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Abstrakt 

 

Poranění míchy je závažné trauma a navzdory intenzivnímu výzkumu stále neexistuje 

účinná léčba pro pacienty. Cílem této dizertační práce je studium nových možností terapie 

míšního poranění na zvířecích modelech. Zaměřili jsme se na využití přírodních materiálů, 

kmenových buněk, genovou terapii a možnost kombinace těchto přístupů. 

Byl zkoumán efekt materiálů na bázi extracelulární matrix (ECM) připravených 

decelularizací prasečí míchy a prasečího močového měchýře na regeneraci tkáně po akutní 

hemisekci míchy. Dalším testovaným materiálem byl hydrogel na bázi kyseliny hyaluronové 

modifikovaný RGD adhesivním peptidem aplikovaný do léze po akutní a subakutní míšní 

hemisekci. Ukázali jsme, že oba typy biomateriálů pozitivně ovlivnily regeneraci míšní tkáně 

tím, že umožnily přemostění léze a podpořily vrůstání axonů. ECM hydrogely navíc 

podporovaly vrůstání cév do místa poškození. Kombinace hydrogelů s mesenchymálními 

kmenovými buňkami izolovanými z lidského pupečníku (hWJ-MSCs) měla synergický efekt, 

ale vzhledem k tomu, že do hydrogelů bylo možné inkorporovat pouze omezené množství 

buněk, nebyl tento efekt spojený se zlepšením motorických schopností. Limitací testovaných 

hydrogelů na bázi ECM je rychlá degradace materiálu, která neumožní plnohodnotnou obnovu 

poškozené tkáně. 

Další část práce je zaměřena na intratekální transplantaci hWJ-MSCs do balónkové 

kompresní léze. Prokázali jsme, že efekt buněk závisí na použité dávce, přičemž 1,5 milionu 

transplantovaných hWJ-MSCs v jedné dávce nebo ve třech dávkách po 0,5 milionu je 

minimální počet hWJ-MSCs, který se projeví zlepšením behaviorálních a histologických 

parametrů, jako je vrůstání axonů a redukce gliové jizvy. Avšak pouze opakovaná aplikace 1,5 

milionu hWJ-MSCs vedla k signifikantnímu zlepšení v náročnějším behaviorálním testu, který 

vyžaduje koordinaci pohybů. 

Jako další možný terapeutický přístup byla zvolena transfekce neurálních buněk. Ukázali 

jsme, že genová terapie vektory pro α9 integrinovou podjednotku a pro aktivátor integrinů 

kindlin 1 kombinovaná s implantací biomateriálu modifikovaného specifickým adhezivním 

peptidem by mohla být dalším možným přístupem, jak podpořit vrůstání axonů do místa 

poškození. 

 

Klíčová slova: míšní poranění, regenerace, extracelulární matrix, kyselina hyaluronová, 

hydrogel, mesenchymální kmenové buňky, integrinové receptory  



 

 

Abstract 

 

Spinal cord injury is a serious trauma and despite intensive research there is still no 

effective treatment for patients. The aim of this thesis is to study new possibilities of spinal cord 

injury therapy in animal models. We have focused on the use of natural materials, stem cells, 

gene therapy and the possibility of combining these approaches. 

The effect of extracellular matrix (ECM) based materials prepared by decellularization 

of porcine spinal cord and porcine urinary bladder on tissue regeneration after acute 

hemisection of the spinal cord was investigated. Another tested material was a hydrogel based 

on hyaluronic acid modified with RGD adhesion peptide, which was applied acutely and 

subacutely into the hemisection lesion. We have shown that both types of biomaterials have 

positive effect on regeneration of the spinal cord tissue by bridging the lesion and promotion of 

axonal ingrowth. In addition, ECM hydrogels promote the growth of blood vessels into the 

lesion site. The combination of hydrogels with mesenchymal stem cells derived from human 

umbilical cord (hWJ-MSCs) had synergistic effect, but since only a limited number of cells 

could be incorporated into hydrogels, this effect was not associated with improvement in motor 

skills. The limitation of ECM hydrogels is their rapid degradation, which will not allow full 

recovery of damaged tissue. 

Another part of this work is focused on intrathecal transplantation of hWJ-MSCs into 

the balloon-induced compression lesion. We have shown that the effect of cells is dose 

dependent and that 1.5 million transplanted hWJ-MSCs in one dose or in three doses of 0.5 

million is the minimum number of hWJ-MSCs, which leads to improvements in behavioural 

and histological parameters such as axonal ingrowth and reduction of the glial scar. However, 

only repeated application of 1.5 million hWJ-MSCs led to significant improvement in more 

demanding behavioural test that requires coordination of movements. 

As another possible therapeutic approach, neural cell transfection was chosen. We have 

shown that gene therapy using vectors with α9 integrin subunit and the integrin activator 

kindlin 1 combined with the implantation of a biomaterial modified with specific adhesion 

peptide could be another possible approach how to promote the growth of axons into the lesion 

site. 

 

Key words: spinal cord injury, regeneration, extracellular matrix, hyaluronic acid, hydrogel, 

mesenchymal stem cells, integrin receptors 
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1 List of abbreviations 

AEIDGIEL Peptide: alanine – glutamic acid – isoleucine – aspartic acid – 

glycine – isoleucine – glutamic acid – leucine  

Arg1 Arginase 1 

BBB  Basso, Beattie and Bresnahan test (open field test) 

BDNF Brain-derived neurotrophic factor 

BI Before injury 

CAG Promotor (C – the cytomegalovirus early enhancer element; A – the 

first exon and the first intron of chicken beta-actin gene; G – the 

splice acceptor of the rabbit beta-globin gene) 

Casp3 Caspase 3 

Ccl Chemokine (C-C motif)  

CD Cluster of differentiation 

Cd163  Gene for cluster of differentiation 163  

Cd86 Gene for cluster of differentiation 86  

cDNA  Complementary deoxyribonucleic acid 

ChABC Chondroitinase ABC 

CNS Central nervous system 

CSPG Chondroitin sulfate proteoglycan 

CTCF  Corrected total cell fluorescence 

DAPI 4,6-diamidino-2-phenylindole 

DRG Dorsal root ganglion 

ECM Extracellular matrix 

ED1 Anti-CD68 antibody  

F  Fibrinogen 

Fgf2 Fibroblast growth factor 2 

Gap43 Growth associated protein 43 

Gapdh Glyceraldehyde 3-phosphate dehydrogenase 

GFAP  Glial fibrillary acidic protein 

GFP Green fluorescent protein 

H2O2 Hydrogen peroxide 

HA Hyaluronic acid 

HA-CHO Hyaluronan polyaldehyde 
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HA-PH Hydroxyphenyl derivate of hyaluronic acid 

HA-PH-RGD Hydroxyphenyl derivate of hyaluronic acid modified with the 

integrin binding peptide arginine – glycine – aspartic acid 

HA-PH-RGD/F HA-PH-RGD combined with fibrinogen 

HCl Hydrochloric acid 

HLA Human leukocyte antigen  

HRP  Horseradish peroxidase 

hWJ-MSCs Human Wharton's jelly-derived mesenchymal stem cells 

IKVAV Peptide: isoleucine – lysine – valine – alanine – valine 

Il Interleukin 

iPSCs Induced pluripotent stem cells 

Irf5 Interferon regulatory factor 5  

IS Immunosuppression 

MHC Major histocompatibility complex 

Mrc1 Macrophage mannose receptor 1  

mRNA Messenger ribonucleic acid 

MSCs Mesenchymal stem cells 

MTCO2 Mitochondrially encoded cytochrome C oxidase 2 

NaCl Sodium chloride 

NaOH Sodium hydroxide 

Ncan  Neurocan 

NF-160 Neurofilament marker 

NGF Nerve growth factor 

Nos2 Nitric oxide synthase 2  

NSCs  Neural stem cells 

NT-3 Neurotrophin-3 

OSP Oligodendrocyte specific protein 

PBS  Phosphate-buffered saline 

Ptgs2 Prostaglandin-endoperoxide synthase 2 

Ptprz1 Phosphacan 1 

qPCR Quantitative real-time polymerase chain reaction 

RECA  Anti-endothelial cell antibody 

RGD Peptide: arginine – glycine – aspartic acid 

RNA Ribonucleic acid 
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SC-ECM Extracellular matrix hydrogel derived from porcine spinal cord 

SCI Spinal cord injury 

SCs Stem cells 

SEM  Standard error of the mean 

Sort1 Sortilin 1 

Th  Thoracic vertebra 

UB-ECM Extracellular matrix hydrogel derived from porcine urinary bladder 

Vegfa  Vascular endothelial growth factor A 
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2 Introduction 

The nervous system consists of peripheral and central nervous system (CNS). Both are 

built up of neurons and glial cells. Neurons are characterized by their ability to respond to 

stimuli with an electric discharge and fast conduction of the nerve impulse over long distances. 

The primary functions of glial cells in CNS, which include astrocytes, oligodendrocytes and 

microglia, are to support and protect neurons. 

CNS can be anatomically divided into the brain and the spinal cord. The brain represents 

the highest control centre of the nervous system. The spinal cord serves as a bidirectional 

connection between the brain and peripheral nerves. It enables transmission of motor signals to 

body and sensory signals to the brain. Moreover, the spinal cord is also able to produce spinal 

reflexes. 

The spinal cord contains a central region with gray matter surrounded by white matter 

and is covered with pia mater, arachnoid and dura mater. The gray matter, which consists of 

dorsal and ventral horns, is formed from different neuron types and glial cells. Motor neurons 

reside in the ventral horns and their axons leave the spinal cord via ventral roots to reach skeletal 

muscles, smooth muscles and glands. On the other hand, sensory neurons with cell bodies in 

the dorsal root ganglia (DRG) receive signals from sensory organs in the body and their axons 

enter the cord via dorsal roots to transmit information to the brain. Furthermore, interneurons 

ensure correct communication within spinal cord (Figure 1).  

 
Figure 1: Schematic picture of the spinal cord anatomy (https://anatomybody101.com/spinal-cord-

cross-section/spinal-cord-cross-section-image7/). 

 

https://anatomybody101.com/spinal-cord-cross-section/spinal-cord-cross-section-image7/
https://anatomybody101.com/spinal-cord-cross-section/spinal-cord-cross-section-image7/
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The white matter is mostly composed of groups of myelinated axons, which form 

ascending and descending tracts (Figure 2). Ascending tracts, which transmit mainly 

somatosensory information to higher level include posterior columns (fasciculus gracilis and 

fasciculus cuneatus), spinocerebellar, spinothalamic and spinoreticular tract. Descending tracts 

enable the brain control of spinal cord neurons and the periphery and can be divided into two 

major groups according function: pyramidal tract (corticospinal) for voluntary control of the 

musculature, and extrapyramidal tracts (reticulospinal, tectospinal, vestibulospinal and 

rubrospinal) for autonomous control of the musculature such as muscle tone, balance and 

posture. Additionally, propriospinal axons interconnect neurons of different parts of the spinal 

cord.  

 
Figure 2: Approximated location of ascending and descending tracts in human spinal cord (Silva et al., 

2014). 

 

The spinal cord is vertically organised in segments, which are divided into four regions: 

cervical, thoracic, lumbar and sacral. Humans and rats have similar number of segments with 

comparable functions. The human spinal cord comprises of 31 spinal nerves: 8 cervical, 12 

thoracic, 5 lumbar, 5 sacral and 1 coccygeal. While the spinal cord of the rat comprises 34 

spinal nerves: 8 cervical, 13 thoracic, 6 lumbar, 4 sacral and 3 coccygeal. From each segment 

arise paired spinal nerves form connection of dorsal and ventral roots, one on each side of the 

spinal cord (Figure 1). Cervical nerves control muscles and glands and receive sensory input 

from the neck, shoulder, arm and hand. Thoracic nerves are associated with the chest and 

abdominal walls. Lumbar nerves are connected with the hip and leg. Sacral nerves are linked 

to the genitals and lower digestive tract and coccygeal nerves supply the skin over the coccyx.  
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2.1 Spinal cord injury 

Spinal cord injury (SCI) is a severe trauma affecting 250 – 500 thousand people 

worldwide every year (according World Health Organization). The leading causes of SCI are 

motor vehicle crashes, sport related accidents, falls and violence injures, affecting mostly young 

people. SCI often leads to a permanent loss of sensory and motor functions, which results in 

decreased quality of life and serious socio-economic consequences (Pego et al., 2012; Raspa et 

al., 2015). Pathophysiology of SCI is a complex set of phenomena, which together create an 

inhibitory environment blocking the axonal growth and repair (Delgado et al., 2015; 

Hulsebosch, 2002; Willerth and Sakiyama-Elbert, 2008).  

The SCI is usually caused by a mechanical insult to the spinal cord parenchyma followed 

by compression of fractured vertebra or disk protruding into the spinal canal (Macaya and 

Spector, 2012). SCI trauma can be divided into primary and secondary phase. Primary injury 

happens in the first seconds after the impact or laceration of the spinal cord tissue. The initial 

mechanical insult tends to damage primarily the central gray matter and blood supply (Dumont 

et al., 2001).  

Processes of the primary phase are further developed in the secondary phase (Figure 3). 

Secondary injury can be characterized as acute phase, which occurs 2 – 48 hours after primary 

injury, subacute phase in the following two weeks, and chronic phase starting several weeks 

after SCI. Secondary injury leads to additional cell death, scarring and loss of function. 

Detrimental biochemical changes include excessive calcium influx, which leads to glutamate 

excitotoxicity, lipid peroxidation, nitrous oxide excess and apoptosis of neurons, 

oligodendrocytes, microglia, and astrocytes (Oliveri et al., 2014). The death of 

oligodendrocytes in white matter tracts continues for many weeks after the injury and may 

contribute to post-injury demyelination (Macaya and Spector, 2012; Silva et al., 2014). 

Vascular changes, including hemorrhage, breakdown of a blood-brain barrier and 

infiltration of inflammatory cells, leads to edema, necrosis and ischemia. Neutrophils and 

monocytes infiltrate the lesion over the course of hours to days. In later stages, monocytes 

differentiate into macrophages and resident microglia also become activated. Similarly, 

supportive astrocytes at the lesion periphery begin to hypertrophy and proliferate into a reactive 

phenotype (Donnelly and Popovich, 2008; Silva et al., 2014).  

The glial scar formed around the injury acts as a physical as well as biochemical barrier, 

preventing axons to grow through it. The scar is formed predominantly by reactive astrocytes, 

but also by microglia/macrophages and potent neurite growth-inhibiting substances such as 
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chondroitin sulphate proteoglycans (CSPGs), tenascin-C, myelin-associated glycoprotein, 

myelin oligodendrocyte glycoprotein, and neurite outgrowth inhibitor Nogo (Oliveri et al., 

2014). The CSPGs including aggrecan, brevican, neurocan, NG2, phosphacan, and versican, 

are proteoglycans consisting of a protein core and a chondroitin sulfate side chain. They act as 

guidance cues for developing growth cones during development, but on the contrary, in the 

adult CNS they inhibit axon growth after SCI (Silva et al., 2014). Glycoprotein tenascin-C is 

also expressed mainly during CNS development and it is re-expressed following CNS injury. 

Tenascin-C can promote regeneration but also its inhibition because it has the ability to both 

support and restrict neurite outgrowth depending on tenascin-C splice variant. Nevertheless, 

one of the reasons for poor regeneration of adult CNS might be the lack of a receptor for 

tenascin-C (Andrews et al., 2009; Chen et al., 2010). 

Chronic phase occurring months and years after the injury comprises of events such as 

white matter demyelination, Wallerian degeneration, gray matter disintegration, cavity 

formation, connective tissue deposition and reactive astrogliosis that stabilizes glial scar (Figure 

3). Additionally, Schwann cells and their associated axons from the peripheral nervous system 

infiltrate the lesion. This ingrowth potentially serves as an impediment to neurite outgrowth and 

may cause pain, spasticity and other abnormal physical responses (Norenberg et al., 2004). 

 

Figure 3: Schematic representation of the pathophysiological processes in the injured spinal cord in 

acute and chronic stages (Ronsyn et al., 2008). 
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2.2 Spinal cord injury treatment 

Currently, there is no effective therapy for SCI, which could successfully recover the lost 

functions. Existing interventions attempt to minimize secondary injury and protect neural 

tissue, which survived the mechanical injury. Standard therapy of acute SCI consists of surgical 

decompression of the injured segments, stabilization of the patient and, in some cases, the 

administration of methylprednisolon to neutralize acute inflammation. Chronic SCI treatment 

focuses on pain relief, rehabilitation, neural prostheses, decreasing spasticity and the prevention 

of side effects (Baptiste and Fehlings, 2007; Macaya and Spector, 2012). 

Several research groups worldwide are focused on the experimental treatment of SCI. 

