Cytoskeletal organisation in growth cones and retraction bulbs in neurons. (A) 

Schematic representation of an uninjured axon. (B) Following axotomy, a series of cellular 

events occur at the site of axon injury, including rupture of the axon plasma membrane, 

calcium and ion influx, and cytoskeletal disassembly. Although the distal segment undergoes 

self-destructive degeneration, the fate of the proximal end depends largely on the type of 

axon and the nature of the injury. Regeneration-competent neurons follow the anabolic 

pathway. In these neurons, motile growth cones reform with reorganised cytoskeletons that 

will guide polarised extension. Regeneration incompetent neurons, however, follow the 

catabolic pathway, leading to the formation of retraction bulbs with highly disorganised 

microtubules and other organelles. Created with BioRender.com. 
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Retraction bulbs are thought to be the non-growing counterpart of growth cones, where 

growth failure is attributed to microtubule destabilisation (Ertürk et al. 2007). Within the 

axoplasm, calpain proteins are activated to cleave membrane spectrins, resulting in a brief 

proteolysis of the cytoskeleton (Czogalla and Sikorski 2005). This is thought to restructure 

the microtubule ends and is necessary for conversion to a growth cone (D. Gitler and Spira 

1998; Daniel Gitler and Spira 2002). When the microtubules repolymerise, a brief 

realignment of polarities occurs. Vesicle transport resumes and selective traps are formed 

for anterogradely transported vesicles (Daniel Gitler and Spira 2002). Golgi vesicles, for 

example, can only be transported anterogradely. When the microtubules in the axon realign 

with the plus end outward, these vesicles remain trapped and therefore enable reconstruction 

of the growth cone. 

 

The newly formed growth cone begins to recycle material, generating immediate 

replenishment, but ultimately local protein synthesis is necessary for the formation of the 

growth cone (Verma et al. 2005). The synthesis of proteins within the injured axon is a 

crucial event underlying regeneration, and faulty regulation of this process can lead to 

growth deficits (C. J. Donnelly et al. 2013). 

 

After the formation of the growth cone, injured axons begin to regenerate or sprout. Previous 

studies have shown that axonal regeneration or sprouting is associated with the activation of 

genes related to axonal growth (Represa et al. 1993; Bendotti, Pende, and Samanin 1994; 

Mearow et al. 1994). Indeed, neurite outgrowth has been associated with the ability to 

express genes related to regeneration that are normally expressed during development 

(Skene 1989; van Niekerk et al. 2016). 

 

Taken together, these results show that different growth forms are associated with different 

patterns of protein synthesis. Important studies have shown the importance of coordinated 

regulation of protein expression through the activation of specific signalling networks during 

axonal growth and regeneration. 

 

1.3 The struggle to make CNS axons regenerate 

Where axons can regenerate, as in peripheral nerves, they can restore function 

spontaneously. In the CNS, however, axon regeneration fails. This is the main reason why 

paralysis and loss of sensation are permanent in conditions such as SCI. Regeneration of 
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axons in patients with spinal cord injuries is one of the greatest hopes for restoring useful 

functions.  

 

During development, neurons spread their axons throughout the nervous system and make 

connections to postsynaptic targets that are often quite distant from their origin. The ability 

of these young neurons to robustly extend their axons decreases dramatically in adulthood. 

This reduced intrinsic growth capacity is a key mechanism underlying the inability of adult 

CNS neurons to regenerate their axons after injury (Blesch and Tuszynski 2009; James W. 

Fawcett and Verhaagen 2018; Goldberg et al. 2002; Plunet, Kwon, and Tetzlaff 2002). The 

weak regenerative response after transection is not the only reason why CNS axons do not 

regenerate spontaneously; the environment surrounding CNS lesions also plays a crucial role 

in inhibiting axon growth. 

 

Because CNS axons cannot regenerate spontaneously, sensory, motor and/or autonomic 

deficits are often permanent after CNS injury. Therefore, there is still a great unmet need for 

therapeutic strategies to improve the regeneration of injured CNS axons and thus improve 

function. Restoring regeneration and plasticity is therefore complex, and multiple inhibitory 

mechanisms must be considered. Regardless of the cause, we are now at a stage where the 

biology of regeneration failure is increasingly understood, and solutions are being found 

(James W. Fawcett 2020). To enhance axonal growth and promote functional recovery, the 

various intrinsic and extrinsic factors that control axon regeneration and navigation in the 

inhibitory environment of the central nervous system must be identified. In the next 

subsections, we will discuss some of the important extrinsic and intrinsic key factors that 

limit axon regeneration (Afshari, Kappagantula, and Fawcett 2009). 

 

1.3.1 Extrinsic factors 

The extrinsic factors are defined as the factors related to the environment. In other words, 

these factors can make it difficult for axons to navigate, create a physical barrier, send 

misleading signals and limit the resources axons need to grow. The extrinsic factors that 

negatively influence CNS axon regeneration are located in and around the lesion scar (Chew, 

Fawcett, and Andrews 2012; James W. Fawcett et al. 2012). Upon injury, astrocytes are 

activated and form a new glia limitans around the lesion area in order to re-establish the 

blood-brain barrier (BBB). Although the lesion area is usually referred to as a glial scar, it 

has a fibrous core surrounded by reactive astrocytes. This core is composed of infiltrating 
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fibroblasts and pericytes that have migrated from the dura mater and blood vessels, 

respectively (Klapka et al. 2005; Fagoe, van Heest, and Verhaagen 2014). The fibrous core 

consists of a collagen IV-containing matrix that serves as a scaffold for axon growth 

inhibitory molecules, such as chondroitin sulfate proteoglycans (CSPGs), and tenascins 

(Chew, Fawcett, and Andrews 2012; Klapka et al. 2005). The fibrous core contains inhibitors 

produced exclusively by astrocytes, in addition to molecules produced by fibroblasts, 

highlighting the role of the extracellular matrix (ECM) as a scaffold for soluble inhibitors 

(Vogelaar et al. 2015). Other inhibitors are not localized in the scar but in the white matter. 

Myelin components, like myelin-associated glycoprotein (MAG), Nogo, and 

oligodendrocyte myelin glycoprotein (OMgp) are very potent inhibitors of axon regeneration 

(J. K. Lee and Zheng 2012).  

 

1.3.2 Intrinsic factors 

Manipulations that remove or neutralise these inhibitory molecules, as described above, 

result in an enhanced anatomical regrowth of some types of axons. However, in most cases, 

only a small number of injured CNS axons are able to regenerate, which is consistent with 

the idea that the lack of regeneration in the adult CNS is an intrinsic property of the injured 

neurons. Therefore, if the severed axons themselves do not attempt to regenerate, there is 

little point in making the external environment of the axon more conducive to regeneration. 

In this part of the thesis, I will describe some of the most important intrinsic factors that 

influence the ability of axons to regenerate.  

 

Unlike extrinsic factors, intrinsic factors include the genetic, physiological and pathological 

properties of a single neuron/axon. Axons from the PNS generally have a greater capacity 

for regeneration than those from the CNS. The lower regenerative capacity may have 

evolved as a protective mechanism to prevent overgrowth and the possibility of miswiring 

within the complex circuits of the CNS, with deleterious consequences for the higher 

vertebrate (Afshari, Kappagantula, and Fawcett 2009). During development, neurons display 

robust outgrowth capacity through a cell-intrinsic programme consisting of multiple 

pathways. Following connection establishment, adult CNS neurons have limited 

regenerative capacity due to reduced calcium changes, lack of increased histone acetylation, 

lack of robust expression of regeneration-associated genes (RAGs), limited local protein 

synthesis and the presence of inhibitors of axon regrowth (such as PTEN, SOCS3 and EFA-

6). The lack of ability to regenerate neurons involves ineffective Wallerian degeneration (a 
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process of active degeneration of the distal end of axons as a result of injury), possible 

defects in injury signalling, lack of a robust response to injury, limited local synthesis 

capacity and the presence of inhibitors of axonal growth (Mar, Bonni, and Sousa 2014).  

 

 

Fig. 3. Extrinsic and intrinsic mechanisms controlling axon regeneration. Schematic 

representation of extrinsic and intrinsic mechanisms controlling structural plasticity and 

axonal regeneration after CNS injury. Created with BioRender.com. 

 

1.4 It all comes down to support - the role of the ECM in axon regeneration 

As mentioned earlier, the CNS has little intrinsic regenerative capacity, although some 

functional recovery does occur. This occurs primarily in the form of sprouting, dendritic 

remodelling and changes in neuronal coding, firing and synaptic properties; elements 

collectively referred to as plasticity. An important approach to repairing the injured CNS is 

therefore to harness, promote and refine plasticity. 

 

In adults, this is partially limited by the ECM. The ECM of the CNS is a major component 

of brain and spinal cord tissue. It consists of a dense substrate that occupies the space 

between neurons and glia and is estimated to account for 10-20% of the total brain volume 

(Nicholson and Syková 1998). It contains a variety of molecules, most of which are secreted 

by the cells of the CNS. While the ECM typically provides a supportive scaffold for CNS 

neurons, its role is not only structural but also beyond. The ECM is homeostatic, actively 

regulating and of great signalling importance, both directly via receptor or coreceptor-
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mediated actions and via the spatial and temporal localisation of other signalling molecules. 

It also actively influences cell migration, axonal guidance and synaptogenesis during 

development and plays an important role in adult life in maintaining synaptic stability and 

limiting abnormal restructuring (Burnside and Bradbury 2014). 

 

However, following CNS injury or disease, changes in the expression and composition of 

ECM components may prove detrimental to neuronal repair. Not only does the ECM provide 

an important environment to support a healing and/or regenerative response, but some 

molecules present in the ECM also restrict plasticity and limit healing. Therefore, an 

important therapeutic concept is to make the ECM environment more permissive by 

manipulating key components such as the inhibitory CSPGs, or to overexpress an 

appropriate isoform of ECM-binding receptors such as integrins, which binds the inhibitory 

molecules and uses them as a substrate, leading to an improvement in regeneration 

 

The CNS ECM is rich in glycoproteins and proteoglycans. Fig. 4 shows the typical 

composition of the ECM and their interaction. The core component hyaluronan (HA; also 

known as hyaluronic acid or hyaluronate) forms the basic framework for the attachment of 

other glycoproteins and proteoglycans. These include above all tenascins and sulphated 

proteoglycans, which are stabilised by link proteins. These components may be arranged 

diffusely in the interstitial space or in condensed structures that include small 'axonal sheaths' 

encapsulating presynaptic terminal fibres and synaptic boutons, clustered matrix 

arrangements around nodes of Ranvier, and perineuronal nets (PNNs) surrounding the cell 

soma, proximal dendrites and axon initial segments of some neurons (Brückner et al. 1993; 

Celio et al. 1998). The density of PNNs varies: In the spinal cord, PNNs surround about 30% 

of motor neurons in the ventral horn, 50% of large interneurons in the intermediate grey and 

20% of neurons in the dorsal horn (Lüth, Fischer, and Celio 1992; Brückner et al. 1996; 

1994; Galtrey et al. 2008). The following section briefly describes the structure of some 

matrix components that are prominent and known to be relevant for plasticity and repair. 

 

1.4.1 ECM structure and components  

ECM is a complex network of molecules that provides structural support and guidance for 

developing neural cells. It is composed of proteins such as laminins, fibronectins and 

collagens. They form a scaffold-like structure that guides axon growth and synapse 
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formation. ECM proteoglycans and glycoproteins regulate cellular interactions, influencing 

neuronal migration, plasticity and overall CNS development (Karamanos et al. 2021). 

 

Fig. 4. Structure and components of the extracellular matrix and major 

glycosaminoglycans (GAGs). (A) In the CNS, the ECM is organised into basement 

membranes surrounding blood vessels, a diffuse interstitial matrix and condensed structures 

in the form of perineuronal nets surrounding the cell soma, proximal dendrites and axon 

initial segments of some neurons. (B) Structures of major GAGs: hyaluronic acid, keratan 

sulphate, chondroitin and chondroitin sulphate, dermatan sulphate and heparan sulphate. The 

monomers of the disaccharide building blocks are abbreviated as GlcA -D-glucuronic acid; 

GlcNAc -N-acetyl-D-glucosamine; Gal -D-galactose; GalNAc -N-acetyl-D-galactosamine; 

IdoA -L-iduronic acid; GlcN - D-glucosamine. Panel B is a modification of (Couto, 

Rodrigues, and Rodrigues 2022). Created with BioRender.com. 

 

1.4.1.1 Laminin 

Laminins, family of glycoproteins, are widely distributed in the CNS. They are 

heterotrimeric glycoprotein cell adhesion molecules and form the major non-collagenous 

glycoprotein of the basal laminae (Timpl et al. 1979). Through interaction with integrin and 

non-integrin receptors (such as syndecans, dystroglycans and lutheran blood group 

glycoprotein) (Durbeej 2010), laminin exerts a wide variety of important functions in the 
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CNS under both physiological and pathological conditions. The isoform diversity is 

achieved by the combinatorial expression of different α-, β- and γ-subunits, which form 15 

unique laminin isotypes with different functions. However, the exact functions of each 

laminin molecule in CNS development and homeostasis are still largely unclear. The chains 

are arranged in a cruciform or T-shaped structure and contain globular (G) and rod-shaped 

domains that are required for self-assembly, polymerisation with neighbouring laminins and 

interaction with other molecules and receptors. Polymerisation of laminin occurs via 

interactions between the N-terminal G domains of the short arms and interactions with the 

cell surface are thought to occur predominantly via the longest arm through a tandem of five 

laminin G-like domains of the C-terminus of the α-chain (Hohenester and Yurchenco 2013; 

P. D. Yurchenco and Cheng 1993). Laminins are thought to be essential canonical adhesive 

and growth-promoting molecules that provide a substrate for neuronal migration and axonal 

pathfinding during development (Nirwane and Yao 2019). 

 

1.4.1.2 Fibronectin 

Fibronectin (FN) is a large dimeric protein consisting of three distinct tandem repeats (I, II 

and III). These repeats contain functional domains that, like laminin, enable polymerisation 

and interactions with other ECM components or cell surface receptors. Within the matrix, 

collagen interacts with FN I and II and heparan sulphate proteoglycans and tenascin interact 

with sites in FN III (Ingham, Brew, and Erickson 2004; Singh, Carraher, and Schwarzbauer 

2010). The N-terminal type I repeats enable the self-interaction required for fibril formation, 

a process that is also cell-dependent, with matrix assembly controlled by receptors such as 

integrins that bind within FN III (Schwarzbauer 1991). The association of cytoplasmic 

integrin domains with the cytoskeleton via adaptor proteins (such as focal adhesion kinase) 

also suggests that fibronectin plays a central role in migration, morphogenesis and 

proliferation (Pankov and Yamada 2002). 

 

1.4.1.3 Collagen 

In the systemic ECM, the most common matrix components are members of the collagen 

family, which provide the structural integrity of the parenchyma and contribute to the 

stability and biomechanical properties. There are several types of collagens, of which 

approximately 90% are fibril-forming following the association of multiple triple helixes 

and contribute to the tensile strength of common systemic connective tissues and cartilage 

(Gelse, Pöschl, and Aigner 2003). In contrast, the most important collagen in CNS ECM is 
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basal laminae collagen IV. It forms a more flexible triple helix that polymerises itself into a 

network and serves as a scaffold for the integration of laminin and fibronectins into a planar 

basement membrane; a matrix meshwork that is additionally interconnected via other 

glycoproteins and sulphated proteoglycans (Peter D. Yurchenco 2011). In the injured brain 

and spinal cord, collagen IV, along with types I and III (Matthews et al. 1979; Weidner, 

Grill, and Tuszynski 1999), is the predominant fibrous element of scar tissue (Hermanns, 

Klapka, and Müller 2001), in which cells located near the lesion release chains of 

protocollagens that self-assemble into a dense network (Timpl and Brown 1996). 

 

1.4.1.4 Hyaluronan 

Hyaluronan (HA) is an anionic, non-sulphated glycosaminoglycan and one of the main 

components of ECM. HA is evolutionarily conserved and found in abundance throughout 

the body. As a simple linear polysaccharide, HA exhibits a variety of biological functions. 

HA interacts with various molecules to maintain tissue homeostasis and organise the 

structure of the ECM. HA is widely distributed in both the diffuse matrix and PNNs. HA is 

a long linear polysaccharide consisting of repeating, non-sulphated N-acetylglucosamine 

and glucuronic acid disaccharide units linked by β1-4 and β1-3 bonds. HA forms the matrix 

architecture into which proteoglycans and glycoproteins are non-covalently incorporated 

(Fraser, Laurent, and Laurent 1997). It is known to bind to the extracellular receptors CD44 

and CD168 (Toole 1990; Aruffo et al. 1990); however, results from in vitro modelling 

suggest that HA is anchored within PNNs to the neuronal cell surface via its synthesising 

enzyme hyaluronic acid synthase (HAS) (Kwok, Carulli, and Fawcett 2010; Sarama 

Sathyaseelan Deepa et al. 2006). In mammals, there are three HAS enzymes (HAS1,2,3), 

which are transmembrane proteins that produce HA on the inner surface of the plasma 

membrane and eject nascent HA from the cell (Maloney et al. 2022). Due to its biophysical 

properties and contribution to the structural integrity of the ECM, it plays a key role in cell 

proliferation and morphogenesis together with receptor interactions on the cell surface 

(Toole 2001). Cell receptor activation has far-reaching consequences, including proliferation 

(Bourguignon et al. 1997), cytoskeletal reorganisation (Oliferenko et al. 2000) and 

regulation of inflammation (Jiang, Liang, and Noble 2007), and its linkage with other matrix 

components enables a complex network of protein-protein interactions (Zacharias and Rauch 

2006). 
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1.4.1.5 Tenascins 

Tenascins are a family of four similar glycoproteins (tenascin-C, -R, -X and -W), but only 

two of them are found on CNS ECM - tenascin-C (TnC) and tenascin-R (TnR) (Chiquet-

Ehrismann 2004). TnC forms hexamers consisting of a central globular core surrounded by 

six identical polypeptide arms. TnC is expressed in neuronal and non-neuronal tissues during 

development and repair and specifically in areas of neurogenesis and plasticity in adulthood 

(Šekeljić and Andjus 2012). TnC is known to bind to cell surface integrins, immunoglobulin 

cell adhesion molecules (IgCAMs), annexin II and the transmembrane receptor protein 

tyrosine phosphatase β (RPTPβ), and to interact with fibronectin and sulphated 

proteoglycans (Šekeljić and Andjus 2012; Jakovcevski et al. 2013) . TnR forms mainly 

trimeric structures that have a similar consecutive arrangement of domains as TnC. TnR is 

not found in the systemic ECM. It is synthesised exclusively in the CNS and secreted by 

oligodendrocytes and some neurons, where it contributes to the formation of PNN (F. S. 

Jones and Jones 2000). 

 

1.4.1.6 Hyaluronan and proteoglycan link protein (HAPLN) 

There are four members of the link protein family: cartilage link protein (Crtl1 [HAPLN1]), 

brain-derived link proteins 1 and 2 (Bral1 [HAPLN2], Bral2 [HAPLN4]) and HAPLN3 

(Spicer, Joo, and Bowling 2003). In the CNS, Crtl1 plays a crucial role in the formation and 

stability of CSPG and HA complexes (Kwok, Carulli, and Fawcett 2010). In addition, PNNs 

are also stabilised by Bral2, while perinodal ECM has been reported to be associated with 

higher concentrations of Bral1. Ctrl1 is thought to classically binds the CSPGs aggrecan and 

neurocan, while Bral2 localises with the CSPG brevican (Bekku et al. 2003; R. A. Asher et 

al. 1995). 

 

1.4.1.7 Sulphated proteoglycans 

Proteoglycans consist of a core protein covalently bound to negatively charged 

glycosaminoglycan (GAG) chains, which in turn are differently sulphated. Depending on the 

combination of constituent sugars, GAGs are classified as heparan sulphate (HSPG), keratan 

sulphate (KSPG), dermatan sulphate (DSPG) or chondroitin sulphate (CSPG).  

In HSPG, DSPG and CSPG GAG, synthesis is initiated in the Golgi by the sequential 

addition of four monosaccharides [xylose, two molecules of Gal and GlcA] to form a linker 

tetrasaccharide. In KSPG, the GAGs are derived from N- or O-linked oligosaccharides. 

Unbranched polysaccharide chains are then elongated by repeated alternate addition of an 
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amino sugar and GlcA. In HSPG and KSPG, the amino sugar is N-acetylglucosamine; in 

CSPG and DSPG, the amino sugar is N-acetylgalactosamine (GalNAc). The crucial step in 

the synthesis of chondroitin sulphate and dermatan sulphate GAGs is the epimerisation of 

GlcA to its stereoisomer iduronic acid; the presence of iduronic acid leads to the synthesis 

of dermatan sulphate. GAG chains are additionally variably sulphated by sulphotransferase 

enzymes (Iozzo and Schaefer 2015). CSPGs are described in more detail owing to their 

importance for CNS plasticity and repair. 

 

1.4.1.8 Chondroitin sulphate proteoglycans 

CSPGs are a well-studied family of CNS ECM molecules. They are known to play an 

important role in preventing nerve growth and limiting plasticity after CNS injury. Members 

of the CSPG family involved in the response to CNS injury include the lecticans, NG2, 

phosphacan and the small leucine-rich proteoglycans decorin and biglycan. The structure of 

a CSPG consists of a protein core covalently linked to one or more simple GAG chains, 

which have distinct roles in the biological function of the CSPG (Laabs et al. 2007; Bukhari 

et al. 2011). Several studies emphasised the important role of GAG chains in neuronal 

growth inhibition and regeneration (Geissler et al. 2013; Laabs et al. 2007; Carulli et al. 

2010; Difei Wang et al. 2011; H. J. Lee et al. 2012). It has also been suggested that most of 

the functions of the CSPGs are mainly carried out by the chondroitin sulphate moieties, while 

the core proteins act as a scaffold (Laabs et al. 2007).   

 

1.4.1.9 Lecticans 

The neural ECM includes the CSPG of the lectican family of proteins, which are the most 

abundant family of CSPG in the CNS (Geissler et al. 2013; Bekku and Oohashi 2010). 

Members of the lectican family include aggrecan, versican, neurocan and brevican. They all 

have a G1 domain at the N-terminus and a G3 domain at the C-terminus. The G1 domain 

contains an HA-binding region and an immunoglobulin-like loop that interacts with the HA 

and the link protein to form stable. ternary complexes in the ECM. The G3 domain contains 

epidermal growth factor receptor (EGFR) repeats (both EGFR and calcium-binding EGFR), 

a C lectin domain (CLD) and a complement binding protein-like motif. The CLD is involved 

in mediating interactions with other matrix components and has a conserved expression in 

all lecticans. These include ligands with multimeric affinity for CLD, such as tenascins, 

presumably enabling cross-linked matrix assembly (Lundell et al. 2004). The affinity of such 

interactions can also be regulated by alternative splicing of other G3 domains (Day et al. 
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2004). In addition, aggrecan contains a G2 domain, which has a similar composition to the 

tandem repeats within G1 but is not thought to confer any additional interaction with HA 

(Kiani et al. 2002; Howell and Gottschall 2012). Based on the incorporation of two GAG-

binding domains, termed GAG-α and GAG-β, versican has four differently glycosylated 

splice variants. V0 isoform contains both GAG-α and GAG-β regions, V1 contains only 

GAG-β and V2 contains only GAG-α. V3 lacks GAG-binding domains and therefore CS 

chains. V2 has been suggested to be specifically involved in the structuring of the perinodal 

ECM during development (Dours-Zimmermann et al. 2009). Lectican expression levels and 

locations change during development, culminating in organised, stable. and abundant 

distribution in healthy adult ECM. 

 

1.4.1.10 NG2 

In the healthy CNS, NG2 is found on the surface of developing and adult oligodendrocyte 

precursor cells (Levine, Reynolds, and Fawcett 2001). A single transmembrane segment 

separates a large extracellular domain from a short cytoplasmic tail. This can be cleaved at 

sites close to the outer plasma membrane and released into the ECM as the entire 

ectodomain. From a structural and functional point of view the extracellular part can be 

further subdivided into three domains; N-terminal globular domain 1, an extended central 

non-globular domain 2 and the juxtamembrane domain 3. The central domain 2 contains 

GAG attachment sites. It also interacts with collagen V and VI (Tillet et al. 1997; Stallcup 

2002). Depending on whether the ectodomain is cleaved or not, domains 1 and 3 are likely 

to be differentially accessible for interaction with the ECM and neurons (Ughrin, Chen, and 

Levine 2003; A. M. Tan, Zhang, and Levine 2005). After CNS injury, the proliferation of 

NG2+ive cells has been observed at the site of injury (Levine 1994). These represent a mixed 

population of cells including oligodendrocyte precursors, meningeal cells and macrophages. 

The collective effect of these cells is increased NG2 expression (Bu, Akhtar, and Nishiyama 

2001; McTigue, Tripathi, and Wei 2006; L. L. Jones et al. 2002; Hampton et al. 2004).  

 

1.4.2 The role of the ECM in regulating CNS plasticity during development 

The ECM is a critical regulator of CNS plasticity during development. The ECM can be 

thought of as a supportive environment that shapes the way nerve cells grow, connect and 

change. CNS plasticity refers to the ability of the CNS to change and adapt. The ECM plays 

a role in this by influencing the strength of synapses and the ability of neurons to adapt their 

connections. It's as if the ECM holds the reins on how much the CNS can change at different 
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stages of its development. During postnatal development, the CNS goes through critical 

periods when it's particularly open to learning and change. Through the gradual maturation 

of ECM composition, the ECM helps to control these periods as the neural circuit approaches 

its adult form (Barros, Franco, and Müller 2011; Long and Huttner 2021). An understanding 

of the mechanisms by which the critical period is initiated and terminated will inform 

approaches aimed at re-activating plasticity in order to promote repair after injury (Nahmani 

and Turrigiano 2014). As the critical period closes, the ECM undergoes significant changes 

(Burnside and Bradbury 2014). The formation of the PNN coincides with the end of the 

critical period (Mirzadeh et al. 2019). Correspondingly, there is an upregulation of aggrecan 

and HA as the critical period closes (Carulli, Rhodes, and Fawcett 2007). CSPG expression 

is also associated with critical period closure (Lander et al. 1997). In addition, a 

developmental increase in the ratio of four- to six-sulphated CSPGs has been shown to close 

the critical period for plasticity and is associated with the expression of the homeoprotein 

Otx2 and the associated transcriptional activation of mature firing dynamics (Sugiyama et 

al. 2008; Miyata et al. 2012). Put simply, the ECM forms the framework for the developing 

CNS. It provides guidance for axons, supports synapse formation, influences plasticity and 

even influences recovery from injury. To unravel the mysteries of brain development and 

find ways to improve recovery from CNS injury, understanding how the ECM works is 

crucial. 

 

1.4.3 The ECM after injury 

Following injury to the CNS, there are dramatic changes in the composition of the ECM. 

This, in turn, is likely to be influenced by the nature of the injury, depending on which cells 

are subsequently localised at the site of injury. For example, after blunt trauma that disrupts 

the BBB but leaves the dura intact (such as contusive SCI), glia cells are generally considered 

to be the main source of scar matrix deposition, whereas penetrating SCI results in greater 

fibroblast invasion across the disrupted meninges (Silver and Miller 2004). Fig. 5 shows the 

typical cell recruitment and expression of ECM components after penetrating SCI compared 

to blunt trauma in the CNS (focus on CSPG expression after SCI). 
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Fig. 5. The glial scar. Immune cells, including macrophages, invade the lesion through the 

disrupted BBB following CNS injury. Astrocytes undergo morphological changes, closing 

the BBB and spatially isolating core damage and inflammation from spared tissue. 

