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I  Acronyms and symbols 
α                            Alpha 

BSA                       Bovine serum albumin  

BDNF                    Brain-derived nerve growth factor  

BrdU                      5-bromo-2´-deoxyuridine  

CAMs                    Cell adhesion molecules  

CNS                      Central nervous system  

CA                         Colominic acid  
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0C                          Degree Celsius 

DP                         Degree of polymerisation  

DNA                       Deoxyribonucleic acid 

DAPI                      4, 6-Diamidino-2-phenylindol 

DRGs                     Dorsal root ganglia cells  

DMEM                    Dulbecco´s modified eagle’s medium  

Endo N                   Endosialidase N  

EGFP                     Enhanced green fluorescence protein  

ELISA                     Enzyme linked immunosorbent assay 

FGF                        Fibroblast growth factor  

Fig.                         Figure 

FCS                        Foetal calf serum  

GDNF                     Glial-cell-line-derived neurotrophic factor 

GFAP                     Glial fibrilary acidic protein  

GFP                       Green fluorescence protein  

GAP-43                  Growth associated protein-43 

HBSS                     Hank’s balanced salt solution  

h                             Hour  

HCl                         Hydrochloric acid  

IGFs                       Insulin-like growth factors  

KDa                        Killodalton 
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p75LANGFR                 Low-affinity nerve growth factor receptor 

µg                           Microgram 

µl                            Microlitre 

µm                          Micrometer 

µM                          Micromole 

mg                          Milligram 

ml                           Millilitre 

mm                         Millimeter 

mmol                      Millimole 

min                         Minutes 

M                            Mole 

mab                        Monoclonal antibody 

MCP-1                    Monocyte chemoattractant protein-1  

P0                           Myelin protein zero 

ng                           Nanogram 

nm                          Nanometer 

NGF                        Nerve growth factor  

NCAM                     Neural cell adhesion molecule  

NF                          Neurofilament  

NT 4/5                    Neurotrophin 4/5  

NGS                       Normal goat serum  

ANOVA                  One-factor analysis of variance  

PFA                        Paraformaldehyde  

PNS                       Peripheral nervous system   

PC12                      Pheochromocytoma cells  

PBS                        Phosphate buffered saline 

PLGA                      Poly (lactic-co-glycolic acid)  

Pll                            Poly-L-lysine  

Porn-laminin            Poly-L-ornithine-laminin  

PolySia                    Polysialic acid  

rHu BDNF               Recombinant human brain-derived neurotrophic factor  
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RT                           Room temperature  

rpm                          Round per minute 

SDS                         Sodiumdodecylsulfate  

TH                           Tyrosine hydroxylase  

UV                           Ultra-violet 

VEGF                      Vascular endothelial growth factor 

VM                          Ventral mesencephalic  

V/v                          Volume/volume 

WST-1                     Water soluble tetrazolium salt  
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Introduction 

1. Introduction 

1.1 The Nervous System 

The organization of the nervous system is divided into two parts that differ in their 

physiology and function: namely central nervous system (CNS) and peripheral 

nervous system (PNS). The CNS consists of the brain, spinal cord, optic and 

olfactory systems. It conducts and interprets signals and provides excitatory 

stimuli to the peripheral nervous system. Whereas the PNS includes the cranial 

nerves stemming from the brain, the spinal nerves that arise from the spinal cord 

and the dorsal root ganglia (sensory nerve cell bodies) and their extensions. The 

sensory and motor fibers in the PNS are bundled together by supporting tissue 

(epineuria) and receive information from the external environment and carry 

signals to and from the brain and spinal cord (Heath and Rutkowski, 1998; Zhang 

and Yannas, 2005). 

 

In terms of cellular components, the nervous system is composed of two types of 

cells called neurons and glia. A neuron, also called a nerve cell, is a basic of 

structural and functional unit of the nervous system and is made of perikaryon 

(soma or cell body), axon and dendrites or neurites. Ganglia, which are clusters 

of sensory nerve cell bodies, are situated outside the spinal column. The 

dendrites serve as antenna to receive signals coming from the surroundings or 

other neurons, whereas the axon which is usually longer than dendrites is 

involved in conducting impulses away from the cell body. Short segments of the 

axon are wrapped with an insulating myelin sheath formed by Schwann cells. 