These include neuroprotection, activation of intrinsic neuronal regeneration capacity, removal 

of inhibition, regulation of gliosis and scar formation, reducing excitotoxicity and inflammatory 

response, replacing lost neurons and glia or providing cellular bridges for axon growth. 

Combinations of these therapies may reveal synergistic effects and represent a promising 

therapeutic approach in SCI treatment (Figure 4). The aim of tissue engineering is development 

of biomaterials, which could fill the cavity formed after SCI, provide permissive environment, 

and serve as structural support for axonal regrowth and angiogenesis (more in 2.3). 

Alternatively, cell therapy using various stem cells types (e.g. mesenchymal stem cells) or glial 

cells (e.g. olfactory ensheathing cells), which then secrete growth factors and modulate immune 

response in the site of injury, have been shown to have beneficial effects (more in 2.4) 

(Kubinova and Sykova, 2012; Raspa et al., 2015). The experimental treatment of SCI in recent 

years also includes gene therapy, which has great regeneration potential due to long-term local 

delivery of therapeutic molecules into the injury site (more in 2.5) (Uchida et al., 2014). 

 

Figure 4: Schematic representation of different treatment options in SCI (Ronsyn et al., 2008). 

 

Molecular therapies usually focus on the modulation of inflammatory response, 

administration of growth-stimulating factors and/or blocking the inhibitory nature of the injured 

adult spinal cord tissue. Axonal growth can be stimulated for example by application of nerve 
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growth factor (NGF), brain-derived neurotrophic factor (BDNF) or neurotrophin-3 (NT-3). 

Moreover, ingrowth of blood vessels can be enhanced with vascular endothelial growth factor 

(Silva et al., 2014). The inhibitory environment after SCI is caused mainly by CSPGs, 

components of the glial scar. This inhibition can be overcome by chondroitinase ABC 

(ChABC), which degrades CSPGs. Other obstacles in tissue regeneration after SCI are myelin-

associated inhibitors such as Nogo. Therefore, a molecular therapy may use blocking antibodies 

against Nogo receptors (Young, 2014). 

For axonal growth it is also necessary that growth cones interact with local extracellular 

matrix (ECM), which is mediated by integrin receptors. Integrin expression is at high levels in 

embryonal and early postnatal development, but is limited in adult CNS. Moreover, after SCI, 

the inhibitory molecules CSPGs and Nogo further inactivate integrin function. It has been 

shown that forced integrin activation by their intracellular activators kindlin and talin can 

overcome this inhibition (Eva and Fawcett, 2014; Lemons and Condic, 2008). Higher integrin 

expression also correlated with better neuronal regeneration (Condic, 2001; Cheah et al., 2016). 

 

2.3 Biomaterials 

Cavity formation and the surrounding inhibitory glial scar are the main obstacles in axon 

regeneration after SCI. A convenient treatment is the implantation of a biomaterial, which can 

fill the tissue gap and serve as a bridge for axonal growth across the lesion cavity (Hejcl et al., 

2008a). Biomaterials that are suitable for SCI repair should fulfil several criteria:  

 Biocompatibility (no toxicity, without any adverse effects). 

 Similar physical and mechanical properties as the spinal cord tissue. 

 Cell adhesive surface that allows attachment of both endogenous and transplanted 

cells. 

 Porous structure allowing cell infiltration, axonal and blood vessels ingrowth. 

 Controlled degradability in a physiological environment with matched material 

degradation and tissue regeneration rates (Kubinova and Sykova, 2012; Raspa et 

al., 2015). 

Many synthetic and natural biomaterials have been developed to treat SCI. These 

materials can be implanted in solid form or injected as liquid, which polymerizes in situ (Hejcl 

et al., 2008a; Kubinova and Sykova, 2012; Pego et al., 2012). Injectable scaffolds enable the 

filling of small defects like the cavities formed after SCI. Therefore, they can eliminate void 

spaces and create an integrative implant-tissue interface to restore the continuity of the tissue 
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(Macaya and Spector, 2012). On the other hand, solid implantable materials can be prepared 

with oriented pores or guiding tubular channels that can direct regenerating axons (Friedman et 

al., 2002). 

The most convenient materials for SCI tissue engineering are hydrogels. Hydrogels are 

three-dimensional networks composed of crosslink hydrophilic polymers, which contain a large 

proportion of water (up to 98 %), therefore allowing metabolite exchange (El-Sherbiny and 

Yacoub, 2013) and their mechanical properties can be set to match the neural tissue. Moreover, 

the adhesion properties of hydrogels can be enhanced by various functionalizations, such as 

integrin specific peptide sequences (for example RGD, IKVAV) or by using functional groups 

with a positive or negative charges (Hejcl et al., 2008a). 

Synthetic hydrogels can be custom made in a reproducible manner. However, they are 

unable to fully recapitulate the complexity of organization and bioactivity present in natural 

materials (Macaya and Spector, 2012). Non-degradable synthetic hydrogels include 

biomaterials based on poly(2-hydroxyethyl methacrylate) (Hejcl et al., 2008b; Kubinova et al., 

2013), poly(N-(2-hydroxypropyl)-methacrylamide) (Woerly et al., 2001) or polyethylene 

glycol (Borgens and Shi, 2000). The disadvantage is their persistence in the lesion site, which 

blocks full tissue reconstruction (Kubinova and Sykova, 2012). Synthetic biodegradable 

polymers used for neural applications generally consist of aliphatic polyesters, such as 

poly(lactic acid) (Hurtado et al., 2011), poly(caprolactone) (Hwang et al., 2011) or copolymer 

poly(lactic-co-glycolic acid) (Chen et al., 2011; Kang et al., 2011). Degradable biomaterials 

serve as a temporary filling of the cavity, which is gradually replaced by an anatomically 

appropriate and functional tissue. However, degradation products of these materials can 

potentially cause an inflammatory reaction (Kubinova and Sykova, 2012).  

Natural-based materials used for CNS tissue repair include single ECM-molecules, such 

as collagen, fibronectin, hyaluronic acid (HA), and other naturally occurring polysaccharides 

(alginate, agarose, chitosan, gellan gum) or their combinations (Macaya and Spector, 2012; 

Madigan et al., 2009). Another promising technique of how produce a natural scaffold that 

resembles structural and biochemical cues of the native tissue is tissue decellularization, in 

which the ECM is obtained by cell removal from the source tissue (Crapo et al., 2012; Koci et 

al., 2017). Advantages of natural biomaterials are their biocompatibility, biodegradability and 

support of cell adhesion. On the other hand, a disadvantage can be their variability and potential 

immunogenicity (Pego et al., 2012).  
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2.3.1 ECM derived hydrogels 

Biological scaffolds composed of native ECM represent structures very similar to those 

of the uninjured host tissue with biological properties promoting cell adhesion and proliferation, 

three-dimensional structure, and biodegradability (Crapo et al., 2012). Additionally, the 

degradation of ECM evokes the recruitment of endogenous stem and progenitor cells and 

modulates the innate immune response. After the removal of cellular antigens, ECM scaffolds 

are considered biocompatible and non-immunogenic even in allogeneic and xenogeneic settings 

(Badylak and Gilbert, 2008; Reing et al., 2009).  

ECM hydrogels can be prepared by the decellularization of variety of tissues, such as 

brain, spinal cord (Medberry et al., 2013), heart valves (Kasimir et al., 2003), blood vessels 

(Dahl et al., 2003), urinary bladder (Meng et al., 2015), liver (Lin et al., 2004), ligaments 

(Woods and Gratzer, 2005), skin (Chen et al., 2004), muscle (Zhang et al., 2011) or umbilical 

cord (Koci et al., 2017). Currently, ECM scaffolds are being widely used for various tissue 

reconstructions, including urinary tract (Wood et al., 2005), myocardium (Ota et al., 2008), 

lung (O'Neill et al., 2013), skeletal muscles (Agrawal et al., 2009), tendon (Zantop et al., 2006), 

peripheral nerves (Karabekmez et al., 2009), dura mater (Bejjani et al., 2007) and spinal cord 

(Koci et al., 2017). A number of ECM scaffolds derived from a range of source species and 

tissues have also been approved by the FDA and are commercially available for clinical use 

(Badylak, 2014). 

Badylak et al. developed tissue specific injectable ECM hydrogels prepared by the 

decellularization of porcine brain, spinal cord and urinary bladder. All types of ECM hydrogels 

were found to be cytocompatible and increased the number of mouse neuroblastoma cells 

extending neurites in vitro, but only brain ECM increased the neurite length suggesting a 

possible tissue-specific effect. According to these results, ECM hydrogels derived from CNS 

might be advantageous in providing support for CNS repair also in vivo (Medberry et al., 2013). 

In our group, we evaluated CNS ECM derived from porcine spinal cord (SC-ECM) and non-

CNS ECM hydrogels derived from porcine urinary bladder (UB-ECM) (results in 5.1) and 

human umbilical cord in neural tissue repair (Koci et al., 2017). 

 

2.3.2 HA based hydrogels 

HA is an important structural component of ECM and it is widely used due to its 

biocompatibility, biodegradability, and non-immunogenicity as a biomaterial in clinical 

settings. Among its structural functions, HA also acts as a signalling molecule via specific HA 
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receptors, which actively modulates tissue regeneration (Knopf-Marques et al., 2016; Litwiniuk 

et al., 2016).  

In neural tissue engineering, HA-based materials have been studied alone, in vitro as 

substrates for neural stem cell cultures (Seidlits et al., 2010), as well as in vivo as carriers for 

cell delivery to improve cell retention and integration (Li et al., 2017a; Liang et al., 2013; Mothe 

et al., 2013). Injectable HA-derived hydrogels were also developed for localized intrathecal 

delivery of bioactive molecules into SCI (Fuhrmann et al., 2015; Gupta et al., 2006). 

Native HA does not form a gel nor does it support cell adhesion. Therefore, it is necessary 

to chemically modify the functional groups of HA and adjust its chemical, physical or biological 

properties according to the specific demands of a particular application. With regard to the gel 

formation, various HA derivatives can be stabilized by crosslinking, such as the dihydrazide 

crosslink of HA polyaldehyde, thiol-en click crosslinking of norbornene-HA derivative, 

initiated by UV light, copper catalyzed 1,3-dipolar cycloaddition reaction, or UV initiated 

crosslinking of  methacrylated HA (Knopf-Marques et al., 2016). To enable cell adhesion, the 

functionalization of HA-based materials has been achieved using a variety of techniques, such 

as the incorporation of poly-L-lysine (Wei et al., 2010), laminin (Hou et al., 2005), fibronectin 

(Seidlits et al., 2011), fibrinogen (Snyder et al., 2014), blending with methylcellulose (Caicco 

et al., 2013), or modifying HA with integrin ligands derived from ECM, such as arginine-

glycine-aspartic acid (RGD) sequence (Cui et al., 2006). 

One of such promising HA-based materials capable to form covalently cross-linked 

hydrogel with the required mechanical properties, is the hydroxyphenyl derivate of HA (HA-

PH) (Darr and Calabro, 2009; Wolfova et al., 2013). The cross-linking reaction of this HA-PH 

derivate can be triggered by the enzyme horseradish peroxidase (HRP) and hydrogen peroxide 

(H2O2) in situ under physiological conditions and without a negative effect on encapsulated 

cells during cross-linking reaction and gel forming (Kučera et al., 2015). The potential of HA-

PH hydrogel for SCI treatment was tested in this work for the first time (results in 5.2). 

 

2.3.3 Fibrin gel 

A plasma derived polymer fibrin is being used as fibrin glue in many biomedical 

applications. Fibrin is a desirable biomaterial for nerve regeneration, based on its role in wound 

repair and tissue reconstruction. It also has inherent cell-binding sites (Madigan et al., 2009). 

Fibrin scaffolds are formed from monomers following fibrinogen cleavage by thrombin and 

can be additionally crosslinked with factor XIIIa. Advantage of crosslinking with factor XIIIa 
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is also possibility to modified fibrin gel using bi-domain peptide with factor XIIIa substrate in 

one domain and bioactive peptide in another domain (Schense and Hubbell, 1999).  

In neural tissue engineering, fibrin has been used as a matrix to fill nerve guidance tubes 

implanted following sciatic nerve injury, and was shown to promote axonal regeneration and 

cell migration (Lee et al., 2003). Fibrin scaffolds have also been used in acute studies of 

complete spinal cord transection and were found to elicit increased neural fiber sprouting 

(Taylor et al., 2006). Moreover, a study implanting fibrin polymer scaffolds into a dorsal 

hemisection model demonstrated delayed astrocytosis and improved neuron fiber extension 

(Johnson et al., 2010). Fibrin scaffolds can also be used for stem cell transplantation and growth 

factor delivery (McCreedy et al., 2014). In this work, we studied fibrin gel crosslinked with 

factor XIIIa and modified with integrin specific adhesion peptide as potential material for SCI 

treatment (preliminary results in 5.4). 

 

2.3.4 Biomaterials in clinical applications 

Despite the intensive research in animal SCI models, no biomaterial has been introduced 

in human clinical practice yet. However, Table 1 shows, that some materials have already been 

studied in clinical trials (phase 1-3). A collagen scaffold, NeuroRegen, combined with human 

umbilical cord mesenchymal stem cells (MSCs) was used in a study of eight patients with 

chronic complete SCI. No adverse events were observed during one year of follow-up and 

primary efficacy outcomes, including better sensation level and increased finger activity, were 

observed in some patients (Zhao et al., 2017). The Neuro-Spinal Scaffold is composed of two 

biocompatible and bioresorbable polymers, poly(lactic-co-glycolic acid) and poly-L-lysine. 

The 6-month follow-up of a nonrandomized human clinical trial evaluating the impact of 

implanting this scaffold reported an improvement of recovery (Guest et al., 2018).  
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Table 1: Clinical trials for SCI using biomaterials. 

ClinicalTrials

.gov Identifier 
Title Intervention State Phase 

NCT02510365 

Functional Neural Regeneration 

Collagen Scaffold Transplantati-

on in Acute Spinal Cord 

Injury Patients 

Functional collagen scaffold China 1 

NCT02352077 

NeuroRegen Scaffold™ With 

Stem Cells for Chronic Spinal 

Cord Injury Repair 

NeuroRegen scaffold with 

bone marrow mononuclear 

cells or MSCs transplantation 

China 1 

NCT02688062 

NeuroRegen Scaffold™ With 

Bone Marrow Mononuclear 

Cells Transplantation vs. 

Intradural Decompression and 

Adhesiolysis in SCI 

NeuroRegen Scaffold with 

bone marrow mononuclear 

cells transplantation 

China 1 

NCT02688049 

NeuroRegen Scaffold™ Combi-

ned With Stem Cells for 

Chronic Spinal Cord 

Injury Repair 

NeuroRegen scaffold/MSCs 

transplantation 
China 

1 

NeuroRegen scaffold/neural 

stem cells transplantation 
2 

NCT02138110 

The INSPIRE Study: Probable 

Benefit of the Neuro-

Spinal Scaffold for Treatment of 

AIS A Thoracic Acute Spinal 

Cord Injury 

Neuro-Spinal Scaffold USA 3 

 

 

2.4 Stem cell therapy 

Stem cells (SCs) are undifferentiated cells, which are capable of self-renewal and 

differentiation into other cell types. SCs normally function in a quiescent or slow cycling state, 

dividing only to maintain the SCs pool. When tissue regeneration is needed, they undergo the 

process of asymmetrical cell division, which results in two cell types: self-renewing SCs and 

cells beginning differentiation into the cell type that is needed. Pluripotent SCs differentiate 

into cells of all three embryonic lineages. Multipotent SCs can develop into multiple specialized 

cells in a specific tissue and unipotent cells differentiate only into one cell type (Dulak et al., 

2015).  

There are three major types of SCs: embryonic, fetal and adult SCs. Embryonic SCs are 

pluripotent and are obtained from the inner cell mass of the blastocyst. Their disadvantages are 

the ethical concerns and high risk of tumorigenesis, which can be eliminated by pre-

differentiation of embryonic SCs in vitro into neural precursors or oligodendroglia progenitors 

(Wu et al., 2007a). Fetal SCs can be isolated from fetal blood and bone marrow as well as from 

other fetal tissues (O'Donoghue and Fisk, 2004). Adult SCs, which exist in the postnatal 
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organism, are either multipotent or unipotent. They include a wide range of cells, for example 

hematopoietic SCs, mesenchymal stem cells (MSCs), intestinal SCs, and neural stem cells 

(NSCs) (Dulak et al., 2015). Moreover, induced pluripotent stem cells (iPSCs) are formed by 

reprograming fully differentiated somatic cells (e.g. fibroblasts) back to an embryonic-like state 

(Takahashi and Yamanaka, 2006).  

For human clinical trials it is necessary to consider cell compatibility with the host tissue. 