Specifically, the synthesis and release of inhibitory chondroitin sulfate proteoglycans 

(CSPGs) into the ECM are upregulated. (A) A lesion of the spinal cord that has penetrated 

the dura. Fibroblasts are also proliferating from the damaged meninges. (B) A spinal cord 

contusion injury in which the dura mater remains intact. A fluid-filled cavity forms after 

phagocytosis of necrotic tissue and cellular debris, surrounded by a sparing rim of white 

matter. Meningeal fibroblast invasion is not prominent after this type of non-penetrating 

trauma, but fibroblasts may be derived from perivascular sources or from infiltrating 

Schwann cells (not shown in this diagram). Fig. 5 is a modification of (Burnside and 

Bradbury 2014). Created with BioRender.com. 

 

1.4.3.1 Glial scar 

After CNS injury, a cascade of secondary pathology is triggered by primary axonal and 

vascular damage. BBB permeability is increased and a neuroinflammatory response is 

initiated with upregulation of local pro-inflammatory cytokines and chemokines  (D. J. 

Donnelly and Popovich 2008). This activates predominantly astrocytes as well as microglia 

and oligodendrocyte precursor cells (OPCs) to form the glial component of the injury 

response and develop a glial scar. The main cellular components of the glial scar are reactive 

astrocytes. Reactive astrocytes are characterised by increased glial fibrillary acidic protein 
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(GFAP) expression. They proliferate and exhibit changes in gene expression and 

morphology. Classically, they are thought to undergo hypertrophy and extend overlapping 

processes leading to persistent scar formation (Sun and Jakobs 2012). This is also associated 

with increased expression of TnC (Y. Zhang et al. 1997; Laywell et al. 1992) and, in 

particular, sulphated proteoglycans (Morgenstern, Asher, and Fawcett 2002). Molecular 

triggers of reactive astrogliosis after CNS trauma include cytokines, trophic factors and some 

molecules upregulated as a result of oxidative stress (John, Lee, and Brosnan 2003; 

Sofroniew 2009). A particular mechanism proposed to directly induce astrocytic CSPGs 

synthesis is the extravasation of fibrinogen and TGF across the disrupted BBB (Schachtrup 

et al. 2010). Reactive astrocytes have important roles in the restoration of extracellular 

homeostasis and the release of pro- and anti-inflammatory cytokines after injury, but it is 

their role in scar formation that has a direct impact on the organisation and composition of 

the ECM in regions of CNS injury (Silver and Miller 2004). 

 

There are important healing and protective aspects to the glial scar. However, despite the 

beneficial role of glial scar formation in the maintenance of homeostasis and the sealing of 

areas of CNS damage, it has also been associated with failure of regeneration (James W 

Fawcett and Asher 1999). This has been attributed in part to the presence of the dense 

configuration of reactive astrocytes that form a physical barrier to growth cone progression, 

but also to the accumulation and persistence of a number of inhibitory ECM molecules, 

particularly CSPGs (Fitch and Silver 2008; James W. Fawcett et al. 2012). In addition to 

astrocytes, microglia and OPCs are contributors to the glial scar. Microglia are ubiquitously 

distributed as a resting population and are the resident immune cells within the CNS. Upon 

injury, they proliferate, morphologically change, release cytokines, ROS, free radicals and 

acquire a phagocytic phenotype (Davalos et al. 2005; Streit, Walter, and Pennell 1999). 

OPCs also proliferate after CNS injury. They exhibit hypertrophy with elongated cell 

processes. They up-regulate the expression of the α-receptor for platelet-derived growth 

factor (PDGF) and CSPGs, in particular NG2 (Levine 1994; Z. J. Chen et al. 2002). 

 

1.4.3.2 Fibrotic scar 

A general feature of scar formation in all organs across a range of pathologies is the 

generation of collagenous tissue and ECM proteins derived from fibroblasts (Gurtner et al. 

2008). Following injury to the CNS, the cell populations that contribute to a fibroblast 

phenotype are likely to be mixed. Meningeal fibroblasts are known to contribute to scar 



 

 36 

formation and secrete collagen (particularly types I, III and IV) (Matthews et al. 1979; 

Weidner, Grill, and Tuszynski 1999), fibronectin and laminin (Shearer and Fawcett 2001). 

Endothelial cells may contribute (Schwab et al. 2001) and one study has implicated type A 

pericytes in the division, migration and formation of stromal cells that contribute to lesion 

core fibrosis (Göritz et al. 2011). In a spinal contusion model (nonpenetrating injury with 

intact dura), collagen1α1 cells were also identified as a source of perivascular fibroblasts 

distinct from pericytes (Soderblom et al. 2013). An infiltrating Schwann cell scar component 

has also been documented. This feature has been further characterised in post-mortem human 

tissue following particularly severe maceration-type spinal injury and is associated with 

collagen IV, laminin and fibronectin deposits surrounding the glial scar (Armin Buss et al. 

2007).  

 

1.4.3.3 CSPGs are upregulated in the ECM following injury 

There is a general up-regulation of CSPGs in the ECM following injury to the CNS (Moon 

et al. 2002; Plant, Bates, and Bunge 2001). CSPGs are known to inhibit axon regeneration 

(McKeon, Höke, and Silver 1995; Snow, Brown, and Letourneau 1996; Morgenstern, Asher, 

and Fawcett 2002; Smith-Thomas et al. 1994; L. L. Jones, Margolis, and Tuszynski 2003), 

and various sulfated GAG chains are responsible for much of their inhibitory effect, although 

aspects of the CSPG core protein are also known to possess inhibitory properties (Ughrin, 

Chen, and Levine 2003; Lemons et al. 2003). To date, receptors that have been reported to 

mediate CSPG inhibition include RPTPσ (Yingjie Shen et al. 2009; Fry et al. 2010) and the 

related leucocyte common antigen-related phosphatase (LAR) (Fisher et al. 2011), the EGF 

receptor (Koprivica et al. 2005) and the Nogo receptors NgR1 and NgR3 (Dickendesher et 

al. 2012). Pathways involved in CSPG inhibition include the canonical Rho/ROCK 

signalling pathway (Monnier et al. 2003), protein kinase C (PKC) (Sivasankaran et al. 2004), 

Akt/GSK3β (Dill et al. 2008) and via impaired phosphorylatory cascades in integrin 

signalling (C. L. Tan et al. 2011). 

 

1.4.3.4 Targeting of extracellular matrix may be beneficial for functional recovery after 

SCI 

Removal or disruption of CSPGs can be achieved by inhibiting their synthesis, enzymatic 

degradation, antibody neutralisation or pharmacological targeting of effector molecules. The 

bacterial enzyme chondroitinase ABC (ChABC) is most commonly used for enzymatic 

modification of CSPGs. It catalyses the degradation of the glycosidic linkages between the 
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CS-GAGs of CSPGs, releasing them from the CSPG core protein (Prabhakar, Capila, et al. 

2005; Prabhakar, Raman, et al. 2005). The beneficial effects of ChABC delivery have been 

replicated by many independent laboratories in various injury models (Bradbury and Carter 

2011). The positive results obtained with the use of ChABC in rodents have been further 

confirmed in larger animals.  

 

There are endogenous proteins that can also influence matrix composition. These could be 

used therapeutically. These include matrix metalloproteinases (MMPs), a disintegrin and 

metalloproteinases (ADAMs) and a disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTS) (Troeberg and Nagase 2012). MMPs, ADAMs and ADAMTS have been 

suggested to play a beneficial role in CNS injury through the degradation of CSPGs 

(Burnside and Bradbury 2014). Ultimately, removing CSPGs has been consistently shown 

to be beneficial for nearly two decades, and it is possible to see the next steps in translating 

CSPG-targeted therapies to the clinic. 

 

Independent laboratories (M. S. Chen et al. 2000; T. GrandPré et al. 2000) have reported 

growth of CNS axons and recovery of limb function following the use of anti-Nogo-A 

antibodies. Interestingly, co-delivery of anti-Nogo-A antibodies and ChABC is more 

effective than either treatment alone in improving functional recovery following SCI, 

suggesting that removing multiple inhibitory factors is beneficial (Zhao et al. 2013). Nogo 

receptor antagonist NEP1-40 originally enhanced corticospinal tract and serotonergic fibre 

growth after thoracic dorsal hemisection in rats with striking results (Tadzia GrandPré, Li, 

and Strittmatter 2002). Promising results from the last 30 years of preclinical research on 

Nogo-A and anti-Nogo-A antibodies have led to the first human intrathecal application of 

anti-Nogo-A antibodies in a phase I human clinical trial for cervical SCI (Kucher et al. 2018), 

and further trials of NOGO intervention are currently underway (NCT03935321:‘NISCI - 

Nogo Inhibition in Spinal Cord Injury (NISCI)’, n.d.; NCT03989440: AXER-204 in 

Participants With Chronic Spinal Cord Injury (RESET)’, n.d.). 

 

1.5. Unlocking axonal resilience: integrins and intrinsic mechanisms of 

axon regeneration 

As we have already seen, in the adult spinal cord there is very little regeneration of damaged 

axons after an injury.  However, unlike the previous section which focused on the role of the 

extrinsic environment, to get the full story we should also discuss the neurons themselves. 
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When the axon is injured, the retraction bulb is formed and there is limited axon sprouting 

due to the low intrinsic growth capacity. But this is not the case during development; at this 

stage, axons have a much greater intrinsic growth capacity (Liu et al. 2011). They are able 

to grow towards their targets using the extrinsic cues that guide the growth cone as it extends 

over cells and through the extracellular matrix. One of the molecules involved in this process 

is the family of receptors known as integrins. Integrins are cell surface proteins that bind to 

molecules in the ECM and transduce external signals that regulate the cytoskeleton and 

activate intracellular signalling pathways that modulate axonal growth. This subsection 

discusses the intrinsic mechanisms regulating axon regeneration from an integrin perspective 

only (Eva et al. 2012).  

 

1.5.1 Integrin structure, activation, and interactions 

The integrin family is involved in a wide range of processes, including tissue development 

(Danen and Sonnenberg 2003), neuronal development (Gardiner 2011) the immune response 

(Means and Luster 2010), cancer (Wenjun Guo and Giancotti 2004), synaptic plasticity (Park 

and Goda 2016) and axonal regeneration in the PNS (Gardiner 2011; Eva and Fawcett 2014). 

Integrins are a heterodimeric family of receptors. They are composed of an alpha and a beta 

subunit. It is the combination of these subunits that determines the specificity of their binding 

to the ECM (Hynes 2002; Myers, Santiago-Medina, and Gomez 2011). They are complex 

receptors that are bi-directional in that affinity for the ligand is strictly regulated by inside-

out activation, whereas binding of activated integrin to its ligand results in outside-in 

signalling (Hynes 2002) (Fig. 6A). Integrins can, however, be inactivated by inhibitory 

molecules in the CNS (F. Hu and Strittmatter 2008; C. L. Tan et al. 2011). This inactivation 

can be overcome by activation from the inside out, which can be achieved in several ways. 

For example, in non-neuronal cells, the presence of talin and kindlins, which bind to the C-

terminus of integrins, can regulate the affinity of integrins to the ECM (Anthis and Campbell 

2011; Ye, Kim, and Ginsberg 2012; Moser et al. 2009).  Talin-mediated activation alters the 

structure of the transmembrane domain of the 1 integrin, inducing a conformational change 

in the extracellular domain and thereby increasing its ability to bind to ligands (Askari et al. 

2009). This is facilitated by kindlin proteins. Their combined action forces the integrins into 

a high-affinity state (Fig. 6B). Talin is also dependent on activation by signalling molecules, 

so that the inside-out activation of integrins is complex and ultimately controlled by a large 

number of signalling molecules, including calcium ions, diacylglycerol, Rap1, 

phosphatidylinositol 4,5-bisphosphate and calpain (Anthis and Campbell 2011; Moser et al. 
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2009). How integrins in axons are regulated by talin and kindlins is not fully understood, but 

talin is reportedly present at growth cone filopodia tips (Myers, Santiago-Medina, and 

Gomez 2011; Renaudin et al. 1999). Furthermore, brain and cultured central and peripheral 

neurons showed that the expression of kindlin-1 and kindlin-2 are important for the 

regulation of integrin activation and axon growth (C. L. Tan et al. 2012). Once bound to their 

ligands, integrins alter cell behaviour by triggering outside-in signalling and binding to the 

cytoskeleton in an adhesion complex. These focal adhesion complexes are known as point 

contacts on growth cones (Renaudin et al. 1999). The focal adhesions have been well 

characterised. They consist of scaffold proteins such as talin, vinculin and paxillin, which 

link the complex to the actin cytoskeleton, and numerous signalling and adaptor molecules 

such as focal adhesion kinase (FAK) and Src, which regulate the complex and transmit 

outside-in signals (Huttenlocher and Horwitz 2011; Parsons 2003). All the key components 

of focal adhesions listed above are present in growth cone point contacts (Renaudin et al. 

1999), so it is therefore likely that integrins at the growth cone function in a similar way to 

other cellular locations, although they may be subject to growth cone-specific regulation. 

Finally, integrin function is further regulated through transport, which is a major determinant 

of adhesion, spread, migration and cancer invasion (P. Caswell and Norman 2008; M. C. 

Jones, Caswell, and Norman 2006; Margadant et al. 2011; Pellinen and Ivaska 2006). 

 

 

Fig. 6. (A) shows that the integrin family of cell adhesion receptors is involved in 

bidirectional signalling, with inside-out signalling activating integrin ligand binding and 

outside-in signalling mediating cellular responses triggered by integrin ligand binding, 

leading to cell spreading, retraction, migration and proliferation. (B) Integrin function is 

structurally regulated. The schematic shows the three different conformations of the integrin. 

In its low affinity state, the integrin is sharply bent, and the headpieces are close to the plasma 

membrane. In the intermediate affinity state, the ECM ligands or cytoplasmic proteins lead 
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to a complete extension of the extracellular domains. However, the separation of the 

cytoplasmic leg domains is the hallmark of the open high affinity activated integrin. Created 

with BioRender.com. 

 

1.5.2 Relationship between integrin and regeneration 

Neurons in which integrins are localised in axons are also the neurons that have been shown 

to regenerate most readily. It is therefore of interest to have a link between the subcellular 

localisation of integrins and the regenerative capacity of the nervous system (Nieuwenhuis 

et al. 2018). As mentioned above, integrins play a crucial role in coordinating the 

development of the CNS and PNS. Axon growth is a specialised form of cell migration, and 

for any cell to migrate, the growth tip must have an adhesion molecule that recognises an 

environmental ligand and is linked to signalling and cytoskeletal mechanisms. Successful 

axon extension is due in large part to a discrete balance of integrin and ECM expression that 

occurs during development. As the CNS develops, different integrins are expressed by 

numerous neuronal populations. Not only are they involved in axon initiation and 

development, but they are also required for the correct formation of neuronal architecture 

through interactions with their ligands (Liu et al. 2011) These ligands are differentially 

expressed throughout the CNS. However, in the adult CNS, especially in response to injury, 

neurons are less likely to express high levels of integrins compared to their developing 

counterparts, leaving neurons without the necessary receptors to regrow through a lesioned 

environment that is often characterised by highly upregulated ECM (Hammarberg et al. 

2000; L. S. Jones 1996; Pinkstaff et al. 1999). Interestingly, axon growth could be seen as a 

specialised form of cell migration. 

 

All cell migration has to follow the same biological rules. For any cell to migrate, it must 

have receptors on its surface that are capable of binding to molecules in its surroundings, 

and these receptors must be linked to intracellular signalling pathways and the dynamic 

cytoskeleton. Cell surface receptors are trafficked to and from the surface by endosomal 

trafficking machinery. Integrins are the key receptors for ECM molecules and regenerating 

axons need to penetrate the glial ECM. In the adult CNS, the major ECM glycoprotein is 

Tn-C, which is upregulated at sites of injury in the brain and spinal cord. The integrin that 

allows cells to migrate on Tn-C is α9β1, and this integrin is expressed in the CNS during 

embryonic development, but it is then downregulated in the adult and is not upregulated after 

injury.  
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When Fawcett's group at Cambridge started working in this area, the first question they asked 

was whether expressing α9β1 in adult neurons would promote axon regeneration. They 

found that neurons transfected in vitro grew long axons on Tn-C, but when the same idea 

was tried in vivo, there was much less regeneration. An adeno-associated virus (AAV) vector 

was used to transfect sensory neurons with α9β1 and when the dorsal root was injured, only 

a small increase in regeneration was seen (compared to control). The reason for the 

difference between in vitro and in vivo regeneration turned out to be that the major inhibitory 

molecules of the adult CNS (not present in the in vitro model) all inactivate integrins, 

preventing them from binding to Tn-C and signalling (J. W. Fawcett 2017; Cheah et al. 

2016). The next steps in their experiments were therefore to overcome the inactivation of 

integrins by CSPGs and NogoA. This was done by transducing neurons with kindlin-1 to 

prevent integrin inactivation. This allowed the axons to overcome the inhibitory environment 

after CNS injury, together with transduction with α9β1 integrin. When α9β1 and kindlin-1 

were delivered to the C6 and C7 dorsal root ganglia and the roots crushed, the regenerating 

axons were able to overcome the inhibitory environment. The regenerated sensory axons 

grew all the way up the spinal cord to the medulla, making connections in the correct layers 

of the dorsal horn along the way. This is a previously unattained level of regeneration, and 

the new connections worked: the animals regained the sense of pain and touch (J. W. Fawcett 

2017; Cheah et al. 2016). A prerequisite for this is that the neurons are able to transport 

integrins and kindlin down their axons to the site of the axotomy so that they can take part 

in the regeneration and extension of the axon growth cone. For dorsal root ganglion (DRG) 

neurons, this does not seem to be a problem, as almost all molecules expressed in the cell 

bodies appear to be transported down the axons (J. W. Fawcett 2017). This raises the 

question of whether the overexpression of α9β1 in the (dorsal root ganglion) DRG would 

lead to the same functional recovery after SCI.   

 

Taken together, this suggests that forced expression of an appropriate integrin that interacts 

with available molecules in the ECM has the potential to alter the intrinsic ability of an axon 

to grow, as expression of a single subunit of a growth-promoting integrin can allow growth 

in an otherwise inhibitory environment. For example, expression of α9 integrin together with 

its activator kindlin-1 allows axon growth over tenascin-C in vitro and some sensory axon 

regeneration after dorsal root crush in the spinal cord in vivo (Cheah et al. 2016). 
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1.6 Strategies for spinal cord regeneration 

As previously discussed, SCI involves extensive processes ranging from nervous cell death 

to vasculature changes and ECM remodelling (Hilton, Moulson, and Tetzlaff 2017; 

Bradbury and Burnside 2019). This occurs as a time-dependent cascade of complex 

biological processes which may take months to years after injury (A. Buss et al. 2004; 

Meldrum 2000; D. J. Donnelly and Popovich 2008). Some spontaneous recovery is observed 

in experimental animal models and less so in humans (Curt et al. 2008; Hilton et al. 2016). 

However, the endogenous repair mechanisms are of minor importance and the recovery 

remains incomplete (J. W. Fawcett et al. 2007; Gregoire Courtine et al. 2008). Furthermore, 

by reactivating processes that trigger axon growth during development, axon regeneration is 

possible in the adult CNS. In fact, there is a remarkable communication between the growth 

machinery that is present during development and the components that are present in the 

adult. This machinery has been found to be severely inhibited by growth inhibitors in the 

adult CNS, and releasing this inhibition appears to be a way of triggering axon regeneration 

(Winter, He, and Jacobi 2022). On the basis of the pathology of SCI and the development, 

researchers have identified several targets for developing potential therapeutic interventions. 

These can be described as the ‘7 Rs’. Firstly, the Reduction of secondary damage (Badhiwala 

et al. 2018; Ditor et al. 2007; Feldblum et al. 2000; Baptiste and Fehlings 2006; Mao et al. 

2017; Thuret, Moon, and Gage 2006) which mainly involves the pharmacological agents 

that suppress the immune system or inhibit key pathways involved in inflammation. Cell 

transplants have the potential to fill in the lesion and thus Replace the injured tissue (Griffin 

and Bradke 2020; Assinck et al. 2017). The Resupply of neurotrophins, which help neurons 

to survive, develop and function may improve neuronal survival and direct axonal growth 

(Griffin and Bradke 2020). It is controversial whether it is appropriate to target 

Remyelination following SCI. The myelin sheath of myelinated axons increases the speed 

of action potential transmission. The importance of this property is obvious in multiple 

sclerosis, but researchers have recently questioned whether pathophysiological 

oligodendrocyte support and remyelination contributions are relevant for functional 

recovery after SCI (Duncan et al. 2020). Following SCI, there are widespread acute 

oligodendrocyte death and axonal demyelination, and remyelination has been suggested to 

be important to protect axons from further degeneration and improve conduction 

(Norenberg, Smith, and Marcillo 2004; Nave 2010b; 2010a; Almad, Sahinkaya, and 

McTigue 2011). Two approaches are available: Transplanting cells that can directly 

differentiate into oligodendrocytes or promoting the recruitment and differentiation of 
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endogenous OPCs (Tetzlaff et al. 2011; Karimi-Abdolrezaee and Eftekharpour 2012; K. A. 

Irvine and Blakemore 2008; Duncan et al. 2020). With regard to remyelination, there are 

still doubts as to whether therapeutic targeting of oligodendrocyte remyelination is a 

worthwhile target for clinical translation. Rehabilitation is important in pruning and refining 

circuits that are relevant to the specific motor task (Mang et al. 2013). In addition, 

rehabilitation stimulates local neurotransmitter production (Côté et al. 2011), modulates 

several neurotransmitter systems (Edgerton et al. 2004) and promotes compensatory relay 

network sprouting (Grégoire Courtine et al. 2009). In addition, several studies have 

demonstrated an important role for rehabilitation in regeneration and plasticity (Loy and 

Bareyre 2019). In mice, rats and cats, different forms of rehabilitation can improve recovery 

of motor function after SCI (Loy and Bareyre 2019). The Removal of the inhibitory 

molecules and the Regeneration by targeting the intrinsic mechanism of the neuron have 

already been mentioned in the previous chapters. 

 

1.7 Current research and new and experimental therapies 

New and experimental therapies are not only about novel therapeutics, but also about how 

to deliver something that is already known, or how to make existing therapies more stable. 

or easier to use in human patients. The routes and methods of delivery of therapeutics are of 

paramount importance in SCI therapies and research. Not only is it essential to understand 

the underlying mechanisms and propose effective treatments, but it is also critical to 

determine how these therapies will be delivered to animal models and humans. Choosing the 

appropriate route of administration, such as intravenous, intrathecal or local injections, plays 

a key role in ensuring targeted delivery of the therapeutic agent to the injured spinal cord. In 

addition, the development of innovative delivery systems, such as nanoparticles or gene 

therapy vectors, but also to find a drug that can be administered orally, thus providing a 

completely non-invasive route of administration. It can increase the precision and efficiency 

of treatment. In SCI research, this careful consideration of delivery methods is critical to 

bridging the gap between promising laboratory findings and their practical application in 

clinical settings, ultimately aiming to improve the quality of life of people affected by SCI. 

 

Areas of active research that have the potential to transform the field of spinal cord care 

include the following (Khan and Ahmed 2022):  for example, the stem cell research, 

particularly using induced pluripotent stem cells (iPSCs) and neural stem cells, has received 

considerable attention. These cells have the potential to differentiate into a variety of neural 



 

 44 

cell types and to promote the regeneration of tissues (Wen Guo et al. 2022).  Moreover, the 

advances in gene therapy, such as the use of adeno-associated viral (AAV) vectors, have 

attracted interest as a promising system for transgene delivery to the CNS due to their safety 

profile and long-term gene expression (Stepankova, Jendelova, and Machova Urdzikova 

2021). Pharmacological therapy is another potential intervention. Research into novel drugs 

that target specific molecular pathways for neural repair, neuroprotection, reduction of 

inflammation and manipulation of inhibitory extrinsic factors at the lesion site has made 

considerable progress (Moretti et al. 2023). 

 

1.7.1 AAV-mediated gene therapy 

In recent years, adeno-associated virus (AAV)-mediated gene therapies have gained clinical 

interest for the treatment of a wide range of neurodegenerative and neuromuscular diseases, 

such as amyotrophic lateral sclerosis (Cappella et al. 2019), Alzheimer's disease (Rafii et al. 

2018; Hara et al. 2004; J. Zhang et al. 2003; Fukuchi et al. 2006), Parkinson's disease (Leff 

et al. 1999; Y. Shen et al. 2000; Keeler and Flotte 2019), Huntington's disease  (B. D. Dufour 

et al. 2014), spinal muscular atrophy (Pattali, Mou, and Li 2019), and others. In SCI, gene 

therapy has been used to remove scar tissue and allow new cord-muscle and cord-brain 

connections to form (Taha 2010; Bo et al. 2011; Rowland et al. 2008; Franz, Weidner, and 

Blesch 2012; Uchida et al. 2014). Adeno-associated virus (AAV) vectors have emerged as a 

potential solution for the above diseases. 

 

Although there is potential for the treatment of SCI and preclinical studies have 

demonstrated its use in rodent models of SCI, AAV-mediated gene therapy for SCI is still 

in its infancy. Therefore, there has been no successful clinical translation to date and research 

in this area needs to be further developed and optimised. 

 

The simple goal of all gene therapies, which is also true of AAV-mediated gene therapies, 

is to safely deliver nucleic acid cargo into cells, which has lagged behind the identification 

of disease-associated genes.  

 

In simple terms, AAV is a protein coat that surrounds and protects a small single-stranded 

DNA genome of about 4.8 kb. AAV is a member of the parvovirus family and is dependent 

on co-infection with other viruses, mainly adenoviruses, for replication. Initially 

serologically differentiated, hundreds of unique AAV strains have been identified in 
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numerous species through molecular cloning of AAV genes. Their single-stranded genome 

contains three genes: Rep (replication), Cap (capsid) and aap (assembly). Through the use 

of three promoters, alternative translation start sites and differential splicing, these three 

genes give rise to at least nine gene products. These coding sequences are flanked by inverted 

terminal repeats (ITRs) that are required for replicating and packaging the genome. The Rep 

gene encodes four proteins (Rep78, Rep68, Rep52 and Rep40) that are required for viral 

genome replication and packaging, while Cap expression gives rise to the viral capsid 

proteins (VP; VP1/VP2/VP3), which form the outer capsid envelope that protects the viral 

genome and are actively involved in cell binding and internalisation. It is estimated that the 

viral envelope is made up of 60 proteins that are arranged in an icosahedral structure with 

the capsid proteins in a molar ratio of 1:1:10 (VP1:VP2:VP3). The aap gene, which overlaps 

the cap gene in an alternate reading frame, encodes the assembly-activating protein (AAP). 

This protein is located in the nucleus and is thought to provide a scaffolding function for 

capsid assembly (Berns and Bohenzky 1987; Balakrishnan and Jayandharan 2014; Warnock, 

Daigre, and Al-Rubeai 2011). 