Impulses are transferred from one neuron to another via synapse, which is a 

junction between the axon of one neuron and the dendrite of another. Moreover, 

electrical impulse can also directly pass from axon to axon, axon to soma or from 

dendrite to dendrite. Glial cells, which are more abundant than neurons, play 

important roles in protecting and aiding the functions of neurons. The main glial 

cells in CNS are astrocytes and oligodendrocytes as well as microglia which are 

immune cells. Oligodendrocytes serve to myelinate the CNS axons, whereas 
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astrocytes have contributions in restricting the spread of released 

neurotransmitters by enveloping synaptic junctions in the brain, removing 

neurotransmitters from the synaptic cleft, as well as it is involved in blood-nerve 

barrier, separating the CNS from blood proteins and cells (Zhang and Yannas, 

2005).  

 

The major glial cell type in PNS is the Schwann cell. There are myelinating and 

non-myelinating Schwann cells, in which the myelinating one is used to myelinate 

and ensheath peripheral nerve fibres. Myelin serves to increase the propagation 

velocity of the nerve impulse. Generally, glial cells have a potential to undergo 

cell division, whereas neurons, though fail to carryout mitosis, they can 

regenerate an injured portion or sprout new processes under favourable 

conditions and eventually re-establish functional contacts (Heath and Rutkowski, 

1998; Jessen and Mirsky, 1999).  

 

1.2 Peripheral nerve injury and regeneration 

The physiology of nervous system presents unique challenges to bioengineering 

research addressing nerve injuries. In the peripheral nervous system, a complete 

nerve tissue loss is the most severe injury. After a nerve is severely injured, 

complex physical, cellular and molecular processes take place. When the axon is 

disconnected from the soma after injury, the distal part of the nerve swells, 

degenerates and eventually disappears as a result of protease activity and 

separation from the metabolic resources of the nerve cell body, which is called 

Wallerian degeneration. The neurotubules and neurofilaments of the 

cytoskeleton begin to breakdown after which dissolution of the cell membrane is 

followed (Heath and Rutkowski, 1998; Schmidt and Leach, 2003). After 

degradation of the cytoskeleton and membrane, Schwann cells wrapping the 

axons in the distal end lose contact and shed their myelin lipids. Phagocytotic 

cells like macrophages, which infiltrate into the injured site, and Schwann cells 

play crucial roles in clearing the growth inhibiting substances such as myelin and 
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axonal debris (Stoll et al., 1989; Fu and Gordon, 1997). Moreover, these 

macrophages and Schwann cells release mitogens for Schwann cells and 

fibroblasts, and produce cytokines which stimulate the synthesis of neurotrophic 

factors and adhesion molecules by non neural and neural cells of the nerve 

sheath and endothelial cells of the blood vessels, and thereby promote axonal 

growth (Chaudhry et al., 1992). Neurotrophic factors like the neurotrophins, nerve 

growth factor (NGF), brain-derived nerve growth factor (BDNF) and neurotrophin 

4/5 (NT 4/5), glial-cell-line-derived neurotrophic factor (GDNF), fibroblast growth 

factor (FGF) and insulin-like growth factors (IGFs) are expressed and released 

from target tissues and glial cells, fibroblasts and macrophages as well as 

neurons in the vicinity of both neural cell body and axon. These neurotrophic 

factors play important roles in promoting neural survival and nerve regeneration 

after injury (Grothe and Nikkhah, 2001; Schmidt and Leach, 2003; Grothe et al., 

2006; Lykissas et al., 2007). The distal part of the nerve has also found to be 

essential for peripheral nerve regeneration for the reason that it supplies various 

neurotrophic factors for axonal regeneration (Seckel et al., 1984). Schwann cells 

which have lost contact with axons transiently proliferate and form a Schwann 

cell column or band of Bungner within the basal lamina tube (Schlosshauer and 

Lietz, 2004). On the other hand, the proximal end of the nerve stump swells but 

experiences only minor damage via retrograde degradation (Stoll et al., 1989), 

therefore it has the potential to regenerate and re-establish nerve function (Heath 

and Rutkowski, 1998). 

 

In addition to neurotrophic factors, extracellular matrices such as laminin, 

collagen and fibronectin, molecular cues and cell adhesion molecules are 

essential for successful axonal development and nerve regeneration 

(Rutishauser, 1993; Grimpe and Silver, 2002). When Schwann cells and 

macrophages clear the debris and create a permissive microenvironment, 

regeneration continues from the proximal towards the distal end. Newly arising 

axonal sprouts usually come out from the nodes of Ranvier which are 

nonmyelinated areas of axons located between Schwann cells. Axons need to 
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properly reinnervate their distal targets in order to ensure the physiological 

function (Schmidt and Leach, 2003). Functional recovery from the peripheral 

nerve injury depends on numerous factors both intrinsic and extrinsic to neurons. 