Therefore, MSCs and iPSCs are very convenient due to possible autologous application when 

cells are derived from the patients’ own tissue (Pego et al., 2012). Other important criterion for 

selection of the right cell type is their effect on SCI regeneration. Neural precursors derived 

from embryonic SCs, fetal SCs, iPSCs or NSCs have the capacity to become neurons or glial 

cells after transplantation into the CNS and therefore are able to replace the missing or lost cells 

(Figure 5). However, only limited number of these cells is able to survive in the lesion and fully 

differentiate (Pego et al., 2012). Oligodendrocyte progenitor cells generated from embryonic 

SCs or iPSCs have been shown to differentiate into oligodendrocytes and promote 

remyelination after transplantation into the demyelinated mouse spinal cord (Nistor et al., 

2005). Along with SCs, olfactory ensheathing cells and Schwann cells also support 

remyelination of injured axons (Pego et al., 2012; Raspa et al., 2015). 

 

 

Figure 5: Schematic representation of stem cell therapy of SCI using different cell types (Lindvall and 

Kokaia, 2010). 
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2.4.1 Mesenchymal stem cells 

MSCs are stromal cells capable of self-renewal and differentiation into osteogenic, 

chondrogenic and adipogenic lineages. MSCs are primary located in bone marrow. However, 

they can also be easily isolated from adipose tissue, umbilical cord blood, dental pulp, skin, 

liver or Wharton’s jelly. The use of MSCs lacks ethical controversy and allows for autologous 

transplantation with minimal immunoreactivity (Oliveri et al., 2014; Raspa et al., 2015).  

MSCs have been shown to address and modulate many of the detrimental effects 

associated with acute and chronic damage in the traumatised spinal cord. Therapeutic effect of 

transplanted MSCs is mainly of paracrine nature, because these cells secrete a number of 

neurotrophic factors, anti-inflammatory cytokines and anti-apoptotic proteins (Pego et al., 

2012; Sykova et al., 2006; Wright et al., 2011). They protect neurons from glutamate 

excitotoxicity (Voulgari-Kokota et al., 2012), reduce levels of stress-associated proteins, pro-

inflammatory cytokines and reactive oxygen species (Zhou et al., 2009). MSCs support 

revascularisation (Hou et al., 2014), polarisation of classically activated pro-inflammatory M1 

into alternatively activated pro-reparatory M2 macrophage phenotype (Giunti et al., 2012). 

Additionally, MSCs have been shown to enhance NSCs oligodendrogenic differentiation and 

remyelinisation (Steffenhagen et al., 2012). MSCs also reduce cavity formation and reactive 

astrocyte proliferation and gliosis (Voulgari-Kokota et al., 2012) and stimulate neurite 

outgrowth in the presence of CSPGs, myelin associated glycoprotein and Nogo-A (Wright et 

al., 2007).  

Many studies show positive effects of MSCs transplantation on spinal cord regeneration 

(Hejcl et al., 2010; Urdzikova et al., 2006; Urdzikova et al., 2014) and their safety has already 

been verified in a number of clinical trials, including studies in SCI (Pal et al., 2009; Sykova et 

al., 2006; Yoon et al., 2007). The effects of MSCs on SCI repair were found after direct 

injection into the spinal cord lesion, as well as after intrathecal (Ohta et al., 2004) and 

intravenous delivery (Urdzikova et al., 2006). Several studies showed that rats grafted with 

human bone marrow MSCs intrathecally had reduced inflammatory response and apoptosis 

along with a rearranged glial scar leading to improved functional recovery after SCI (Cheng et 

al., 2012; Oliveri et al., 2014; Urdzikova et al., 2014). Moreover, positive effect of MSCs on 

motor function can be enhanced by their repeated application (Cizkova et al., 2011). 

Apart from bone marrow and adipose tissue, Wharton’s jelly derived mesenchymal stem 

cells (hWJ-MSCs) represent an easily accessible source without ethical concerns. Compared to 

adult MSCs isolated from bone marrow or adipose tissue, WJ-MSCs are more primitive, have 

greater ex vivo expansion capabilities (Amable et al., 2014), lower immunogenicity due to lower 
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levels of MHC-I and absence of MHC-II expression (Zhou et al., 2011) and they have been 

proven to be non-tumorigenic (Kim et al., 2013). 

hWJ-MSCs can be induced to differentiate in vitro into cartilage, bone, adipose tissue 

(Karahuseyinoglu et al., 2007), skeletal muscle (Conconi et al., 2006), cardiomyocytes (Wang 

et al., 2004), endothelium (Wu et al., 2007b) and neural cells (Fu et al., 2006; Mitchell et al., 

2003). Therapeutic benefit of hWJ-MSCs in SCI alone (Cheng et al., 2014; Liu et al., 2013) as 

well as in combination with a biomaterial (Li et al., 2017b; Zhao et al., 2017) has been shown 

in several experimental and clinical studies. In this study, we explore whether the positive 

influence of hWJ-MSCs on SCI repair can be enhanced with a higher cell dose and/or their 

repeated application (results in 5.3). 

 

2.5 Gene therapy 

Gene therapy is characterized by the delivery of exogenous nucleic acids or gene products 

using various means including viruses and plasmids into cells. This modern method receives 

widespread attention in recent years as substantial progress has been made with improved tools 

for vector design. With gene therapy it may be possible to replace defective genes with 

functional ones, eliminate malfunctioning genes or introduce new genes to change cell 

phenotype that may help restore lost function (Franz et al., 2012; Mantilla, 2017). 

Viral vectors prepared especially from adeno-associated viruses and lentiviruses are 

currently the most widely used in CNS application. Genes involved in viral replication must be 

modified to ensure safety in clinical use. At the same time, the gene of interest is inserted into 

the viral vector. This construct can be then used for genetic modification of transplanted cells 

in vitro or directly in vivo in CNS tissue (Uchida et al., 2014). 

Genetic modification of cells can drive them to produce trophic factors, which promote 

tissue regeneration. This may overcome the problem of fast degradation of neurotrophic factors 

after their direct application into the injury site. For example, MSCs, NSCs, Schwann cell and 

fibroblast were modified to secrete higher amount of BDNF or NT-3 (Uchida et al., 2014). 

Therapeutic strategies are also focused on restoration of the intrinsic regenerative state of 

injured neurons. Viral transfer of BDNF gene was successful at promoting a regenerative 

response in rubrospinal neurons following acute cervical SCI (Kwon et al., 2007). Expression 

of α9 integrin enabled neurite outgrowth from adult DRG neurons on tenascin-C in vitro 

(Andrews et al., 2009). Similarly, overexpression of integrin activator kindlin 1 in cultured 

neurons increased axon growth on an inhibitory aggrecan substrate (Tan et al., 2012). Finally, 
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sensory axons forced to express α9 integrin and kindlin 1 together displayed increased ability 

to regenerate after dorsal root crush and thus allowing restoration of sensory functions (Cheah 

et al., 2016). In our laboratory, we have used this knowledge and developed a biomaterial 

modified with α9 specific adhesion peptide derived from tenascin-C, which will be transplanted 

into SCI together with viral mediated activation of α9 integrin and kindlin 1 (preliminary results 

in 5.4). 

 

2.6 Combinatory therapies 

SCI displays a very complex pathophysiology, therefore a combination of various 

therapeutic approaches is considered as the most effective strategy to complete recovery of 

motor and sensory functions. Figure 6 shows that several features of SCI pathophysiology can 

be treated using suitable cells compatible with neural tissue; three-dimensional scaffold 

mimicking the natural ECM; signalling molecules such as proteins, enzymes and growth factors 

targeting dysfunctional cellular processes; or enzymatic degradation of glial scar using ChABC 

(El-Sherbiny and Yacoub, 2013). 

 

Figure 6: Schematic representation of potential combinatory therapy for SCI repair. The SCI 

pathophysiology can by treated using biomaterials, cells, anti-inflammatory drugs, neurotrophins (NGF: 

nerve growth factor, BDNF: brain-derived neurotrophic factor, NT-3: neurotrophin-3), and 

chondroitinase ABC (ChABC) (Silva et al., 2014). 



22 

 

Various therapeutic strategies can be combined to achieve their synergistic effects. 

Biomaterials serve as a carrier for cells, enzymes and/or growth factors. Injectable materials are 

especially appropriate, because in their liquid state they can be mixed with cells and other 

therapeutics prior to delivery into the spinal cord defect (Macaya and Spector, 2012). Another 

way to improve the potential of biomaterials is to combine them with neurotrophic factors like 

BDNF, NT-3 and NGF. The addition of growth factors may provide a spatial cue for 

regenerating axons to prevent dieback and induce growth into the scaffold (McCreedy and 

Sakiyama-Elbert, 2012). 

 

2.7 Experimental models of SCI 

Many animal species have been used in SCI modelling including mice, rats, rabbits, cats, 

dogs, and primates. However, rats are the most commonly used animal to model SCI, because 

they are relatively inexpensive, readily available and have demonstrated similar functional, 

electrophysiological and morphological outcomes when compared to humans following SCI 

(Metz et al., 2000). Based on the character of injury, SCI models can be classified as sharp or 

blunt. 

Sharp injury models, such as transection or hemisection (Figure 7 A-C) are produced by 

complete or partial cut in one spinal cord segment. They are used especially for scaffold 

evaluation and studying axonal regeneration, but they poorly represent a typical human injury. 

A full transection results in a complete separation between caudal and rostral segments. An 

advantage of spinal cord transection model is its easy reproducibility, however, it causes a very 

severe injury and animals need intensive postoperative care. In a hemisection model, only half 

of spinal cord segments (lateral or dorsal) is removed, which leads to a milder animal 

impairment. Lateral hemisection leads to a loss of motor and sensory functions in the ipsilateral 

part of the body. While dorsal hemisection affects sensory function on both ipsilateral and 

contralateral side without considerable locomotor problems (Cheriyan et al., 2014). 

Blunt injury models, compression or contusion, are more clinically relevant and useful 

for studying acute pathophysiological processes. However, spared axons around the lesion can 

complicate evaluation of regeneration (Kwon et al., 2004). In a compression model, prolonged 

pressure is applied on the spinal cord, which leads to cavity formation (Figure 7 D). A balloon-

induced compression lesion involves the insertion of a catheter with a small inflatable balloon 

at its end into the epidural or subdural space. The balloon is then inflated with a fixed volume 

of saline leading to a compression of the spinal cord for a specified amount of time (Vanicky et 
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al., 2001). Contusion injury models are produced by a controlled and short strike using a sharp 

impactor (Cheriyan et al., 2014). 

 

 

Figure 7: Experimental models of SCI. (A) Lateral hemisection, (B) dorsal hemisection, (C) transection, 

and (D) compression or contusion injury. The white dashed area on transverse sections indicates (A-C) 

a cut or (D) a damaged part of the spinal cord. 

 

SCI models can also be classified according to the period between injury and treatment 

as acute, subacute and chronic. Acute intervention occurs immediately after injury. However, 

a delayed treatment in the subacute or chronic phase is more clinically relevant.  
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3 Aims and hypotheses 

The general aim of this work was to study new possibilities of SCI treatment using 

biomaterials, stem cell and gene therapy in rat experimental models. 

 

Hypothesis 1: Injectable natural biomaterials are suitable for SCI repair and help create 

permissive environment for tissue regeneration. Combination of biomaterials 

with hWJ-MSCs enhances effects of the treatment. 

 

Aim 1: Evaluation of neuroregenerative potential of ECM hydrogels derived from 

porcine urinary bladder and porcine spinal cord alone or in combination with 

hWJ-MSCs in acute SCI. 

 

Aim 2: Evaluation of neuroregenerative potential of HA hydrogel alone or in 

combination with hWJ-MSCs in acute and subacute models of SCI. 

 

Hypothesis 2: Repeated intrathecal transplantation of hWJ-MSCs into SCI have beneficial 

and dose dependent effects on tissue repair and functional recovery after SCI. 

 

Aim 3: Evaluation of therapeutic effects of single and repeated intrathecal 

transplantation of low (0.5 million) and high (1.5 million) dose of hWJ-MSCs 

after SCI. 

 

Hypothesis 3: Transfection of adult DRG neurons with α9 integrin subunit and/or integrin 

activator kindlin 1 stimulates neurite outgrowth and has the potential to 

overcome the effect of the inhibitory environment which occurs after SCI. 

 

Aim 4: Transfection of adult DRG neurons with kindlin 1 and evaluation of neurite 

growth in inhibitory environment induced by aggrecan in vitro. 

 

Aim 5: Transfection of adult DRG neurons with α9 integrin subunit and evaluation of 

neurite growth on biomaterial modified with the α9 specific peptide 

(AEIDGIEL) derived from tenascin-C in vitro. 
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4 Materials and methods 

4.1 Hydrogel preparation 

4.1.1 ECM hydrogel preparation 

Porcine urinary bladders and spinal cords were obtained from an abattoir (Český Brod, 

Czech Republic). Spinal cord tissue was agitated at 200 rpm unless otherwise stated in the 

following decellularization baths: deionized water (16 h at 4 °C; 60 rpm), 0.02% trypsin/0.05% 

EDTA (60 min at 37 °C; 60 rpm; Invitrogen, USA), 3.0% Triton X-100 (60 min; Sigma-

Aldrich, USA), 1.0 M sucrose (15 min; Fisher Scientific, USA), water (15 min), 4.0% 

deoxycholate (60 min; Sigma), 0.1% peracetic acid (Rochester Midland, USA) in 4.0% ethanol 

(120 min), phosphate-buffered saline (PBS) (15 min), deionized water (twice for 15 min each 

rinse), and PBS (15 min).  

ECM from urinary bladder was prepared after connective tissue was removed from the 

serosal surface of the bladder. The tunica serosa, tunica submucosa, and a majority of the tunica 

muscularis mucosa were mechanically delaminated, which left the basement membrane and 

tunica propria intact. Luminal urothelial cells were dissociated from the basement membrane 

by soaking the UB-ECM in deionized water. The UB-ECM was then agitated in 0.1% peracetic 

acid in 4.0% ethanol (120 min; 300 rpm) followed by a series of PBS and deionized water rinses 

and lyophilization.  

For hydrogel preparation, ECM samples were solubilized with 1.0 mg/ml pepsin in 0.01N 

HCl (Sigma-Aldrich, USA) at a concentration of 10 mg/ml and stirred at room temperature for 

48 hours to form a pre-gel solution (pH ~ 2). The pepsin-HCl ECM solution was neutralized to 

pH 7.4 with 0.1N NaOH, isotonically balanced with 10x PBS, and diluted with 1x PBS to the 

concentration of 8 mg/ml. To form a hydrogel, the neutralized pre-gel was placed in 37°C for 

45 min (Medberry et al., 2013).  

4.1.2 HA-PH-RGD hydrogel preparation and crosslinking 

HPA-K-AHA-GRGD oligopeptide sequence was synthesized by solid phase synthesis 

using Fmoc-SPPS protocol (Amblard et al., 2006). The RGD sequence was further conjugated 

with hyaluronan polyaldehyde (HA-CHO; DS = 10 %; Mw = 400 kDa; purchased from 

Contipro a. s.) via reductive amination (Huerta-Angeles et al., 2012; Šedová et al., 2013). HA-

CHO (1.00 g, 2.50 mmol dimers of HA) was dissolved in 100 ml of demineralized water. Then, 

HPA-K-Ahx-GRGD (0.25 mmol) was added to the reaction mixture and the mixture was further 

stirred for 1 hour at room temperature. Subsequently, a solution of picoline-borane complex 
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(0.625 mmol) in 10 ml of 50% propan-2-ol was added to the mixture. The reaction mixture was 

stirred for another 12 hours at room temperature. The final product was obtained after 

precipitation by propan-2-ol. The degree of substitution of HPA-K-Ahx-GRGD of such 

hydroxyphenyl derivate of hyaluronic acid modified with RGD (HA-PH-RGD) was 2.5%.  

The HA-PH-RGD (20 mg/ml) was dissolved in 0.9 % NaCl and stirred for a period of at 

least 6 hours at room temperature to gain homogenous solutions. The crosslinking of HA-PH-

RGD solution and hydrogel formation was initiated by the addition of 0.04 U/ml HPR (Sigma-

Aldrich, USA) and 0.165 mM H2O2 (Merck, Germany) to the HA-PH-RGD solution. 

Fibrinogen (1 mg/ml) was added into HA-PH-RGD solution to form HA-PH-RGD/F. Cylindric 

teflon moulds with a volume of 0.4 ml were used for gel forming and maturation.  