 

Although there is much more to the biology of wild-type AAV, much of which is not fully 

understood, this is not the form that is used to generate gene therapeutics. Recombinant AAV 

(rAAV), which lacks viral DNA, is essentially a protein-based nanoparticle engineered to 

traverse the cell membrane, where it can ultimately traffic and deliver its DNA cargo into 

the nucleus of a cell. In the absence of Rep proteins, ITR-flanked transgenes encoded within 

rAAV can form circular concatemers that persist as episomes in the nucleus of transduced 

cells (Choi, McCarty, and Samulski 2006). During vector production, the ITRs are required 

to direct genome replication and packaging. The remaining wt-AAV protein coding 

sequences are replaced by the therapeutic gene expression cassettes. When the viral coding 

sequence is completely replaced, it increases the packaging capacity of AAV vectors. It also 

contributes to their low cytotoxicity and immunogenicity after in vivo delivery (Dan Wang, 

Tai, and Gao 2019; Verdera, Kuranda, and Mingozzi 2020). Because recombinant episomal 

DNA does not integrate into host genomes, it will eventually be diluted over time as the cell 

undergoes repeated rounds of replication. This will eventually result in the loss of the 

transgene and transgene expression, with the rate of transgene loss dependent on the turnover 

rate of the transduced cell. These characteristics make rAAV ideal for certain gene therapy 

applications. Following is an overview of the practical considerations for the use of rAAV 

as a gene therapy agent, based on our current understanding of viral biology and the state of 
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the platform. The final section provides an overview for how rAAV has been incorporated 

into clinical-stage gene therapy candidates, as well as the lessons learned from those studies 

that can be applied to future therapeutic opportunities. 

 

In general, there are a number of different routes of administration. Depending on the 

specificity of the AAV serotype and its ability to migrate from the periphery to the spinal 

cord, there are several non or minimally invasive ways to deliver the vector, e.g., 

intramuscular, intraneural and intravenous. The intrathecal route can also be considered 

minimally invasive. It is used to deliver the viral vector to brain cells. Following viral 

injection directly into the cerebrospinal fluid (CSF), AAV vectors can cross the BBB and 

expression can proceed directly to brain cells without requiring direct delivery to the brain 

(Fischell and Fishman 2021). Direct delivery, on the other hand, involves an invasive 

surgical procedure that targets a specific area of tissue in the spinal cord. This type of 

intervention is known as the intraparenchymal route of delivery of a viral vector (Fig. 7) 

(Hardcastle, Boulis, and Federici 2018). 

 

 

Fig. 7. (A) shows the schematic representation of the AAV vector that can be used for any 

gene therapy purpose. (B) shows the diagram of how the AAV vector infection occurs after 

delivery of the AAV vectors, and (C) shows the schematic representation of the possible 

routes of administration of the AAV vectors. Created with BioRender.com. 
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1.7.2 Oral treatment 

In general, finding an oral treatment that allows regeneration after SCI would be an absolute 

game changer for SCI patients. Oral treatment offers potential advantages for spinal cord 

injured patients. Compared to treatments that require injections or surgery, oral medications 

are often more convenient and easier to administer. This may have a positive effect on patient 

compliance and overall treatment adherence. The avoidance of invasive procedures can 

reduce the risk of complications, infections and other adverse effects associated with 

surgery. An oral treatment may eliminate the need for surgery or injections, resulting in a 

simpler and less risky treatment process. Compared to treatments that require specialised 

medical procedures, oral medicines may be more accessible to a wider population. This 

could make the treatment more widely available to people with spinal cord injuries, 

regardless of where they live or whether they have access to medical facilities. If well 

tolerated and safe, oral treatment could allow outpatient management, reducing the need for 

prolonged hospitalisation. Last but not least, oral medications can be more easily combined 

with other oral treatments or therapies, allowing a comprehensive and multifaceted approach 

to managing SCI (Alqahtani et al. 2021). 

 

According to the research, recently published in the British Journal of Clinical 

Pharmacology, oral treatments do not appear to be impossible for SCI patients. KCL-286 is 

a new drug being developed as a therapeutic intervention for spinal cord injuries. KCL-286 

is an orally available agonist that activates the retinoic acid receptor (RAR) β2, a 

transcription factor that stimulates axonal outgrowth, and has recently been tested in Phase 

1 clinical trials. The results showed that KCL-286 was well tolerated by healthy volunteers 

at doses that exceeded the potentially clinically relevant plasma exposure levels based on 

pre-clinical in vivo models.  Target engagement demonstrated that the drug candidate 

activates its receptor. These results support the continued development of KCL-286 to treat 

SCI (Goncalves et al. 2023, 1). 
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2. AIMS AND HYPOTHESIS  

In the introductory section of this thesis, we mentioned the difficulties that axons face in 

regenerating in the mature CNS. Regeneration in the adult mammalian CNS is unsuccessful 

due to reduced intrinsic regenerative capacity of affected neurons, myelin-associated 

inhibitory factors and components of the glial scar (Silver and Miller 2004). This basically 

leads to two main therapeutic approaches. In simple terms, we can either remove the 

inhibitory environment in the CNS and thus increase plasticity, or we can use the inhibitory 

environment in favour of regeneration by over-expressing the right isoform of a molecule 

that can bind to the inhibitory environment around the lesion site and thus allow axons to 

pass through the lesion and thus promote regeneration.  

 

2.1 Novel oral therapy for SCI: removing the inhibitory CSPGs to improve 

regeneration and plasticity 

As discussed earlier, enzymatic removal of CSPG and PNN by ChABC has been shown to 

reopen a critical window to enhance plasticity and promote functional recovery in several 

models of SCI (Yousefifard et al. 2022). The use of ChABC, however, has several 

drawbacks. The main drawback to the use of this bacterial enzyme is its thermal instability 

and short half-life, which requires multiple or continuous intrathecal administration, 

potential body immune response and difficult dosing (Z. Chen, Li, and Yuan 2015). In 

addition to ChABC, an attempt has been made to find an oral treatment that could replace 

ChABC in its use. A subset of 245 compounds known for their CNS penetration and oral 

bioavailability were tested. None of these 245 compounds showed sufficient ability to 

overcome CSPG inhibition (Keough et al. 2016). 

 

Our aim was to find another molecule that could be used as a replacement for ChABC after 

SCI. One of the candidates, a small molecule, 4-methylumbelliferone (4-MU), already 

approved by the FDA and EMA for use in human patients, which can down-regulate PNNs 

and reactivate neuroplasticity to improve memory (Dubisova et al. 2022). 4-MU is a well-

known inhibitor of the synthesis of HA (Nagy et al. 2015; 2019). Previous studies have 

shown that 4-MU inhibits the production of UDP-glucuronic acid (UDP-GlcA) (Galgoczi et 

al. 2020), a key substrate for HA production, and the expression of hyaluronan synthase 

(HAS), UDP-glucose pyrophosphorylase (an enzyme involved in the biosynthesis of UDP-

glucose) and UDP-glucose dehydrogenase (an enzyme that converts UDP-glucose to UDP-

glucuronic acid) (Kakizaki et al. 2004; Kultti et al. 2009). Interestingly, UDP-GlcA and some 
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other GAGs including dermatan and heparan sulphates are also substrates for the synthesis 

of chondroitin sulfate (CS). This means that in addition to the inhibition of HA synthesis, 

there should also be an inhibition of CSPG synthesis after 4-MU treatment. This suggests 

that 4-MU may be sufficient not only to disrupt the PNNs around spinal neurons and thus 

allow sprouting axons to make the new synaptic connections, as the PNNs would not prevent 

synaptic formation, but also to reduce the scar (where astrocytes produce a huge amount of 

HA and the CSPGs are upregulated) (Fig. 8). 

 

Fig. 8. Graphical summary for aim 1. 4-MU is a small molecule, a derivative of coumarin, 

that reduces HA and CSPGs - the main components of PNNs, but also the majority of the 

scar surrounding the spinal lesion. Created with BioRender.com. 

 

As 4-MU is administered orally, we expected the drug to have a systemic effect, and we also 

expected that if we were to use this drug to observe functional improvements after SCI, we 

would need to administer the drug long-term. We decided to do a pharmacological study 

first to see if the dose of 1.2 g/kg/day was safe for long-term use in rats (Fig. 9). Then we 

did a study in rats with SCI to assess its effect on chronic SCI (Fig. 10). The choice of the 

chronic phase of SCI was mainly on the basis of the clinical relevance of the potential use 

of the treatment. As the acute phase is more associated with trying to keep the patient safe, 

leaving little room for any additional treatment beyond what is needed to keep the patient 

alive, the mechanism of action may also be contraindicated for other physical complications. 
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2.1.1 Pharmacological assessment of the low dose of 4-MU 

 

Fig. 9. Graphical summary for aim 1.1. (A) Pharmacological evaluation and 

biomechanical analysis of animals treated with placebo, animals treated with 4-MU and after 

a wash-out period. Animals were treated for 10 weeks, and blood and urine samples were 

collected every 3 weeks and sent to SYNLAB for analysis. After 10 weeks, the placebo-

treated animals and half of the 4-MU-treated animals were sacrificed. The remainder of the 

4-MU-treated animals were kept for a further 9 weeks to observe the wash-out effect. (B) 

Graphical representation of the experimental timeline. Created with BioRender.com 

 

2.1.2 Effect of the low dose of 4-MU on SCI at the chronic stage  
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Fig. 10. Graphical summary for Aim 1.2. (A) Schematic of the study in spinal cord injured 

rats to evaluate the 4-MU-mediated effect on chronic SCI. (B) Graphical representation of 

the experimental time course. Firstly, we wanted to observe whether the rehabilitation itself 

had any effect on PNNs in the spinal cord in order to better interpret the SCI data in the next 

step. We then performed SCI in healthy rats and waited 6 weeks for the glial scar to form, 

as we hypothesised that glial scar reduction would be one of the 4-MU-mediated effects. The 

placebo and 4-MU treatments were accompanied by rehabilitation to refine the newly 

sprouting axons and enable them to make new connections in the task-specific manner. 

Created with BioRender.com 

 

2.2 Using AAV-mediated overexpression of integrin 9 for sensory 

pathway reconstruction after SCI 

Only when the axonal tracts connecting the brain and spinal cord regenerate and restore 

motor and sensory connections can full recovery from SCI occur. In the mammalian spinal 

cord, neither sensory nor motor axons can regenerate spontaneously. This is partly because 

the axons lack a suitable. adhesion molecule that allows them to interact with the damaged 

spinal cord. We therefore tried to overexpress an integrin adhesion molecule and its activator 

in sensory neurons using a viral vector. After dorsal root crush, we have already seen that 
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overexpression of the integrin α9 with its activator kindlin-1 can allow axon regeneration  

(Cheah et al. 2016).  

In this aim, adult female rats received a spinal cord lesion at the T10 level and, at the same 

time, injections of AAVs into DRGs at the L4,5 level. The three experimental groups 

received different AAV injections, 1) AAV-GFP (green fluorescent protein, GFP group), 2) 

AAV-kindlin-1-GFP (kindlin group), 3) AAV-kindlin-1-GFP + AAV-α9 -V5 (α9-K1 

group). AAV-GFP (provides a control for AAV injection, AAV-kindlin-1-GFP shows the 

effect of activating integrins endogenously expressed in DRG neurons, AAV-kindlin-1-GFP 

+ AAV-α9 -V5 is the regeneration-inducing treatment with the tenascin-binding integrin and 

its activator. Animals underwent sensory behavioural testing for 12 weeks and were killed 

for histology at week 13. Prior to this, some animals received electrical stimulation of the 

sciatic nerve to upregulate cFOS in spinal cord neurons (Fig. 11). Our question was whether 

this approach would allow sensory axons to regenerate through the SCI (not just dorsal root 

crush) to the brainstem and restore sensation. 
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Fig. 11. Graphical summary for Aim 2. SCI is about much more than not being able to 

walk. The ascending (sensory) pathways are more likely to be affected when the spinal cord 

is injured. The (A) schematic shows the basic withdrawal reflex and what happens when the 

ascending spinal pathways are damaged. We hypothesised that the regenerative approach to 

reconstructing the sensory pathways might be a little easier to achieve because the sensory 

neurons are not directly in the spinal cord and are further away from the injury site. In 

addition, DRGs innervate characteristic skin areas (dermatomes) that can be tested with 

behavioural tests - L4, L5 dermatomes are considered skin areas including parts of thighs, 

knees, legs and paw pads  (Whitman, Launico, and Adigun 2024). (B) Schematic 

representation of Objective 2. The DRGs L4 and L5 were injected with AAV (GFP only, 

Kindlin-1 only and Integrin α9-Kindlin-1 in a 3:1 ratio) and the dorsal column crush was 
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performed simultaneously with the direct DRG injection. The animals were then tested for 

12 weeks - the battery of sensory behavioural tests was selected, and the animals' hind limbs 

were regularly tested every two weeks. Prior to sacrifice, 3 randomly selected animals from 

each group were anaesthetised with urethane and the sciatic nerve was electrically stimulated 

to induce cFOS expression. All animals were then sacrificed, and the tissues processed and 

analysed. (C) Graphical representation of the experimental time course. Created with 

BioRender.com 
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3. METHODS 

3.1. Experimental animals 

Ten-week-old healthy female Wistar rats (n = 24; 250 ± 30 g) were used for the 

pharmacological evaluation of potential 4-MU-mediated adverse effects. Rats were obtained 

from Janvier Labs (CS 4105 Le Genest Saint-Isle; Saint-Berthevin Cedex-53941 France). 

Only female rats were used in this study to reduce the potential confounding effect of rapid 

weight gain observed in male rats in a long-term study. The animals were randomly divided 

into 3 groups (n = 8 per group): a placebo group, a treated group (4-MU) and a wash-out 

group. For the entire duration of the experiment, the rats were housed in pairs under standard 

conditions with a 12-hour light and 12-hour dark cycle. The rats had access to tap water and 

food ad libitum. After 10 weeks of treatment with 4-MU, animals from the placebo and 4-

MU groups were sacrificed. Animals in the wash-out group survived for another 9 weeks. 

 

8-week-old female Wistar rats (n=55, 250-300 g) were included in the study. The study 

focused on the effect of 4-MU in the treatment of SCI in its chronic stage. The animals were 

obtained from Janvier Labs (CS 4105 Le Genest Saint Isle; Saint Berthevin Cedex 53941 

France). 40 animals were used for the histochemical and biochemical evaluation of the dose 

effect of 1.2 g/kg/day 4-MU in 4-MU fed/non fed combined with/without rehabilitation 

groups. This was done to follow up the previous part and to study the effect of rehabilitation 

on the level of perineuronal nets. This dose was chosen because our aim was to test whether 

a lower dose of 1.2 g/kg/day body weight would be effective in reducing inhibitory ECM 

while minimising consumption of 4-MU for potential adverse effects of long-term treatment 

for SCI. These animals were divided into 5 groups (8 rats per group) using simple 

randomisation - placebo, placebo + exercise/rehabilitation, 4-MU, 4-MU + rehabilitation and 

4-MU with a planned 2-month post-treatment period (wash-out group). Based on our 

previous experiments, we expected an effect size of ≥ 1.7. A power calculation of α = 0.05, 

number of groups = 5, total sample size of 8 is required for each experimental group. 

Histochemical and biochemical evaluation of treatment was then performed on uninjured 

animals. 18 animals underwent spinal cord contusion, 3 animals with a BBB score of less 

than 8 one week after injury were excluded. Feeding started 6 weeks after SCI, when the 

chronic phase was fully established. Half of the animals received chocolate chow with 4-

MU (1.2 g/kg/day) (treatment group) and the other half received chocolate chow without 

any treatment (placebo group). Both the placebo and treatment groups received daily 

treadmill exercise. Feeding was stopped after 8 weeks, but daily rehabilitation continued for 
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a further 8 weeks. The rats were housed in pairs in cages with a 12-hour light/dark cycle 

under standard conditions (temperature (22 ± 2 °C) and humidity (50 ± 5 %)). 

 

The final part of the work involved 8-week-old female Lister-Hooded rats (n=36; 150-175 

g). Rats were purchased from Envigo. Rats were randomly assigned to three experimental 

groups (GFP only, Kindlin-1 only and alpha9-Kindlin-1) prior to surgery. Rats were housed 

in groups of three in cages with a 12-hour light/dark cycle and standard conditions of 

temperature (22 ± 2°C) and humidity (50% ± 5%). Rats had free access to tap water and food 

ad libitum. 

 

3.2 SCI surgeries 

All procedures were performed in accordance with relevant guidelines and regulations. All 

animal procedures were approved by the Ethics Committee of the Institute of Experimental 

Medicine of the Academy of Sciences of the Czech Republic (ASCR) and were performed 

in accordance with Act No. 77/2004 of the Czech Republic (ethics approval number: 

13/2020). A power calculation based on previous studies was performed prior to the 

experiment to estimate the number of animals required. All work was performed in 

accordance with European Commission Directive 2010/63/EU and ARRIVE guidelines. 

Every effort was made to minimise pain and distress. 

 

For each objective, the choice of SCI model was different. The simple reason for this is the 

specific research questions being investigated as well as practical considerations, particularly 

the postoperative care of the animals. In Aim 1, the contusion injury model was used to 

investigate whether the systemic manipulation with ECM can promote any kind of 

regeneration after SCI. Contusion models resemble most human SCIs, which are often 

caused by trauma such as car accidents or falls. However, in Aim 2 we used the dorsal 

column crush model as a specific type of SCI model. This model focuses on damage to the 

dorsal columns of the spinal cord to specifically simulate injury to sensory pathways. The 

use of the dorsal column crush model was based on the research objective of a potential 

therapeutic intervention to promote regeneration and recovery of sensory function. 

 

3.2.1 Contusion model of SCI 

A commercially available Infinite Horizon SCI device (IH-0400 Spinal Cord Impactor 

device; Precision Systems and Instrumentation, Lexington, KY, USA) was used to induce 
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moderate thoracic spinal cord contusion. Rats were first anaesthetised with 5% (v/v) 

isoflurane in the anaesthetic chamber. During surgery, anaesthesia was maintained at 1.8-

2.2% in 0.3 L/min oxygen and 0.6 L/min air. Prior to surgery, the animals were injected 

subcutaneously with buprenorphine (Vetergesic® Multidose, 0.2 mg/kg body weight). 

Laminectomy was performed under sterile conditions at the Th8/Th9 level with spinal 

stabilisation at Th7 and Th10 using Adson tissue forceps. Animals were subjected to a 

moderate contusion injury at 200 kdyn. For the first two weeks after injury, the rats` urinary 

bladders were checked for urine retention and manually emptied when needed. If signs of 

inflammation and/or pain were observed, the rats were treated with antibiotics and/or 

analgesics. After surgery, the animals were randomly assigned a number and then randomly 

assigned to the placebo or 4-MU group. The experimenter was blinded to the treatment group 

during behavioural analysis. The identity of the animals and their treatment group was not 

revealed until after the analysis. No animals were excluded from the study; exclusion was 

based on the BBB results at 4- and 7-days post-surgery, the target BBB at 7 days post-surgery 

was 8. 1 animal in the SCI group died 5 weeks after SCI for unknown reasons. No other 

animal had to be humanely killed during the experiment.  

 

At the end of the experiments, half of the rats from each group received a lethal dose of 

intraperitoneal ketamine (100mg/kg) and xylazine (20mg/kg), intracardially perfused with 

4% paraformaldehyde (PFA) in 1X phosphate-buffered saline (PBS), and post fixation in the 

same solution for 24 hours. A subset of rats were killed with a lethal dose of ketamine 

(100mg/kg) and xylazine (20mg/kg), after which spinal cord brain were dissected and snap-

frozen on dry ice before storage at -80°C for subsequent qPCR and GAGs extraction. 

 

3.2.2 Dorsal column crush 

Dorsal column crush was performed using fine Bonn forceps (Fine Science Tools). SCI was 

performed under inhalational anaesthesia with isoflurane (1.8-2.2%; Baxter Healthcare Pty 

Ltd; cat. no. 26675-46-7) at 0.3 L/min oxygen and 0.6 L/min air. Buprenorphine 

(Vetergesic® Multidose) was administered subcutaneously to all animals at a dose of 0.2 

mg/kg body weight. The laminectomy was performed at the T10 level (depending on the 

group). Small incisions were made in the dura using a sharp edge of U100 syringe needle (B 

Braun Omnican 50 syringe; cat. no. 9151117S), and the dorsal columns were crushed using 

fine Bonn forceps (Fine Science Tools). The tips of the Bonn forceps were held on either 

side of the dorsal columns where the small cuts were made, pressed down 1 mm into the 



 

 58 

spinal cord and then held tightly together for 15 seconds. This lesion, as shown in many 

previous studies, results in a complete transection of the dorsal columns down to the level 

of the spinal canal. The muscles and skin were sutured together immediately after the injury. 

At the end of survival, animals were anaesthetised intraperitoneally with lethal doses of 

ketamine (100 mg/kg) and xylazine (20 mg/kg). An exception was made for the three 

randomly selected rats from each group, which were euthanised with a lethal dose of 

urethane (see the cFOS stimulation section for more information). All animals were then 

perfused intracardially with 4% PFA in 1X PBS. The night after surgery, two animals (one 

from each cohort) died. In this study, two animals had to be humanely euthanised from the 

thoracic injury cohort for welfare reasons. 

 

3.3 Therapeutical interventions 

3.3.1 4-MU treatment 

2.5% (w/w) 4-MU was added to a chocolate-flavoured rat chow (Sniff GmbH, Germany) 

and prepared for use. This percentage would provide rats with 1.2 ( 0.2) g/kg/day of 4-MU 

if the diet was consumed ad libitum. This amount was estimated from our pilot study. Rats 

were maintained on the 4-MU diet for 8-10 weeks. Food consumption was measured on a 

weekly basis to monitor dose consumption. 

 

3.3.2 AAV-mediated gene therapy 

3.3.2.1 Preparation of AAV1 vectors 

The plasmids AAV-SYN-α9-V5 and AAV-CMV-kindlin1-GFP were scaled and sequenced 

prior to AAV1 packaging as described previously (Hermens et al. 1999). To produce viruses, 

HEK293T cells were transfected with the individual expression and helper genes and 

cultured for three days. The transfected cells were then lysed. This was done by three freeze-

thaw cycles. After centrifugation, the crude lysate was ultracentrifuged at 490000 x g, 16°C 

for 70 min using a type 70Ti rotor (Beckman) through an iodixanol gradient (15%, 25%, 

40% and 60%). The virus was then collected for concentration on an Amicon Ultra-15 device 

(Millipore). The virus titre was then determined by real-time quantitative PCR at 2.34 × 1012 

GC/ml for AAV1-9-V5 and 4.99 × 1012 GC/ml for AAV1-kindlin1-GFP. AAV1-SYN-

GFP was purchased from Vigene (distributed by Charles River). The titre was diluted from 

2.0 × 1013 GC/ml to 2.0 × 1012 GC/ml. 
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3.3.2.2 Direct injection into the DRGs 

Injections into the DRGs were carried out prior to the SCI, however this was done on the 

same day and in quick succession. Using sterilised surgical instruments, two DRGs (L4 and 

L5) were exposed on the left side and 1 µL of viral vector at a working titre of 2 x 1012 

GC/ml was manually injected using a Hamilton syringe with custom-made needles 

(Hamilton; specification: 33-gauge, 12 mm, PST3). Anaesthesia and analgesia were 

administered to the animals as described in the SCI surgery section. 

 

3.4 Behavioural tests  

The behavioural tests were performed at different time points. The experimental paradigm 

is shown in the experimental plans with each of the objectives (Fig. 9, 10, 11). The time 

points were chosen to ensure that the animals did not learn the task independently of reflexes. 

They were also chosen to give the most informative value for each of the objectives.  

Animals were placed in the testing room at least 30 minutes prior to testing to allow for 

adaptation. Each rat was measured at least 3 times prior to surgery to provide a baseline for 

each test. 

 

3.4.1 Basso, Beattie and Bresnahan (BBB) test 

The locomotor ability of the rats was assessed using the Basso, Beattie and Bresnahan (BBB) 

open field test (Basso, Beattie, and Bresnahan 1995). The rats were placed in an arena. The 

arena was surrounded by a rectangular enclosure. The results were scored on a range of 0-

21 points; from a complete lack of locomotor ability (0) to a healthy rat-like locomotor 

ability (21). 

 

3.4.2 Ladder Rung Walking test 

The ladder rung walking test was used to assess advanced locomotor skills. The animals 

were placed on a horizontal ladder 1.2 m long. The ladder had irregularly spaced rungs. A 

dark box, which was preferred by the rats, was placed at the end of the ladder. The rats 

crossed the ladder 3 times consecutively and all attempts were recorded by camera. Hind 

paw placement on the rungs, as previously described by Metz and Whishaw (Metz and 

Whishaw 2009) from all three videos, was scored using a seven-point scale (0-6 points). The 

scoring scale used by Metz and Whishaw was divided into three categories: 0-2; 3-4; 5-6. 

The videos were then scored and the percentage of steps that fell into each of the 3 categories 
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was calculated. Prior to SCI, all animals were pretrained. The rats were tested weekly for 16 

weeks, starting 6 weeks post-SCI. 

 

3.4.3 Maximum speed test 

As part of the 4-MU experiment, a maximum speed test was performed. Maximum speed 

was tested weekly, starting 6 weeks after SCI. The treadmill speed started at 20 cm/s and 

increased by 2 cm/s every 10 seconds. The treadmill was stopped, and the last value recorded 

when the animal was unable to walk at a given speed. 

 

3.4.4 Treadmill rehabilitation 

Treadmill training accompanied the 4-MU treatments in the pharmacological assessment 

experiments and the SCI treatment. It started 6 weeks after SCI and took place 5 consecutive 

days per week for 16 weeks. The training consisted of 10 minutes of running, 20 minutes of 

rest and 10 minutes of running. The speed of the treadmill was 16-18 cm/s in the first and 

second weeks and 20 cm/s in the remaining weeks of the training period. Some of the rats 

were trained even after the 4-MU treatment was stopped. This was done to further evaluate 

the effect of 4-MU on non-SCI and SCI animals. 

 

3.4.5 Rotarod 

Motor performance and motor coordination were assessed using the rotarod. Prior to rotarod 

training (ROTA-ROD 47700, UGO BASILE S.R.I.), rats were habituated to remain on a 

stationary drum for 60 s and pre-trained at 5 rpm for 120 s. In the test phase, animals were 

tested for 300 s with increasing acceleration from 5 to 10 rpm for the first 180 s and then for 

a further 120 s with acceleration of 10 rpm on three different days after training. The time it 

took for the rat to fall from the rotary bar was recorded. 

 

3.4.6 Grip test 

The forelimb grip strength test was designed to assess neuromuscular function by 

determining the maximum force developed by a rat. A device (BSGT2S; Harvard Apparatus, 

Holliston, MA, USA) was used to measure forelimb grip strength. The experimenter pulled 

horizontally on the tail of the rat grasping a metal grid attached to the apparatus. The 

maximum muscle force was recorded as the force applied to the grid before the rat lost its 

grip. Over the course of a week, the test was repeated on three different days. 
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3.4.7 Thermal test - Plantar test 

Thermal hyperalgesia after SCI and/or during treatment was assessed by the thermal test. 

Animals were habituated for approximately 30 min in an acrylic box of the standard Ugo 

Basile apparatus (Ugo Basile, Comerio, Italy). A portable. infra-red lamp was then placed 

directly under the foot pad of the hind paw, always in the same position. Once the lamp had 

been placed, a thermal radiant stimulus was applied. The apparatus was connected to a device 

that automatically recorded the time (in seconds) between starting the stimulus and 

withdrawing the paw. Both hind paws were tested five times. If the animal did not respond 

within 30 s or became wet, the attempt was terminated. After excluding the highest   and 

lowest readings, the average of the three readings was taken. 

 

3.4.8 Mechanical pressure test - Von Frey test 

The mechanical pressure test was an assessment of mechanical allodynia after SCI and/or 

during treatment. Animals were habituated for 15 min in an enclosure with a metal mesh 

floor. A Von Frey rigid tip coupled to a force transducer (IITC Life Science, California, 

USA) was applied to the foot pad of the hind paw with a gradual increase in pressure until 

the animal withdrew its paw. The maximum amount of pressure was recorded in grams. Both 

hind paws were tested five times. The trial was terminated if the animal did not respond 

within 90 g. The average was calculated from three values after exclusion of the highest and 

lowest value. 