First, the neuron must survive the injury and demonstrate initiative in 

regeneration. Second, the growth environment in the distal part of the injury site 

should provide adequate support to regenerating axons. Third, the successfully 

regenerated axon must reinnervate its proper target and the target in return must 

retain the ability to accept reinnervation and recover from denervation atrophy 

(Fu and Gordon, 1997). 

 

However, the success of peripheral nerve regeneration depends largely on the 

gap and severity of initial injury. A severed nerve demands surgical suturing in 

order to improve functional recovery. A conventionally used neurosurgical 

treatments consists of either direct end-to-end suturing or the use of autologous 

nerve graft (Bertelli et al., 1994; Nikkhah et al., 1997). Direct suturing of the nerve 

stumps can repair small gaps in the nerve, and it is used only if the epineuria of 

the two sumps do not cause any tensions (Schlosshauer and Lietz, 2004) that 

would inhibit nerve regeneration. When there is a severe loss of substance, 

however, large nerve defects must be repaired with a graft inserted between the 

proximal and distal nerve stumps as a guide for regenerating axons. A commonly 

used graft is autologous nerve graft, which is a segment of nerve taken out from 

another part of the body (Heath and Rutkowski, 1998). Currently autologous 

nerve graft is the gold standard treatment strategy; however, it is limited with 

certain drawbacks. The shortcomings of nerve autograft include limited 

availability, a second surgical procedure, permanent denervation of the donor 

site and mismatch between the nerve and graft dimensions (Mackinnon and 

Dellon, 1990; Heath and Rutkowski, 1998). Moreover, it can create painful 

neuroma and unacceptable scarring (Maquet et al., 2000) and is prone to risks of 

infection and inflammation (Schlosshauer and Lietz, 2004). Therefore, though 

challenging, an alternative strategy is required to mitigate the limitations of 

autologous nerve graft. A promising alternative for extending the length over 
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which nerves can successfully regenerate is an artificial nerve graft or nerve 

guidance channel (Heath and Rutkowski, 1998).  

 

1.3 Nerve guidance channel/scaffolds 

Bioengineering studies for the PNS have focused on alternative treatment 

strategies to the autologous nerve graft, especially for larger nerve gaps and 

improving functional recovery (Schmidt and Leach, 2003). If the gap is long, (>6 

mm in mouse, > 15 mm in rat and wider gaps in higher animals) (Lundborg et al., 

1982b; Mackinnon and Dellon, 1990; Buti et al., 1996; Gomez et al., 1996; 

Matsumoto et al., 2000) nerve regeneration requires a nerve guide, which 

bridges the distal and proximal ends, thereby directing the nerve regeneration 

and concentrating the cells, neurotrophic factors and other molecules within the 

regenerating tubule. Nerve guides can be compact or porous scaffolds or tubular 

conduits of natural or synthetic polymers (Schlosshauer and Lietz, 2004). The 

conduit may be implanted empty or it may be filled with growth promoting 

substances and potentially engineered cells (Midha et al., 2003; Timmer et al., 

2003; Gravvanis et al., 2005; Haastert et al., 2006a). An artificial graft can meet 

and mimic many of the needs of regenerating nerves (Lundborg et al., 1982a; 

Heath and Rutkowski, 1998).  

 

Several experimental and clinical studies, using materials from different sources, 

have been undertaken or are under investigation to find an alternative for the 

current nerve repair applications. These include: accellular grafts, natural based 

materials of extracellular matrix components such as collagen, laminin and fibrin; 

biodegradable synthetic materials such as polyglycolic acids, 

poly(organo)phosphazene, poly(L-lactide-co-caprolactone) and poly-3-

hydroxybutyrate; nonbiodegradable synthetic materials like silicone and 

poly(tetrafluoroethylene) (Heath and Rutkowski, 1998; Schmidt and Leach, 

2003). Due to the fact that it is inert and possesses elastic properties, silicone 

tubing, among the nonresorbable synthetic materials, was the first and still the 
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most frequently applied material in nerve grafts. However, the clinical application 

of silicone often leads to long-term complications including fibrosis and chronic 

nerve compression that requires surgical removal of the conduit (Merle et al., 

1989; Heath and Rutkowski, 1998). In addition to artificial nerve conduits, a 

controlled release of growth factors is required to promote tissue regeneration. 