 

4.2 Mesenchymal stem cell isolation and culture  

Human umbilical cord samples were collected from healthy full-term neonates after 

spontaneous delivery at the Department of Obsterics and Gynecology, University Hospital of 

Pilsen, Czech Republic. The samples were obtained upon written informed consent from 

mothers using the guidelines approved by the Institutional Ethics Committee. The proximal part 

of the umbilical cord close to the placenta (10-15 cm) was cut and immersed in sterile PBS 

(IKEM, Czech Republic) with antibiotic-antimycotic solution (Sigma-Aldrich, USA). Samples 

were transferred to the laboratory on ice to be processed within 24 hours of partum. After 

washing in PBS and betadine (EGIS Pharmaceuticals PLC, Hungary) and the removal of blood 

vessels and amniotic membrane, the remaining tissue (Wharton’s jelly) was chopped into small 

pieces (1-2 mm3). The pieces were transferred to culture dishes (Nunc; Schoeller, Czech 

Republic) containing the alpha-minimum essential medium (East Port, Czech Republic) 

supplemented with 5% platelet lysate (IKEM, Czech Republic) and gentamicin 10 mg/ml 

(Sandoz, Czech Republic), and cultivated at 37°C in a humidified atmosphere containing 5% 

CO2. On day 10, the explants were removed from culture dishes, and the remaining adherent 

cells were cultured until 90% confluence and passaged using 0.05% Trypsin/EDTA (Life 

Technologies, USA). After passaging, cells were seeded into culture flasks (Nunc) at a density 

of 5 x 103 cells/cm2. The medium was changed twice a week. 

The hWJ-MSCs from passage three were used for both in vitro and in vivo studies. The 

mesenchymal stem cell phenotype was characterized using fluorescence-activated cell sorting 

(FACS) analysis of surface marker profiles (FACSAria; Becton Dickinson, USA). The 

following antibodies against human antigens CD14, CD34, CD45, CD73, CD90, (Exbio, Czech 
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Republic), CD105 (BioLegend, USA), HLA ABC, and HLA-DR (Pharmingen, USA) were 

tested. Data analysis was performed using BD FASCDiVa software. hWJ-MSCs were 

differentiated into adipocytes, osteoblasts and chondrocytes to show their multilineage 

potential, which was confirmed by specific staining. 

 

4.3 In vitro cell growth and viability 

In vitro cell growth on the surface of ECM hydrogels was characterized using hWJ-MSCs 

cultures. Cell viability was determined after 1, 3, 7 and 14 days in culture using WST-1 reagent 

(Roche, Germany). Cells were cultured in 96-well plates (5000 cells/per well) coated with ECM 

hydrogels (90 µl/well) prior to cell seeding. Similarly, proliferation of hWJ-MSCs in the 

presence of HA-PH-RGD or HA-PH-RGD/F was determined after 3 hours, 1 day and 3 days in 

culture using WST-1 reagent (Roche, Germany). The hWJ-MSCs were mixed with HA-PH-

RGD/F hydrogel to form 3D culture (20 µl, 8 x 104 cells) in 1 ml of medium in a 24-well plate. 

The same volume of hydrogel without cells served as a background. At the measured time 

points, WST-1 reagent was added to each well and the plates were incubated for 2 hours at 

37°C. The absorbance was measured using a Tecan Spectra ELISA plate reader (Tecan Trading 

AG, Switzerland) at 450 nm with a reference reading at 620 nm. 

The hWJ-MSCs proliferation on HA-PH or HA-PH-RGD hydrogels alone or in 

combination with fibrinogen (1 mg/ml; Sigma-Aldrich, USA) was also evaluated using 

CellTiter-Glo reagent (Promega, USA). Hydrogels were formed into hydrogel film to cover the 

24-well culture plate. The culture wells were seeded by 1.5 x 105 of hWJ-MSCs per well. 

Luminescence was measured after 3, 7 or 12 days of cultivation. 

The morphology of hWJ-MSCs grown in 2D or 3D hydrogels cultures was examined by 

fluorescent staining for actin filaments. After fixation in 4% paraformaldehyde in 0.1M PBS 

for 10-15 min, the cells were stained with Alexa-Fluor 568 phalloidin (1:400, Molecular Probes, 

USA), and the nuclei were visualized by using 4,6-diamidino-2-phenylindole (DAPI) 

fluorescent dye (1:1000, Invitrogen, UK). 

 

4.4 Dorsal root ganglion neuron culture and transfection 

DRG were dissected from adult male Wistar rats (3 months). The neurons were 

dissociated with 0.2% collagenase from Clostridium histolyticum and 0.1% trypsin and then 

centrifuged through 15% bovine serum albumin (all from Sigma-Aldrich, USA). The cells were 
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transfected with Neon transfection kit (Thermo Fisher Scientific, USA). For each reaction, 1 µg 

of plasmid (CAG-α9-V5, CAG-kindlin1-GFP or CAG-GFP) was used to transfect 105 cells at 

1200 V, 20 ms, and two pulses (Cheah et al., 2016). 

The glass cover slips were coated with poly-D-lysine (20 µg/ml) over night and then with 

laminin (1 µg/ml), aggrecan (25 µg/ml), MAPTRIX-M-VAEIDGIEL peptide (5-20 µg/ml, all 

from Sigma-Aldrich). Fibrin gel was made by mixing fibrinogen solution (fibrinogen 7.5 

mg/ml, TG-aprotinin 10 ug/ml and TG-AEIDGIEL 1-2 mg/ml in Hepes buffer) and enzyme 

solution (thrombin 2 U/ml, CaCl2 2 mM, factor XIIIa 5 U/ml in Hepes buffer) in 1:1 ratio and 

incubated in 37°C for 1 hour. All chemicals were from Sigma, except TG-aprotinin, TG-

AEIDGIEL and factor XIIIa kindly provided by Hubbell Lab, The University of Chicago, USA. 

After electroporation, DRG were cultivated in DMEM (Thermo Fisher Scientific, USA) 

supplemented with fetal bovine serum (10%; Thermo Fisher Scientific, USA) and NGF 

(10 ng/ml; Sigma-Aldrich, USA) over night. Next day, the medium was changed and 

supplemented additionally with penicillin–streptomycin–fungizone (1%; Lonza, Switzerland) 

and mitomycin C (0.25 µg/ml; Sigma-Aldrich, USA). 

Cells were fixed after 1, 2 or 3 days with 4% paraformaldehyde in PBS and stained with 

chicken anti-GFP, mouse anti-V5 and secondary antibody goat anti-chicken Alexa Fluor® 488, 

and goat anti-mouse Alexa Fluor® 488 (all from Thermo Fisher Scientific, USA). For 

quantitative analysis, length of the longest neurite of each cell was measured using ImageJ 

(National Institutes of Health, USA).  

 

4.5 Spinal cord injury animal models 

Adult male Wistar rats (250 - 300 g, Velaz, Czech Republic) were used as an experimental 

model. All experiments were performed in accordance with the European Communities Council 

Directive of 22nd of September 2010 (2010/63/EU) regarding the use of animals in research and 

were approved by the Ethics Committee of the Institute of Experimental Medicine, Academy 

of Sciences of the Czech Republic in Prague. After surgery procedure, all animals were housed 

two rats in a cage with food and water ad libitum. 

4.5.1 Hemisected SCI lesion 

The surgery was performed under adequate pentobarbital anesthesia (60 mg/kg). The 

animals received local injections of mesocain (0.3 ml at the surgery site) additionally to general 

anaesthesia, as well as gentamicin (0.05 ml, intramuscularly, Lek Pharmaceutical, Slovenia) 
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and atropine (0.2 ml, atropine solution 1:5, BB Pharma, Czech Republic) injections. A 

laminectomy at the level of the 8th thoracic vertebra (Th8) was performed, the dura was incised 

with micro-scissors. The right half of one spinal cord segment (2 mm long) was dissected to 

generate a hemisection cavity. The dura mater was sutured with 10/0 monofil unresorbable 

thread (B Braun, Aesculap, Germany). The muscles and skin were sutured with 4/0 monofil 

unresorbable thread (4/0 Chirmax, Czech Republic). 

4.5.2 Balloon-induced compression SCI lesion 

The animals were anesthetized with Isoflurane (Forane; Abbott Laboratories, UK), 

analgesia was induced by intramuscular injection of carprofen (Rimadyl, Cymedica, 4 mg/kg) 

and surgical prophylaxis was maintained by intramuscular injection gentamicin (5 mg/kg; Lek 

Pharmaceutical, Slovenia). After the skin incision, the paravertebral muscles were separated at 

the level of Th7 – Th12 and laminectomy of Th10 was performed. A sterile 2-french Fogarty 

catheter was carefully inserted into the epidural space until the centre of the balloon rested on 

the level of Th8. The balloon was rapidly inflated with 15 μl saline and kept for 5 minutes. 

During this procedure, 3 % isoflurane in air was administered at a flow rate of 0.3 l/minute, and 

the animal’s body temperature was kept at 37 °C with a heating pad. After 5 minutes the catheter 

was rapidly deflated and removed, and separated muscles and incised skin were sutured by 

single non-absorbable stitches. The lesioned animals were assisted in feeding and urination until 

they had recovered sufficiently to perform these functions on their own. The animals received 

gentamicin (5 mg/kg) for 7 days to prevent postoperative infections.  

4.5.3 Hydrogel application into spinal cord hemisection 

The neutralized and isotonically balanced liquid pre-gel solution of SC-ECM and UB-

ECM hydrogels (8 mg/ml) were acutely injected into the spinal cord defect by an Omnican 

Insulin syringe for U-100 Insulin (B.Braun, Germany) and allowed to gelate in situ, followed 

by histological and gene expression analysis after 2, 4 and 8 weeks after the implantation (n = 

5 per group, per time point). In the animal group treated with SC-ECM hydrogel seeded with 

hWJ-MSCs (n = 4) the hydrogels were mixed with cells prior to their implantation into the 

hemisection cavity. This animal group received daily cyclosporin A (10 mg/kg, 

intraperitoneally; Sandimmun; Novartis, Switzerland), azathioprine (2 mg/kg, perorally; 

Imuran, Aspen Europe GmbH, Germany) and methylprednisolon (2 mg/kg, intramuscularly; 

Solu-Medrol, Pfizer, Belgium).  
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In the animals with acute application of HA-PH-RGD hydrogel (n = 3, in each time point 

and group), the cavity was filled with hydrogel immediately after the hemisection was 

performed. Two methods of hydrogel application were used. First, HA-PH-RGD solution (20 

mg/ml) was mixed with crosslinking components (HRP, H2O2) to form a gel in the teflon 

mould. The adjusted hydrogel volume was then implanted into the lesion to fill the hemisection 

cavity. In the second approach, approximately 5 µl of HA-PH-RGD hydrogel solution mixed 

with crosslinking agents was immediately injected by Omnican Insulin syringe for U-100 

Insulin (B. Braun, Germany) into the lesion cavity, where the complete in situ gelation occurred. 

The control lesion was filled with saline. 

Animals with a subacute lesion underwent hemisection one week before hydrogel 

injection. The liquid pre-gel solution of HA-PH-RGD hydrogel (n = 6), HA-PH-RGD/F (n=6) 

and HA-PH-RGD/F combined with hWJ-MSCs (3 million cells/0.5 ml,  3 x 104 transplanted 

cells in 5 µl of the hydrogel) (n = 7), was mixed with crosslinking agents and immediately 

injected into the hemisection cavity by Omnican Insulin syringe for U-100 Insulin to form gel 

in situ. The hemisection defect was filled with saline in the control SCI group (n = 8). From 5 

days after the hemisection induction, all animal groups with a subacute hydrogel injection and 

controls received a daily injection of three immunosuppressants as described above.  

4.5.4 Intrathecal cell transplantation  

Transplantation of hWJ-MSCs was performed on the 7th, 14th and 21st day after the 

balloon-induced compression lesion. Table 2 shows four groups with single or repeated 

transplantation of different amount of cells and control group with saline. No differences 

between simple and repetitive application of the saline were found, so the results were pooled 

together as a single control. Treatment was given intrathecally by a lumbar puncture between 

lumbar vertebrae L3 and L4 or L4 and L5 through a 25 G needle under the short-time general 

anaesthesia (isofurane). After injection the needle was rested in situ for 30 seconds to prevent 

backflow of the content. The day before the transplantation, all animals received cyclosporine 

A (10 mg/kg; Novartis, Switzerland) which continued daily until the end of the experiment. 

 

Table 2: Names of experimental groups with number of animals in each group. 

 Single dose - 7th 

day after SCI 

3 doses - 7th, 14th and 

21st day after SCI 

D
o
se

 0.5 million of hWJ-MSCs in 50 μl saline 0.5M (n = 12) 3x 0.5M (n = 8) 

1.5 million of hWJ-MSCs in 50 μl saline  1.5M (n = 9)  3x 1.5M (n = 7) 

50 μl saline  Saline (n = 11) 
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4.6 Behavioural analysis  

4.6.1 BBB test  

The BBB open field test, originally described by Basso, Beattie and Bresnahan (Basso et 

al., 1995), was used to assess basic locomotor functions (the joint movement, weight support, 

forelimb-hindlimb coordination, paw placement and stability of the body). The rats were placed 

on the floor surrounded by boundaries making a rectangular shape once a week. Results were 

evaluated in the range of 0-21 points (0 indicated complete lack of motor capability and 21 

movements as a healthy rat).  

4.6.2 Rotarod test  

Rotarod unit machine (Ugo Basile, Italy) was used to test advanced ability to balance on 

a rotating rod and the latency to fall off the rod was measured. Each animal was taught this task 

before surgery. Animals were placed on a rotating rod at a fixed speed of 10 rpm before surgery 

and 5 rpm after surgery and were left to walk for maximally 60 seconds. There were four trials 

per day within 5 consecutive days starting 3 week after SCI.  

4.6.3 Beam walk test  

The beam walk test measured the ability to cross a 1m long narrow beam with a flat 

surface. Rats were placed on one side of the beam and on the other side was placed an escape 

box. The latency (maximum 60 seconds) to traverse the beam were measured and recorded by 

a video tracking system (TSE-Systems Inc., Germany). Performance of locomotor coordination 

was evaluated twice per day for 3 consecutive days starting 3 weeks after SCI using 0-7 point 

scale modified from Goldstein (Goldstein, 1997) (0 indicate inability to stand on the beam, 7 

use and coordination of both legs). 

4.6.4 Analysis of locomotor function using MotoRater 

To investigate the effect of the hydrogel treatment on the gait of the rat, locomotor 

functions were quantitatively evaluated using MotoRater 303030 and TSE Motion 8.5.11 

software (TSE-systems, Germany). Animals were pretested before injury and their iliac crests, 

hips and knees were point-marked with a tattoo machine. The analysis was based on video 

recordings captured with a high-speed colour camera (CamRecord CL600x2, 1280 x 1024 

pixel, Stemmer Imaging, Germany). In each day of recording, iliac crests, hips, knees, ankles, 

metatarsophalangeal joints of the 5th toe, and paws were additionally marked with a black 

marker. Parameters which displayed differences when compared to the healthy control animals 
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were determined as described previously (Zorner et al., 2010). Minimal and maximal angles in 

the hip and knee ankle were calculated between three neighbouring points. Protraction and 

retraction were determined as the maximal and minimal distance of iliac crest and 

metatarsophalangeal joint on the x-axis. All parameters were determined from the side view of 

the right (defected) leg using TSE Motion 8.5.11 software, and compared to the parameters 

obtained for the healthy animals.  

 

4.7 Tissue processing and histology 

At the end of experiment, the animals were deeply anesthetized with an intraperitoneal 

injection of overdose 10% chloral hydrate (Sigma-Aldrich, USA) and intracardially perfused 

with PBS and then 4% paraformaldehyde in 0.1 M PBS. The spinal cord was left in the bone 

for one week in 4% paraformaldehyde in 0.1 M PBS. In experiments with hemisection, a 3cm 

long segments of the spinal cord containing the lesioned site were dissected out, transferred to 

sucrose and frozen. Then, a series of 40 μm thick longitudinal sections were collected. After 

balloon-induced compression lesion, the spinal cords were dissected and removed from the 

spinal column and embedded in paraffin wax. Serial cross-sections 5 μm thick were obtained 

by microtome within a 2cm long segment around the centre of the lesion. Each sample of the 

spinal cord was cut at 1mm intervals. A total number of fifteen cross-sections, including the 

centre of the lesion, were analysed. 

Hematoxylin-eosin, Luxol-fast blue and Cresyl violet staining were performed using a 

standard protocols. Immunohistological staining was used to visualize neuronal filaments, 

blood vessels, glial scar, macrophages, oligodendrocytes, and human cells. Non-specific 

immunohistological staining was avoided by the application of blocking goat or donkey serum 

(1:10; Sigma-Aldrich, USA) depending on the secondary antibody host organism. Triton X-

100 (0.1% in 0.1M PBS; Sigma-Aldrich, USA) was used for the permeabilization of cell 

membranes. Samples were stained with antibodies against neurofilaments 160 kDa (NF-160, 

1:200), glial fibrillary acidic protein (GFAP, conjugated with Cy3, 1:800; all from Sigma-

Aldrich, USA); growth associated protein 43 (GAP43, 1:100), M2 macrophages (CD206, 

1:250; all from Santa Cruz, USA); endothelial cell (RECA-1, 1:500), microglia/macrophages 

(ED1, 1:150), oligodendrocytes (OSP, 1:1000), human mitochondria (MTCO2, 1:250; all from 

Abcam, UK); and human nucleus (HuNu, 1:40, Merck-Millipore, Germany). Donkey anti-

mouse IgG AlexaFluor® 488, donkey anti-goat IgG AlexaFluor® 594, donkey anti-goat IgG 

Alexa Fluor® 488, goat anti-mouse IgG Alexa Fluor® 488, goat anti-mouse IgG Alexa Fluor® 
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594 (all 1:400; Life Technologies, USA), and goat anti-mouse IgM Cy3 (1:200; Merck-

Millipore, Germany) were used as secondary antibodies. The nuclei were visualized by using 

DAPI fluorescent dye (1:1000; Invitrogen, UK). 