 

3.4.9 Tape Removal test 

For the tape removal test, each rat was trained for 5 sessions. After surgery, the rat was tested 

every two weeks. The rat was then removed from its home cage and placed in an empty test 

cage. It was habituated for 15 minutes. A small piece of adhesive tape (approximately 1 

square centimetre) was applied to the paw of each rat. Three trials, with at least 3 minutes 

between each trial, were performed on each hind paw, left (experimental) and right (internal 

control). Left and right paws were tested simultaneously. The time at which the animal 

noticed the tape for the first time and the time at which the animal removed the tape were 

recorded. The tape was removed and a time of 5 min was recorded if the rat had not 

noticed/removed the tape after 5 min. The paper tape (TimeMed Labeling Systems, Inc.; 

Fisher Scientific; cat. no. NC9972972) was used for this test. 
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3.5 Immunohistochemistry 

10-40 µm sections (free-floating and mounted on glass slides) were permeabilized with 0.5% 

(v/v) Triton X-100 in 1X PBS for 20-80 min. If the primary antibodies were biotinylated, 

endogenous biotin was blocked using an avidin/biotin blocking kit (Abcam; cat. no. 

ab64212) to reduce non-specific background. After permeabilisation and/or avidin/biotin 

blocking, the tissue was blocked in ChemiBLOCKER (1:10; Millipore cat. no. 2170), 0.3 M 

glycine, 0.2% (v/v) Triton X-100 in 1X PBS for 2 h. The sections were then incubated with 

labels and/or primary antibodies as indicated in Tab. 1. Fluorescence-conjugated secondary 

antibodies were used to detect primary antibodies after washes. Goat anti-host antibody or 

the streptavidin anti-host antibody of the respective primary antibody/marker conjugated 

with Alexa Fluor 405, 488, 594 and 647 (1:300; 2 h; room temperature (RT)). 

 

3.6 Tissue clearing for lightsheet microscopy 

Four randomly selected DRGs from each group were dehydrated through an ethanol (EtOH) 

dilution series (30%, 50%, 70%, 100%) with 2% Tween20 (Sigma-Aldrich, cat. no. P1379) 

and then delipidated in dichloromethane (DCM) with EtOH (2:1). Samples were then 

rehydrated through serial EtOH dilutions (70%, 50%, 30%) with 2% Tween20. Samples 

were then permeabilized through a solution containing 0.2% Triton v PBS, 0.3M glycine, 

10% dimethyl sulfoxide (DMSO). Samples were blocked in 0.2% Triton v PBS, 0.3M 

glycine, 10% DMSO and 10% ChemiBLOCKER (2 days, 37°C). After blocking, DRG 

samples were incubated in the blocking solution with added primary antibodies: anti-GFP 

(Invitrogen, cat. no. 11122, 1:400, 2 days, 37°C) and anti-V5 (Invitrogen, cat. no. R96025, 

1:400, 2 days, 37°C). Secondary antibodies (1:300) were prepared in blocking solution and 

applied at 37°C for 3 days. Samples were then rehydrated using the same EtOH dilution 

series as above and cleared in ethyl cinnamate (Sigma-Aldrich, cat. no. 112372) for 2 hours 

at RT. After clearing and imaging, DRGs were rehydrated in EtOH dilutions (100%, 70%, 

50%, 30%), washed in PBS and cryoprotected in sucrose solution (10%, 20%, 30%), 

sectioned as described above and re-used for transduction efficiency analysis. 
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Tab. 1. Table showing the primary antibodies used in the experiments. 

 

 

3.7 GAGs isolation 

Prior to incubation with acetone to remove lipids, frozen brains and spinal cords were first 

weighed. Samples were then dried and minced before Pronase treatment (15 mg Pronase per 

hemisphere, (Roche, 11459643001) in 0.1M Trizol hydrochloride (Sigma-Aldrich, 

T3253), 10mM calcium acetate (Millipore, 567418), pH 7.8). Samples were homogenised 

in Pronase solution using a Potter Elvehjem tissue homogeniser. Remaining protein 

1° Antibody/labelling 
agent 

Epitope Host Dilution, 
Incubation 

Company 

Biotinylated 
Wisteria floribunda 
agglutinin (WFA) 

Chondroitin sulfate 
in the PNNs 

N/A 1:150, 24 h Sigma-Aldrich 
cat. no. L1516 

Biotinylated 
Hyaluronan Binding 
protein 
(b-HABP) 

Hyaluronan N/A 1:150, 24 h Amsbio  
cat. no. AMS.HKD-BC41 

Anti-ACAN Aggrecan Rabbit polyclonal IgG 1:150, 24 h Sigma-Aldrich 
cat. no. AB1031 

Anti-GFAP-Cy3 Glial fibrillary acidic 
protein 

Mouse monoclonal IgG 1:800, 24 h Sigma-Aldrich 
cat. no. C9205 

Anti-ChAT Choline 
acetyltransferase 

Mouse monoclonal IgG 1:600, 72 h Invitrogen  
cat. no. MA5-31383 

Anti-5-HT  5-hydroxytryptamine 
 

Mouse monoclonal IgG 1:400; 24 h Invitrogen 
cat. no. MA5-12111 

Anti-synapsin Synapsin Rabbit polyclonal 1:100; 48 h Novus Biologicals 
cat. no. NB300-104 

Anti-Nestin Nestin Mouse monoclonal IgG1   1:300, 48 h Chemicon 
cat. no.  MAB353 

Anti-NG2 Neural/glial antigen 
2 

Rabbit polyclonal IgG 1:300, 48 h Chemicon 
cat. no. AB5320 

Glial fibrillary acidic 
protein 

Glial fibrillary acidic 
protein 

Chicken polyclonal IgY 1:300, 48 h Abcam 
cat. no.  ab4674 

Anti-CS-56 Chondroitin Sulfate Mouse monoclonal IgM 1:100, 24 h Sigma-Aldrich 
cat. no. C8035 

Anti-IBA1 Ionized calcium-
binding adapter 
molecule 1 

Rabbit polyclonal IgG 1:300, 48 h FUJIFILM Wako Pure 
Chemical Corporation 
cat. no. 019-19741 

Anti- Collagen 1a Collagen, type I Mouse monoclonal IgG1   1:200, 48 h Abcam 
cat. no.  ab6308 

4ʹ,6-Diamidino-2-
phenylindole 
dihydrochloride (DAPI) 

Nucleic acid staining N/A 1:3000,  
15 mins 

Invitrogen 
cat. no. D1306 

Anti-GFP Green fluorescent 
protein (GFP) 

Rabbit polyclonal IgG 1:800, 72 h Invitrogen 
cat. no. A-11122 

Anti-GFP Green fluorescent 
protein (GFP) 

Chicken polyclonal IgY 1:800, 72 h Invitrogen 
cat. no. A-10262 

Anti-V5 V5 tag Mouse monoclonal 
IgG2a 

1:800, 72 h Invitrogen 
cat. no. R960-25 

Anti c-FOS c-FOS protein Mouse monoclonal IgG1 1:500, 48 h Abcam 
cat. no. ab208942  

Anti-NF200 Neurofilament 200 Rabbit polyclonal IgG 1:800, 72 h Sigma-Aldrich 
cat. no. N4142 

Anti-IBA4 
 

Isolectin B4 N/A 1:800, 72 h Sigma-Aldrich 
cat. no. L2140 

Anti-CGRP Calcitonin gene 
related peptide 

Rabbit polyclonal IgG 1:800, 72 h Sigma-Aldrich 
cat. no. PC205L 

Anti-bIII tubulin bIII tubulin Rabbit monoclonal IgG 1:1000, 72 h Cell Signaling  
cat. no. 5568 

Anti-laminin Laminin Rabbit polyclonal IgG 1:800, 72 h Abcam 
cat. no.  ab11575 

Anti-TnC Tenascin-C Rabbit polyclonal IgG 1:500, 48 h Kindly provided by Faissner 
Lab, Bochum, Germany 
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fragments were removed by precipitation with trichloroacetic acid (Sigma-Aldrich, 

T6399). Supernatant containing GAGs were collected and stored on ice. After 

neutralisation with 1M Na2CO3 (Sigma-Aldrich, S7795) to pH 7.0, GAGs were isolated 

using ethanol precipitation. The recovered GAGs were redissolved in 0.3ml deionised water. 

GAG concentration was determined by cetylpyridium chloride (CPC) turbidity 

measurement. A standard curve was generated from 1 µg/µl CS A (Sigma-Aldrich, C9819) 

(Kwok, Foscarin, and Fawcett 2015). Briefly, the diluted sample was mixed with 0.2% (w/v) 

CPC and 133 mM MgCl2 (Sigma-Aldrich, M2670) at a 1:1 ratio. The absorbance was 

measured at 405 nm using a spectrophotometer with a plate reader (FLUOstar® Omega, 

BMG LABTECH). 

 

3.8 RT-PCR 

Quantitative real-time PCR (qPCR) was used for the quantitative evaluation of gene 

transcript levels in spinal cord treated with or without 4-MU. RNA was isolated using the 

RNeasy Mini Kit (QIAGEN, 74804) according to the manufacturer's protocol. The quantity 

of isolated RNA was quantified using a NanoPhotometer© P330 (Implen, Munich, 

Germany). Subsequently, reverse transcription of RNA to complementary DNA (cDNA) 

was performed using TATAA GrandScript cDNA Synthesis Kit (TATAA Biocenter, 

AS103c) in a T100TM thermal cycler (Bio-Rad, Hercules, CA, USA) according to the 

manufacturer's protocol. For qPCR, TaqMan® Gene Expression Assays (Life Technologies 

by Thermo Fisher Scientific, Waltham, MA, USA) were used for HAS1 (Rn01455687_g1), 

HAS2 (Rn00565774_m1), HAS3 (Rn01643950_m1) and the glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (Rn01775763_g1), all purchased from Applied Biosystems and 

used as recommended by the manufacturer. Amplification was performed on the qPCR 

cycler (QuantStudio® 6 Flex PCR System, Applied Biosystems® from Thermo Fischer 

Scientific, Waltham, MA, USA). The same cycling conditions were used for all 

amplifications: 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles of 15 s at 95 ◦C and 

1 min at 60 °C. Expression was calculated using the threshold cycle value (Ct) and the 2-

ΔΔCt method. Expression was normalised to the control group. Each of the qPCR 

experiments were carried out in duplicate. The Ct values of each of the measured conditions 

were normalised to the GAPDH. The 2-ΔΔCt values were then expressed as described by 

Livak and Schmittgen (Livak and Schmittgen 2001). 
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3.9 Haematology and Biochemistry 

Animals were anesthetised with an inhalant mixture of isoflurane and air (3 v/v% isoflurane, 

AbbVie, Chicago, IL, USA), with an inflow of 300 mL/min, and kept under anaesthesia for 

the entire duration of the blood sample collection. Blood was collected from the retro-orbital 

venous sinus by inserting an autoclaved Pasteur pipette tip into the medial canthus of the eye 

under the nictitating membrane. The pipette tip was positioned between the eyeball and the 

bony orbit of the eye. Blood was collected every 3 weeks (in the 1st, 4th, 7th, 10th week of 

the experiment in all three groups and in weeks 13, 16, 19 in the wash-out group). Blood 

samples were collected into BD Microtainer® blood collection tubes. Blood samples for 

haematological analysis were collected in anticoagulant tubes containing K2EDTA (cat. no. 

365974), and the following parameters were assessed: red blood cells count, haemoglobin, 

haematocrit, white blood cell count and relative number of white blood cells. Blood samples 

for biochemical analysis were collected in a serum-separating tube (cat. no. 365963), and 

the following serum parameters were determined: sodium, potassium, calcium, phosphorus, 

urea, creatinine and total bilirubin. Results were evaluated by Synlab (Munich, Germany). 

While the animal was still under anaesthesia, urine was collected. The rat was held over a 

Petri dish, and by manual pressure on the lower abdominal area, urine was squeezed out of 

the bladder. The urine was collected with a syringe into an Eppendorf tube (1.5 mL). In every 

sample, levels of glucose and proteins were assessed. Urine was evaluated by Synlab 

(Munich, Germany) as blood samples. 

 

3.10 Proteomics 

For assessment of renal toxicity, urinary proteins were assessed using the Kidney Toxicity 

5-Plex Rat ProcartaPlex™ Panel 2 (Invitrogen cat. no.  EPX050-30125-901). Prior to 

transcardial perfusion, urine samples were collected manually from each rat and stored at -

80°C. The Rat Kidney Toxicity 5-Plex ProcartaPlex Panel 2 allows analysis of 5 protein 

targets, albumin, cystatin, clusterin (Apo-J), NGAL and TIMP-1, in a single well using 

Luminex xMAP technology to determine potential nephrotoxicity in drug studies. Samples 

were measured in accordance with the manufacturer's protocol. 

 

The Th Complete 14-Plex Rat ProcartaPlex™ Panel (Invitrogen cat. no.  EPX140-30120-

901) was used to assess the T helper response. This panel allows 14 protein targets to be 

analysed in a single well using Luminex xMAP technology. The targets are IL-1α; G-CSF; 

IL-10; IL-17A; IL-1β; IL-6; TNFα; IL-4; GM-CSF; IFNγ; IL-2; IL-5; IL-13; IL-12p70. 
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Samples were analysed on Bio-Plex 200 systems (Bio-Rad, Hercules, CA, USA) according 

to the manufacturer's protocol. 

 

3.11. Biomechanics 

Biomechanical evaluation was performed in collaboration with the Czech Technical 

University, Prague, Faculty of Mechanical Engineering, Department of Mechanics, 

Biomechanics and Mechatronics, Radek Sedláček's group. 

 

3.11.1 Bending Bone Strength Measurement 

The mechanical properties of rat femurs were measured using a three-point bending test. 

Femurs were excised, cleaned of soft tissue and frozen to preserve them. After defrosting, 

bone was rehydrated in physiological saline solution at 8°C for 24 hours before testing. Prior 

to testing, the specimens were stored for 2 hours at room temperature (23°C ± 2°C). The 

biomechanical servo-hydraulic testing system MTS Mini Bionix 858.02 and a special fixture 

were used for the three-point bending test. To apply the load to the medial part of the rat 

femur, the specimens were placed on two rounded bars 13 mm apart. The upper part of the 

fixture was used to load the specimen at a constant rate of 2.0 mm/min until it broke. 

Furthermore, the mechanical testing was performed at room temperature (23°C ± 2°C). From 

the ultimate force Fmax (N) and the Young's modulus of the bone Womin (mm3), the flexural 

strength σomax (MPa = N x mm-2) was calculated. The ultimate force (the force at failure) is 

the maximum load that a specimen can withstand before it breaks. And from the geometric 

parameters of the bone section that were measured, the bending modulus of the bone was 

determined after destruction. From the load curve in the graphical dependence of force on 

displacement, the external stiffness of the bone S [N x mm-1] and the energy required to 

break the bone U [mJ] were obtained. The direction of the tangent in the linear region of the 

load curve was used to obtain the external stiffness of the bone. The area under the load 

curve up to the maximum force was used to calculate the energy of deformation. 

 

3.11.2 Skin tensile test 

The mechanical properties were evaluated by carrying out uniaxial tensile tests on 

rectangular strips of the skins (the width of the specimens was 8 mm, and the thickness was 

0.8 - 1.0 mm). The determination of the tensile strength and the Young's modulus of the skin 

at a defined deformation was the methodology of the experiment. The evaluation parameters 

were the tensile modulus of elasticity E, determined at two values of the relative longitudinal 
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deformation - at 5 % (E5) and at 10 % (E10). These values were obtained from the 

dependence of true stress on relative deformation as the direction of the tangent of the linear 

portion of the load curve. The tensile test was performed using the MTS Mini Bionix 858.02 

biomechanical servohydraulic testing system and pneumatic jaws. The video extensometer 

automatically determined the reference length and strain of the specimens using contrasting 

marks on the surface of the specimens. Specimens were mounted on pneumatic grips and 

loaded to fracture at a constant speed of 20.0 mm/min. 

 

3.11.3 Tendon tensile test 

To assess the mechanical properties of rat tendons, destructive tensile tests were performed 

to evaluate their strength. The tendons were frozen for preservation and, after thawing, 

hydrated in physiological saline at 8°C for 24 h prior to the test. Prior to testing, the samples 

were stored for 2 hours at room temperature (23°C ± 2°C). Rat tendon samples were supplied 

in a bone-to-muscle configuration, i.e., the tendon was dissected on one side with a piece of 

muscle and on the other side with a piece of bone. This configuration made it possible to 

secure the tendon in the pneumatic jaws during the test. Prior to testing each specimen, the 

muscle was frozen by immersion in liquid nitrogen for 5 seconds. Careful attention was paid 

that the tendon does not become frozen with the muscle. Tensile testing was performed using 

the MTS Mini Bionix 858.02 biomechanical servohydraulic testing system and pneumatic 

jaws. The tendons were clamped between two metal clamps mounted in pneumatic grips. 

This ensured a constant force and a strong, stable. grip of the specimens as the cross section 

changed. The grips were fitted with a diamond-tipped cutting edge. The specimens were 

loaded at a constant rate of 10.0 mm/min until they were destroyed. The evaluation 

parameters were the maximum force and the maximum stress (i.e., the strength), the strength 

being calculated from the relationship σmax = Fmax / S [MPa]. 

 

3.12 cFOS stimulation 

Three animals from each group were terminally anaesthetised with urethane (Sigma Aldrich; 

cat. no. U2500) at a dose of 1.5 g/kg for the AAV gene therapy experiments. The sciatic 

nerve was then exposed. The stimulating electrode was inserted into the nerve and the ground 

electrode was inserted into the muscle close to it. Stimulation consisted of 10 stimulus trains, 

as previously described by Bojovic et al. (Bojovic, Bramham, and Tjølsen 2016), with a 

stimulus duration of 0.5 ms at an amplitude of 7.2 mA, a frequency of 100 Hz, a train 
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duration of 2 s and an 8 s interval between trains. Single subdermal needles (Rhythmlink) 

were used as electrodes, and animals were perfused 2 h after electrical stimulation. 

 

3.13 MRI 

To assess the completeness of the dorsal column lesion, ex vivo MRI imaging was 

performed: After transcardial perfusion, 2 cm long injured spinal cord samples were 

harvested, post-fixed in 4% PFA in PBS (over 2 nights) and then transferred to PBS with 

0.002% azide in a small plastic tube (1.5 ml) with a cap. The spinal cord was then visualised 

ex vivo using a 7T preclinical MRI scanner (MRS*DRYMAG 7.0T, MR Solutions, 

Guildford, UK). The scanner was equipped with a mouse head resonator coil. Three high-

resolution sequences were acquired: Axial T2-weighted turbo spin-echo sequence, repetition 

time TR = 4000 ms, turbo factor TF = 8, echo interval TE = 8 ms, effective TE = 40 ms, 

number of acquisitions AC = 16, acquisition time approximately 17 min. The acquisition 

matrix was 128 × 128, field of view FOV = 10 x 10 mm2, 20 slices, slice thickness 0.5 mm 

without gap. A similar T2-weighted turbo spin-echo sequence was used for sagittal slices 

(TR=3000 ms, TF=8, TE=8 ms, effective TE=40 ms, AC=16, acquisition time 13 min) with 

modified geometry: matrix 128 × 256, FOV=10 × 20 mm2, 15 slices, slice thickness=0.3 

mm without gap. An axial T1-weighted image was acquired with a 3D gradient echo 

sequence, TR=10ms, flip angle 20°, TE=3.3ms, number of acquisitions AC=16, acquisition 

time 11 min. The matrix was 128 × 128 × 32, FOV = 10 × 10 × 16 mm3 (providing axial 

slices of 0.5 mm thickness). MRI was performed in collaboration with the Centre for 

Advanced Preclinical Imaging (CAPI) in Prague. 

 

3.14 Microscopy and image analysis 

For Aim 1.1, to assess changes in HA and ACAN/CSPGs in organ sections, samples were 

observed and imaged using a Zeiss LSM 880 Airyscan microscope (Carl Zeiss AG; 

Oberkochen, Germany). For all organs, three replicate sections were imaged on a Zeiss LSM 

880 confocal microscope and analysed in FIJITM.  

 

For Aim 1.2, staining was imaged on a LEICA CTR 6500 microscope using FAXS 

4.2.6245.1020 software (Tissue Gnostics, Vienna, AT). Images were analysed using 

ImageJ™ (NIH, Bethesda, MD, USA) for the total number of cells in the ventral horns with 

WFA+ive signal, ACAN+ive signal and the number of co-localised cells. The intensity of 

HABP was analysed using HistoQuest 4.0.4.0154 software (Tissue Gnostics). 5-HT, nestin, 
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GFAP, NG2, CS-56, collagen 1a, and Iba-1 were imaged using a Zeiss LSM 880 confocal 

microscope. Synapsin was imaged with an Olympus FV10i confocal microscope (Olympus 

Life Science, Waltham, MA, USA). The intensities of the above markers were measured 

using ImageJ™ (mean grey value or integrated density). Results were compared between 

the 4-MU and placebo groups. The particle analysis function in FIJI software was used to 

quantify Iba-1 positive.  

 

For Aim 2., Confocal imaging was carried out using a Zeiss LSM880 Airyscan microscope 

and light sheet imaging was carried out using a Zeiss Lightsheet Z.1 microscope. Images 

were analysed semi-automatically using NIH ImageJ or, if necessary, manually using the 

reticle in the eyepiece of the microscope. The light sheet data were processed using the 

Huygens software (Scientific Volume Imaging, The Netherlands, http://svi.nl) and the 

Imaris microscopy image analysis software (Oxford Instruments). The unprocessed data and 

metadata are archived by the authors, and the images used for analysis were not manipulated. 

For the submitted images, the curves were adjusted in all images and across the images. In 

order to make the axons better visible in the thesis, an unsharp mask was used. The graphics 

editor Affinity (© 2023 Serif (Europe) Ltd) was used. The Affinity V2 Universal Licence 

was kindly purchased by the Second Faculty of Medicine, Charles University Grant Agency, 

Project No. 320421. 

 

The experimental conditions, including immunohistochemistry and microscopy, were 

identical for images where intensity measurement and comparison were performed. The 

stained sections were imaged using the same laser power, gain and airy units. The 

appropriate microscope for the intended analysis of each marker was first discussed with the 

Core Facility at IEM CAS. 

 

3.15 Statistics 

For Aim 1.1, data are expressed as means ± SEM of N independent measurements. One-way 

ANOVA (HABP and ACAN intensity, behavioural test, proteomics, bone marrow 

evaluation, biomechanical test) or two-way ANOVA (CS-56 and HABP intensity, 

haematological, serological and biochemical parameters, glycosuria and urinary proteins) 

was used to assess the significance of the difference between the means of two or three 

groups of data. Statistical significance was defined as a p-value < 0.05. The statistical 

analysis was carried out using the GraphPad Prism 9 software package.  
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For Aim 1.2, data were processed, and statistical analysis performed using GraphPad Prism 

(GraphPad Software). Various statistical tests were used for the analysis of the effect of 4-

MU treatment on chronic SCI in rats. For astrogliosis, HABP, WFA, ACAN, 5-HT, synapsin 

intensity in SCI cohorts, BBB and ladder rung walking test, two-way ANOVA followed by 

Sidak's multiple comparison test was used. For intensity of HABP, number of cells wrapped 

by PNNs in intact spinal cords and gene expression of has genes, two-way ANOVA followed 

by Dunnett's multiple comparison test was used. For two-way ANOVA, various post-hoc 

tests were used. To specifically test the 4-MU effect and/or rehabilitation effect against a 

reference group (placebo without rehabilitation) in the results of the non-SCI cohorts, the 

Dunnett's test was used. Except in two cases where Tukey post hoc test was used for PCR 

evaluation because individual gene expression values were related to untreated control 

without rehabilitation and for maximum speed test. All possible pairs of means were 

compared using the Tukey test. For SCI cohort results, Sidak's multiple comparisons were 

used. These are recommended for pairwise group comparisons. One-way ANOVA followed 

by Dunnett's test for multiple comparisons was used to assess the total amount of GAGs. All 

data presented in graphs are expressed as arithmetic means. Standard errors of the mean are 

included. Significance was determined as follows: ns-not significant, *p < 0.05 **p < 0.01 

***p < 0.001 and ****p < 0.0001. The data have not been tested for normality. No outlier 

test was performed. 

 

For Aim 2., the data are expressed as mean ± SEM. Tukey's one- or two-way multiple 

comparison test was used to determine statistical differences between groups. A p-value of 

0.05 was considered significant for all statistical analyses. GraphPad Prism (GraphPad 9 and 

after the update, 10 Software) was used for data processing and statistical analysis. 

 

The statistical tests and appropriate post-hoc tests used in the individual analyses are also 

indicated in the results sections above the respective figures.  
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4. RESULTS 

4.1 4-MU treatment at a dose of 1.2 g/kg/day is safe for long-term usage in 

rats 

4.1.1 Body-wide downregulation of HA at 1.2 g/kg/day dose of 4-MU 

HA is not only one of the most important polysaccharide components of the extracellular 

matrix, it also plays a key role in the regulation of a large number of cellular processes and 

in the organisation of the tissue architecture (Kobayashi, Chanmee, and Itano 2020). Here, 

we investigated potential adverse effects of long-term systemic administration of 4-MU at 

1.2 g/kg/day. The brain, spinal cord, spleen, liver and kidney were subjected to 

immunohistochemical analysis for hyaluronan-binding protein (HABP) and aggrecan 

(ACAN) or CSPGs (CS-56), respectively (Fig. 12 and 13). A significant downregulation of 

staining intensity was observed in the tissues. This confirmed the effect of 4-MU in reducing 

HA and CS. 

 

4-MU treatment in healthy animals reduced the intensity of both ACAN- and HABP+ive 

signals in the brain by almost 50% (ACAN: 46.16 ± 6.23%, n = 3; p = 0.0128; HABP: 44.26 

± 5.71%, n = 3, p = 0.0141; Fig. 12 A-D). After 9 weeks of wash-out, the intensity had not 

returned above 83% (ACAN: 79.1 ± 2.02%, n = 3; p = 0.1287; HABP: 72.9 ± 4.07%, n = 3, 

p = 0.0956; Fig. 12 A-D). In the spinal cord, the fluorescent signal decreased even more after 

4-MU treatment (ACAN: 42.35 ± 4.62%, n=3; p=0.0012; HABP: 63.26 ± 4.07%, n=3, 

p=0.00015; Fig. 12 E-H). After 9 weeks of wash-out, the aggrecan signal had returned to 

almost 90% (ACAN: 89.7 ± 2.08%, n = 3; p = 0.2911). Spinal HA levels returned to baseline 

(HABP: 45.29 ± 11.19%, n = 3, p = 0.9932; Fig. 12 E-H), contrasting with the positive 

ACAN signal. Aggrecan was chosen as a marker of PNNs.  

 

We decided to replace aggrecan with CS-56 for visualisation in kidney, spleen and liver 

sections in order to stain for CSPGs in other organs. The treatment with 4-MU shows 

different effects in the organs of healthy animals. In the liver, our results show a significantly 

reduced CS-56 positive signal (25.56 ± 1.13%, n = 3; p = 0.0173, Fig. 13). However, the 

HABP positive signal did not show a significant difference even after 4-MU treatment. In 

the spleen, no significant changes were observed between the three groups (Fig. 13). Within 

the kidney, we observed an increase of CS-56 fluorescence intensity (31.23 ± 7.64%, n = 3; 

p=0.0018) and a decrease of HABP fluorescence intensity (44.88 ± 4.08%, n = 3, p=0016; 

Fig. 13). After the 9-week wash-out period, CS-56 positive signal remained low in the liver 
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compared to healthy controls (p = 0.0009), in contrast to the kidney samples where CS-56 

positive signal remained high after the wash-out period (p = 0.0247). 