Experimental trials for tissue regeneration by combination of growth factors and 

scaffolds are summarized by Tabata (Tabata, 2003). Cells can proliferate and 

differentiate, secrete extracellular matrix and form functional tissue on 3-

dimensional framework of biomaterial scaffolds (Elisseeff et al., 2006). Effective 

deliveries of neurotrophic factors play important roles in promoting the survival 

and regeneration of neurons after injury. Therefore, various gene transfer 

methods to enhance functional recovery of severely injured peripheral nerves 

and their outcomes is summarized by Haastert and Grothe (Haastert and Grothe, 

2007).  

 

The development of techniques to improve nerve repair in both peripheral and 

central nervous systems has been the object of a tremendous amount of 

scientific and medical investigations, and recently attracted the attentions of 

biotechnologists, biochemical engineers and material scientists (Heath and 

Rutkowski, 1998). Therefore, current research is focused on developing 

improved scaffolds by creating physical or chemical pathways for nerve 

regeneration, in which the devices may include physical or mechanical cues, 

cellular components and biomolecular cues (Schmidt and Leach, 2003). 

According to the experimental and clinical experiences, a scaffold should be 3-

dimensional with interconnected pore network for cell growth and transportation 

of nutrients and wastes, biocompatible and controlled degradable whereby 

ideally degradation products are resorbed. Moreover, the scaffold material should 

allow permissive surface chemistry to optimize cell adhesion and viability provide 

mechanically suitable features to match the tissues at the site of implantation 

(Hutmacher, 2000; Rutkowski and Heath, 2002; Zhang et al., 2005). Tailoring the 

surface properties of polymer scaffold materials is vital for the success of various 
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tissue engineering approaches (Pompe et al., 2007). For example, 

micropatterned biodegradable conduits pre-seeded with Schwann cells offer a 

better alternative for repairing sciatic nerve transections (Rutkowski et al., 2004).   

Modification of hyaluronic acid hydrogel with laminin (Hou et al., 2005) and anti-

Nogo-66 receptor antibody which antagonizes the Nogo-66 receptor mediated 

inhibitory activities of myelin ligands (Hou et al., 2006) promoted the adhesion 

and neurite extension in vitro, and after being implanted into the brain lesion. 

Immobilization of polylysine on chitosan/glycerophosphate salt hydrogel reported 

to be an excellent in vitro substrate and scaffold for cortical cell (Crompton et al., 

2007). Pre-treatment of poly(L-lactic acid)/hydroxyapatite composite scaffold with 

adhesion proteins elevated the cell numbers on the scaffold (Woo et al., 2007). 

Furthermore, incorporation of FGF-2 and VEGF into collagen-heparin scaffold 

leads to development of blood vessels (Nillesen et al., 2007). Laminin modified 

agarose gel enhanced neurite extension of dorsal root ganglia cells ( DRGs) and 

pheochromocytoma cells (PC12) (Yu et al., 1999). Chitosan-poly-L-lysine 

composite promoted the attachment, differentiation and growth of nerve cells 

(Mingyu et al., 2004). Collagen-chitosan hydrogels maintained the survival and 

proliferative capacity of embryonic stem cells (Selezneva et al., 2006). Covalent 

bonding of poly-D-lysine with hyaluronic acid hydrogel modulated neural cell 

adhesion and network formation (Tian et al., 2005). 

 

All these studies are coming up with various degrees of success. Despite 

promising outcomes in nerve regeneration and functional recovery, none of the 

attempted materials matched or exceeded the performance of the autologous 

nerve graft. Yet there is an urgent need for the development of novel approaches 

based on biodegradable hydrogels (Teixeira et al., 2007). The ideal scaffold and 

matrix material for tissue engineering has not yet been developed (Hutmacher, 

2000) and consequently, researchers are focusing on seeking new biomaterials, 

new cell sources, novel designs of tissue-engineered neural bridging devices 

(including permeability and biodegradability), as well as combination of materials 

and desired biomolecules to create new composite materials that can actively 
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stimulate nerve regeneration (Schmidt and Leach, 2003; Zhang et al., 2005). The 

search for suitable biomaterials for nerve regeneration will continue till a new 

bioresorbable polymers and processing conditions are developed and approved 

for clinical use (Heath and Rutkowski, 1998). Therefore, given the diverse array 

of physiological functions and properties of biocompatibility, biodegradability and 

immunological inertness, polysialic acid (polySia) may be one of the new 

potential candidates in tissue engineering strategies. 