Fluorescent micrographs were taken using fluorescence microscopes Observer D1 and 

Axioskop 2 with AxioVision 4.8.2 software (Zeiss, Germany), LEICA DMI6000B (Leica, 

Germany) with TissueFAXS software (TissueGnostics GmbH, Austria) and a laser scanning 

confocal microscope LSM 5 DUO (Zeiss, Germany). 

4.7.1 Quantitative analysis of axonal and blood vessels ingrowth and glial scarring 

For analysis of axonal and blood vessels ingrowth, three images across the lesion (cranial 

side, central and caudal side) from three longitudinal sections for each animal were taken using 

a 20x objective. The relative area of the axons (NF-160 staining) and blood vessels (RECA 

staining) within the images was analysed using ImageJ software (National Institutes of Health, 

USA). Quantification analysis expressed the percentage of NF-160 or RECA positive area from 

a total lesion area. 

The newly sprouted axons were visualized immunohistochemically using GAP43 

staining. The acquired images taken by a 20x objective were analysed and the number of 

GAP43-positive fibers per section was manually counted. 

To evaluate glial scarring after hemisection, three mosaic images of GFAP staining for 

each animal was taken using a 20x objective. Integrated density and mean grey value of three 

areas around the lesion (cranial side, central and caudal side) and background (uninjured part 

of spinal cord) was measured by ImageJ software. Results were expressed as the corrected total 

cell fluorescence (CTCF), while CTCF = Integrated Density – (Area x Mean grey value of 

background) (McCloy et al., 2014). 

To determine the extent of the glial scar after balloon-induced compression lesion images 

from fifteen cross-sections were taken using a 20x objective. The acquired images were 

analysed using ImageJ software. GFAP positive area around the central cavity together with 

the number of protoplasmic astrocytes was measured on each section. 

4.7.2 Grey and white matter sparing 

For visualizing white and grey matter of the spinal cord, Luxol fast blue and Cresyl violet 

staining were used. Acquired images taken by a 5x objective were analysed for the total area of 

spared grey and white matter by ImageJ software.  
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4.8 Gene expression analysis of spinal cord lesions 

Changes in the mRNA expression of genes related to M1 macrophages (Irf5, Cd86, 

Nos2), M2 macrophages (Mrc1, Cd163, Arg1), axonal growth (Gap43), angiogenesis (Vegfa), 

growth factors (Fgf2, Sort1), apoptosis (Casp3), inflammation (Ccl3, Ccl5, Ptgs2, Il2, Il6, 

Il12b), astrogliosis (Gfap) and glial scar related CSPGs (Ncan, Ptprz1, Cspg4) were determined 

by quantitative real-time PCR (qPCR). RNA was isolated from paraformaldehyde-fixed frozen 

tissue sections in experiments with hemisection SCI model, and from paraffin cross sections in 

study with balloon-induced compression lesion. The High Pure RNA Paraffin Kit (Roche, 

Germany) was used and RNA amounts were quantified using NanoPhotometer® P 330 

(Implen, Germany). The isolated RNA was reverse transcribed into complementary DNA 

(cDNA) using the Transcriptor Universal cDNA Master (Roche, Germany) and T100TM 

Thermal Cycler (Bio-Rad, USA). The qPCR reactions were performed using cDNA solution, 

FastStart Universal Probe Master (Roche, Germany) and TagMan® Gene Expression Assays 

(Table 3; Thermo Fisher Scientific, USA). The qPCR was carried out in a final volume of 10 

µl containing 20 - 25 ng of extracted RNA. Amplification was performed on the real-time PCR 

cycler (StepOnePlusTM, Life Technologies, USA). All amplifications were run under the same 

cycling conditions: 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. All samples were run in duplicate and water was included in each array as 

negative control; with Gapdh as a reference gene. Results were expressed as log2-fold changes 

of ∆∆Ct values relative to control spinal cord lesions treated with saline or unlesioned spinal 

cord. 
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Table 3: List of used TagMan® Gene Expression Assays 

Gene Catalog number 

Arginase 1 (Arg1) Rn00566603_m1 

Caspase 3 (Casp3) Rn00563902_m1 

Cluster of differentiation 163 (Cd163) Rn01492519_m1 

Cluster of differentiation 86 (Cd86) Rn00571654_m1 

Fibroblast growth factor 2 (Fgf2) Rn00570809_m1 

Glial fibrillary acidic protein (Gfap)  Rn00566603_m1 

Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) Rn01775763_g1 

Growth associated protein 43 (Gap43)  Rn01474579_m1 

Chemokine (C-C motif) ligand 3 (Ccl3) Rn01464736_g1 

Chemokine (C-C motif) ligand 5 (Ccl5) Rn00579590_m1 

Inducible nitric oxide synthase 2 (Nos2) Rn00561646_m1 

Interferon regulatory factor 5 (Irf5) Rn01500522_m1 

Interleukin 12b (Il12b) Rn00575112_m1 

Interleukin 2 (Il2) Rn00587673_m1 

Interleukin 6 (Il6) Rn01410330_m1  

Macrophage mannose receptor 1 (Mrc1) Rn01487342_m1 

Neurocan (Ncan) Rn00581331_m1 

Chondroitin sulfate proteoglycan 4 (Cspg4) Rn00578849_m1 

Phosphacan (Ptprz1) Rn00689852_m1 

Prostaglandin-endoperoxide synthase 2 (Ptgs2) Rn01483828_m1 

Sortilin 1 (Sort1) Rn01521847_m1 

Vascular endothelial growth factor A (Vegfa) Rn01511601_m1 

 

4.9 Statistical evaluation 

The statistical significance of the differences in histological and gene expression analysis 

between the groups was assessed using either one-way ANOVA, or two-way ANOVA in the 

case of a second factor (time, concentration). Differences between the groups in behavioural 

tests and in areal measuring of the grey/white matter sparing and GFAP positive area of glial 

scar was measured with two-way repeated measurement ANOVA. Student-Newman-Keuls or 

Holm-Sidak post hoc pair-to-pair test was used (SigmaPlot V13; Systat Software Inc., USA). 

Differences were considered statistically significant if p < 0.05. All data in graphs are expressed 

as mean ± standard error of the mean (SEM). 

  



36 

 

5 Results 

5.1 Effect of ECM hydrogels derived from porcine spinal cord and urinary bladder on 

SCI repair (Tukmachev et al., 2016) 

 
Figure 8: Schematic representation of experimental design. 

 

5.1.1 In vitro cell culture on ECM hydrogels 

The solubilized ECM matrix self-assemble from the pre-gel form into a hydrogel at 37oC 

and physiological pH. The biocompatibility and bioadhesive properties of ECM hydrogels were 

confirmed in vitro using hWJ-MSCs in the 2D and 3D cell cultures. After seeding on the ECM 

hydrogels, cells spread and proliferated on both SC-ECM and UB-ECM. Cell proliferation was 

determined using WST-1 assay after 1, 3, 7 and 14 days in culture (Figure 9 A). Both ECM 

hydrogels showed comparable ability to support in vitro cell proliferation, which did not 

significantly differ from the control cell proliferation on tissue culture plastic. Cell viability 

increased until day 7 of culture, then after reaching confluency it decreased on both hydrogel 

types as well as on tissue culture plastic. When seeded in 3D culture (0.5 million cells per 0.2 

ml), hWJ-MSCs extended their lamelipodia within the hydrogels and formed a 3D network 

apparent after 4 and 24 hours (Figure 9 D-G).  
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Figure 9: (A) Proliferation of hWJ-MSCs on ECM hydrogels using WST-1 assay. 2D cell culture on 

(B) SC-ECM and (C) UB-ECM hydrogel at 3 days. 3D cell cultures in UB-ECM (D, F) at 4 h and (E, 

G) 24 h. Cells were stained for phalloidin (red) and cell nuclei (DAPI, blue). Scale bar: (B, C) 100 µm, 

(D-G) 50 µm. 

 

5.1.2 Histological evaluation of ECM hydrogels after acute SCI  

UB-ECM and SC-ECM hydrogels were injected into the spinal cord hemisection and 

histologically evaluated 2, 4 and 8 weeks later by analysing axonal ingrowth, vascularization 

and infiltration of astrocytes, macrophages, and oligodendrocytes within the injury site. 

Hematoxylin-eosin staining of longitudinal spinal cord sections demonstrated that both 

hydrogel types were detectable in the lesion area in 2nd week after implantation, they were 

biocompatible with the surrounding host tissue and filled the lesion cavity with no signs of any 
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adverse effects (Figure 10 A, B). In 4th week after the injury, several small cysts developed due 

to the rapid graft degradation (Figure 10 D, E) and in 8th week the progression of cyst formation 

continued (Figure 10 G, H). Nevertheless, the newly formed tissue interconnected with the host 

tissue and bridged the lesion centre. In contrast to the tissue remodelling process observed in 

the lesion after hydrogel injection, large pseudocysts were formed in the control sham-treated 

lesion (Figure 10 C, F, I).    

 

 

Figure 10: Hematoxylin-eosin staining of the longitudinal sections of the spinal cord lesion (A-C) 2 

weeks, (D-F) 4 weeks and (F-I) 8 weeks after injection of (A, D, G) UB-ECM hydrogel; (B, E, H) SC-

ECM hydrogel or (C, F, I) sham-operated control lesion. Scale bar: 500 µm. 

 

To evaluate axonal ingrowth into the hydrogels, a neurofilaments marker (NF-160) was 

used (Figure 11 A, B, D, E). Robust ingrowth of NF-160 positive fibres into the ECM hydrogel 

treated lesion was observed from both caudal and cranial site of the lesion and the dense 

infiltration of neurofilaments was also found in the centre of the lesion. Quantitative analysis 

was expressed as percentage value of NF-160 positive area relative to the lesion area. The 

ingrowth of neurofilaments reached maximum levels at 2nd week in both hydrogel groups and 

did not further increase in later time points. No differences in the NF-160 area were found 

between UB-ECM and SC-ECM hydrogels in any of the time points (Figure 11 G). Astrocytes, 
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evaluated by immunofluorescent staining of GFAP, did not migrate inside the lesion and only 

a few astrocytic processes grew into the graft from the lesion edge (Figure 11 C, F).  

 

 

Figure 11: Longitudinal sections of the spinal cord lesion (A-C) at 2 weeks and (D-F) at 8 weeks after 

injection of SC-ECM hydrogel. Immunofluorescent staining of (A, B, D, E) neurofilaments (NF-160, 

green), (C, F) astrocytes (GFAP, red) and (B, E) cell nuclei (DAPI, blue). Dashed squares in (A, D) 

represent the area magnified on the right (B, E). (G) The effect of ECM hydrogels on the ingrowth of 

neurofilaments. A significantly higher neurofilament ingrowth was found in both ECM hydrogel groups 

when compared to the control lesion in all time points. Scale bar: (A, C, D, F) 500 µm, (B, E) 50 µm. 

 

Regarding vascularization, higher number of blood vessels (RECA staining) grew into 

the hydrogel treated lesions compared to controls in all time points (Figure 12 A-D). The 

relative area of blood vessels gradually increased in time, but no statistical differences in blood 

vessel density were found between the UB-ECM and SC-ECM hydrogels at any of the time 

points (Figure 12 E).  
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Figure 12: Longitudinal sections of the spinal cord lesion at 2 weeks after injection of (A, B) UB-ECM 

and (C, D) SC-ECM hydrogels. Immunofluorescent staining for blood vessels (RECA, red) and (B, D) 

cell nuclei (DAPI, blue). Dashed squares in (A, C) represent the area magnified on the right (B, D). (E) 

The effect of ECM hydrogels on the vascularization. A significantly higher ingrowth of blood vessels 

was found in both ECM hydrogel groups when compared to the control lesion in all time points. Scale 

bar: (A, C) 500 µm, (B, D) 50 µm. 

 

The host tissue inflammatory response was characterized by robust infiltration of 

macrophages throughout the entire lesion area (Figure 13 A, B), which populated the hydrogels 

at all time points and persisted in the lesion site also after the hydrogel degradation. As is 

apparent from the staining for M1 and M2 macrophage phenotype in Figure 13 C, macrophages 

in neural tissue were predominantly of pro-inflammatory M1 phenotype (CD86 staining) while 

anti-inflammatory M2 phenotype macrophages (CD206 staining) were mostly present within 

the hydrogel. Infiltration of oligodendrocytes (OSP staining, Figure 13 D) within the lesion area 

showed that myelination occurred in some regenerating axons. Newly sprouted axonal fibers 

were detected using GAP43 staining (Figure 13 E).  
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Figure 13: Immunofluorescent staining of (A, B) macrophages (ED1, green) and astrocytes (GFAP, 

red) in (A) UB-ECM at 2 weeks and (B) SC-ECM seeded with hWJ-MSCs at 4 weeks. Confocal 

micrographs of the staining for (C) M1 macrophages (CD86, red) and M2 macrophages (CD206, green) 

in UB-ECM hydrogel at 2 weeks; (D) oligodendrocytes (OSP, green) and cell nuclei (DAPI, blue) in 

SC-ECM at 4 weeks; (E) neuronal growth cones (GAP43, red) and cell nuclei (DAPI, blue) in SC-ECM  

at 4 weeks. The dotted line in (C, D) describes the border between ECM hydrogel and neural tissue 

(NT). Scale bar: (A, B) 500 µm, (C, D) 50 µm, (E) 25 µm.  

 

To evaluate the potential of ECM hydrogels as cell carriers, the SC-ECM hydrogel was 

mixed with hWJ-MSCs (0.5 million cells per 0.2 ml), and the cell-hydrogel constructs were 

implanted into the hemisection cavity. Dense grafts were integrated with endogenous tissue 

while cysts developed at the graft-tissue interface 4 weeks after the injection (Figure 14 A). 

Only few surviving cells, positive for marker of human mitochondria (MTCO2), were detected 

in the lesion (Figure 14 B). Increased relative area of NF-160 positive fibres was found in 

groups of animals that received immunosuppression. However, transplanted cells did not 

further increase the ingrowth of NF-160 positive fibres or blood vessels (Figure 14 F). 
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Figure 14: Longitudinal section of the spinal cord lesion after implantation of SC-ECM seeded with 

hWJ-MSCs at 4 weeks. (A) Hematoxylin-eosin staining. Confocal micrographs of staining of (B) human 

mitochondria (MTCO2, red); (C) blood vessels (RECA, red); (D) neurofilaments (NF-160, red) and (B 

- D) cell nuclei (DAPI, blue). Effect of the SC-ECM hydrogel seeded with hWJ-MSCs on the ingrowth 

of (E) blood vessels and (F) neurofilaments. (IS) animal groups that received immunosuppression. * p 

< 0.05. Scale bar: (A) 500 µm, (B-D) 50 µm. 

 

5.1.3 Gene expression analysis induced by injection of ECM hydrogels 

Changes in the mRNA expression of genes related to growth factors (Sort1, Fgf2), axonal 

sprouting (Gap43), astrogliosis (Gfap), angiogenesis (Vegfa), M1 macrophages (Irf5, Cd86, 

Nos2), M2 macrophages (Mrc1, Cd163, Arg1), inflammation (Ptgs2, Ccl3, Ccl5, Il2, Il6, Il12b), 
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and apoptosis (Casp3) were determined at 2, 4 and 8 weeks after hydrogel injection and 

compared to the control SCI lesion (Figure 15, Table 4).  

Two weeks after the injury, the treatment with both UB-ECM and SC-ECM significantly 

downregulated expression of Fgf2, Gap43, Ccl5, Irf5, Cd163, while Gfap and Sort1 was 

decreased only in UB-ECM group. Effect of hydrogels disappeared 4 weeks after the injury. 

Nevertheless, immunosuppression alone decreased Casp3, Gfap, Cd86, Sort1 and increased 

Vegfa and Ccl3. Importantly, combination of SC-ECM with hWJ-MSCs significantly increased 

mRNA levels of Gap43 and Vegfa compared to SC-ECM only. Tissue specific effect of 

hydrogels was observed at 8 weeks after the injury, when Fgf2, Casp3, Irf5, and Sort1 

expressions were upregulated in group with SC-ECM and not UB-ECM. Expression of pro-

inflammatory cytokines Il2, Il6, Il12b and Nos2 was undetectable in all groups. 