 

Fig. 12. After 10 weeks of treatment, 4-MU at a dose of 1.2 g/kg/day downregulates HA 

and PNNs in the brain and spinal cord. (A) Representative confocal images showing HA 

and ACAN positive areas in brain slices from placebo, 4-MU and 9-week wash-out animals. 

Scale bar: 1000 µm. (B) Representative confocal images showing a detail of the cortex of 

the brain. In 4-MU-treated animals, HA and ACAN positivity is reduced in comparison to 
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untreated controls and partially returns after the 9-week wash-out period. Scale bar: 50 µm. 

(C, D) Quantification of the signal of ACAN and HABP in the cerebral cortex. Values are 

mean ± SEM for n = 3 in each group. (E) Representative confocal images showing HA, 

ACAN and DAPI positive areas in spinal cord sections from placebo, 4-MU and 9-week 

wash-out animals. Scale bar: 200 µm. (F) Detail of the ventral horns of the spinal cord in 

representative confocal images. The 4-MU-treated animals showed a lower HA and ANCA 

positivity than the untreated controls, which partially returned after 9 weeks. Scale bar: 50 

µm. (G, H) Quantification of ACAN- and HABP+ive signals in spinal grey matter. Values 

are expressed as mean ± SEM; *p < 0.05, **p < 0.01 by one-way ANOVA with Tukey's 

multiple comparison test, n=3 in each group; ns = not significant. 
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Fig. 13. Systemic downregulation of HA and CSPGs was observed after administration 

of 4-MU at a dose of 1.2 g/kg/day. Representative confocal images of HA- and CSPG+ive 

areas in (A) liver (100µm), (B) spleen (200µm) and (C) kidney (1000µm) in placebo-fed, 4-

MU-fed and 9-week wash-out animals, demonstrating the downregulation of both markers 

and the return of signal after 9 weeks of wash-out (D, E) Quantification of CS-56 and HABP 

positive signals in renal, splenic and liver sections. Values are mean ± SEM, *p < 0.05, **p 
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< 0.01, ***p < 0.001 by two-way ANOVA with Tukey's multiple comparison test, n=3 in 

each group. ns = no significance. 

 

4.1.2 No adverse effects on haematological or biochemical parameters were observed 

with long-term administration of 4-MU at a dose of 1.2 g/kg/day 

To investigate whether long-term treatment with 1.2 g/kg/day 4-MU affected any of the 

haematological parameters, we focused on the following parameters: leukocytes, 

haemoglobin, haematocrit, erythrocytes, erythrocyte distribution width, platelets, 

reticulocytes, neutrophils, lymphocytes, monocytes, eosinophils, basophils and neutrophils 

(Fig. 14). Data are presented in Tab. 2.  The haematology parameters of all three groups were 

compared with the benchmark values ("Clinical Laboratory Parameters for Crl:Wi (Han) 

rats", Charles River Laboratories International, 2008). Except for absolute and relative 

monocyte counts, where data was outside the reference range, all parameters were within the 

reference range. Monocyte counts increased in all three groups without significant 

differences. 

 

The next step was to test the biochemical parameters of the blood and the blood serum. 

Following parameters were monitored: sodium, potassium, calcium, phosphorus, creatinine, 

urea (Tab. 3) and markers associated with liver injury (total bilirubin, bile acids, AST, ALT, 

ALP) (Fig. 14). We focused primarily on liver function tests to monitor potential liver injury, 

as almost all drug classes can cause drug-induced liver injury (David and Hamilton 2010). 

At week 7 of 4-MU treatment, significant differences in measured ALT levels were observed 

between the wash-out group (1.189 ± 0.080 μkat/L) and placebo (0.886 ± 0.097 μkat/L). In 

addition, we observed slightly higher ALT enzyme values (1.005 ± 0.133 µkat/L) than the 

reported reference values (0.3-0.75µkat/L) throughout the experiment. 

 

4-MU has been shown to increase bile acid secretion and is used to treat cholestasis 

(Hoffmann et al. 2005). Therefore, after treatment with 4-MU, we checked the concentration 

of bile acids. We observed a significantly higher level of bile acids in the blood 4 weeks after 

treatment in comparison to the control group (4-MU 79.36 ± 29.67 μmol/L, wash-out 96.36 

± 28.69 μmol/L vs. control 14.15 ± 3.11 μmol/L; p = 0.0014 and p < 0.0001, respectively). 

At week 7, bile acid levels remain high in the treated group, although significance is 

observed only in the wash-out group, reflecting possible physiological adaptation to 4-MU 

after long-term treatment (4-MU 46.07 μmol/L, wash-out 71.37 ± 10.78 μmol/L vs. 21.296 
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± 12.803 μmol/L; p = 0.38 and p = 0.0235, respectively). For the remaining haematological 

markers of liver injury, our data showed no other significant differences between groups. 

 

Tab. 2. Table showing haematological test results from the first and last week of 

treatment and after the washout period. The table also shows normal physiological values 

for the parameters shown. 

 

 

Tab. 3. Table showing blood biochemistry test results from the first and last week of 

treatment and after the washout period. The table also shows normal physiological values 

for the parameters shown. 
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Fig. 14. After long-term treatment with 4-MU at a dose of 1.2 g/kg/day, liver function 

tests do not indicate any liver damage. The nominal range of each test is indicated by the 

pink box in each graph. p < 0.05, ** p < 0.01, **** p < 0.0001 by two-way ANOVA with 

Tukey's multiple comparison test, n= 5 - 7. 

 

The results suggest that no serious adverse changes in blood haematological or biochemical 

parameters were induced by long-term treatment with 4-MU. Serum glucose, cholesterol, 

triacylglycerol and iron levels were also assessed. See Tab. 4 for the data. After 10 weeks of 

treatment with 4-MU at a dose of 1.2 g/kg/day, no renal impairment was observed. Glucose 

and protein levels were analysed every three weeks on the basis of histochemical changes in 

the kidneys. Glycosuria is usually associated with impaired renal filtration and is an 

abnormal amount of glucose in the urine. Compared to the placebo group (0.032 ± 0.011 

g/L), glycosuria was observed in the 4-MU-treated group (0.443 ± 0.167 g/L) and in the 

wash-out group (0.424 ± 0.155 g/L) at week 4 (Fig. 15). At weeks 7 and 10, urine glucose 

levels remained slightly elevated in both the 4-MU-treated and wash-out groups compared 

to reference values. However, there was no significant difference from the placebo group. 

Urine glucose levels returned to the normal physiological range (Fig. 15) during the wash-

out period. 

 

Tab. 4. Table showing blood serum test results from the first and last week of treatment 

and after the washout period. The table also shows normal physiological values for the 

parameters shown. 

 

 

Elevated levels of protein in the urine, known as proteinuria, are often associated with kidney 

damage. At week 1 (0.179 ± 0.064 g/L) and week 10 (0.179 ± 0.038 g/L) of the sampling 

period, proteins outside normal physiological values were observed in the 4-MU-treated and 

wash-out groups (Fig. 15), as well as in the placebo group. Only at week 7, compared to the 

4-MU-treated (0.271 ± 0.057 g/L) and wash-out (0.313 ± 0.052 g/L) groups, was there a 

significant difference in the placebo group (0.103 ± 0.030 g/L). Protein levels did not return 

to physiological levels during wash-out (Fig. 15). 
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Fig. 15. After 1.2 g/kg/day of 4-MU treatment, glycosuria and proteinuria do not 

indicate severe renal damage. Changes in urinary glucose (A) and protein (B) during 4-

MU treatment are shown in the bar graphs. The nominal range of each assay is indicated by 

the pink box in each graph. Data are expressed as means ±SEM. *p<0.05, **p<0.01 by two-

way ANOVA with Tukey's multiple comparison test, n=7. 

 

The Rat Kidney Toxicity 5-Plex ProcartaPlex Panel 2 (Invitrogen, cat. no. EPX050-30125-

901) was used to further investigate the effect of drug metabolism on renal injury. Five 

urinary biomarkers were selected for assessment of nephrotoxicity (Fig. 16): clusterin, 

cystatin C (Cys-C), neutrophil gelatinase-associated lipocalin (NGAL), urinary tissue 

inhibitor of metalloproteinases-1 (TIMP-1) and albumin. Clusterin is usually associated with 

tubulointerstitial kidney lesions and drug-induced damage is evidenced by reduced gene and 

protein expression. Under physiological conditions, Cys-C is filtered. It is completely 

reabsorbed and catabolised in the proximal tubule. Acute kidney injury leads to increased 

urinary Cys-C. NGAL, an iron-transporting protein, increases its urinary excretion after 

nephrotoxic and ischaemic insults. It is therefore one of the biomarkers of acute kidney 

injury (Makris et al. 2009). TIMP-1 levels are low in healthy kidneys but have been shown 

to increase significantly in models of renal disease. TIMP-1 levels are also associated with 

the extent of fibrosis (X. Zhang et al. 2006). The final marker studied was albumin. Albumin 

is a well-established diagnostic and prognostic marker for assessing the severity of 

glomerular disease in the progression of chronic kidney disease. Our results showed that 

compared to the placebo (19.903 ± 2121 pg/mL) and 4-MU-treated (18.115 ± 647 pg/mL) 

groups, the wash-out group (12.861 ± 1442 pg/mL) had significantly reduced levels of 

clusterin. Cys-C, NGAL, TIMP-1 and albumin levels were not significantly different 

between groups. 
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Fig. 16. Assessment of nephrotoxicity using urinary biomarkers. Levels of urinary 

markers of renal injury are shown as bar graphs. Data expressed as mean ± SEM; * p < 0.05 

by one-way ANOVA with Tukey's multiple comparison test, n=4-7. ns = not significant. 

 

4.1.3 1.2 g/kg/day dose, 4-MU increases blood serum levels of IFN-γ, IL10 and IL12p70 

after 10 weeks of daily administration, but levels return to baseline during wash-out 

period 

There is evidence that HA regulates cytokine release (Nagy et al. 2015). We therefore 

investigated whether 4-MU-mediated inhibition of HA synthesis would affect this process. 

The levels of 14 cytokines (IFN-γ, IL10, IL12p70, IL13, IL2, IL17a, IL4, IL5, IL6, IL1α, 

IL1β, TNF-α, GM-CSF and G-CSF) in blood serum were measured using the Complete 14-

Plex Rat ProcartaPlex™ Panel (Invitrogen, cat. no. EPX140-30120-901). However, we 

could only detect six. The other eight markers were either negative or were below the limit 

of detection of the kit. Our results indicate that the levels of IFN-γ, IL-10, IL-12p70 and G-

CSF were significantly elevated in the 4-MU-treated animals compared to the placebo 

control group, whereas in the wash-out group the levels decreased back to control levels. In 

addition, after the wash-out period, the levels of all the markers affected by the 4-MU 
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treatment returned to the levels of the healthy controls. The levels of IL13 and IL2 did not 

change significantly when compared to the control group (Fig. 17). 

 

Fig. 17. After long-term treatment with 4-MU, serological levels of cytokines and 

interleukins were measured. The bar graphs show the levels of the cytokines and 

interleukins that were detected. Data are expressed as mean ± SEM; *p<0.05, **p<0.01, 

***p<0.001 by one-way ANOVA with Tukey's multiple comparison test, n=5 to 8. ns = not 

significant. 

 

4.1.4 1.2 g/kg/day dose of 4-MU does not affect animal behaviour 

Two behavioural tests were used to determine the possible behavioural changes that 4-MU 

might have on the muscle strength and locomotor functions of the rats (Fig. 18). The grip 

strength test was used to assess neuromuscular function. It determined the maximum force 

that the animal could produce. Animals in the wash-out group had a significant reduction in 

the isometric contraction force of the forelimb compared to the placebo control group, but 

the reduction was mild. Motor function and forelimb-hindlimb coordination were assessed 

using the rotarod. Between the groups, no significant changes were observed. 
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Fig. 18. Results between placebo, 4-MU and wash-out groups showed no changes in 

motor function after 10 weeks of 4-MU treatment, but significant differences were 

observed in forelimb strength between placebo and wash-out groups. (A) shows the 

results of the grip strength test and (B) shows the results of the rotarod test. For easy 

identification of each data point, different coloured dots are used. Data expressed as mean ± 

SEM; *p < 0.05 by one-way ANOVA with Tukey's multiple comparison test. ns = not 

significant.  

 

4.1.5 Long-term 4-MU treatment at the current dose does not affect the biomechanical 

properties of tendons and skin, but does affect the biomechanical properties of bone 

To further characterise the systemic effect mediated by 4-MU, we decided to investigate the 

biomechanical properties of bones, skin and tendons after long-term 4-MU treatment. Our 

results suggest no significant changes in the measured parameters, except for the external 

stiffness of the bones, where we observed a significant reduction in the stiffness of the 

measured femurs. External stiffness represents the resistance to deformation under the 

applied load. These results suggest that the reduced level of HA and GAGs in the bones leads 

to a reduction in the water content, making the bones less resistant to deformation (Tab. 5). 

In addition, bone itself, being composed of not only inorganic minerals but also organic 

proteins and, of course, water, has a complex chemical and material composition at the 

microscopic level. Considering bone as an organic-inorganic composite, the ratio between 

these must be taken into account when it comes to the biomechanical properties of bone 

tissue. If the ratio is shifted towards being more organic or more inorganic, then the 

mechanical properties will change significantly (Luo and Amromanoh 2021).  
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Tab. 5. The biomechanical properties of the bones, skin and tendons in the control 

group, the 4-MU group and the wash-out group. Data are expressed as mean ± SEM; 

**p<0.01, ***p<0.001 by one-way ANOVA with Dunnett's multiple comparisons test 

(n=14-28). The significant difference (two stars in red) shown in the external bone stiffness 

is expressed as 4-MU treated animals compared to CTRL (i.e., healthy untreated animals). 

CTRL = control, W/O = wash-out. 

 

 

 

4.2 4-MU at a dose of 1.2 g/kg/day reduces glial scar but is insufficient to 

induce functional recovery after chronic SCI 

4.2.1 Although 4-MU reduces GAG synthesis and PNN in the uninjured spinal cord, 4-

MU at a dose of 1.2 g/kg/day is not sufficient to downregulate the increased production 

of chondroitin sulphates after SCI 

We have seen in our previous experiments that 4-MU mediates a downregulation of HA in 

the spinal cord, but we wanted to investigate this downregulation in more detail and after 8 

weeks of feeding and the effect of rehabilitation on the ECM in uninjured animals. 

Adult rats were fed 4-MU at a dose of 1.2 g/kg/day on a daily basis for 8 weeks, and some 

of them were then subjected to a wash-out period of 8 weeks. GAGs were extracted from 

the dissected spinal cords. The total amount of HA and GAGs was quantified by turbidity 

CTRL 158,8 ± 2,847

4-MU 153,1 ± 3,435

W/O 156,6 ± 4,331

CTRL 726,7 ± 18,09 

4-MU 617,0 ± 25,97  **

W/O 801,1 ± 27,55

CTRL 66,72 ± 2,983

4-MU 60,34 ± 2,013

W/O 63,321 ± 3,554

CTRL 20,11 ± 2,673

4-MU 14,75 ± 1,746

W/O 23,56 ± 3,708

CTRL 20,11 ± 2,673

4-MU 14,75 ± 1,746

W/O 23,56 ± 3,708

CTRL 9,326 ± 1,113

4-MU 13,57 ± 1,856

W/O 10,43 ± 1,240

CTRL 16,43 ± 2,910

4-MU 16,06 ± 2,702

W/O 16,79 ± 3,704

Maximum stress 

[N/mm]

Maximum force [N]

TENDONS

Young modulus E10 

(10%) [mJ]

Bending strenght            

[Nmm-2] 

BONES

External stiffness      

[N/mm]

Energy  [mJ]

SKIN

Young modulus E5 

(5%) [mJ]
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assay (Kwok, Foscarin, and Fawcett 2015) (Fig. 19A). The results showed that 4-MU 

treatment alone (0.09 ± 0.81 mg/g; n=4; p=0.0086) and 4-MU plus daily treadmill training 

(0.17 ± 0.16 mg/g; n=4; p=0.0113) significantly reduced GAG levels compared to placebo 

(2.02 ± 0.70 mg/g; n=4). In the treated animals, rehabilitation did not affect the efficacy of 

4-MU in downregulating GAG synthesis. Interestingly, daily treadmill exercise alone also 

showed a modest but non-significant reduction in GAG levels compared to placebo (1.06 ± 

0.16 mg/g; n=4; p=0.2555), suggesting that rehabilitation (or exercise) may independently 

reduce GAG levels. In the wash-out group, the total amount of GAGs (0.93 ± 0.40 mg/g; n 

= 4; p = 0.1734) recovered to a level similar to that of the rehabilitation group, suggesting a 

partial return of GAGs (Fig. 19A). In comparison to the placebo group, the 4-MU and/or 

rehabilitative effect on GAGs levels was tested. 

 

 

Fig. 19. 4-MU reduces HA and CSPG synthesis in non-SCI animals even after 8 weeks 

of feeding. (A) Bar graph showing the total amount of GAGs extracted from frozen spinal 

cords after the feeding of 4-MU or placebo and after the wash-out period. Values are 
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presented as mean ± SEM; * p < 0.05, by one-way ANOVA, Dunnett's post-hoc test. (n = 4 

animals per group). (B) Quantification of (C). Bar graph shows mean intensity per grey 

matter area with individual data points. HistoQuest software from TissueGnostics was used 

to calculate intensity. Values are presented as mean ± SEM; *p < 0.05, **p < 0.01 by two-

way ANOVA, Dunnett's post-hoc test. (n = 3 animals per group, 2 images per animal). (C) 

After 8 weeks of feeding and after 8 weeks of wash-out, representative fluorescence images 

showing differential HABP + signal intensity in grey matter (Th8) in the placebo, 4-MU-

treated and wash-out groups. Scale bar 100 µm. (D) Bar graph showing the fold change in 

the expression of hyaluronan synthase (HAS) 1, 2, 3 genes (as 2^-ΔΔCt). Normalised to the 

placebo-treated animals without rehabilitation. qRT-PCR was used to determine 2^-ΔΔCt 

values. Values are presented as mean ± SEM; two-way ANOVA, Tukey post-hoc test in all 

4 groups (n = 4 animals per group). 

 

We also quantified the degree of HA downregulation using HABP staining (Fig. 19 B, C). 

Sections at Th6 and Th10 and around the level of Th8, the focus of subsequent experiments, 

were subjected to histochemical staining. In the 4-MU-treated group, the intensity of HABP 

was significantly decreased at Th8 (74.32 ± 12.81; n = 3; p < 0.0001) and Th6 sections (68.68 

± 4.20; n = 3; p = 0.0007) compared to the placebo group (at Th8, 114.53 ± 6.36, n = 3 and 

at Th6, 114.57 ± 10.97, n = 3). At the Th10 level, there was no significant difference between 

the 4-MU and placebo groups. After 8 weeks of wash-out, HA remained at low levels at Th8 

(79.37 ± 5.57; n = 3; p = 0.0005) and Th6 (83.24 ± 11.00; n = 3; p = 0.0962) compared to 

the placebo group, with some tendency for HA production to return, but not to reach the 

level of the placebo group (Fig. 19 B, C). 

 

Quantification of HAS mRNA expression in spinal cord samples by qPCR (Fig. 19D) did 

not show a significant down-regulation of HAS gene expression in the 4-MU group. 

However, clear trends of downregulation of HAS gene expression were observed in the 4-

MU group compared to all other groups. In the wash-out group, HAS gene expression 

reached placebo levels in combination with the rehabilitation group, suggesting a recovery 

of normal GAGs expression after the wash-out period. 

 

We next investigated the effect of 4-MU treatment (at a dose of 1.2 g/kg/day) on PNNs in 

the ventral horns. This was done by co-staining for WFA and ACAN. WFA is a widely used 

marker of PNNs and has been shown to specifically label the N-acetyl-D-galactosamine 
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residue at the terminal ends of chondroitin sulphate chains  (Testa, Prochiantz, and Di Nardo 

2019; Reichelt et al. 2019). ACAN is a major PNN component. It has been reported to be 

superior in labelling PNN+ive motor neurons in the spinal cord (Sian F. Irvine and Kwok 

2018). Spinal cord sections from all 5 groups were stained for WFA (Fig. 20) and ACAN 

(Fig. 20) and the number of positive cells was counted in the ventral horns up to the central 

canal (Fig. 20). Similar to the biochemical assays, 4-MU treatment and treadmill exercise 

independently reduced the total number of WFA+ive cells in the spinal ventral horns (Fig. 

20). The combination of both induced a greater down-regulation, but this did not reach 

significance. We also observed that the number of WFA+ive and ACAN+ive neurons 

returned to control levels after the wash-out period. PNNs have previously been shown to 

encapsulate α-motoneurons in the spinal cord. Using anti-ChAT antibody, we observed 

reduced PNNs around ChAT+ive neurons in uninjured thoracic spinal cords after 4-MU 

treatment (Fig. 20). This suggests that the current dose of 4-MU at 1.2 g/kg/day or 

rehabilitation can effectively reduce PNNs in the uninjured spinal cord. 
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Fig. 20. Down-regulation of PNNs after 8 weeks of 4-MU feeding in uninjured animals, 

with or without daily treadmill training, and the re-appearance of PNNs after 8 weeks 

of wash-out period. (A) Representative fluorescent images showing Wisteria floribunda 

agglutinin (WFA) and aggrecan (ACAN) positive PNNs around cells in the ventral horns 

and their colocalization (WFA+ive /ACAN+ive) in thoracic spinal cord (Th8) in uninjured 

animals in all 5 groups after 8 weeks of feeding and after 8 weeks of wash-out period. Green 

arrows indicated the WFA+ive PNNs enwrapped cells; red arrows indicated ACAN positive 

PNNs enwrapped cells and grey arrows indicated cells where WFA/ACAN positive signal 

colocalizes. Scale bar 100 μm. (B–D) Quantitative analysis of WFA positive or ACAN 

positive PNNs. Data showed mean ± SEM (n = 3 animals per groups, 3 sections per animal). 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA, Dunnett's multiple 

comparison. (E) Representative confocal images showing WFA positive and ACAN positive 

PNNs surrounding ChAT positive motoneurons in the thoracic rat spinal cord (Th8) in 

placebo, 4-MU treated and wash-out group in ventral horn. Scale bar 30 μm. 

 

Having found that a dose of 4-MU of 1.2 g/kg/day in combination with rehabilitation was 

effective in reducing PNNs in the spinal cord, we next investigated whether this dose was 

sufficient to reduce the increased expression of inhibitory ECM in the injured spinal cord. 

Rats were subjected to a moderate SCI induced by a 200 kdyn impact at the Th8 level of the 

spine. Six weeks after injury, the animals were randomly divided into two groups. The 

groups received a daily diet containing 4-MU or placebo for 8 weeks. In addition, both 

groups received task-specific rehabilitation for the 16 weeks concurrent with the oral 4-MU 

treatment (i.e., 8 weeks during 4-MU treatment and 8 weeks after) in order to prime 

appropriate re-connection from the potentially enhanced neuroplasticity (Fig. 21). 

 

First, we evaluated the amount of HA within the spinal cord (Fig. 21) using HABP. In the 

4-MU-treated group (40.78 ± 6.30), there is a significant reduction in HA around the lesion, 

rostrally (up to 5 mm) and caudally (1 and 5 mm) from the lesion compared to the placebo 

group (72.46 ± 6.46). After 4-MU treatment, we observed a trend towards lower HA levels 

throughout the spinal cord. Even after an 8-week wash-out period, the intensity remained 

reduced. 

 



 

 88 

 

Fig. 21. After chronic SCI, 8 weeks of 4-MU treatment and 8 weeks of wash-out 

combined with daily rehabilitation, HABP intensity remained reduced. (A) 

Representative fluorescence images showing differential HABP+ signal intensity in placebo 

and 4-MU-treated SCI rats after 8 weeks of feeding and 8 weeks of wash-out. Intensity per 

section throughout the spinal cord is shown as a bar graph. The border of the cavity is 

indicated by white dotted lines. Spared grey matter is represented by yellow dotted lines. 

Due to injury variability and individual animal characteristics, the area of spared grey matter 

varies between animals. 3 animals were excluded because of the BBB test 1 week after injury 

(i.e., animals with a BBB test score below 8 were not included in this study). The diagram 

in the lower left-hand corner shows the orientation of the cross-sections, which were created 

using BioRender.com. Scale bar 200 µm; (B) Quantification of (A). Individual data (n = 3 

animals per group) are shown with their mean ± SEM. Two-way ANOVA, Sidak's multiple 

comparison test, *p < 0.05, **p < 0.01. 

 

We then assessed the level of PNNs and CSPGs using WFA and ACAN. Our results showed 

no significant difference between the 4-MU-treated and placebo groups after a further 8 

weeks of no treatment but daily rehabilitation (Fig. 22). These results are consistent with our 

data from uninjured animals where PNNs reappeared after 8 weeks of wash-out (Fig.s 22). 

The strong upregulation of CSPGs after SCI made the dose of 1.2 g/kg/day of 4-MU 

insufficient to suppress their production in the injured spinal cord. 
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Fig. 22. Immunofluorescent double staining of WFA and ACAN suggested that 4-MU 

at the current dose of 1.2 g/kg/day was not sufficient to downregulate the increased 

production of chondroitin sulphates after SCI. (A) Representative fluorescence images 

showing the area of WFA+ive (in green) and ACAN+ive (in red) around the centre of the 

lesion. (B) Quantitative analysis of WFA or ACAN intensity. Bar graphs show the intensity 

per section over the entire spinal cord. The centre of the lesion is marked as level 0. 

Individual data points and their mean ± SEM are presented (n=4 animals per group). ns by 

two-way ANOVA, Sidak's multiple comparison test. 

 

To further investigate changes in the extracellular matrix around the lesion site, we have 

examined the levels of CSPGs (Fig. 23). Using the CS-56 antibody, which recognises CS-

GAG chains, we observed a significant down-regulation of CS-56 signal at the lesion 

epicentre in the 4-MU-treated group in comparison to the placebo group. This contrasts with 

the WFA and aggrecan staining shown in Fig. 23, where no significant change could be 

observed. As CS-56 is specific for the chondroitin sulphate type A and C enriched sequence 

(Sarama S Deepa et al. 2007), our results suggest that there is a differential regulation of the 

sulphation pattern around the lesion site after 4-MU treatment. The mechanism by which 4-

MU induces such changes is not well understood. 
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Fig. 23. 4-MU treatment alters CS-56+ive signal around the lesion scar (Th8-9), but not 

above (Th5-6) or below (Th10-11) the lesion. (A) To investigate changes in CS sulfation, 

the effect on CS-56+ive signal was examined. The representative confocal images show the 

4-MU-mediated changes in CS-56 signal intensities between groups. The insets are high 

magnification views of the staining. The scale bar is 200 µm for the overview image and 50 

µm for the insets. (B) Quantification of (A). Intensities per section over the entire spinal cord 

are shown as bar graphs. Individual data are presented as mean ± SEM (n = 3 animals per 

group). *p < 0.05 by two-way ANOVA, Sidak's multiple comparison test. 

 

4.2.2 4-MU at 1.2 g/kg/day reduces glial scar in chronic SCI 

HA is upregulated by astrocytes in neuroinflammation (R. Asher et al. 1991; Struve et al. 