  

1.4 Polysialic acid 

PolySia is a linear homopolymer of α-2, 8-linked sialic acid residues and a 

dynamically regulated posttranslational modification of the neural cell adhesion 

molecule (NCAM) (Kleene and Schachner, 2004). It was discovered, by Finne, 

as a major component of vertebrate brains in 1982 (Finne, 1982) mainly on the 

basis of its unusual composition and size (Rutishauser, 1998). PolySia bears 

multiple negative charges and is heavily hydrated (Rutishauser, 1996). NCAM is 

a member of the immunoglobulin superfamily of adhesion molecules and is 

characterized by several immunoglobulin (Ig)-like domains (Edelman, 1986) and 

functions in modulating cell interactions. The extracellular part of NCAM consists 

of five of the Ig domains and two fibronectin type III homology regions 

(Cunningham B.A., 1987). As a carbohydrate moiety, polySia is synthesized on 

the core N-glycan of NCAM´s fifth immunoglobulin domain by either one of two 

glycosyltransferases called ST8-Sia IV/PST and ST8-SiaII/STX (Angata and 

Fukuda, 2003). It is abundantly expressed during embryonic development and 

down regulated in the course of maturation and differentiation (Rutishauser and 

Landmesser, 1996). Polysialyltransferase transcription and polySia expression 

decrease in most central nervous system tissues after birth, and it is retained 

within certain regions of adult brain that exhibit morphogenesis and degrees of 

plasticity, such as the subventricular zone (SVZ), the rostral migratory stream 

toward the olfactory bulb, the hippocampus and the hypothalamo-

neurohypophyseal (Seki and Arai, 1993; Seki, 2002; Angata and Fukuda, 2003). 
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PolySia is up-regulated during learning and memory in different brain areas and 

in different learning tasks (Kleene and Schachner, 2004). It is transiently re-

expressed in PNS and glial cells after nerve lesion (Oumesmar et al., 1995). It is 

also found as a virulent determinant in the capsule of Gram-negative 

neuroinvasive bacteria such as Escherichia coli K1 and Neisseria meningitidis 

(Troy et al., 1982; Timoszyk et al., 2004). 

 

PolySia is a negative regulator of cell-cell interactions via physical properties 

(space-filling) rather than a specific affinity for a receptor. It plays important roles 

in cell migration, axon pathfinding and targeting, muscle development, neural 

plasticity (Rutishauser, 1998; Angata et al., 2007). Up-regulation of polySia 

creates a permissive condition for the rearrangement of cells and axonal 

processes by attenuating cell-cell interactions and thereby enables cells or axons 

to respond to external cues at the appropriate time and space (Rutishauser, 

1998). In in vitro experiments, it was confirmed that highly polysialylated-NCAM 

molecules are involved in fasciculation and neurite growth when neurons derived 

from neural crest grow on collagen substrata (Boisseau et al., 1991). The 

expression of polySia has been shown to improve the sensitivity of neurons to 

neurotrophic factors (Vutskits et al., 2001).  PolySia overexpression plays an 

instructive role in the recognition of molecular cues involved in the guidance of 

migratory cells (Franceschini et al., 2004). Generally, the physiological roles of 

polySia in cell migration, axon pathfinding and targeting, muscle development, 

neural plasticity as well as biocompatibility, immunological inertness and being 

degradable by endosialidase enzyme (endo N) (Stummeyer et al., 2005), make it 

attractive for further manipulations and applications in tissue engineering or 

medical applications.  
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1.5 Objectives of the study 

Taking into account the properties and biological roles of polySia in the 

developing nervous systems, a large project (polySia project) that encompasses 

scientists from different fields was established. This project is part and parcel of 

the ongoing sciences in searching for a novel or better biomaterial that can be an 

alternative to currently applicable therapeutic strategies in the nervous system. 

The ultimate goal of the project is, therefore, to develop biocompatible polySia-

based matrices and scaffolds, iteratively optimize the matrices towards an 

optimal viability, proliferation and differentiation of different cell types and finally 

to use polySia based matrices and scaffolds in the context of tissue engineering. 