 

 

Figure 15: Analysis of mRNA gene expression of several genes involved in inflammatory and 

reparative processes following SCI treated with ECM hydrogels. The graphs show the log2 fold changes 

in gene expression over intact spinal cord tissue. * p < 0.05, ** p < 0.01 ΔCt values of ECM hydrogel 

vs control lesion. # p < 0.05, ## p < 0.01 ΔCt values of SC-ECM hydrogel with immunosuppression vs 

SC-ECM. + p < 0.05, ++ p < 0.01 ΔCt values of SC-ECM hydrogel with immunosuppression and hWJ-

MSCs vs empty SC-ECM with immunosuppression. 
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Table 4: Expression of selected genes in the spinal cord lesions treated with ECM hydrogels. The values 

are expressed as log2 fold changes ± SEM in gene expression relative to intact spinal cord tissue. 

Sort1 Control UB-ECM SC-ECM SC-ECM/IS 
SC-ECM/IS  

+ hWJ-MSCs 

2 weeks 0.66 ± 0.36   -0.56 ± 0.21 ** -0.02 ± 0.33     

4 weeks 0.83 ± 0.20 0.47 ± 0.21 0.004 ± 0.39 -0.56 ± 0.12 * 0.22 ± 0.28 

8 weeks -0.30 ± 0.07 0.35 ± 0.21 0.81 ± 0.08 *     

 

Arg1 Control UB-ECM SC-ECM SC-ECM/IS 
SC-ECM/IS  

+ hWJ-MSCs 

2 weeks 0.62 ± 0.17 -1.17 ± 0.41 -1.07 ± 0.35     

4 weeks 0.18 ± 0.41 1.88 ± 0.43 # -0.06 ± 0.81 0.80 ± 0.72 1.56 ± 0.57 

8 weeks -0.18 ± 0.30 1.04 ± 0.41 0.21 ± 0.22     

 

Ccl3 Control UB-ECM SC-ECM SC-ECM/IS 
SC-ECM/IS  

+ hWJ-MSCs 

2 weeks 5.01 ± 0.08 4.96 ± 0.53 5.14 ± 0.57     

4 weeks 5.69 ± 0.62 5.90 ± 0.76 5.26 ± 0.60 2.89 ± 0.22 *# 4.05 ± 0.79 

8 weeks 3.14 ± 0.56 4.16 ± 0.89 4.09 ± 0.99     

 

Ptgs2 Control UB-ECM SC-ECM SC-ECM/IS 
SC-ECM/IS  

+ hWJ-MSCs 

2 weeks 2.22 ± 0.58 1.48 ± 0.14 1.60 ± 0.52     

4 weeks 2.35 ± 0.83 1.51 ± 0.13 1.79 ± 0.46 0.91 ± 0.33 2.31 ± 0.31 

8 weeks 1.14 ± 0.59 1.64 ± 0.15 2.40 ± 0.37   
 

 

Mrc1 Control UB-ECM SC-ECM SC-ECM/IS 
SC-ECM/IS  

+ hWJ-MSCs 

2 weeks 3.63 ± 0.48 2.67 ± 0.26 2.50 ± 0.34   

4 weeks 3.16 ± 0.36 3.19 ± 0.64 2.63 ± 0.40 0.77 ± 0.23 1.44 ± 0.12 

8 weeks 2.01 ± 0.31 2.57 ± 0.10 2.59 ± 0.07   

 

* p < 0.05, ** p < 0.01 ΔCt values of ECM hydrogel vs control lesion. 

 # p < 0.05 ΔCt values of SC-ECM hydrogel with immunosuppression vs SC-ECM. 
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5.1.4 Summary I 

 Both ECM hydrogels bridged the lesion, modulated immune response, stimulated 

vascularization and axonal growth into the lesion while no significant differences were 

found between UB-ECM and SC-ECM. 

Limitations: 

 Degradation of ECM is important for tissue remodelling, but it was found to be too fast 

to ensure full tissue reconstruction. 

 Combination of SC-ECM with hWJ-MSCs did not further promote ingrowth of axons 

and blood vessels. 
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5.2 Hydroxyphenyl derivate of hyaluronic acid hydrogel modified with RGD for SCI 

repair (Zaviskova et al., 2018) 

 
Figure 16: Schematic representation of experimental design. 

 

5.2.1 In vitro cell culture on HA-PH hydrogels 

The toxicity of crosslinking agents (HRP and H2O2) was tested by their addition to hWJ-

MSCs culture and no cytotoxic effects were observed at concentrations which were used for 

the hydrogel gelation. 

Proliferation of hWJ-MSCs seeded on HA-PH and HA-PH-RGD hydrogels, combined 

with fibrinogen (F) is shown in Figure 17 A. Low cell proliferation was found in case of the 

unmodified HA-PH hydrogel, which was increased when using the HA-PH modified with 

RGD. A remarkable increase in cell proliferation rate was achieved when the HA-PH and HA-

PH-RGD hydrogels were combined with F. Therefore, for cell encapsulation 1 mg/ml F was 

added into the HA-PH-RGD hydrogel. The ability of HA-PH-RGD/F to support cell 

proliferation in 3D culture was further verified by the WST-1 method at 3 hours, 1 and 3 days 

after seeding (Figure 17 B). Despite of the enhanced cell proliferation, the morphology of hWJ-

MSCs after 1 day in 3D culture was found to be similar in HA-PH-RGD and HA-PH-RGD/F 

(Figure 17 C, D). 
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Figure 17: (A) Proliferation of hWJ-MSCs in HA-PH hydrogels on different adhesive substrates (RGD 

peptide, F = fibrinogen) measured by luminescence of ATP. (B) Proliferation of hWJ-MSCs in 3D 

culture of HA-PH-RGD/F hydrogel measured by WST-1 assay (n = 3). ***p < 0.001. (C, D) The 

morphology of hWJ-MSCs in 3D culture in (C) HA-PH-RGD and (D) HA-PH-RGD/F hydrogel after 1 

day of cultivation stained for phalloidin (red) and DAPI (blue). Scale bar: 25 µm. 

 

5.2.2 Evaluation of HA-PH-RGD hydrogels in acute SCI lesions 

Two ways of hydrogel application were compared in the acute SCI lesion; implantation 

of the in vitro crosslinked HA-PH-RGD hydrogel and injection of the HA-PH-RGD together 

with crosslinking agents to form a hydrogel in situ. Both implanted and injected HA-PH-RGD 

hydrogels filled the lesion cavity and were highly populated with endogenous cells. The dense 

ingrowth of neurofilaments (Figure 18 A) as well as blood vessels (Figure 18 B) into the 

hydrogel-treated lesion was observed throughout the whole implant after 2 weeks, and persisted 

with no considerable increase 8 weeks after application. Quantitative analysis revealed a higher 

density of neurofilaments (Figure 18 C) and blood vessels (Figure 18 D) in both hydrogel 

groups compared to the control lesion while no differences were found between the lesion 

treated with hydrogel implantation or injection at any time point. Figure 18 E, G depicts 

migrating astrocytes (GFAP staining) and Figure 18 H the newly formed axonal growth cones 

(GAP43 staining) protruding into the hydrogel treated lesion. The results show that the hydrogel 

injection into the lesion and its subsequent crosslinking in situ is not harmful to the surrounding 
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tissue and represents a non-invasive and effective way of hydrogel delivery resulting in tissue 

repair. 

 

 

Figure 18: Representative images of longitudinal sections of the spinal cord lesion at 2 and 8 weeks 

after the acute HA-PH-RGD hydrogel injection or implantation into the hemisection cavity: staining of 

(A) neurofilaments (NF-160, green) and (B) blood vessels (RECA, red; DAPI, blue). Quantitative 

analysis of the ingrowth of (C) neurofilaments and (D) blood vessels into the lesion area at 2 and 8 

weeks after the injection or implantation of HA-PH-RGD hydrogel. The values are expressed as the 

percentage of (C) NF-160 or (D) RECA positive area of the total lesion area (n = 3). *p < 0.05. (E) 

Immunofluorescent staining for neurofilaments (NF-160); square in (E) is shown under the higher 

magnification inset in (F); (F) immunofluorescent staining for neurofilaments (NF-160, green), 

astrocytes (GFAP, red) and cell nuclei (DAPI, blue) and (G) immunofluorescent staining for astrocytes 

(GFAP) at 2 weeks after HA-PH-RGD injection. (H) Immunofluorescent staining for growth associated 

protein 43 (GAP43, green) and cell nuclei (DAPI, blue) at 8 weeks after HA-PH-RGD hydrogel 

implantation. Scale bar: (E, G) 500 µm, (A, B, F, H) 50 µm. 
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5.2.3 Histological evaluation of HA-PH-RGD hydrogels in subacute SCI lesion 

The tissue response of the subacute injection of HA-PH-RGD, HA-PH-RGD/F and HA-

PH-RGD/F combined with hWJ-MSCs was evaluated 8 weeks after implantation. As is 

apparent from Figure 19, both HA-PH-RGD and HA-PH-RGD/F hydrogels significantly 

improved the density of neurofilaments within the lesion when compared to the control 

untreated lesion and this effect was further enhanced by the addition of hWJ-MSCs. Because 

the immunohistochemical results of HA-PH-RGD/F did not significantly differ from the results 

obtained with HA-PH-RGD, we did not show the immunohistochemistry of this group. 

 

 

Figure 19: Representative images of the longitudinal sections of the spinal cord lesion in (A, B) controls 

and at 8 weeks after the subacute injection of (C, D) HA-PH-RGD and (E, F) HA-PH-RGD/F hydrogel 

combined with hWJ-MSCs, stained for neurofilaments (NF-160). Squares (A, C, E) are also shown 

under higher magnification insets (B, D, F). (G) Quantitative analysis of axonal ingrowth is expressed 

as the percentage of NF-160 positive area of the total lesion area (n = 6). *p < 0.05, ***p < 0.001. Scale 

bar: (A, C, E) 500 µm, (B, D, F) 50 µm. 
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Astrocytes, detected by immunofluorescence staining of GFAP (Figure 20), migrated 

from the lesion border to the lesion area which was treated by hydrogel suggesting a formation 

of permissive environment promoting glial cell infiltration (Figure 20 D, F). Quantitative 

evaluation of the GFAP staining density around the lesion, which should reflect the density of 

the glial scar, did not reveal significant differences between the control and hydrogel treated 

groups (Figure 20 G). Blood vessels densely infiltrated the hydrogel treated lesion, however the 

increase in blood vessel density was not found to be significant when compared to the control 

lesion (Figure 21). 

 

 

Figure 20: Representative images of the longitudinal sections of the spinal cord lesion in (A, B) control 

and at 8 weeks after subacute injection of (C, D) HA-PH-RGD and (E, F) HA-PH-RGD/F hydrogels 

combined with hWJ-MSCs stained for astrocytes (GFAP). Squares (A, C, E) are also shown under 

higher magnification insets (B, D, F). (G) Quantitative analysis of the glial scar density around the lesion 

was expressed as the corrected total cell fluorescence (CTCF) of GFAP staining (n = 6). Scale bar: (A, 

C, E) 500 µm, (B, D, F) 50 µm. 
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Figure 21: Representative images of the longitudinal sections of the spinal cord lesion in (A) control 

and at 8 weeks after subacute injection of (B) HA-PH-RGD, (C) HA-PH-RGD/F and (D) HA-PH-

RGD/F combined with hWJ-MSCs stained for blood vessels (RECA, red) and DAPI (blue). (E) 

Quantitative analysis of blood vessel ingrowth is expressed as the percentage of RECA positive area of 

the total lesion area (n = 6). Scale bar: 50 µm. 

 

ED1 staining, specific for microglia/macrophages, combined with CD206 staining 

specific for M2 macrophages confirmed the migration of both M1 and M2 macrophages into 

the hydrogel treated lesion. However, no quantification was performed to detect the M1/M2 

ratio (Figure 22 A-D). Oligodendrocytes were detected in the area of hydrogel treated lesions, 

but not in the control lesion (Figure 22 E-H). 
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Figure 22: Representative images of the longitudinal sections of the spinal cord lesion in (A, E) control 

and at 8 weeks after subacute injection of (B, F) HA-PH-RGD, (C, G) HA-PH-RGD/F and (D, H) HA-

PH-RGD/F hydrogel combined with hWJ-MSCs. Staining for (A-D) macrophages (ED1, green) and M2 

macrophages (CD206, red), (E-H) oligodendrocytes (OSP, red) and (A-H) DAPI (blue). The dotted lines 

in (A, E) outline the border of the tissue (T) and the lesion area (L). Other images are taken from the 

centre of the lesion. Scale bar: 50 µm. 
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It is of note that we did not observe any hWJ-MSCs in the spinal cord tissue 8 weeks after 

cell application, which we attempted to visualize using the staining of the human mitochondria 

marker (MTCO2) used for the detection of human MSCs in the host tissue. 

 

5.2.4 Gene expression analysis in subacute SCI lesions 

Changes in the mRNA expression of selected genes were determined 8 weeks after the 

injection of HA-PH-RGD, HA-PH-RGD/F and HA-PH-RGD/F combined with hWJ-MSCs 

(Figure 23). 

Both the HA-PH-RGD and HA-PH-RGD/F hydrogel injections resulted in a decrease in 

mRNA expression of genes related to inflammation (Irf5, Cd86, Ccl3) or glial scar formation 

(Gfap, Ptprz1), but these changes were not significant. Significant downregulation was then 

found in the expression of Gap43 when compared to the untreated control lesion. On the 

contrary, the expression of Gap43 was significantly increased when the HA-PH-RGD/F was 

combined with hWJ-MSCs. Similarly, a combination with hWJ-MSCs led to significant 

upregulation of both M1 (Irf5, Cd86) and M2 macrophages markers (Mrc1). 

 

 

Figure 23: Analysis of mRNA gene expression of selected genes involved in the reparative processes 

following spinal cord injury treated with HA-PH-RGD, HA-PH-RGD/F and HA-PH-RGD/F hydrogel 

combined with hWJ-MSCs. The graph shows the log2-fold changes in gene expression over the control 

lesion with saline. Significance is calculated using ∆Ct values (n = 5). ++p < 0.01: versus control lesion, 

*p < 0.05, **p < 0.01, ***p < 0.001. 
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5.2.5 Analysis of locomotor functions in subacute SCI lesions 

The effect of the hydrogel treatment on the locomotor functions of the experimental 

animals was quantitatively analysed using the TSE Motion 8.5.11. We evaluated those 

parameters which revealed differences between the gait of healthy and injured animals, such as 

knee and ankle angles and hind limb retraction and protraction (distance on x axis of 

metatarsophalangeal joint in relation to iliac crest) (Figure 24). The most substantial differences 

were found in the parameter of hind limb protraction, which reflected the ability of the hind 

limb to move forward during walking, and which significantly decreased in all injured groups 

and all observed time intervals when compared to the healthy animals. Significant improvement 

in protraction was found only after 2 weeks in animals treated with HA-PH-RGD/F when 

compared to control untreated lesion. A significantly higher maximal ankle angle in the HA-

PH-RGD/F + hWJ-MSCs group vs. the HA-PH-RGD/F group at 2 weeks. No statistical 

differences between the control and hydrogel injected animals were found at 5 and 8 weeks. 
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Figure 24: Analysis of locomotor functions of the right (affected) leg 2, 5 and 8 weeks after the subacute 

injection of HA-PH-RGD/F hydrogel, and HA-PH-RGD/F hydrogel combined with hWJ-MSCs 

compared to the control (lesioned) (n = 4 in all groups) and healthy animals (n = 7). *p < 0.05, **p < 

0.01, ***p < 0.001 versus healthy animal when is not indicated by a line. 
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5.2.6 Summary II 

 Both injected and implanted HA-PH-RGD hydrogels filled the lesion cavity and 

promoted tissue bridging. 

 Transplanted hydrogels alone increased axonal growth into the lesion. 

 Combination of HA-PH-RGD/F hydrogel with hWJ-MSCs further improved axonal 

ingrowth and enhanced infiltration of macrophages. 

Limitations: 

 Transplanted HA-PH-RGD hydrogels either alone or in combination with hWJ-MSCs 

had no significant effect on glial scarring or ingrowth of blood vessels. 

 HA-PD-RGD neither alone nor combined with hWJ-MSCs did not improve motor 

function when compared to the control group. 
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5.3 Effect of different hWJ-MSCs doses on spinal cord regeneration (Krupa et al., 

2018) 

 
Figure 25: Schematic representation of experimental design.  

 

5.3.1 hWJ-MSCs characterization 

The mesenchymal phenotype of hWJ-MSCs was confirmed by the presence of CD29, 

CD73, CD90, CD105 and HLA-ABC and lack of CD14, CD31, CD34, CD45 and HLA-DR 

(Figure 26). 