2005; Back et al. 2005) and is produced by both neurons and glia in the CNS. In the mouse 

model of experimental autoimmune encephalomyelitis, 4-MU has previously been shown to 

reduce astrogliosis in the brain parenchyma (Hedwich F. Kuipers et al. 2016). Given our 

observation of HA downregulation around the lesion cavity, we next focused on the effect 

of 4-MU on the glial scar after SCI. A quantitative analysis of the GFAP+ive area was carried 

out to assess the glial scar surrounding the lesion cavity on cross sections (Fig. 24). A 

significant decrease in astrogliosis was observed in the 4-MU treatment group at a dose of 

1.2 g/kg/day in comparison to the placebo group. The average peak in the middle of the 

lesion was 1.49 ± 0.51% (n=4) in the 4-MU groups and 6.1 ± 1.94% (n=4) in the placebo 

groups (Fig. 24). Note also that GFAP staining in the periphery of 4-MU sections appeared 

brighter than in the placebo control groups. We therefore analysed the pixel intensity 

between the two groups. No significant difference was observed. 
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Fig. 24. The area of glial scar around the lesion site was reduced by 4-MU treatment. 

(A) Representative fluorescence images of the lesion epicentre staining for GFAP in chronic 

SCI treated with 4-MU and placebo. Dotted lines indicate the lesion cavity boundary in the 

4-MU-treated group and the GFAP+ive area in the placebo-treated group. (B) Magnified 

images showing structural changes in GFAP+ive scar tissue after 4-MU treatment compared 

to placebo-treated animals. Scale bar: 30µm; (C) Bar graph showing the area of glial scar 

around the central cavity in the GFAP-stained images using ImageJ software. Values are 

presented as mean ±SEM; **** p<0.0001 by two-way ANOVA, Sidak post hoc test. (n= 4 

animals per group). 

 

4.2.3 4-MU at a dose of 1.2 g/kg/day has an effect on astrocytes, immune cells and OPCs, 

but not on fibroblasts/meningeal cells in the contusion model of chronic SCI 

To determine whether 4-MU affects GFAP expression only in scarring astrocytes or in the 

astrocytes themselves, we used nestin immunohistochemistry to compare the behaviour of 

GFAP+ive cells around the lesion epicentre (Th8-Th9), inferior (Th10-Th11) and superior 

(Th5-Th6) to the lesion (Fig. 25). Compared to placebo, intensity measurements showed a 

reduction in signal for both nestin and GFAP after 4-MU treatment. This is an indication that 

there is a reduction in astrocyte proliferation and activation. 

 

Next, we looked at microglia/macrophages and oligodendrocyte progenitor cells (OPCs) to 

see how they were affected by 4-MU treatment. We used the ionised calcium-binding 

adaptor molecule 1 (Iba-1) as a microglia/macrophage specific calcium-binding protein (Fig. 
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25). Compared to the placebo group, we observed a significantly higher number of Iba-1 

positive cells at the lesion site after 4-MU. This is an indication that 4-MU mediates the 

infiltration of microglia and macrophages in this area. 

 

We then examined the changes in OPC with neuronal glial antigen 2 (NG2) and observed a 

significant increase in NG2 signal after long-term treatment with 4-MU followed by a two-

month wash-out period (Fig. 24). As NG2-expressing OPCs may either: (i) contribute to scar 

formation in response to bone morphogenic protein (BMP) secretion by activated astrocytes, 

or (ii) self-renew and facilitate regeneration, further experiments will be required to confirm 

their functions at the lesion site. Nevertheless, these results are evidence that treatment with 

4-MU is effective in the modulation of the cellular composition around the lesion area. 

 

The levels of collagen 1a produced by meninges or fibroblasts were also examined. At the 

lesion site and away from the lesion, there was no significant change in the presence of 

collagen 1a+ive cells. 
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Fig. 25. Treatment with 4-MU leads to changes in the cell and ECM composition 

around the lesion scar (Th8-9), above the lesion (Th5-6) and below the lesion (Th10-

11). (A-D) Representative confocal images showing the 4-MU-mediated effect on scarring 

cells and components using different markers - (A) nestin and GFAP were used for 

visualisation of scarring astrocytes. (B) Iba-1 was used to visualise microglia/macrophages. 

(C) NG2 for visualisation of oligodendrocyte precursor cells (OPCs). (D) Collagen 1a for 

visualisation of meninges and fibroblasts. All insets show an enlarged view of the staining 

area. Scale bar 200 µm for the overview image and 50 µm for the insets. (F) Quantification 

of (A-E). Except for Iba-1 staining, where the number of Iba-1 positive cells per mm was 

counted, bar graphs show intensities per section throughout the spinal cord. Individual data 

are presented as mean ± SEM (n = 3 animals per group). p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001, by two-way ANOVA, Sidak's multiple comparison test. 

 

4.2.4 4-MU at a dose of 1.2 g/kg/day promotes the sprouting of serotonergic fibres at a 

distance from the injury, but has no effect on the density of synapses around the site of 

the lesion 

The results in Fig. 21 and 22 show that while a dose of 1.2 g/kg/day is able to reduce HA 

and glial scar, the levels of CSPGs remain similar to untreated injured controls after SCI 

(Fig. 19 and 20), and that there are sulphation modifications on the CS-GAG chains. 

Serotonin (5-hydroxytryptamine; 5-HT) is a major neurotransmitter in the mammalian spinal 

cord. It plays an essential role in the control of sensorimotor functions. We therefore sought 

to determine whether 4-MU treatment alters serotonergic innervation. We observed that after 

8 weeks of treatment with 4-MU, followed by a 2-month wash-out period and rehabilitation, 

there was a significant increase in 5-HT+ive puncta in the ventral horns above the lesion in 

the 4-MU-treated group (259.25 ± 12.3) compared to the placebo group (208.58 ± 4.06), and 

below the lesion in the 4-MU-treated group (270.67 ± 15.17) compared to the placebo group 

(203.96 ± 6.01) (Fig. 26). The results suggest that 4-MU treatment leads to downregulation 

of HA and promotes long-term synaptic plasticity after chronic SCI in combination with 

rehabilitation during the 8-week wash-out period. We stained two levels above and below 

the lesion for the presynaptic marker synapsin and measured the number of synaptic contacts 

within the ventral horns to determine whether there was a difference in overall synaptic 

density (Fig. 26). 4-MU-treated animals had a trend towards an increase in synaptic density 

in the area above the lesion, but with no significant difference (Fig. 26). Below the lesion, 
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probably due to the lack of CS reduction as observed in Fig. 22, there is no change in synaptic 

density measurements. 

 

 

Fig. 26. Treatment with 4-MU increases the number of serotonergic fibres far from the 

site of injury, but does not increase the number of synapses at the site of injury after 

chronic SCI. (A) Representative confocal images staining for 5-hydroxytryptamine (5-HT) 

in the ventral horn over and under the lesioned area in the placebo and 4-MU-treated groups 

in chronic SCI. Insets show enlarged stained areas. Scale bar 100 µm; (B) Bar graph showing 
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the integrated density of the 5-HT+ive signal in the ventral horns, using the ImageJ™ 

software. Values are mean ± SEM (n=4 animals per group; 2-3 sections per animal); **p < 

0.01, ****p < 0.0001 by two-way ANOVA, Sidak's multiple comparison test. (C) 

Representative detailed confocal images of the ventral horn above and below the injury, 

staining for synapsin in the 4-MU-treated and placebo groups at the chronic stage of SCI. 

Scale bar 30 μm; (D) Bar graph showing the intensity measured per region (in pixel) on the 

ventral horn with ImageJ software. Data presented as mean ± SEM (n = 4 animals per group; 

3 sections per animal); ns>0.05 by two-way ANOVA, Sidak's multiple comparison test. 

 

4.2.5 4-MU at a dose of 1.2 g/kg/day is not sufficient to improve functional recovery in 

the chronic phase of SCI 

We tested whether axonal sprouting induced by 4-MU and daily rehabilitation would lead to 

functional recovery in the chronic stage of SCI, based on biochemical results showing that 

4-MU abolishes plasticity-limiting perineuronal networks. To test this, the full battery of 

behavioural tests was performed, including the weekly BBB test, the maximum speed test 

and the ladder rung walking test. This was combined with daily treadmill rehabilitation to 

assess their locomotor abilities. In order to assess changes in thermal and mechanical 

sensation, two sensory tests were chosen, the mechanical pressure test and the thermal test. 

These two tests were carried out three times - before the feeding with the 4-MU 

pellets/placebo pellets, at the end of the feeding period and at the end of the whole 

experiment. There were no significant differences or indications of a trend towards 

improvement at any time point. This suggests a lack of 4-MU mediated recovery (Fig. 27). 
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Fig. 27. After chronic SCI, treatment with 4-MU at the current dose does not result in 

functional recovery. The animals were tested on a weekly basis for their ability to reach the 

highest possible speed on the treadmill (max speed), for locomotion in the open field test 

(Basso, Beattie, Bresnahan-BBB), for dexterity (ladder rung walking test) and for sensory 

function (plantar and von Frey tests). And for the sensory function (plantar test and von Frey 

test) at the three different time points of the experiment. (A) Bar graphs show the results of 

behavioural tests to assess the rats' locomotion - maximum speed (max speed), BBB, ladder-

rung walking test. The data show a spontaneous recovery in both groups following the first 

2 weeks of daily rehabilitation in the BBB open field test, which plateaued in both groups at 

week 10. 4-MU did not enhance this spontaneous recovery. Values are mean ± SEM (n=7 

animals for placebo group and n=8 animals for 4-MU group); ns > 0.05 by two-way 

ANOVA, Sidak's multiple comparison test (BBB, ladder-rung walking test); ns > 0.05 by 

two-way ANOVA, Tukey's multiple comparison test (maximum speed). (B) Bar graphs 

show sensory function scores before and after feeding and at the end of the experiment. No 

significant difference was found. Values are expressed as mean ± SEM (n=7 in placebo and 

n=8 in 4-MU); ns>0.05 by two-way ANOVA, Tukey's multiple comparison test. 
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4.3 Expression of alpha 9 integrin allows for the reconstruction of the 

sensory pathway of the spinal cord after injury 

4.3.1 AAV transduces integrin and kindlin in DRG neurons 

Sensory neuron transduction was assessed by immunostaining of DRGs and axons below 

the lesion level (Supplementary Fig. S1A). The ratio of GFP- and/or V5+ive cell bodies to 

βIII-tubulin+ive cell bodies was counted to determine transduction efficiency. The 

transduction efficiency was similar for the three vectors and ranged from 28 to 38% for the 

single vectors and from 20 to 25% for the co-transduction with both the alpha 9 and the 

kindlin-1 vectors. To compensate for the greater length of the integrin gene, the kindlin-1 

vector was injected at a 1:3 ratio. Tab. 6 and Fig. 28 show the transduction efficiencies. 

 

In order to confirm that the transduced sensory neurons are located throughout the DRG and 

not just locally, we imaged the transduced DRGs using 3D light sheet microscopy 13 weeks 

after the injection of AAVs (Supplementary Fig. S1C). Furthermore, immunostaining 

showed that AAV1-α9-V5 and AAV1-kindlin-1-GFP transduced all three sensory neuron 

types located in the DRGs: large-diameter mechanoreceptors (NF200+ive), medium-

diameter nociceptors (IBA4+ive) and small-diameter thermoreceptors (CGRP+ive) (Fig. 

28). 

 

Tab. 6. Sensory neuron transducing efficiencies after direct DRG injection. Data are 

expressed as mean ± SEM, n = 20 - 24 per group. 

 

 

 

 

 

 

VIRAL VECTORS L4, L5 DRGs (%) 

AAV1-GFP 36.59 ± 2.838 

AAV1-kindlin-1-GFP 39.06 ± 2.973 

AAV1-α9-V5 32.94 ± 1.575 

% βIII tubulin +ve neurons co-transduced with 
AAV1-α9-V5 + AAV1-kindlin-1-GFP  
(injected in 3:1 ratio) 

23.37 ± 1.589 

% α9 neurons also +ve for kindlin 68.48 ± 2.537 
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Fig. 28. Thirteen weeks after direct injection, expression of α9 integrin and kindlin-1 

in DRG neurons and axons beneath the lesion. (A) A dorsal root ganglion that had been 

injected with AAV1-kindlin-1-GFP + AAV1-α9-V5 13 weeks before. Many neurons are 

yellow in the composite image below, indicating co-transduction, but some neurons are red 
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or indicating that they were transduced by only one of the viral vectors. Scale bar: 200 μm. 

(B) Quantification of (A). (C) Light-sheet microscopy images of the DRG after direct AAV 

injection with AAV1-kindlin-1-GFP + AAV1-α9-V5. Sensory neurons are uniformly 

transduced throughout the DRG. Scale bar: 200 μm. (D) AAV1 vectors were used to 

transduce sensory neurons of the three main types. CGRP, IBA4 and NF200 immunostaining 

(middle column) overlaps with V5 and GFP staining. Integrin and Kindlin are shown (left 

and right merged columns). Scale bar: 200 μm (E) V5 and GFP staining of axons caudal to 

the lesion. Many axons contain both integrins and kindlins, although some axons stain 

positive for only one. Scale bar: 100 μm. (F) Quantification of (E). Bar graphs show 

individual data with their mean ± SEM (n= 3 animals per group). 

 

Immunostaining was used to visualise α9-V5 and kindlin-1-GFP trafficking in sensory axons 

caudal to the lesion. The spinal cord was sectioned at 40µm. Every fifth section was stained 

for V5 and GFP. For all experiments in this study, these molecules transported from the 

DRGs were used as axon tracers. 

 

The number of axons were counted using an ocular grid. The number of axons crossing a 

line of the grid at regular distances caudal and rostral to the lesion was counted. The number 

of labelled axons at that level in each spinal cord was then estimated by multiplying the sum 

of the values from each distance point by 5. 

 

In both the dorsal roots and caudal to the lesion, many axons were positive for both α9-V5 

and kindlin-1-GFP. However, there were also axons that were positive for only one molecule 

(Fig. 28). The observed average number of co-transduced axons labelled in the spinal cord 

below the thoracic lesion was between 1340 and 1410 (see Tab. 7). 

 

Tab. 7. Number of V5 or GFP or co-labelled axons per spinal cord 600 µm caudal to 

the site of injury. Data are expressed as the mean ± SEM, n = 3 per group. 

 

 Number of labelled axons 

Kindlin-1-GFP axons 1890 ± 45 

Integrin 9-V5 axons 2322 ± 109 

Co-transduced axons 1375 ± 35 
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4.3.2 α9-K1 axons regenerate across lesions in the bridges of connective tissue 

Axons from the integrin α9 + kindlin-1 group were observed to cross the lesion, re-enter 

CNS tissue and continue growing rostrally up the spinal cord. Within the lesions, many 

axons were seen in GFAP-negative connective tissue strands and bridges, and in the 

meningeal/connective tissue roof covering most lesions. A few regenerating axons grew 

around the base of the lesion. At the interface of the connective tissue with the rostral lesion 

edge, axons often showed axonal tangles with changes in trajectory (Fig. 29). However, once 

established in the CNS tissue, axons followed a fairly straight trajectory. Some axons did 

not have a re-entry into the CNS tissue. Instead, there was growth along the spinal cord in 

the meninges (Fig. 29). We measured 849 ± 64 axons 1 mm rostral to the lesion edge in the 

α9-K1 group. 
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Fig. 29. Co-expressing alpha9-integrin and kindlin-1 promotes regeneration of sensory 

axons (A) An example of spinal lesions in T10 from the α9-kindlin-1 group. Approaching 

the lesion from the right (caudal) side are many red (α9-V5 stained) axons. Some random 

growth occurs when the axons enter the bridge over the top of the lesion, which consists 

mainly of meninges, and then the axons enter the CNS tissue again for rostral growth on the 

left. Scale bar: 200 μm. (B) An example of an axon that passes through a fine strand of 

connective tissue. There is a region of wandering growth as the axons re-enter CNS tissue at 

the rostral end (left). Scale bar: 100 μm. (C) Some axons continue to grow in the meninges 

next to the CNS tissue (white arrows) where the axons reach the point where connective 

tissue strands interface with the CNS tissue. Where the detail comes from is shown in the 

lower left MRI image. Scale bar: 50 μm. 

 

In GFP controls (Fig. 30), a few sprouts were seen around the edge of the lesion and at the 

caudal edge of the lesion core, but no axons grew across the lesion. In animals expressing 

kindlin-1 alone, some regeneration of sensory axons was seen in the laminin+ve connective 

tissue within and bridging the lesion, in close contact with laminin+ve structures, but the 

axons did not re-enter the CNS tissue to grow beyond the lesion area (Fig. 30). At the edge 

of the rostral part of the lesion, the integrin a9-kindlin-1 group showed significantly more 

axons (819.00 ± 94) than kindlin-1 alone (413 ± 87; p=0.0012, 2way-ANOVA, n=10-12). 

However, no axons from the kindlin-1-only group continued to grow rostrally above the 

lesion, and 1 mm above the lesion there were no axons visible from either the kindlin-1-only 

group or the GFP controls. 
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Fig. 30. In both the GFP and kindlin-1-only groups, no axon growth through the lesion 

was observed. (A) GFP immunostaining of a lesion from the GFP group. Axons are visible 

only caudally to the lesion (right), but none regenerated into the bridge developing over the 

lesion. Scale bar: 200 μm. (B) One lesion from the GFP group (inset from A), immunostained 

for GFP and laminin. GFP+ve axons terminate caudally of the lesion (right), however no 

regeneration into the laminin+ve connective tissue in the lesion. Scale bar: 200 μm. (C) A 

detail of the terminal axons of the GFP group, where the laminin+ve border starts to form. 

On the laminin+ve ECM the axons do not grow. Scale bar: 50 μm. (D) Example of axon 

regeneration from the kindlin-1 group. Scale bar: 200 μm. (E) Axon regeneration in the 

laminin+ve connective tissue in the bridge region over the lesion, closely associated with 

laminin+ve processes. There is no axon outgrowth from the connective tissue back into the 

CNS tissue. Scale bar: 200 μm. (F) A magnified inset of (E). Scale bar: 50 μm. 

 

4.3.3 α9-K1 axons regenerate to the brain stem 

Regenerating axons were seen rostral to the T10 lesion in animals injected with both integrin 

9 and kindlin-1 (9-kindlin group). Many of these axons were seen to extend all the way 

up to the spinal cord. Most of the axons were seen at the grey-white matter interface at the 

medial edge of the dorsal horns. A smaller number of axons were seen following a wandering 

course within the dorsal horn white matter (Fig. 31). These regenerating axons were 

therefore following a different path to that of the sensory axons that had not been injured. 

Along this regenerating pathway, there were frequent branches that extended into the grey 

matter of the dorsal horn. These branches terminated in arborisations (Fig. 31). The distance 

of axon regeneration from the thoracic lesions was up to 5 cm. Almost all regenerating axons 

rostral to the lesion stained for both α9-V5 and kindlin-1-GFP (Fig. 32). This contrasts with 

axons caudal to the lesion, where there was a significant proportion of single-stained axons 

(Fig. 32). The implication is that only axons with both alpha9 and kindlin-1 were capable of 

regeneration through the lesion. Regeneration index 5mm above lesion was approximately 

0.5 for thoracic SCI and 0.2 for T10 group 5cm above lesion. See Tab. 8 for detailed 

information on the number of axons regenerating through the T10 lesion. 
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Fig. 31. α9-K1 axon regeneration to the brainstem. (A) Diagram showing the spinal cord 

segment from which the following sections (B, C, D) were taken. Created with 

BioRender.com. (B) α9-V5 labelled axons in a cross section of the spinal cord (C3). The 

source of the detail is shown in the diagram on the bottom left. BioRender.com was used to 

create the diagram. Scale bar: 50 μm. The axons at the edge between the dorsal horn and the 

dorsal column are indicated by white arrows.  
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(C) C3 level axons labelled for V5 only. Axons follow a path at the edge between the dorsal 

horn branches. Numerous axons can be seen in the layer between the dorsal horn and the 

white matter of the dorsal column, and several axons can be seen in the white matter of the 

dorsal horn. (D) Axons rostral to the lesion were double stained for α9-V5 and kindlin-1-

GFP. Colocalisation of both markers was observed. Scale bar: 100 μm. (E) Longitudinal 

section of the spinal cord, dual staining for alpha9-V5 and kindlin-1-GFP, with the sensory 

nucleus above. The bundle of axons is approaching the edge of the nucleus and some of them 

are growing up to the nucleus but not into the nucleus. The absence of labelled axons in the 

nucleus indicates the absence of unbranched sensory axons. Scale bar of longitudinal section: 

100 μm. 

 

 

Fig. 32. Distant regeneration in the spinal cord co-expressing alpha9 integrin and 

kindlin-1. (A) Bar graphs show the number of axons after thoracic injury with L4, L5 DRG 

injections. In the α9-kindlin group, approximately 900 sensory axons grew into the rostral 

spinal cord, with a slight decrease in the number of axons as they approached the hindbrain. 

Regenerated axons were observed at a distance of 5 cm from the thoracic lesion to the 

medulla. Bar graphs show data with mean ± SEM (n= 7-12 animals per group). (B) 

Schematic representation of key results of Aim 2. Only the α9-Kindlin group showed 

substantial regeneration beyond the lesion into the rostral cord. Axons in the laminin-

containing connective tissue at the core of the lesion regenerated in the kindlin group. 

Created with BioRender.com. 
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Tab. 8. GFP, kindlin-1 and 9-kindlin-1 group axon number and regeneration index. 

Data are expressed as mean ± SEM, n = 7-10 (animals/group) NA = not available. 

 

 

 

4.3.4 α9-K1 axons regenerate through tenascin-C containing tissue 

Immunolabelling for GFAP, laminin and tenascin-C was performed to examine the substrate 

on which α9-kindlin-1 V5- positive axons were growing. The connective tissue strands and 

the roof in lesions through which axons regenerated were totally or partially GFAP negative. 

There was usually a clear border with GFAP positive CNS tissue. Laminin and tenascin-C 

staining was seen in the connective tissue through which axons grew across the lesions. The 

boundary between the connective tissue and the CNS was less clear with tenascin staining. 

This is because the perilesional CNS tissue also expresses tenascin (Fig. 33). In the kindlin-

1 group, GFP+ive regenerated axons were observed in association with the laminin+ve 

connective tissue substrate. However, they were not able to grow back into the CNS tissue 

(Fig. 33). In summary, within the lesion, axons expressing a9-V5 and kindlin-1 appeared to 

regenerate preferentially through laminin and tenascin-C positive connective tissue 

structures and were then able to re-enter and grow within tenascin-C expressing CNS tissue. 

Axons expressing kindlin-1 alone contained activated forms of the integrins (α4,5,6,7) 

expressed endogenously by sensory neurons, which are laminin and fibronectin receptors. 

These axons grew where laminin was present but did not re-enter the laminin negative CNS 

tissue. 

 

distance (mm) number of axons SEM RI number of axons SEM RI number of axons SEM RI

- 0.6 1519.45 134.81 N/A 1257.73 143.65 N/A 1653.5 173.54 N/A

below lesion 0 0 N/A 1049.1 139.67 N/A 1475.5 201.48 N/A

above lesion 0 0 0 412.73 86.6 0.33 819 94.34 0.50

+ 0.6 0 0 0 0 0 0 850.5 61.61 0.51

1 0 0 0 0 0 0 849.5 64.16 0.51

6 0 0 0 0 0 0 796.5 44.83 0.48

10 0 0 0 0 0 0 784.5 93.55 0.47

16 0 0 0 0 0 0 647.5 91.02 0.39

30 0 0 0 0 0 0 793 99.54 0.48

36 0 0 0 0 0 0 640 76.33 0.39

42 0 0 0 0 0 0 413.5 47.53 0.25

48 0 0 0 0 0 0 309.2 60.2 0.19

distance (mm) number of axons SEM RI number of axons SEM RI number of axons SEM RI

- 0.6 N/A N/A N/A N/A N/A N/A 1673.75 361.13 N/A

below lesion N/A N/A N/A N/A N/A N/A 1126.79 190.99 N/A

above lesion N/A N/A N/A N/A N/A N/A 571.43 154.06 0.34

+ 0.6 N/A N/A N/A N/A N/A N/A 650.00 190.94 0.39

1.2 N/A N/A N/A N/A N/A N/A 737.50 172.06 0.44

1.8 N/A N/A N/A N/A N/A N/A 787.50 193.55 0.47

2.4 N/A N/A N/A N/A N/A N/A 880.36 213.74 0.53

3.0 N/A N/A N/A N/A N/A N/A 816.07 216.76 0.49

3.6 N/A N/A N/A N/A N/A N/A 803.57 162.06 0.48

4.2 N/A N/A N/A N/A N/A N/A 889.58 235.02 0.53

4.8 N/A N/A N/A N/A N/A N/A 941.57 319.29 0.56

integrin α9 + kindlin-1

Cervical SCI

GFP kindlin-1

GFP kindlin-1 integrin α9 + kindlin-1

Thoracic SCI
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Fig. 33. α9-integrin kindlin-1 axon regeneration by laminin-111 isoform and tenascin-

C positive tissues. (A) The GFAP-ve and tenascin+ve laminin+ve bridge that develops over 

the lesions is mostly derived from connective and/or meningeal tissue. Within the connective 

tissue bridge, tangled axons and axons crossing the lesion from the α9-kindlin group can be 

seen. Scale bar: 200 μm. (B) The detailed image shows the bridge region with growing axons 

with morphology typical of regenerating axons, and partially with the retracting bulb. Scale 

bar: 50 μm. (C) Growth of axons in the α9 kindlin group through strands of connective tissue 

that are stained for tenascin-C. A large number of axons with a typical regenerated 

morphology can be seen within the strands, which then enter the CNS tissue rostral to the 

lesion on the left side. Scale bar: 200 μm. 

 

In summary, within the lesion, axons expressing α9-V5 and kindlin-1 appeared to regenerate 

preferentially through laminin- and tenascin-C+ive connective tissue structures, and were 

then able to re-enter and grow within tenascin-C-expressing CNS tissue. Axons expressing 

kindlin-1 alone contained activated forms of the integrins (α4,5,6,7) expressed endogenously 

by sensory neurons, which are laminin and fibronectin receptors. These axons grew where 

laminin was present but did not re-enter the laminin negative CNS tissue. 

 

4.3.5 Completeness of dorsal column crush 

In order to verify the completeness of the lesion in our model of dorsal column crush injury, 

we used 7T MRI. Sagittal and transverse sections (Fig. 34) were taken of all dissected spinal 

cords. The sections were then compared with the rat anatomical atlas. Lesions that were too 

wide, too deep or too small were excluded. Based on the MRI results, no animal was 

excluded from the study. Staining of the sensory nuclei also allowed us to demonstrate lesion 

completeness. Regenerating axons are excluded (Fig. 34), whereas non-lesioned axons 

innervate the nuclei (Cheah et al. 2016; Massey et al. 2008). Thus, the lesion would be 

considered incomplete if V5 or GFP positive axons were observed in the sensory nuclei. 
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Fig. 34. Dorsal column crush completeness. Typical lesion shown in longitudinal (A, C) 

and transverse (B, D) T2-weighted MRI images. These images were obtained from spinal 

cords collected from animals after fixation at week 13. The stars indicate the lesion. (A, B) 

shows one lesion and (C, D) another lesion. Scale bar: 600 μm. 

 

4.3.6 Regenerating axons form a functional synapse across the lesion 

To assess functional connectivity across the lesion, spinal cFOS expression was visualised 

after electrical stimulation of the sciatic nerves. cFOS is an immediate early gene and a well-

established marker of neuronal activity induced transcription (Fig. 35). 