Within the broad goal of the project, the following specific objectives were of 

special focus particularly in this study. These are: 

I. To establish and optimize a polySia based cell culture substrate or 

effective immobilization of soluble polySia on cell culture plates. 

II. To evaluate the effect of polySia substrate on viability, proliferation and 

differentiation of primary neonatal and adult rat Schwann cells, dorsal 

root ganglion neurons, embryonic motoneurons and ventral 

mesencephalic progenitor cells. 

III. To analyse the surface microstructure and degradability of polySia 

based hydrogel. 

IV. To investigate the cytotoxic effect of the components of polySia 

hydrogel on cell systems. 

V. To evaluate the viability of neonatal and adult rat Schwann cells, dorsal 

root ganglion neurons and neural progenitor cells on the modified 

polySia hydrogel. 

VI. To assess the in vivo impact or contribution of polySia or polySia 

based hydrogel in nerve regeneration. 

VII. To investigate any possible induction of immunological reaction due to 

in vivo introduction of polySia or polySia based hydrogel.  
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2. Materials and Methods 

A. Part one: In vitro experiment 

2.1 Coating of cell culture plates 

PolySia preparations used in this study were purchased as colominic acid (CA) 

from NACALAI TESQUE, INC., Japan. CA represents a soluble form of alpha 2, 

8-linked polySia, isolated as product of acidic hydrolysis of the capsular 

polysaccharide of Escherichia coli K1. CA is chemically and immunologically 

identical to polySia biosynthetically produced in mammals (Finne et al., 1987). 

The medium degree of polymerisation (DP) in individual CA lots varied between 

30 – 60 as evaluated by high percentage gel electrophoresis (Pelkonen et al., 

1988). CA was obtained as sodium salt (crystal powder) and for use in the 

coating studies was dissolved in water and filtered (0.22 µm) to avoid any 

contamination. For polySia coating of microtiter- and 24 well plates (all Nunc), 

two different protocols were used. In protocol one, polySia coating was preceded 

by a coating step with poly-L-lysine (Pll, Sigma, Germany). Therefore, a Pll 

solution containing 0.5 mg/ml distilled water was added to each well (40 µl and 

300 µl/well of 96 and 24 well plates, respectively) and incubated for 1 hour (h) at 

room temperature (RT) or 30 min at 37 0C. After washing twice with distilled 

water, CA was added in three different concentrations (1, 5 and 10 mg CA/ml 

distilled water; 40 µl/ 96 well and 300 µl/ 24 well plates) and incubated overnight 

at RT. In the second protocol, coating of plates with Pll and CA was carried out in 

a single step. Mixtures containing 10 mg/ml CA and variant concentrations of Pll 

(10, 25 or 50 µg/ml) were prepared, added to cell culture plates (40 µl/ 96 well 

and 300 µl/ 24 well plates) and incubated overnight at RT. The coating step was 

followed by washing with phosphate buffered saline (PBS; Biochrom, Germany). 

Control wells were coated with either only CA (10 mg/ml, in distilled water), only 

Pll (0.5 mg/ml), or were left uncoated. To control stability of polySia coats cell 

culture media as appropriate for subsequent experiments were added, plates 
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incubated for about 3 days at 37 0C, 5% CO2 and then tested for bound polySia 

by ELISA.  

In order to assess the effect of solvents on polySia coating, if any, CA was 

dissolved in water, PBS and Hank’s balanced salt solution (HBSS; PAA, 

Germany) and cell culture plates were coated as protocol one stated above and 

tested by an ELISA assay as described below. 

 

2.2 PolySia –ELISA 

The results of polySia coatings were quantified in an ELISA-based assay with the 

help of the polySia specific monoclonal antibody (mab) 735 (obtained from the 

Department of Cellular Chemistry, Hannover Medical School) in which 

preparation of the purified IgG was carried out as described (Frosch et al., 1985). 

Before staining with mab 735, unspecific antibody binding was blocked with 1% 

bovine serum albumin (BSA; Sigma, Germany) in PBS for 1 h. Plates were then 

incubated with 5 µg/ml mab 735 in PBS + 1% BSA for 1 h at RT, washed twice 

with PBS and subsequently incubated with an alkaline phosphatase coupled 

secondary antibody (goat-anti-mouse IgG diluted 1:2000 in PBS + 1% BSA) for 1 

h at RT. After washing with PBS, the ELISA was developed with 2, 2-azino-di 3-

ethylbenzthaizolinsulfonate (Boehringer, Germany) according to the 

manufacturer’s instruction. Colour reactions were quantified at 405 nm wave 

length using the Universal microplate reader ELx 800 (Bio-Tek Instruments, INC. 