 
Figure 26: Flow cytometry analysis of the surface markers of hWJ-MSCs in the 3rd passage. 
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Figure 27 shows, that hWJ-MSCs at the 3rd passage were differentiated into all three cell-

lineages. Adipocytes were detected by positive Oil-Red-O staining for lipid droplets. 

Osteoblasts were detected by positive Alizarin Red S staining for calcium-rich deposits. 

Chondrocytes were detected by Alcian blue staining for acid mucopolysaccharides. 

 
Figure 27: Multipotent differentiation of hWJ-MSCs into (A) adipocytes, (B) osteoblasts, and (C) 

chondrocytes. Scale bar: 100 µm. 

 

5.3.2 Behavioural analysis after hWJ-MSCs application 

Recovery of the hind limb locomotor function was evaluated by BBB test every week 

starting in the first week after SCI. The BBB score was calculated as a mean value from the 

scores of both legs (Figure 28 A). One week after SCI, all tested animals displayed severe 

paraparesis or paraplegia. No differences between the groups were observed. The second week 

after SCI, animals in all groups showed new motions in one or two joints. Among the groups, 

a significant difference was achieved between the control group and the group treated with a 

single dose of 1.5M hWJ-MSCs. In the third week after SCI, a rapid improvement of the 

locomotor functions was observed in the groups treated with a single dose of 1.5M, and the 

groups with repeated treatment of 0.5M and 1.5M respectively. All three groups recovered 

significantly better than the control group. Animals treated with only 0.5M showed little 

improvement compared to control group which was not statistically significant. In the following 

weeks, improvements of movement and strength of the hind limbs continued but not as rapidly 

as was seen during the first three weeks. From the fourth week onward until the end of the 

experiment, rats treated with 1.5M and 3x0.5M and 3x1.5M had comparable results, which 

were significantly better than the control group and animals treated by 0.5M only. No 

significant difference between the control group and 0.5M group was observed. Animals in the 

groups with repetitive treatment were mostly able to achieve effective weight support of their 

body when standing, or even walking. The gap between score 8 (and lower) and 9 (and higher) 

is a big step when comparing the strength of the muscles of the hind limbs.  
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Coordination of the limb movements was tested by a rotarod test (Figure 28 B). Testing 

was performed every two weeks. Due to the severity of the lesion and limited recovery, no 

significant differences were observed between the groups.  

Advanced locomotor skills and coordination of the hind limbs was measured by beam 

walk test. Results were evaluated using a 0-7 scale (Figure 28 C). All animals were trained in 

this task before surgery and then tested every week starting in the second week after SCI. Due 

to the severity of the lesion, most of the rats showed minimal ability to cross the beam and often 

just stayed and balanced at the starting point of the beam. The best scores at 7th week after SCI 

were obtained in animals treated by 3x1.5M, which were significantly better when compared 

to all of the other groups. For the first three weeks, animals treated with 0.5M achieved 

significantly better results than the control group, but in subsequent weeks they gradually 

worsened and the significant difference was lost. 

In addition to the beam score, we measured the time needed to cross the beam (maximum 

of 60 seconds) (Figure 28 D). During the pre-training, healthy rats were able to cross the beam 

in approximately 3 s. The measurement was performed weekly starting in the second week after 

SCI. Two weeks after SCI, not all the rats were able to cross the beam and did not move from 

the starting line. In the following weeks, a significant improvement was observed between the 

rats treated by 3x1.5M and the other groups. The best score was achieved in the 6th week in the 

group 3x1.5M.  
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Figure 28: Recovery of locomotor functions following hWJ-MSCs transplantation after SCI. The 

locomotor skills of saline or stem cell-treated rats were measured using (A) Basso, Beattie, and 

Bresnahan test (BBB), (B) rotarod test, (C) beam walk score and (D) time. BI = before injury. * p < 

0.05, ** p < 0.01, *** p < 0.001 versus saline; + p < 0.05, +++ p < 0.001 versus 0.5M MSC; # p < 0.05, 

## p < 0.01, ###p < 0.001 versus 3x0.5M MSC; ѳ p < 0.05, ѳѳѳ p < 0.001 versus 1.5M MSC. 

 

5.3.3 Histology and immunohistochemistry after hWJ-MSCs transplantation 

Concerning the grey matter preservation (Figure 29 A), a significant difference was 

achieved between the group 3x1.5M and the control group. Comparison of the white matter 

sparing showed no significant difference between the groups as a whole (Figure 29 B). 

Similarly to the grey matter, we observed significantly more spared white matter in the center 

of the lesion an in the surrounding tissue in animals treated with 3x1.5M and 1.5M when 

compared to the control group and rats treated with 0.5M.  
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Figure 29: Histological analysis 9 weeks after SCI. (A) Analysis of the grey matter and (B) white matter 

sparing as relative when compared to the control, which was set as 100%. * p < 0.05, ** p < 0.01 versus 

saline; + p < 0.05, ++ p < 0.01 versus 0.5M MSC; # p < 0.05, # # p < 0.01 versus 3x0.5M MSC; ѳ p < 

0.05, ѳѳ p < 0.01 versus 1.5M MSC. 

 

The total area of the glial scar formed around the central cavity (GFAP staining) was 

expressed as a ratio of scar tissue to the whole section in percentages (Figure 30 A). Groups 

treated by 1.5M, 3x0.5M and 3x1.5M had a significantly smaller GFAP positive area around 

the main cavity compared to the control group. The group treated by 0.5M showed no 

significant difference compared to saline treated rats. The number of protoplasmic astrocytes 

was counted in the same samples (Figure 30 B). Rats treated by 1.5M, 3x0.5M and 3x1.5M 

showed a significantly lower number of protoplasmic astrocytes compared to the control group.  
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Figure 30: Immunohistochemical analysis 9 weeks after SCI. (A) The GFAP positive area showing the 

glial scar formation around the central cavity. (B) The number of protoplasmic astrocytes near the centre 

of the lesion. * p < 0.05, ** p < 0.01 versus saline; + p < 0.05 versus 0.5M MSC + p < 0.05; # p < 0.05, 

# # p < 0.01 versus 3x0.5M MSC. 

 

Axonal sprouting was determined as a number of GAP43 positive fibers and results were 

compared to the control, which was set as 100%. The significant effect of the cell treatment 

was not only dose dependent, but further improved after repeated application (Figure 31). 

Treatment with the lowest dose (0.5M) had no or minimal effect on axonal sprouting. In the 

other cell-treated groups, the number of positive fibers was gradually increasing with the higher 

number of grafted cells and a repeated application resulted in a significantly stronger effect than 

a single dose. 
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Figure 31: The average number of GAP43 positive fibers presented as relative when compared to the 

control, which was set as 100%. * p < 0.05 versus saline; + p < 0.05 versus 0.5M MSC. 

 

Survival of the transplanted cells was evaluated by staining with an antibody against 

human nucleus (HuNu) 2 weeks after the transplantation. Surviving cells were detected as green 

clusters. Most of the cells remained at the site of the implantation, trapped between the folds of 

arachnoidea mater in the cauda equina. However, there was a difference in the number of cells 

present. While after 0.5M application only a few cells were detected, the application of 1.5M 

resulted in a greater number of trapped cells. No migration into the lesion site was observed. 

 

5.3.4 Gene expression induced by hWJ-MSCs application 

Samples from the spinal cord for qPCR analysis were taken 4 and 9 weeks after the cell 

transplantation. Values were compared to saline treated rats which were set as 0. The expression 

of genes related to the M1 (Irf5, Cd86) and M2 (Mrc1, Cd163) macrophage phenotypes, 

astrogliosis (Gfap) and apoptosis (Casp3) was analysed (Figure 32). 

Pro-inflammatory related genes Irf5 and Cd86 were insignificantly up-regulated in the 

groups treated with 1.5M and 3x0.5M at 4 weeks after the transplantation of cells. On the other 

hand, 9 weeks after the transplantation, Irf5 and Cd86 were downregulated in all groups except 

for the 3x0.5M. Statistical significance compared to saline group was achieved only in the group 

3x1.5M. 

The anti-inflammatory related genes Mrc1 and Cd163 were downregulated in all 

treatment groups with significant difference between groups 1x0.5M and 3x1.5M at 9 weeks 

after the transplantation. However, in groups treated with a total of 1.5M cells (1.5M and 

3x0.5M), Mrc1 and Cd163 were insignificantly upregulated 4 weeks after transplantation and 

thus their dynamics changed throughout the experiment.  
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Four weeks after the cell implantation, Gfap was downregulated in all groups except for 

the group treated with 3x0.5M cells. Nine weeks after the cell implantation, Gfap remained 

significantly downregulated only in the group 3x1.5M, which corresponds with the 

immunohistochemical analysis of astrogliosis which was lowest in this group. Expression of 

Casp3 insignificantly decreased in the groups 0.5M and 3x1.5M and remained stable 

throughout the entire experiment.  

 

 

Figure 32: The expression of genes related to the M1 (Irf5, Cd86) and M2 (Mrc1, Cd163) macrophage 

phenotypes, astrogliosis (Gfap) and apoptosis (Casp3) shown (A) 4 weeks after the SCI and (B) 9 weeks 

after the SCI. The graphs show the log2-fold changes of the ΔΔCt values of the indicated genes in 

comparison to the animals treated with the saline, which were set to 0 and are represented as x axis in 

the graphs. * p < 0.05, *** p < 0.001 versus saline; + p < 0.05, +++ p < 0.001 versus 0.5M MSC; # p < 

0.05, ## p < 0.01, ### p < 0.001 versus 3x0.5M MSC; ѳ p < 0.05, ѳѳ p < 0.01, ѳѳѳ p < 0.001 versus 

1.5M MSC. 
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5.3.5 Summary III 

 Intrathecal transplantation of hWJ-MSCs had beneficial effect on functional outcome, 

tissue sparing, glial scar and axonal sprouting and was dose dependent. 

Limitations: 

 Only repeated transplantation of high dose (1.5M) hWJ-MSCs was sufficient for 

significant improvement in advanced locomotor test and tissue preservation.  
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5.4 Stimulation of neurite growth by transgenic activation of α9 integrin and kindlin 1 

(unpublished results) 

 

 

Figure 33: Schematic representation of experimental design. (A) Overcoming the effect of aggrecan 

inhibition on neurite growth by kindlin 1 overexpression. (B) Activation of neurite growth by α9 integrin 

subunit overexpression on cover slips coated with α9 integrin specific peptide or fibrin gel modified 

with α9 integrin specific peptide. (https://www.gettyimages.com/detail/illustration/cell-cultures-in-

petri-dishes-stock-graphic/155301592) 

 

 

DRG neurons isolated from adult rats were used as an in vitro model of SCI. Transfection 

with plasmid bearing genes for kindlin 1 or α9 integrin subunits was performed using 

electroporation. To mimic the inhibitory environment after SCI, aggrecan (25 µg/ml) was used 

in addition to laminin coating (1 µg/ml). Figure 34 shows that aggrecan significantly reduced 

neurite length of both DRG neurons transfected either with CAG-GFP or CAG-kindlin1-GFP 

plasmid. Kindlin 1 overexpression then slightly enhanced the neurite length in comparison with 

control DRG neurons transfected with green fluorescent protein (GFP), however the difference 

was not significant. 

 

 

https://www.gettyimages.com/detail/illustration/cell-cultures-in-petri-dishes-stock-graphic/
https://www.gettyimages.com/detail/illustration/cell-cultures-in-petri-dishes-stock-graphic/
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Figure 34: Representative images of adult DRG neurons transfected with (A, C) CAG-GFP or (B, D) 

CAG-kindlin1-GFP plasmid cultivated on cover slips coated with (A, B) laminin or (C, D) laminin and 

aggrecan stained for GFP. Scale bar: 100 µm. (E) Maximal neurite length of DRG transfected with 

CAG-GFP or CAG-kindlin1-GFP plasmid after 1 day in culture. *** p < 0.001. 

 

The effect of CAG-α9-V5 plasmid was tested on different coating concentrations of 

AEIDGIEL peptide derived from tenascin-C. AEIDGIEL peptide at concentration at least 10 

µg/ml significantly stimulated neurite growth in DRG neurons transfected with α9 integrin, 

which increased with increasing concentration of AEIDGIEL peptide (Figure 35 C). Similarly, 

modification of fibrin gel with AEIDGIEL peptide using factor XIIIa as cross-linker enhanced 

neurite length of α9 transfected DRG compared to control DRG transfected with GFP. Fibrin 

gel modification with AEIDGIEL peptide at concentration 2 mg/ml stimulated DRG growth 
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significantly better then fibrin gel alone or fibrin gel with 1 mg/ml AEIDGIEL. Increased 

growth of α9 transfected DRG on fibrin gel without AEIDGIEL peptide was most likely caused 

by α9 integrin binding to adhesion domain within fibrin protein different from AEIDGIEL 

(Figure 35 D). 

 

 

 

Figure 35: Representative images of adult DRG transfected with (A) CAG-GFP or (B) CAG-α9-V5 

plasmid cultivated on AEIDGIEL peptide stained for (A) GFP or (B) V5. Scale bar: 100 µm. (C) 

Maximal neurite length of DRG transfected with CAG-GFP or CAG-α9-V5 plasmid cultivated on cover 

slips coated with different concentration of AEIDGIEL peptide after 2 days in culture. (D) Maximal 

neurite length of DRG transfected with CAG-GFP or CAG-α9-V5 plasmid cultivated on fibrin gel alone 

or fibrin gel modified with different concentration of AEIDGIEL peptide after 3 days in culture. *p < 

0.05 versus GFP when is not indicated by a line. 
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5.4.1 Summary IV 

 Kindlin 1 overexpression had no significant effect on neurite growth in an aggrecan 

induced inhibitory environment. 

 α9 integrin subunit overexpression enhances neurite growth on AEIDGIEL modified 

substrates. 

 On the basis of these results, the subsequent in vivo study is planned in SCI model using 

α9 integrin and kindlin 1 viral co-transduction combined with implantation of fibrin gel 

modified with AEIDGIEL. 
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6 Discussion  

Despite intensive research of SCI, no effective therapy for patients exists. To study SCI 

it is necessary to choose the right experimental model, appropriate therapeutic approach and its 

timing. Based on previous investigations, it seems that biomaterials and stem cells can support 

recovery after SCI to some extent. Nevertheless, their therapeutic potential is limited and 

therefore it is required to combine them. In addition, gene therapy could be used for 

enhancement of intrinsic regenerative capacity of the spinal tissue. 

 

6.1 Different animal models of SCI and experimental settings 

The majority of experimental studies of SCI use compression, contusion or sharp animal 

models, with each model having some advantages and limitations (Cheriyan et al., 2014). 

The benefit of balloon-induced compression lesion is that it simulates the character of the 

lesion which occurs in humans by an unreduced dislocation or a fracture dislocation of the 

spine. It is assumed that both mechanical and vascular factors are involved in the pathogenesis 

of SCI in this model. Moreover, it is simple and reproducible and requires minimal surgical 

preparation of the animal (Vanicky et al., 2001).  

However, it would be difficult to apply biomaterial into balloon-induced compression 

lesion in acute or subacute phase when the cavity is not developed. Therefore, a spinal cord 

hemisection, where part of the spinal tissue is removed, is a more suitable model for the testing 

the hydrogel effect on the neural tissue repair. It allows filling the lesion cavity with material 

and clear analysis of the endogenous tissue infiltration into the implant. Additionally, 

hemisection is also the least invasive and devastating SCI model (Kubinova et al., 2011). On 

the other hand, this model is a case of partial lesions with a high rate of spontaneous recovery 

and a high risk of inconsistencies in the injuries between animals, which might lead to 

misinterpretation of behavioural evaluation (Fouad et al., 2013).  

For SCI repair it is also important to choose the right timing of therapeutic intervention. 

In our study, ECM hydrogels were applied into the model of acute SCI. Therefore, their 

neuroregenerative potential might be burdened by the hostility of the lesion due to the acute 

inflammatory response, which in turn may influence the speed of hydrogel degradation and thus 

the character of tissue replacement. To reveal whether subacute implantation makes some 

differences in the tissue repair effect, we applied HA-PH-RGD hydrogels acutely and 

subacutely one week after the SCI in the following study. Nevertheless, both acute and subacute 
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hydrogel application had similar effects on tissue repair regarding the tissue bridging, material 

degradation and support of axonal ingrowth.  

Another thing that needs to be considered is the delivery method of the biomaterial. We 

compared two methods of HA-PH-RGD hydrogels application, hydrogel implantation and 

injection into the hemisection cavity immediately after the injury. However, we did not find 

any difference neither in the ingrowth of neurofilaments nor blood vessels. Hydrogel injection 

was then used for the application into the subacute SCI lesion, because of lower invasiveness.  