 

The Cell Counter plugin in ImageJ (Schindelin et al. 2012) was used to quantify the total 

number of cFOS+ nuclei in the dorsal horns below the lesion (at the L1 level) and above the 

lesion (at the Th8 level). Three adjacent sections below and above the lesion were analysed 

for each animal. The mean value of each of the subsets was then calculated. Results are 

presented as percentage ratio of number of cFOS+ive cells above lesion to number of 

cFOS+ive cells below lesion. Compared to the GFP (7.754 ± 1.334% after thoracic SCI) and 

kindlin-1 (9.650 ± 1.313% after thoracic SCI) groups, a higher percentage of cFOS+ive cells 

was observed in the α9 - kindlin-1 group (44.380 ± 2.684% after thoracic SCI) (Fig. 35). The 

differences between the α9 - kindlin-1 group and the GFP group were significant (P < 

0.0001). Between the GFP and kindlin-1 groups, no significance was observed. 
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Fig. 35. Above the lesion, regenerating axons form a functional synapse. (A, B) Staining 

of c-Fos from the dorsal horn of the spinal cord (white dotted lines mark the border of the 

dorsal horn) after stimulation of the peripheral nerve.  
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(B) Activation of numerous neurons (red arrows) below the lesion. Scale bar: 100 μm. (A) 

2 segments rostral to the lesion, few neurons are activated in the GFP and kindlin-1 groups 

(red arrows), but many more are activated in the α9 kindlin group (red arrows). This indicates 

that functional connections have been made. Scale bar: 200 μm. (C) Quantification of (A, 

B). Number of cFOS+ive cells expressed as ratio of positive cells below and above lesion. 

Data show mean ± SEM (n=3 animals per group). ns p ≥ 0.05, **** p < 0.0001, one-way 

ANOVA, Tukey's multiple comparison test. (D) Representative confocal images showing 

the dorsal horn 1cm rostral to the lesion from the alpha9-Kindlin group. Blue V5+ive axons 

can be seen extending into the grey matter. They show swellings that also stain red for 

VGLUT1/2. Scale bar: 100 μm. (E) High-resolution single-plane images of dorsal horn 

detail (indicated by white rectangle in (D)) showing cyan V5+ive axons growing into grey 

matter with swellings also staining red for VGLUT1/2. Scale bar: 20 μm. 

 

Using super-resolution, V5+ive sensory axon terminals were observed to colocalise with 

VGLUT1/2 puncta in the spinal coronal slice taken above the lesion, indicating functional 

synaptic connectivity (Fig. 35). These data show that the regenerated axons in the α9 - 

kindlin-1 group were able to establish functional synapses in the rostral side of the lesions. 

 

4.3.7 α9-K1 restores sensory function 

To investigate the recovery of sensory behaviour,hindlimb function tests were performed in 

animals with T10 lesions/DRG lumbar injections. Soft mechanical pressure (Von Frey), heat 

(plantar/Hargreaves) and tape removal tests were used (Fig. 36). The tests started 2 weeks 

before surgery (pre-test period). This was to obtain reference values for healthy animals and 

also to allow the animals to learn the required task. The week following surgery was a break 

in testing. This allowed the animals to adapt to the new pathophysiological conditions. 

Animals were tested every two weeks for 12 weeks from the second week of viral expression. 
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 115 

Fig. 36. α9-K1 led to recovery of sensory functions.  After thoracic lesions, only in the α9-

Kindlin group and only on the treated side, there was a recovery of heat sensation, pressure 

sensation and tape removal. Data show mean ± SEM (n=10-12 animals per group). ns p ≥ 

0.05, *p < 0.05, **p < 0.01, **** p < 0.0001, two-way ANOVA, Tukey's multiple 

comparison test. 

 

During the first week of testing, the experimental left paw and the internal control right paw 

showed a significant sensory deficit compared to reference values after the thoracic level of 

injury. The sensory deficit was manifested by a greater force requirement to elicit withdrawal 

in the mechanical pressure test, a longer withdrawal time in the heat test and a longer delay 

time with tape in the tape removal test. 

  

In the mechanical pressure test, the integrin a9-kindlin-1 group started to show a significant 

recovery compared to the GFP group from week 8 onwards (p = 0.0006, two-way ANOVA, 

n = 10-12). No significant recovery was observed in the other 2 groups (GFP and kindlin-1 

only) after thoracic SCI. 

 

In the heat test, after thoracic SCI, only the integrin 9 - kindlin-1 group showed a significant 

recovery compared to the GFP control group from week 4 (p = 0.0002, two-way ANOVA, 

n = 10-12). There was no recovery in the other groups. 

 

In the tape removal test, significant recovery was only observed in the integrin 9 - kindlin-

1 group (p < 0.0001, two-way ANOVA, n = 10-12) in comparison to the GFP control group.  

 

In conclusion, these results indicate that the integrin a9-kindlin-1 group showed superior 

sensory recovery in the mechanical pressure and heat tests after thoracic SCI. They also 

performed well in the tape removal test after thoracic SCI. 
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5. DISCUSSION  

5.1. 4-MU treatment at a dose of 1.2 g/kg/day is safe for long-term usage in 

rats 

The first objective was to assess systemic effects after long-term treatment with 4-MU 

followed by a 9-week wash-out period. The results showed that there was a reduction in the 

levels of HA and CSPGs. There was a significant increase in bile acids, consistent with the 

choleretic activity of 4-MU. There was also an increase in blood glucose and protein a few 

weeks after 4-MU administration. In addition, levels of interleukins IL10, IL12p70 and IFN 

gamma increased significantly after 10 weeks of treatment with 4-MU. However, there were 

no significant differences between control and 4-MU-treated animals after the 9-week wash-

out period. The results suggest that long-term treatment with 4-MU is well tolerated and 

does not appear to interfere with normal physiology. 

 

4-MU has previously been identified as an inhibitor of the synthesis of HA. HA is an un-

sulphated glycosaminoglycan. It consists of disaccharide repeats of D-glucuronic acid 

(GlcA) and N-acetyl-D-glucosamine. 4-MU inhibits HA synthesis by depletion of UDP-

glucuronic acid (UDP-GlcA), an essential substrate for HA, via glucuronidation of 4-MU 

(Nakamura et al. 1995; Kakizaki et al. 2004; Monslow, Govindaraju, and Puré 2015). The 

result is a decrease in HAS mRNA levels (Vigetti et al. 2009). Here, we report that 4-MU is 

also an inhibitor of CS synthesis. The key building block of CS is the same monosaccharide, 

GlcA. As CS is a key inhibitory molecule for neural regeneration and plasticity, our results 

suggest that 4-MU may have potential as a novel non-invasive treatment for nervous system 

disorders. 

 

In our experiments, we had a systemic route of administration. It was assumed that the whole 

body of the animal would be affected. We decided to look more closely at the 

pathophysiological changes. We investigated the systemic effect of 4-MU treatment at a 

dose of 1.2 kg/g/day. Our results showed no irreversible adverse effects from long-term 

administration of 4-MU. 

 

5.1.1 4-MU: Clinical and experimental use 

4-Methylumbeliferone (4-MU) is used in a number of European countries under the name 

'Hymecromone' for the treatment of biliary diseases, based on its choleretic and anti-

spasmodic activity in the biliary tract. Bile production by hepatocytes depends on active 
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secretion of bile salts (bile-dependent pathway) and active transport of sodium ions across 

canalicular membranes (bile-independent pathway), which are luminal tubular junctions 

between adjacent hepatocytes (Back et al. 2005). It is suggested that the choleretic activity 

of 4-MU is mediated by the active transport of sodium ions into the bile capillaries, thereby 

increasing bile flow, which is not dependent on the osmotic force of bile acids (Takeda and 

Aburada 1981). 4-MU increases the cation-anion gap in the bile duct by rapidly decreasing 

the concentration of bicarbonate and chloride ions in the bile. The conversion of 4-MU to 4-

methylumbelliferyl glucuronide in the liver is thought to be responsible for this mechanism. 

4-Methylumbelliferyl glucuronide, in its anionic form, is then coupled to sodium ions and 

actively secreted into the biliary tree, with water passively following (Takeda and Aburada 

1981). In addition to its choleretic activity, 4-MU is also an inhibitor of HA synthesis (Nagy 

et al. 2019), and HA inhibition has been shown to be a potential treatment for a number of 

diseases, from reducing cancer metastasis in oncology to ischaemia-reperfusion injury and 

non-alcoholic steatohepatitis. In the Tab. 9 an overview of 4-MU doses, 4-MU 

administration time and experimental diseases treated is summarised. 
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Tab. 9. Overview of 4-MU dose, 4-MU dosing time and experimentally-treated diseases. 

  

 

 

Recently, it has been proposed that 4-MU may serve as a novel plasticity treatment for CNS 

disorders by modulating the PNNs (Dubisova et al. 2022; Sîan F. Irvine et al. 2023, 4-; Nagy 

et al. 2015). These structures stabilise established neural connections, thereby limiting 

plasticity in the adult CNS (Sorg et al. 2016) by limiting plastic changes due to 

environmental adaptation (Difei Wang and Fawcett 2012). HA and CSPGs, which share a 

common monosaccharide residue, glucuronic acid, are key components of PNNs. The 

production of UDP-glucuronic acid for HA synthesis is reduced by the binding of 4-MU to 

glucuronic acid (Ghorbani and Yong 2021). We have previously shown that oral treatment 

with 4-MU reduces PNNs, thereby increasing neuroplasticity after SCI (Sîan F. Irvine et al. 

2023). It also improves memory (Dubisova et al. 2022). In addition to experimental use, 

there are several clinical trials of 4-MU. See Tab. 10 for the conditions treated, doses and 

current status of the trials. 

Model Duration of the treatement Treated condition Dose [g/kg/day] Digital Object Identifier (DOI) Year

5 days 6.7 g/kg/day 10.1074/jbc.M114.559583 2014

2 weeks 6 - 10 g/kg/day 10.1111/cei.12815 2016

2 weeks 1 g/kg/day 10.1093/glycob/cwr158 2012

20 days 0.4 g/kg/day 10.1093/glycob/cwv023 2015

12 months

0.0134 g/kg/day                   

0.134 g/kg/day                        

1.34 g/kg/day                            

6.7 g/kg/day

10.21873/invivo.11234 2018

12 weeks
0.025 g/kg/day              

0.05 g/kg/day
10.1038/s41598-019-40436-6

2019

1 days 0.2 g/kg/day 10.1038/s41598-021-85491-0 2021

45 days Metastatic breast cancer stem–like cells 0.4 g/kg/day 10.1158/0008-5472.CAN-11-1678 2012

14 days Metastatic lesions of bone 0.0125 g/kg/day 10.1002/ijc.26014 2012

10 days Leukemia

0.15 g/kg/day                                

0.3 g/kg/day                              

0.45 g/kg/day
10.1016/j.leukres.2013.07.009 2013

2 or 30 days Renal ischaemia–reperfusion injury 10 g/kg/day 10.1093/ndt/gft314 2013

24 days Vascular injury 6 g/kg/day 10.1371/journal.pone.0058760 2013

2 days Acute Lung Injury 0.45 g/kg/day 10.3390/toxins5101814 2013

1 week Autoimmune type 1 diabetes 10 g/kg/day 10.1172/JCI79271 2015

5 weeks Type 2 diabetes 8 g/kg/day 10.1038/s41467-021-25025-4 2021

22 weeks Obesity and diabetes 12 g/kg/day 10.1038/s42255-019-0055-6 2019

x 2 g/kg/day 10.3892/ol.2016.4930 2016

4 weeks 2 g/kg/day 10.1097/MPA.0000000000000741 2017

28 weeks Prostate cancer 0.45 g/kg/day 10.1093/jnci/djv085 2015

42 days Chronic prostatitis 0.5 g/kg/day 10.1002/pros.24205 2021

35 days Bladder cancer
0.2 g/kg/day                              

0.4 g/kg/day
10.1038/bjc.2017.318 2017

14 days Pulmonary hypertension 0.02 g/kg/day 10.1111/bph.13947 2017

6 weeks Malignant peripheral nerve sheath tumor 0.4 - 0.5 g/kg/day 10.1002/ijc.30460 2017

16 or 30 days Liver fibrosis 0.6 g/mg/day 10.3390/ijms20246301 2019

2 weeks Non-alcoholic steatohepatitis 0.2  g/kg/day 10.1007/s12272-021-01309-7 2021

8 weeks Osteoarthritis 6 - 10 g/kg/day 10.1002/jor.24541 2020

8 weeks Myocardial hypertrophy and fibrosis 10 g/kg/day 10.1161/HYPERTENSIONAHA.120.15247 2021

6 months Memory enhancement 6.7 g/kg/day 10.1016/j.brainresbull.2022.01.011 2022

15 days Lung cancer
0.4 mg/kg/day (orally)           

0.02 g/kg/day (injected IP)
10.1016/j.ijbiomac.2022.02.095 2022

3 hours  or  7 days Nerve injury 0.4 g/kg/day 10.1016/j.neulet.2008.08.042 2008

1 day Ischemia/reperfusion injury 0.025 g/kg/day 10.1038/s41598-020-67876-9 2020

8 weeks Spinal cord injury 2.0 g/kg/day https://doi.org/10.1101/2023.01.23.525137 2023

human X Covid-19 1.2 g/kg/day 10.1038/s41392-022-00952-w 2022

Experimental autoimmune encephalomyelitis

Hepatocellular carcinoma

Pancreatic cancer/tumor

mouse

rat



 

 119 

 

Tab. 10. Overview of the clinical trials in which the 4-MU was used. Table shows the 

dose and the conditions treated. Taken from https://clinicaltrials.gov (last updated 

27/07/2022). 

 

 

Due to its ability to reduce PNNs, 4-MU appears to be a drug with potential in a wide range 

of CNS pathologies such as traumatic brain injury, memory disorders and neurodegenerative 

diseases  (Dubisova et al. 2022; Sîan F. Irvine et al. 2023; Yong and Guoping 2008; H. F. 

Kuipers et al. 2016). Pharmacokinetics of 4-MU in humans and rats have been reported in 

cholestasis studies (Garrett et al. 1993; Morita, Sugiyama, and Hanano 1986). However, 

long-term administration of 4-MU at 1.2 g/kg/day, as used in the treatment of SCI, may 

result in undesirable side effects. It is therefore important to access the effects of long-term 

4-MU treatment in other organs. Particularly when not only the PNNs are reduced after 4-
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MU treatment, but also the HA, which is involved in a wide range of physiological processes 

and functions. 

 

5.1.2 Physiological role of HA 

HA is expressed at high levels throughout the body and is conserved throughout evolution. 

HA is a simple linear polysaccharide. It has a wide range of biological functions. By 

interacting with various molecules, HA maintains tissue homeostasis and organises the 

structure of the ECM. The exceptional biophysical and biomechanical properties of HA 

contribute to tissue hydration. It mediates the diffusion of solutes across the extracellular 

space and maintains tissue lubrication. As reviewed in (Dicker et al. 2014) (Fig. 37), the 

binding of HA to cell surface receptors activates a large number of signalling pathways that 

regulate cell function, tissue development, the progression of inflammation, wound healing 

responses and tumour biology. In the CNS, HA is a regulator of neuronal and glial cell 

differentiation and neuronal activity. It has a role in neurodegenerative diseases and CNS 

injury (for review see (Peters and Sherman 2020)). HA is also associated with the dense 

ECM structure that surrounds certain types of neurons in the brain and spinal cord, known 

as PNNs. HA forms the backbone of the PNN (Smith et al. 2015). Following treatment with 

4-MU at the current dose, we observed a downregulation of HA and PNNs in the brain and 

spinal cord. Indeed, we have previously observed that treating adult mice with 4-MU has a 

beneficial effect on retaining memory (Dubisova et al. 2022). Several psychiatric disorders 

have recently been implicated in PNNs. Among them are schizophrenia, autistic spectrum 

disorders and mood disorders (Pantazopoulos and Berretta 2016). This suggests that 

pharmacological dose assessment is only the first step in the evaluation of the effects of 4-

MU. For future clinical relevance, behavioural studies addressing the potential development 

of psychiatric disorders following PNN downregulation will be required. 
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Fig. 37. Schematic illustration showing the wide range of biological functions in which 

HA is involved. Created with BioRender.com, Refs (Goncharova et al. 2012; Peters and 

Sherman 2020; de la Motte and Kessler 2015; Galdi et al. 2021; Papanastasopoulou et al. 

2017; Amir et al. 2022; Kaux, Samson, and Crielaard 2015; Tamer 2013; Hansen et al. 2019; 

Katarey and Verma 2016; Farage, Miller, and Maibach 2017).  

 

Outside the CNS, HA is also a regulator of physiological functions in other organs. In the 

lung, HA is mainly found in the pulmonary connective tissue (Kakehi, Kinoshita, and 

Yasueda 2003) and is involved in the formation of the viscous gel that plays a key role in 

tissue homeostasis, regulation of lung interstitial fluid balance and biomechanical integrity 

(Toole 1990). We did not observe any pathological changes in histology after treatment with 

4-MU at the current dose. This suggests that administration of the current dose for 10 months 

does not induce structural changes in lung tissue. 

 

HA is abundant in the heart, where it is involved in the physiological functions of the heart 

(Fenderson, Stamenkovic, and Aruffo 1993) as well as in pathological conditions (Tammi et 

al. 1978). In our study, the reduction of HA after 4-MU treatment does not indicate 

pathological changes in cardiac tissue, although HA is one of the key molecules in the heart 

that improves electrophysiological and mechanical functions. 

 

For CD-44-mediated progenitor cell adhesion, splenic HA is important. Dysregulation of 

CD-44 affinity as a result of impaired HA synthesis has been associated with morphological 

changes in the spleen such as marked enlargement (Smadja-Joffe et al. 1996) and increased 
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hyaluronidase activity leading to impaired connective tissue GAG metabolism (Drózdz et al. 

1988). In the histological examination of the spleen, we did not observe any significant 

changes in the distribution of splenic HA and/or any pathology between the groups. 

 

The liver has been shown to be the major organ involved in the synthesis and degradation of 

HA (Köpke-Aguiar et al. 2002) and is also the key organ for detoxification. Glucuronidation, 

which requires UDP-GlcA, the major substrate for HA synthesis, is one of the major 

mechanisms for drug detoxification. It is through this metabolism in the liver that 4-MU 

administered to the body is removed. Liver function tests were performed to investigate the 

effect of 4-MU on the liver itself. Two enzymes were monitored: ALT and AST. There were 

slightly higher levels of ALT compared to the reference range in all three groups throughout 

the experiment. At week seven, there was also a significant increase in ALT in the wash-out 

group compared to the placebo group. Even under normal physiological conditions 

(Malakouti et al. 2017) or as a result of intense physical activity (D. R. Dufour et al. 2000), 

liver enzyme levels have been shown to change. Our data showed that in the case of AST, 

levels were within the physiological range throughout the experiment (Miura 1999). 

 

In addition to the liver enzymes, the blood albumin, total protein, bilirubin and bile acids 

were analysed throughout the experiment. Albumin and total protein levels were within 

physiological norms throughout the experiment. The final marker monitored was bilirubin. 

Bilirubin is a breakdown product of red blood cells and elevated levels can also be an 

indication of liver damage. Our biochemical and pathological results showed no liver 

damage after long-term treatment with 4-MU at the current dose. This suggests that 4-MU 

at this dose does not cause drug-induced damage after 10 weeks of daily administration. 

 

In the gut, HA facilitates nutrient and water absorption as well as continuous interaction with 

the GAG-rich interstitial ECM (Kvietys and Granger 2010). Under pathological conditions, 

when nutrient and water absorption is impaired, HA distribution is altered (de la Motte et al. 

2003). Under pathophysiological conditions where HA synthesis is impaired, there is 

increased bacterial translocation and dysbiosis and permeability mediated by disrupted tight 

junctions. It is accompanied by mononuclear cell recruitment and increased lamina propria 

adhesion. We did not observe any pathophysiological changes in the intestine or other 

complications related to intestinal damage after long-term treatment with 4-MU. 
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Over the past decades, HA has emerged as a key player in nephrology and urology. It has 

been implicated in ECM organisation, inflammation, regeneration and pathological 

processes (Kaul et al. 2022). With regard to 4-MU, it has already been shown that inhibition 

of HA could be protective against ischaemia-reperfusion injury in the kidney (Colombaro et 

al. 2013). We did not observe any pathological changes after 10 weeks of 4-MU treatment, 

although we observed a loss of HA when staining kidney sections for HABP. Biochemical 

assessment of urine showed glycosuria at week 4 and proteinuria at week 7 in 4-MU-treated 

animals. Nephrotoxicity markers showed no evidence of renal damage. The only significant 

difference was observed in the levels of clusterin in the urine. A significant reduction in 

clusterin levels was observed in the wash-out group compared to the placebo group, which 

may be related to the age of the animals rather than the 4-MU treatment itself. 

 

In mammals, approximately 27% of the total amount of HA is expressed in the skeletal and 

connective tissues, while only about 10% is expressed in the muscle (Fraser, Laurent, and 

Laurent 1997). Previous studies have shown that HA is mainly concentrated in the synovial 

fluid of joints, in the connective tissue of skin and muscles (Laurent et al. 1991), and in fascia 

and loose connective tissue (Stecco et al. 2011). HA plays a key role in lubricating as well 

as transmitting lateral force during muscle contraction (Purslow 2010). Behavioural tests 

were performed on the rotarod and grip strength to test muscle contraction and strength. 

There was no significant difference between the placebo and 4-MU treatment groups that 

would be indicative of impairment of muscle contraction or strength. Age-related changes 

in the neuromuscular system are probably responsible for the significant difference observed 

between the placebo and wash-out groups in the grip strength test (Hunter, Pereira, and 

Keenan 2016). Because HA is highly expressed in tendons, where it promotes fibroblast cell 

activity (Kaux, Samson, and Crielaard 2015), and in synovial fluid (Tamer 2013) between 

joints, protecting bone ends and supporting movement, we also tested tendon biomechanical 

properties. Our results did not show any significant changes, suggesting an adverse effect of 

1.2 g/kg/day of 4-MU. 

 

Traditionally, hyaluronan has been recognised for the role it plays in maintaining joint 

health.  Hyaluronan is naturally synthesised at the local level by synovial cells within the 

joint. Once produced, it binds to collagen and elastin in the formation of articular cartilage.  

It is the presence of hyaluronate which makes the cartilage strong enough to resist the 

compression forces occurring within the joint (Seog et al. 2002).  Synovial fluid also contains 
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unbound hyaluronan. It is the main source of lubricating fluid that allows the joint to move 

smoothly (Sabaratnam et al. 2005). For smooth joint movement, hyaluronan in the synovial 

capsule is critical: The articular cartilage encapsulates the ends of the bones and forms a 

smooth surface. The synovial fluid forms a lubricating film over the articular cartilage during 

movement.  Combined, these structures protect against frictional wear (Walker et al. 1968). 

Within bone itself, its role in modelling and remodelling bone is the main reason for the 

presence of hyaluronan.  Hyaluronan has been shown to regulate bone remodelling by 

stimulating osteoblasts and osteocytes as well as inhibiting osteoclasts (Bastow et al. 2008).  

Our results suggest that 4-MU-mediated reduction of HA also reduces the amount of bound 

water in bone. This is directly related to reduced bone toughness. With the results of our 

bone biomechanical tests, we have obtained results that are very similar to previous studies 

in which the focus was on age-related changes in the bones (X. Wang et al. 2018). 

 

HA has been found to be responsible for the moisture content of the skin (Stern and Maibach 

2008) and for the healing of wounds (Longaker et al. 1991). Both dermal and epidermal cells 

synthesise HA. Dermal HA is primarily responsible for skin hydration as opposed to 

epidermal HA. A decrease in epidermal HA is directly related to skin ageing. In contrast, 

dermal HA has been shown to remain constant with age (Schachtschabel and Wever 1978). 

Our results suggest that 4-MU treatment did not result in a down-regulation of skin HA or 

an alteration in biomechanical properties. 

 

HA also plays a key role in regulating the immune response (Girish and Kemparaju 2007). 

Inflammation plays a key role in the body's defence against pathogens as part of the immune 

response. However, inappropriate activation of inflammatory processes may contribute to 

many pathological conditions (L. Chen et al. 2018). IFN-γ and IL10 have been described in 

the context of hyaluronan synthesis. Both appear to inhibit chemokine gene expression by 

altering mRNA stability and transcription of the MIP-1α and MIP-1β genes (Horton et al. 

1998). In addition to its role in anti-inflammatory responses, IL10 also plays an important 

role in the regulation of HA synthesis. IL10 binds to IL10R1 and IL10R2 to form a tetrameric 

complex. It activates the JAK/STAT3 signalling pathway. This pathway leads to 

phosphorylation and nuclear translocation of STAT3. This activates genes such as 

hyaluronan synthase (HAS) (King et al. 2014). This could explain the significantly higher 

IL10 levels in 4-MU treated animals. This may be an attempt by the organism to compensate 

for the 4-MU-mediated inhibition of HA. 
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5.2 4-MU as novel therapy for chronic SCI 

Then, we investigated whether a dose (1.2 g/kg/day) of 4-MU would be sufficient to reduce 

PNNs in the ventral horns and promote sprouting and functional recovery in chronic SCI. In 

a previous study, neuroplasticity for memory acquisition was enhanced by down-regulating 

PNNs in mice at 2.4 g/kg/day (Dubisova et al. 2022). We therefore tested whether reducing 

this dose to half, i.e., 1.2 g/kg/day, would be able to downregulate PNNs for potential 

functional recovery after SCI in rats, as the LD50 in rats is slightly lower than in mice. We 

found that the oral dose of 1.2 g/kg/day (4-MU) was sufficient to reduce PNNs and HA in 

uninjured animals, but that it was not sufficient to suppress the strong upregulation of CSPGs 

after SCI, so that no functional recovery was observed. 

 

Many studies have focused on regeneration strategies after SCI in recent years. These 

strategies are often based on the targeting of PNNs and the manipulation of the glial scar to 

attenuate the inhibitory properties of its environment. Current strategies range from 

proteolytic manipulation of the ECM to targeting specific ECM components by synthesising 

inhibitory ECM molecules after SCI (Burnside and Bradbury 2014). One of the most studied 

approaches is enzymatic ECM modification using ChABC. By degrading CS chains to 

disaccharides, removing CSPG inhibition in the glial scar and removing PNNs as a brake on 

plasticity, ChABC benefits both acute and chronic SCI conditions (Difei Wang et al. 2011). 

Spinal cord injured animals show improved recovery, both anatomically and functionally, 

following ChABC treatment (Bradbury et al. 2002; García-Alías et al. 2009; Difei Wang et 

al. 2011). Functional recovery after SCI is further enhanced when restoration of plasticity is 

combined with rehabilitation (García-Alías et al. 2009; Difei Wang et al. 2011). However, 

there are several drawbacks to using ChABC. The main disadvantages of using this bacterial 

enzyme are its thermal instability and short half-life, which requires multiple or continuous 

intrathecal administrations (Nori et al. 2018), the potential for the body to develop an 

immune response, and the difficulty of dosing. In addition to ChABC, Keough and 

colleagues (Keough et al. 2016) tested a subset of 245 drugs that were known to penetrate 

the CNS and exhibit oral bioavailability. None of these 245 compounds was shown to have 

sufficient ability to overcome oligodendrocyte precursor cell inhibition of CSPG. 

 

We therefore investigated whether the administration of 4-MU would reduce the synthesis 

of both HA and CS, thereby facilitating neuroplasticity. Indeed, both anatomically by 
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histochemistry and biochemically by GAG quantification, we observed a down-regulation 

of HA and CS. Our data suggest that 4-MU, in combination with daily training, is a 

suppressor of GAG synthesis. Administration of 4-MU resulted in removal of PNNs in the 

ventral horns using PNN markers including WFA and ACAN. After a wash-out period of 8 

weeks, PNNs reappeared. It is likely that CS synthesis is less sensitive to UDP-GlcA 

deficiency, which explains why PNNs reappeared after 8 weeks of wash-out while HA levels 

remained low. CS is synthesised in the Golgi apparatus where UDP-GlcA sugars are 

transported into the Golgi lumen with high affinity. HA is synthesised directly at the 

cytoplasmic membrane (Nagy et al. 2015). 

 

We used a thoracic contusion injury that mimics the most common closed SCI in humans, 

sparing some axons around a central cavity and ablating dorsal corticospinal tracts (CSTs) 

critical for human motor control (Basso 2000). In the chronic phase, starting 6 weeks after 

injury, 4-MU was administered (Kjell and Olson 2016). At this stage, the glial scar is well 

established. CSPGs are upregulated and the acute immune response has subsided (Stichel 

and Müller 1994; R. Hu et al. 2010). 4-MU treatment was accompanied by daily treadmill 

rehabilitation for consolidation of appropriate synaptic connections and pruning of others 

(Oudega, Bradbury, and Ramer 2012). After the 8 weeks of treatment and rehabilitation, 

rehabilitation was continued for a further 8 weeks as a wash-out period. This wash-out period 

allows the PNNs to reform and stabilise de novo synapses and consolidate anatomical 

plasticity (García-Alías et al. 2009; Al’joboori, Edgerton, and Ichiyama 2020; Difei Wang 

et al. 2011), while the continued rehabilitation prunes random connections, supports 

appropriate connections and removes inappropriate connections (James W. Fawcett and Curt 

2009; Kanagal and Muir 2009). There was a robust reduction in the glial scar surrounding 

the cavity following oral administration of 1.2 g/kg/day 4-MU. Throughout the wash-out 

period, this reduction was sustained.  

 

We analysed the intensity of the 5-HT signal to assess the potential of 4-MU to remove the 

plasticity brake formed by PNNs. Away from the lesion, we observed increased 5-HT 

sprouting. However, this sprouting did not result in a significant difference in synapsin 

immunoreactivity within the ventral horns above and below the lesion between 4-MU treated 

and placebo animals. The effect of 4-MU on the mediation of changes in other cellular 

composition was also investigated. A reduction in GFAP and nestin staining was indeed 

observed. This is an indication of a reduction in astrogliosis. Up-regulation of Iba-1 and NG2 
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staining was also observed. This is an indication of the recruitment of 

microglia/macrophages and OPCs to the area. It is not clear at this stage whether this 

recruitment is due to a direct effect of 4-MU treatment or to a 4-MU-induced modulation of 

the ECM. However, this is an indication that 4-MU is modulating the population of immune 

cells in the area of the lesion. Assessment of functional recovery using the BBB test, the 

maximum speed test and the ladder rung walk test showed no significant differences between 

the 4-MU and placebo groups, even with continued rehabilitation over the next 8 weeks. As 

4-MU-mediated PNNs ablation has been demonstrated in the mouse hippocampus to 

improve memory in ageing mice (Dubisova et al. 2022), we hypothesised that the lack of 

functional recovery after SCI in this study was due to the lower dose of 4-MU administered 

(1.2g/kg/day versus 2.4g/kg/day) and the strong CS-GAG upregulation after injury. A higher 

dose of 4-MU combined with rehabilitation should be tested to see if this improves recovery 

after SCI. 

 

In line with published data, the promising results we observed with 5-HT staining are 

encouraging. Previous studies have shown that in addition to the loss of direct muscle 

innervation by spinal motoneurons, there is also a loss of supraspinal tracts involved in 

voluntary movement initiation and a loss of descending tracts supplying neuromodulators 

such as 5-HT (Jacobs, Martín-Cora, and Fornal 2002; Jordan et al. 2008) to motoneurons. In 

the intact spinal cord, serotonergic innervation originates almost exclusively from brainstem 

raphe nuclei, which are lost (Murray et al. 2010; Schmidt and Jordan 2000) or severely 

disrupted (Hayashi et al. 2010) after SCI. The drastic and abrupt decrease in serotonin 

availability below the lesion results in spinal cord networks that are no longer excitable. or 

responsive (A. R. Harvey et al. 2006; B. Chen et al. 2018) and is a major contributor to SCI-

induced paralysis (Schmidt and Jordan 2000). Barzilay and colleagues have also shown that 

HA is involved in serotonergic fibre propagation, thereby enhancing neuroplasticity 

(Barzilay et al. 2016). 5-HT acts on spinal interneurons and motor neurons to allow 

appropriate muscle contraction (Jacobs, Martín-Cora, and Fornal 2002; Perrier and Delgado-

Lezama 2005). In acute SCI, spinal motor neurons and interneurons are deficient in 5-HT 

(Perrier and Hounsgaard 2003; P. J. Harvey et al. 2006) resulting in paralysis and spinal 

shock (Bennett et al. 1999; 2004). Therefore, despite the continued absence of 5-HT (Button 

et al. 2008) in chronic SCI, motor neurons partially recover their excitability. It has also been 

suggested that this compensatory mechanism requires activity-dependent tuning to 

contribute to motor activity following SCI (Murray et al. 2010). Our behavioural data also 
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showed spontaneous recovery of motor activity in rats with the contusion model of SCI. This 

spontaneous recovery is important not only in animals, but also in human patients with 

incomplete SCI. Some of the descending connections to the brain are spared in incomplete 

SCI. Animals, like humans, can learn to use these spared connections to significantly recover 

walking function, especially with rehabilitation training (Barbeau et al. 2002; Wirz et al. 

2005; Ballermann and Fouad 2006). Therefore, understanding and promoting this plasticity 

in spared connections is an important focus of spinal cord research. For example, it is already 

known that spared corticospinal axons sprout across the injury site and form new 

connections, including the transmission of descending inputs around the injury site through 

spared propriospinal pathways (Bareyre et al. 2004; Gregoire Courtine et al. 2008; Vavrek 

et al. 2006). Spared descending fibres also sprout below the injury, a process shown to 

correlate well with recovery in animal models (Ballermann and Fouad 2006). Neurons 

downstream of the injury must be ready to respond to these enhanced or restored descending 

signals for these spared and new connections to be functional. This is likely to require 

compensating for lost neuromodulatory (5-HT) innervation. Serotonergic growth cones are 

more active than cortical growth cones when challenged with CSPG, as shown by in vitro 

time-lapse imaging studies. After enzymatic digestion with ChABC (Hawthorne et al. 2011), 

serotonergic neurons recover better. These results suggest that 4-MU may also make 

serotonergic fibres more responsive to treatment in vivo through its effect on CSPG 

expression. In the case of ChABC, studies have shown that this may be partly due to 

cytoskeletal or receptor differences. We speculate that even though CSPGs were not 

downregulated around the lesion, systemic administration of 4-MU together with general 

treadmill rehabilitation induced 5-HT sprouting in the spinal cord. The robust serotonin 

neuronal response may also be related to increased expression of GAP-43, which is 

implicated in axonal growth or regeneration and is normally down-regulated in adults (Skene 

and Willard 1981; Jacobson, Virág, and Skene 1986). Postnatally, at least in the forebrain, 

serotonergic neurons require GAP-43 for proper terminal arborisation (Donovan et al. 2002). 

In addition, serotonergic neurons continue to produce GAP -43 mRNA in adulthood 

(Bendotti, Servadio, and Samanin 1991)and this may increase the sensitivity of the 5-HT 

fibres to injury. 

 

We evaluated the changes in mRNA expression of genes involved in HA synthesis (Has1, 

Has2, Has3) (Nagy et al. 2015)to determine if there is a compensatory mechanism for the 

loss of HA synthesis. Although their mRNA levels tended to be down-regulated, we 



 

 129 

observed no significant difference. The expression of the has genes after treatment with 1 

mM 4-MU, studied in human aortic smooth muscle cells, showed a reduction mainly in the 

Has1 and Has2 transcripts after treatment with 4-MU (Vigetti et al. 2009). We used 

histochemical staining for recombinant HABP derived from the human versican G1 domain, 

which binds specifically to hyaluronan and not to other glycosaminoglycans, to determine 

the biochemical effect of 4-MU at 1.2 g/kg/day on HA synthesis in uninjured animals 

(Amsbio; data sheet). We observed that HA levels remained lower than in healthy animals 

after a 2-month wash-out period. This may raise the question of whether the downregulation 

of HA after a 2-month wash-out period may cause adverse effects after treatment. 

 

Clinical trials with 4-MU (marketed as hymecromone in Europe and Asia) have shown 

excellent safety parameters when administered over long periods of time at approved doses 

ranging from 1.2 to 3.6 g/day (Abate et al. 2001; Camarri and Marchettini 1988; Krawzak et 

al. 1995; Quaranta, Rossetti, and Camarri 1984; Trabucchi et al. 1986; Walter and Seidel 

1979; Hoffmann et al. 2005). The longest reported duration of oral 4-MU administered to 

human patients was 3 months (Trabucchi et al. 1986). This is a much shorter duration based 

on the correlation between the ages of laboratory rats and humans (Sengupta 2013) and may 

be taken into account in explaining these results. The safety profile of long-term 4-MU 

treatment is not yet fully established (Nagy et al. 2015). However, in our recent study in 

healthy rats, long-term oral administration of 4-MU at a dose of 1.2 g/kg/day resulted in no 

serious adverse effects. If there were any deviations from the reference values, they returned 

to normal after a wash-out period of 9 weeks in the Wistar rats. Our results suggest that 

1.2g/kg/day 4-MU could be used in long-term therapy (Štěpánková et al. 2023). 

 

In conclusion, this study shows that the oral administration of 1.2 g/kg/day of 4-MU reduces 

the total amount of GAGs, decreases the glial scar and increases the number of 5-HT puncta 

in the chronic stage of SCI. However, these structural changes do not result in increased 

synaptic connections. They are not sufficient to induce functional recovery even after 

intensive rehabilitation. To induce functional recovery supported by synaptic plasticity, a 

higher dose of 4-MU may be required. 
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5.3 Using AAV-mediated overexpression of integrin 9 for sensory 

pathway reconstruction after SCI 

In the last part of this thesis, we have shown that α9-K1 transduced neurons regenerated their 

neurons vigorously through the largely fibroblastic environment of the lesion core of the 

injured rat spinal cord. The axons then extended back into the CNS tissue of the spinal cord, 

where they regenerated down to the level of the spinal cord, a distance of more than 4 cm 

from the thoracic lesions. In the grey matter of the dorsal horn, where synapses were evident, 

many axonal branches grew. On stimulation, neurons in the dorsal part of the spinal cord 

upregulated cFOS, indicating that functional connections were being formed. The light 

touch, the heat and the removal of the tape - the full battery of behavioural tests - indicate 

the full recovery of the behaviour. 

 

The sensory neurons of the DRG are capable of regeneration, as evidenced by their ability 

to regenerate axons within the PNS. The extensive regeneration of axons in the current study 

suggests that α9-K1 transduction activates mechanisms that regulate regeneration in the CNS 

environment. Up-regulation of the RAGs gene expression programme (Chandran et al. 2016) 

is associated with sensory regeneration in the PNS. Regeneration without expression of the 

RAGs programme is unlikely, as several of the molecules expressed in the RAGs programme 

are required for successful regeneration. Transduction of sensory neurons with α9-K1, even 

in the absence of axotomy, results in the expression of the RAGs programme, thus priming 

the neurons for successful regeneration (Cheah et al. 2023). However, for long-distance 

spinal sensory regeneration to occur, expression of the RAGs programme alone is not 

sufficient. Crushing peripheral nerves prior to lesioning the central sensory branch 

upregulates the RAGs programme and leads to increased local sprouting of severed axons, 

but not long-distance growth (Neumann and Woolf 1999). There is therefore a need for an 

additional element. The events of cell migration are dependent on growth-promoting 

receptors on the cell surface that bind to ligands in the environment (P. T. Caswell and 

Norman 2006). This receptor-ligand interaction leads to signalling, increased cytoskeletal 

dynamics associated with focal adhesions, which in turn lead to mechanical traction and 

migration (Ridley 2011). Integrins are the major cell surface adhesion molecules which are 

inducers of migration. Adult DRG neurons express several fibronectin- and laminin-binding 

integrins (α3β1, α4β1, α5β1, α6β1 and α7β1), with the laminin receptor α7β1 playing a major 

role in axonal regeneration in peripheral nerve (Gardiner 2011; Werner et al. 2000). 

However, in the acute SCI, laminin and fibronectin are found in fibroblasts in the core of the 
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lesion, surrounding blood vessels and in the meninges, but not in the central nervous system 

(Orr and Gensel 2018; Risling et al. 1993). Tenascin-C and osteopontin, which are not 

partners for the integrins expressed in adult DRGs, are the integrin ligands in reactive CNS 

tissue. The major migration-inducing integrin for tenascin-C and osteopontin is α9β1, and it 

is therefore not surprising that α9-K1 transduction allows axon regeneration to occur (Høye 

et al. 2012). Expression of kindlin-1 alone activates endogenous integrins expressed by DRG 

neurons. These integrins bind to laminin and fibronectin. Therefore, kindlin-1 alone allowed 

regeneration of sensory axons into the core region of the lesion, but not into CNS tissue 

containing tenascin-C, for which sensory axons have an integrin receptor but very little 

laminin. Only when neurons were transduced with α9-K1 to provide an activated form of 

this tenascin-C-osteopontin receptor, did regeneration into the lesion and on to CNS tissue 

occur. The uninjured axons below the lesion in the α9-K1 transduced animals expressed both 

α9 and K1 in most cases, but some were positive for only one of these. Only axons expressing 

both α9 and K1 were seen above the lesion, indicating that successful CNS regeneration 

requires this combination. However, in animals with lesions in the thoracic spinal cord, we 

observed a decrease in V5 signal in the spinal cord, which may indicate that integrin 

trafficking becomes weaker with distance. 

 

The axons that regenerated through the spine lesion were associated with strands and bridges 

of GFAP-negative tissue that was shown to contain cells of the meninges and blood vessels, 

perivascular and fibroblastic origin. These cells expressed laminin and tenascin-C, providing 

a suitable. growth substrate for endogenously expressed kindlin-1-activated laminin-binding 

integrins and α9-expressing neurons. At the rostral interface of the lesion core and CNS 

tissue, axon growth tended to be chaotic, indicating exploratory behaviour within the 

disturbed tissue. Within the cord rostral to the lesion, regenerating axons in the α9-K1 group 

were found particularly at the dorsal column/dorsal horn border, with some axons growing 

wanderingly through white matter. This is different from the normal path of sensory axons 

and is also different from the path through the white matter that was taken by axons that 

regenerated after α9-K1 and a dorsal root crush (Cheah et al. 2016). Although it is not clear 

why the white matter/grey matter boundary should provide this, we speculate that the path 

disruption associated with growth through the lesion causes axons to seek a permissive path. 

The regenerating sensory axons did not penetrate the medullary sensory nuclei (Cheah et al. 

2016; Massey et al. 2006), as in previous studies. The PNN-rich networks in these nuclei are 

responsible for this. 
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Approximately 1000 axons regenerated 2-5 cm from the lesions into the hindbrain in our 

study and in the previous study using dorsal root crush rather than spinal lesions (Cheah et 

al. 2016). Several data show that these are regenerated rather than unlesioned axons:  

i) Axons in the lesion pass through GFAP negative fibroblastic tissue. Uninjured 

axons would be surrounded by CNS glia.  

ii) Axons rostral to the lesion follow a different route than unlesioned axons.  

iii) Regenerated axons avoid the sensory nuclei. There are no axons innervating the 

sensory nuclei (if present, these would be unlesioned axons). 

iv) Regeneration progresses over time, which is well illustrated by the behavioural 

tests, where the very slow improvement is seen before week 8, where the sudden 

improvement appeared in the 9-K1 group but not in the K1-only and GFP groups, 

and this improvement remained until the end of the experiments, suggesting that the 

transduced axons only reached the particular targets after 8 weeks. 

v) The controls are very clear, no axons beyond the lesion in the GFP group, axons 

only in the laminin+ve fibroblast tissue in the laminin-1 group, Fig. 29, 30) In our 

mRNA profiling study (Cheah et al. 2023) a distinct expression pattern is seen only 

where α9-K1 expression plus axotomy allows axon regeneration. 

 

A large number of processes were seen to grow into the dorsal horns, taking a course 

perpendicular to the ascending axons. VGLUT1/2 positive swellings were seen on these 

processes. This is indicative of synapse formation. After stimulation of the sciatic nerve, the 

peripheral branch of the DRG injected with α9-K1, we tested the ability of these synapses to 

stimulate neurons in the spinal cord by observing the upregulation of c-FOS in propriospinal 

neurons. In the α9-K1-treated animals, the number of c-FOS neurons after stimulation was 

much higher than in the control animals, indicating connections between the regenerated 

axons and spinal cord neurons. This was demonstrated by sensory recovery testing. In 

particular, we saw eventual full recovery in fine touch, heat and tape removal tasks in the 

α9-K1 lumbar injected group. The time course of recovery in this and our previous 

experiment (Cheah et al. 2016; 2023) was similar to the time course of axon regeneration. 

As the animals do not appear to see the tape on their hind paws, recovery in the tape removal 

task is particularly informative. Instead, it appears that sensory detection triggers the removal 

of the tape from the hind paw. The sensation must reach the brain, which then carries out the 

removal process, in order to perceive that there is tape on the hind paw. This task is therefore 
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an example of the transmission of information to the brain by regenerating axons. It is 

interesting to note that this happens without re-innervating the medullary sensory nuclei. 

Presumably, sensory information is transmitted to the brain by propriospinal neurons. These 

neurons are stimulated by regenerated sensory inputs to the dorsal horn. 

 

Almost complete reconstruction of the spinal sensory pathway has been achieved employing 

the strategy of using an activated integrin to induce sensory regeneration. It is important to 

note that in the present study, axons were able to regenerate over a length that would allow 

growth across a human injury, as the lesion length in human SCI varies from 1 to 7 cm 

(Dalkilic et al. 2018). The regeneration index, which compares the number of axons below 

and above the lesion, shows that 50% of the axons regenerated through the lesion area. Once 

through the lesion, the number of axons did not decrease significantly up to the high cervical 

cord. However, due to the lack of innervation of the medullary sensory nuclei, complete 

reconstruction was not achieved. Methods to re-innervate these nuclei have been identified 

using chondroitinase digestion and neurotrophin-3 expression (Massey et al. 2006; Alto et 

al. 2009) and could be used to achieve complete tract reconstruction. However, functional 

recovery, including tape removal, which requires sensory information to reach the brain, was 

almost complete despite the lack of innervation of the sensory nuclei. If α9-K1 could be 

delivered to descending spine axons, it is likely that regeneration would be possible. 

However, in these highly polarised neurons, integrins are restricted to the somatodendritic 

domain and excluded from the axons, so this repair strategy cannot currently be directly 

applied to descending motor pathways (Andrews et al. 2016; Franssen et al. 2015). Strategies 

have been identified to allow integrins to transport to motor axons, which may make it 

possible to reconstruct motor pathways (Petrova et al. 2020; Nieuwenhuis et al. 2020). 

  



 

 134 

6. CONCLUSION 

In conclusion, the results of this thesis show that the regeneration of axons in the CNS is 

inhibited by a large number of intrinsic and extrinsic factors. It has been shown that no single 

intervention is sufficient to fully regenerate damaged axons in the adult mammalian CNS 

because these factors act in parallel. Our aim has been to show that, in principle, there are 

two main therapeutic approaches to the treatment of SCI. Put simply, you could remove the 

inhibitory environment around the lesion site, thereby increasing plasticity, or you could use 

the inhibitory environment to promote regeneration by overexpressing the correct isoforms 

of molecules that are capable of binding to the inhibitory environment around the lesion site, 

thereby allowing axons to pass through the lesion. Both approaches have something in 

common, namely that axons in the adult CNS can be regenerated by reactivating the 

processes that trigger axon growth during development.  

 

We have shown that 4-MU is safe for long-term use on rats. Furthermore, 4-MU can 

effectively downregulate HA throughout the body, with no detectable. side effects. We have 

also observed that 4-MU at a dose of 1.2 g/kg/day is effective in the downregulation of PNN 

(as shown by anti-aggrecan staining). The further question was whether 4-MU at the current 

dose would be sufficient for the promotion of anatomical plasticity and recovery after SCI. 

 

In the next part, we focused on the chronic stage of SCI to see if 4-MU could be used to treat 

it. The main reason for the use of the chronic phase is that by then the scar is fully established 

and it is more clinically relevant for the potential future translation to the treatment of the 

chronic phase than is the acute phase of SCI. We hypothesised that 4-MU would not only 

reduce the glial scar surrounding the lesion, but also remove the PNNs around certain types 

of spinal neurons, thus re-opening a window of plasticity. We also expected that task-specific 

rehabilitation, in our case treadmill training, could remodel, adapt and reorganise axonal 

sprouting after training, leading to recovery of a motor skill after SCI. We investigated that 

4-MU at the current dose is able to reduce the scar around the lesion, but after injury there 

is an upregulation in the production of CSPGs around the lesion. Despite the fact that 4-MU 

at the current dose reduced scar even in the chronic stage, it was not sufficient to reduce 

upregulated CSPGs after SCI. Thus, we did not observe functional recovery, but the 5-HT 

staining showed some increased sprouting in the 4-MU treated animals. These results 

suggest that perhaps the higher dose would lead to functional recovery. However, a further 

study would be needed to test this hypothesis. 



 

 135 

 

As mentioned above, one way to recapitulate the developmental stage is not to remove the 

inhibitory (CSPGs-rich) environment. However, in attempts to achieve axon regeneration, 

this is not the only option available to us. During axonal pathfinding, developing axons 

navigate the extracellular environment, extending to postsynaptic targets to form a functional 

synapse. The mechanism by which they navigate is a type of classical cell migration and 

follows a specific set of rules. When James Fawcett's laboratory at the University of 

Cambridge tried to regenerate axons, they came up with a simple idea. The idea was to try 

to recapitulate this developmental stage in cell cultures and after dorsal root crush in the rat 

model by overexpressing the particular integrin isoforms that are key to axon pathfinding 

during development. We did a follow-up study in a rat model of SCI. The first step was to 

overexpress the 9 integrin with its activator kindlin-1, which was injected directly into the 

DRGs to try to promote sensory axon regeneration. The reason why sensory pathways were 

chosen for this study is simple. SCI patients have more health problems than just the inability 

to walk, and at the same time the neurons are in the DRGs, not at the lesion site, which gave 

us the idea that the sensory pathways might be a better target. In this part of the thesis, we 

showed that AAV-mediated overexpression of integrin α9 together with kindlin-1 can lead 

to partial reconstruction of sensory pathways after SCI. In addition, we observed that axons 

passing through the lesion were able to form functional synapses above the lesion. We also 

observed behavioural improvements in the treated animals. However, as the sensory axons 

did not reconnect in the sensory nuclei in the spinal cord, we did not achieve full pathway 

reconstruction with this treatment. This opens up room for follow-up studies - to use ChABC 

(or any other approach to locally dissolve the PNNs and CSPGs rich environment in the 

sensory nuclei) and then use this approach to reconstruct the sensory pathways connected to 

the bladder and perineum innervation (as this would be an amazing step forward for the 

patients if the bladder sensation would work again) and last but not least to try to reconstruct 

not only the sensory pathways but also the corticospinal tract.  

 

In conclusion, this thesis has provided some insights that may change the field of axon 

regeneration somewhat and allow us to move forward in developing new experimental 

treatments that hopefully can move from the bench to patients and improve their daily lives. 
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7. SUMMARY 

Following SCI, several developmental principles come into play to either promote or inhibit 

spontaneous regeneration, and manipulation of these has the potential to contribute to 

functional recovery. In this work, by considering not only altering the inhibitory 

environment of the injured spinal cord, but also forcing the overexpression of the appropriate 

integrin isoform that allows regenerating axons to grow onto the inhibitory scar, thereby 

promoting sensory tract regeneration, we have explicitly provided a novel developmental 

input to the field of CNS repair.    

 

Finding an effective way to reduce the inhibitory environment is one of the key approaches 

in the treatment of SCI. We focused on investigating a drug that can be administered orally 

with a simple dosage, which has been a goal for some time - 4-MU. 4-MU is already 

approved for biliary therapy in humans, but only for the short term, whereas in SCI it is a 

long-term treatment. Long-term 4-MU treatment at a dose of 1.2g/kg/day appears to be 

associated with no apparent adverse effects in a rat model. However, the current dose was 

insufficient for effective reduction of CSPGs in the scar around the lesion. 

 

We know that there is a remarkable communication between the growth machinery that 

exists during development and that which exists in the adult. When we used AAV vectors to 

overexpress the integrin 9 together with its activator Kindlin-1, which is crucial for 

developmental axon pathfinding, we were able to use the inhibitory environment around the 

lesion to promote axon growth to the molecules present there. We were able to partially 

reconstruct the sensory pathways after the dorsal column crush.   
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8. SOUHRN 

Mícha po poranění prochází procesy, které mohou určitým způsobem připomínat vývoj 

CNS. Tyto procesy, pak mohou samotnou spontánní regeneraci buď podporovat nebo brzdit. 

Určitá manipulace s těmito mechanismy může výrazně přispět k funkčnímu zotavení. Tato 

disertační práce se zaměřuje na zkoumání toho, jak snížení inhibičního prostředí poraněné 

míchy a „znovuotevření“ kritické periody ovlivňují funkční zotavení. Zároveň se zabývá 

otázkou, zda lze toto inhibiční prostředí, v některých případech, využít ve prospěch 

regenerace. V práci ukazujeme, že po vyvolání nadměrné exprese příslušné izoformy 

integrínu, která hraje roli při navigaci axonů během vývoje, umožňuje regenerujícím axonům 

růst po jinak inhibičních proteinech jizvy, kterou využívají jako lešení. Tato práce přináší 

nový pohled na regeneraci axonů po poranění míchy, který využívá rekapitulaci vývojového 

stadia.  

 

Hledání účinného způsobu, jak snížit inhibiční prostředí, patří mezi efektivním přístupům 

při léčbě poranění míchy. Zaměřili jsme se na studium léku, který lze podávat perorálně s 

jednoduchým dávkováním - 4-MU. Tento přípravek je již schválen jako choleretikum a 

antispasmodikum pro krátkodobou léčbu u lidských pacientů, ale zároveň je využíváno 

experimentálně pro léčbu celé řady nemocí a poruch. Nicméně, v případě poranění míchy, 

je potřeba léčba dlouhodobější. Naše experimenty naznačují, že dlouhodobá léčba4-MU v 

dávce 1,2 g/kg/den nevykazuje zjevné nežádoucí účinky u potkanů. Je však nutné 

poznamenat, že současná dávka není dostatečná pro efektivní snížení CSPG v jizvě kolem 

poranění na docílení funkčního zlepšení po míšním poranění. 

 

Víme, že existuje pozoruhodná komunikace mezi růstovým mechanismem, který funguje 

během vývoje, a mechanismem, který je aktivní v dospělosti. Při využití vektorů AAV k 

nadměrné expresi integrínu 9 spolu s jeho aktivátorem Kindlinem-1, klíčovým pro navigaci 

axonů během vývoje, jsme úspěšně využili inhibiční prostředí v okolí poranění k podpoře 

růstu axonů. Dosáhli jsme částečné rekonstrukce senzorických drah po dorsální hemisekce.  
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