Regarding cell transplantation, hWJ-MSCs were transplanted in the subacute phase (7th, 

14th and 21st day after the SCI), which could lead to better cell survival because of the reduced 

aggressiveness of the host environment. Moreover, the glial scar in the subacute SCI phase has 

not been fully formed unlike in the chronic phase (Okada et al., 2005; Parr et al., 2007). 

Another variable in the SCI treatment using cells is the route of cell transplantation, which 

can be intraparenchymal directly into the lesion, intrathecal or intravenous. Each approach has 

its advantages and disadvantages with regard to invasiveness and effectivity. 

Direct injection of the cells into the lesion site guaranteed delivery without obstacles but 

it requires a major surgical opening of the spinal canal and dura mater in the subacute phase of 

the injury. Intravenous delivery is a less invasive alternative and it offers an easy and safe route 

for delivery of large number of cells. However, a lower number of cells survived because they 

were exposed to immune cells in the blood circulation, trapping most of them in the lungs, liver 

and kidneys (de Haro et al., 2005; Fischer et al., 2009).  

Intrathecal delivery is a kind of compromise between the two methods mentioned above. 

It eliminates the risk of direct surgical implantation without the need for deep analgesia and 

anaesthesia for the animal, and yet it still guarantees a wide dissemination of cells throughout 

the subarachnoid space and around the lesion site (Amemori et al., 2015). The procedure can 

be done either by lumbar puncture or by suboccipital puncture of the cisterna magna. Both 

methods provide a relatively save approach to the subarachnoid space of the spinal cord. In our 

study we chose the lumbar puncture, because it is more relevant to clinical medicine. Since cell 

survival in the vertebral canal is rather low, repeated application substantially increased the 

trophic and immunomodulatory effects of the cells and could be feasible for use in human 

patients.  
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6.2 Advantages and limitations of natural biomaterials in spinal cord regeneration 

Natural biomaterials have great potential in various tissue engineering applications 

including SCI. In comparison with synthetic non-degradable materials such as poly(2-

hydroxyethyl methacrylate), poly N-(2-hydroxypropyl)-methacrylamide and polyethylene 

glycol, ECM and HA-PH hydrogels are undoubtedly advantageous in terms of their 

degradability as well as biologic activity which is able to modulate immune response and 

stimulate vascularization and axonal ingrowth. On the other hand, in vivo hydrogel degradation 

can be too fast and their variability may also present a problem in their potential clinical use. 

We studied ECM hydrogels derived from the CNS (porcine spinal cord) and from non-

CNS tissue (porcine urinary bladder). We also tested hydrogels based on HA-PH-RGD 

specifically developed for neural tissue repair. All studied hydrogels maintained their biologic 

activity and had the mechanical properties similar to the soft neural tissue with the advantage 

of injectability and ability of in situ polymerization, which allow for minimally invasive 

delivery techniques and facilitate the possibility of clinical translation. 

A potentially important criterion for tissue regeneration may be tissue specificity 

depending on the ECM hydrogel source. However, no significant differences were found 

between CNS-derived SC-ECM and non-CNS UB-ECM hydrogels with regards to ingrowth of 

neurofilaments and blood vessels after injection of these materials into SCI defect. We also did 

not find significant differences between SC-ECM and UB-ECM hydrogels in vitro in terms of 

the migration of human MSCs, differentiation of NSCs or axonal outgrowth (Koci et al., 2017). 

As was shown previously, degradation of a biomaterial is crucial for effective tissue 

remodelling. The biomaterial should serve as a temporary support that will be gradually 

replaced by functional tissue and not a scar tissue (Badylak et al., 2009; Valentin et al., 2009). 

However, hydrogel degradation in our experiments was faster than neural tissue regeneration, 

which resulted in the formation of small cyst and sparse network of axons, blood vessels as well 

as other neural tissue elements. 

To slow degradation, chemical crosslinking of the ECM hydrogel ensures longer scaffold 

persistence within the lesion and thus provides more time required for complete tissue 

remodelling. However, studies suggest that degradation of the ECM scaffold is an essential 

component of rapid constructive remodelling response and the released matricryptic molecules 

possess a variety of bioactive properties such as recruitment of endogenous SCs, antimicrobial 

activity, and pro-angiogenic effects (Valentin et al., 2009). Moreover, crosslinking of the ECM 

may reduce or eliminate the amount of cellular infiltration into the implant or even cause a 
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foreign body reaction (Badylak and Gilbert, 2008). Studies also showed that HA degradation 

products can promote angiogenesis by stimulating proliferation and migration of endothelial 

cells (Montesano et al., 1996; Peattie et al., 2004). 

To form HA-PH hydrogel, we used an enzymatic crosslink reaction initiated by HRP and 

H2O2. Concentrations of cross-linking agents were optimized to achieve mechanical properties 

comparable to native spinal cord tissue and to get the optimal gelation time of the material 

during application into the site of the defect. Moreover, the used crosslink reaction was non-

cytotoxic and enabled the formation of a cell-laden hydrogel under physiological conditions. 

The big advantage of this material over other ones is that it can be manufactured in a 

reproducible manner under good manufacture practice conditions, which are required to allow 

the transfer of its production from bench-to-bedside in clinical practice. 

One possibility of how to enhance regenerative potential of a biomaterial is its 

modification with a specific integrin ligand. HA-PH was functionalized with RGD peptide 

derived from fibronectin, which has been previously shown to support effective cell spreading 

and cytoskeletal organization as well as cell proliferation (Mackova et al., 2016). However, the 

most abundant integrin ligand in the damaged CNS is tenascin-C and one of the reasons for 

poor axon regeneration is the lack of integrin α9 receptor specific for tenascin-C (Andrews et 

al., 2009). We confirmed that AEIDGIEL peptide derived from tenascin-C serves as a ligand 

for α9 integrin subunit and transgenic activation of α9 can promote in vitro neurite outgrowth 

on the biomaterial modified with this peptide. We also showed that transgenic activation of 

kindlin 1, an integrin activator, is able to partially improve neurite outgrowth in an inhibitory 

environment. Therefore, we plan a subsequent in vivo study in the model of SCI using an 

integrin α9 viral DRG transduction and an implantation of biomaterial with AEIDGIEL peptide, 

which should promote specific axon growth into the scaffold. As integrins are inhibited by the 

presence of CSPGs at the injury site, the viral vector mediated expression of integrin activator 

kindlin 1 could further improve regeneration even in an inhibitory environment (Cheah et al., 

2016).  

 

6.3 Therapeutic potential of hWJ-MSCs for SCI repair 

The hWJ-MSCs currently represent a promising cell type in regenerative medicine and 

are already being evaluated in many clinical trials including ones focusing on SCI. Advantages 

for the potential clinical use include the facts that they are allogenic, their production can be 
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easily scaled up and they can be prepared in advance, cryopreserved and be ready for use as an 

off-the-shelf product in a relatively short time (Cheng et al., 2014). 

In our SCI study, we compared effects of single and triple repeated intrathecal delivery 

of hWJ-MSCs with different numbers of cells (0.5M or 1.5M) in each application. Triple 

delivery and cell number was chosen based on previous studies with bone marrow MSCs. 

Cizkova et al. found, that rats treated with three injections of bone marrow MSCs at days 7, 8, 

and 9, but not on days 3, 4, and 5 after SCI, showed significantly higher motor function recovery 

(Cizkova et al., 2011). Our experimental setting was also comparable to our previous study 

with single application of 0.5M human bone marrow derived MSCs (Machova Urdzikova et 

al., 2014), but repeated application of hWJ-MSCs leaded to higher axonal sprouting and better 

results in beam walk test. 

In terms of cell survival, many of the intrathecally transplanted hWJ-MSCs were detected 

at the site of the implantation after 2 weeks. We therefore assumed that a combination of cells 

with hydrogels, which could create a supporting niche, would promote hWJ-MSCs survival. 

However, despite immunosuppression, few cells were detected within the lesion after 4 weeks 

when WJ-MSCs were combined with the ECM hydrogel, and no hWJ-MSCs survived within 

HA-PH-RGD/F 8 weeks after implantation. This is in agreement with our unpublished 

observation that the human MSCs are able to survive for a maximum of 4 weeks even in case 

of spinal cords of heathy rats with immunosuppression. Nevertheless, we showed the effect of 

cells using immunohistochemical and qPCR analyses, which support the commonly proposed 

hypothesis that transplanted cells release trophic factors providing long lasting neurotrophic, 

neovascularization, and immunomodulatory effects (Assinck et al., 2017; Petrenko et al., 2017; 

Urdzikova et al., 2014). 

 

6.4 Tissue regeneration after SCI using histology and qPCR 

It this thesis we used histological analysis and qPCR mainly for the evaluation of axonal 

and blood vessel ingrowth, glial scarring and macrophage phenotype. Two different markers of 

axonal ingrowth and sprouting were used. Spinal cord tissue after implantation or injection of 

SC-ECM, UB-ECM and HA-PH-RGD hydrogels was stained against NF-160. GAP43 was used 

for staining after hWJ-MSCs transplantation and for qPCR in studies with ECM or HA-PH-

RGD hydrogels.  

Histology results showed that both implantation approaches with any of the tested 

biomaterials and different doses of hWJ-MSCs supported axonal growth into the lesion site. 
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Moreover, our study with hWJ-MSCs demonstrated that the axonal growth into the lesion 

gradually increased along with the cell dose. Surprisingly, some results from histology did not 

correspond with results from qPCR. Decreased mRNA expression of Gap43 in both ECM 

scaffolds after 2 weeks and in HA-PH-RGD hydrogel groups after 8 weeks did not correlate 

with robust axonal growth into the lesion revealed by the histological staining of NF-160. An 

explanation can be the fact, that NF-160 stained the already mature sprouting axons, whereas 

Gap43 is expressed at high levels mainly in neuronal growth cones during axonal regeneration. 

It is likely that axonal sprouting might finish during earlier period after the injury (Hsu and Xu, 

2005). In contrary, significant increase in mRNA expression of Gap43 was found in all 

hydrogels combined with hWJ-MSCs, together with an elevated axonal growth into the lesion 

seen in histological slides. It suggests that hWJ-MSCs prolong axonal regeneration process. 

In addition to axonal ingrowth, the blood vessel ingrowth is also necessary for proper 

regeneration of the spinal cord. Our experiments showed enhanced ingrowth of blood vessels 

after acute transplantation of ECM or HA-PH-RGD hydrogels only. We also observed an 

increased mRNA expression of angiogenesis marker Vegfa in SC-ECM combined with hWJ-

MSCs compared to SC-ECM alone. While histological analysis of blood vessels stained with 

RECA showed similar results for all groups with SC-ECM.  

Another indicator of proregenerative environment after SCI is the reduced glial scarring. 

For measurement of the glial scarring, an enhanced expression of GFAP is the most broadly 

used marker of the reactive astrocytic response in the injury site (Macaya and Spector, 2012). 

Implantation of our hydrogels resulted in partially decreased expression of Gfap, but notable 

glial scar reduction was achieved after repeated application of hWJ-MSCs. 

Inflammation is also an important factor in tissue regeneration. Macrophages are one of 

the crucial immune cell types involved in SCI. They migrate into the lesion, and their 

polarization into the anti-inflammatory M2 type has been reported to be beneficial (Slivka et 

al., 2014). In our experiments, the expression of genes related to both pro-inflammatory M1 

and M2 macrophages/microglia decreased at 2 weeks after SC-ECM and UB-ECM injection 

and a similar trend was observed also at 8 weeks after application of HA-PH-RGD and HA-

PH-RGD/F. It might reflect that both inflammatory as well as anti-inflammatory responses were 

inhibited after hydrogel treatment. In contrast, expression of M1 and M2 markers was increased 

when HA-PH-RGD/F was combined with hWJ-MSCs 8 weeks after implantation. Surprisingly, 

a downregulation of all M1 and M2 markers was observed after 3x1.5M hWJ-MSCs 

transplantation at 9 weeks after SCI. It suggests that the macrophage polarization might be 
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variable after different stem cells dosage and in different SCI models (hemisection and balloon-

induced compression lesion).  

 

6.5 Behavioural outcome after SCI 

Analysis of behavioural tests in the study using intrathecal application of WJ-MSCs 

revealed that the functional recovery of hind limb motion was dose-dependent. Significantly 

higher scores in BBB test were observed in all groups which received at least 1.5 million of 

hWJ-MSCs, when compared to the control and 0.5 million cells. In the beam walk test, which 

requires more advanced motor function to keep the balance, the effect was visible only in 

animals that received repeated injections of 1.5 million of hWJ-MSCs. In addition, no effect 

was detected in the rotarod test, which is greatly demanding due to a higher level of motor 

coordination and stepping required.  

As our cell transplantation study revealed, the minimal amount of cells needed for 

locomotor recovery is 1.5 million, thus it is not surprising that we did not find any behavioural 

improvement after transplantation hWJ-MSCs combined with HA-PH-RGD/F because the total 

number of implanted cells within the hydrogel was relatively small (~ 3 x 104) due to the limited 

volume of the implanted scaffold (~ 5 µl). A higher dose of transplanted cells would probably 

increase the number of surviving cells as well as the behavioural outcome. To overcome the 

limitation of the number of cells that can be implanted along with the hydrogel, we propose a 

combination of hydrogel with additional cell application via intrathecal application or direct 

cell injection into the lesion site. 
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7 Evaluation of study aims 

Hypothesis 1: Injectable natural biomaterials are suitable for SCI repair and help create 

permissive environment for tissue regeneration. Combination of biomaterials 

with hWJ-MSCs enhances effects of the treatment. 

 

Aim 1: We demonstrated that both SC-ECM and UB-ECM hydrogels support tissue 

regeneration, such as growth of axons and blood vessels into the SCI lesion. A 

combination of hWJ-MSCs and SC-ECM did not further improve histological 

results, but it had a positive effect on gene expression. 

 

Aim 2: We showed that all tested biomaterials derived from HA-PH-RGD support 

axonal regeneration after SCI. A combination of HA-PH-RGD/F with hWJ-

MSCs further enhances neural growth into the lesion. 

 

Hypothesis 2: Repeated intrathecal transplantation of hWJ-MSCs into SCI have beneficial 

and dose dependent effects on tissue repair and functional recovery after SCI. 

 

Aim 3: We proved that repeated application of 0.5 million of hWJ-MSCs, but not a 

single 0.5 million dose, leads to tissue repair and functional recovery after SCI. 

The best improvement in both behavioural outcome and tissue regeneration 

was observed after repeated transplantation of 1.5 million of hWJ-MSCs. 

 

Hypothesis 3: Transfection of adult DRG neurons with α9 integrin subunit and/or integrin 

activator kindlin 1 stimulates neurite outgrowth and has the potential to 

overcome the effect of the inhibitory environment which occurs after SCI. 

  

Aim 4: We observed that overexpression of integrin activator kindlin 1 stimulated 

neurite outgrowth in an inhibitory environment simulated by aggrecan in vitro. 

However, these changes were not significant. 

  

Aim 5: We demonstrated that overexpression of α9 integrin subunit supported neurite 

outgrowth of adult DRG neurons cultured on substrates modified with α9 

integrin specific peptide AEIDGIEL in vitro.  
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8 Conclusion 

 

This thesis studies new possibilities of how to treat SCI using natural hydrogels and 

human MSCs derived from Wharton’s jelly. Our results show that all studied biomaterials and 

hWJ-MSCs alone or in combination supported tissue regeneration after SCI. Scaffolds are able 

to increase axonal growth and sprouting, which can be further enhanced by combination with 

hWJ-MSCs. However, to achieve functional improvement of locomotor functions, it is 

necessary to transplant repeatedly high doses of hWJ-MSCs. Therefore, a combination of ECM 

or HA derived hydrogels with transplantation of high dose of hWJ-MSCs has great potential to 

restore lost function after SCI. Preliminary data also suggest that transgenic integrin activation 

together with implantation of fibrin gel modified with specific adhesion peptide can be another 

method of how to enhance neurite growth in inhibitory environment after SCI. 
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9 Souhrn 

 

Tato práce se zaměřuje na studium nových možností léčby míšního poranění pomocí 

přírodních hydrogelů a mesenchymálních kmenových buněk izolovaných z lidského 

pupečníku. Výsledky ukázaly, že testované biomateriály na bázi ECM a HA mají schopnost 

podpořit regeneraci tkáně po míšním poranění, což může být dále umocněno jejich kombinací 

s hWJ-MSCs. Avšak k dosažení signifikantního zlepšení motorických funkcí po míšním 

poranění došlo až po opakované intratekální transplantaci vysoké dávky hWJ-MSCs. 

Kombinace hydrogelů na bázi ECM nebo HA s transplantací vysokých dávek hWJ-MSCs tak 

představuje účinnou strategii v léčbě míšního poranění. Předběžné výsledky také ukazují, že 

transgenní aktivace integrinů společně s implantací fibrinového gelu modifikovaného 

specifickým adhesivním peptidem by mohla být další metodou, jak podpořit růst axonů 

v inhibičním prostředí vzniklém po míšním poranění 
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