Germany). 

 

2.3 PolySia –Immunocytochemistry 

To qualitatively assess the efficiency of polySia coatings, plates were incubated 

with mab 735 as described above. Bound primary antibody was detected after 1 

h incubation with a Cy3-conjugated mouse IgG (diluted 1:600 in PBS + 1% BSA; 

Dianova, Germany) and visualized with the help of the Olympus IX-70 

fluorescence microscope. 
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In both polySia –ELISA and –immunocytochemistry, specificity of 

immunoreactions was controlled with the help of active (endo N 1588) and 

inactive (endo N 1777 and 1786) forms of the phage born endosialidase N (endo 

N) (obtained from the Department of Cellular Chemistry, Hannover Medical 

School), which specifically degrades polySia (Stummeyer et al., 2005). For endo 

N digests polySia coated plates were incubated with the respective endo N 

sample (1 µg/ml in PBS) for 1 h at RT before incubation with mab 735.  

 

2.4 Preparation of adult rat Schwann cell cultures 

Adult female Sprague-Dawley rats (about 2 months of age, approx. 200 g; 

provided by Charles River, Wiga, Germany) were housed and sacrificed 

according to the German law of animal care prior to dissection of sciatic nerves. 

Sciatic nerves were harvested and the epineuria and other connective tissues 

were carefully stripped off with micro scissors and forceps under the microscope. 

In order to allow fibroblasts migrate out of the tissue and alleviate the number of 

proliferating Schwann cells, due to upregulation of erythropoietin in sciatic nerve 

(Li et al., 2005), the nerve tissues were incubated for 14 days in predegeneration 

medium (adult rat Schwann cells medium (see below) + 10% foetal calf serum 

(FCS) + 1% penicillin/ streptomycin) (all PAA, Germany) at 37 0C and 5% CO2 

with an interval medium change of every 4-5 days. For enzymatic digestion, the 

nerve tissues were incubated in predegeneration solution supplemented with an 

enzyme mixture of 0.125% collagenase type IV (PAA, Germany) and 1.25 U/ml 

dispase (Roche, Germany) for 20 h at 37 0C and 5% CO2. The remaining 

fragments were mechanically dissociated using fire-polished Pasteur pipette and 

homogenous cell suspensions were centrifuged at 1000 rpm for 5 min at 21 0C. 

Adult rat Schwann cells were cultured and enriched using the cold jet technique 

as published elsewhere (Mauritz et al., 2004; Haastert et al., 2006b). This is 

based on the notion that it is easier to detach Schwann cells grown over the 

underlying fibroblasts. 60-80,000 enriched Schwann cells/ well were plated on 

polySia coated or control 24 well culture plates. Adult Schwann cells were 
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cultured in melanocyte growth medium (PromoCell, Germany) supplemented 

with manufacturer supplements and additional 10 ng/ml FGF-2 (Peprotech, 

Germany) (Muller-Ostermeyer et al., 2001), 5 µg/ml bovine pituitary extract 

(Promocell, Germany) and 2 µM forskolin (Calbiochem, Germany) (Mauritz et al., 

2004). The morphology of adult rat Schwann cells was continuously monitored by 

phase contrast microscopy and cells further characterized by 

immunocytochemistry, in which cultures were fixed for 20 min with 4% 

paraformaldehyde (PFA) in PBS at RT. Following three washing steps with PBS, 

cells were incubated in blocking buffer (PBS containing 0.3% Triton X-100 + 3% 

normal goat serum (NGS)) for 20 min at RT. Afterwards, cultures were incubated 

with primary antibody against the low-affinity nerve growth factor receptor, 

p75LNGFR, as Schwann cell specific marker (diluted 1:3 in PBS with 0.3% Triton X-

100 + 1% NGS) overnight at 4 0C. After washing, cultures were incubated with 

Cy3-conjugated anti-mouse secondary antibody (diluted 1:600 in PBS with 0. 3% 

Triton X-100), for 1 h at RT, to label the anti-p75 antibody and visualized with the 

help of the microscope. 

 

Proliferation of adult rat Schwann cells was evaluated by 5-bromo-2´-

deoxyuridine incorporation (BrdU, diluted 1:1000 in culture medium, Roche, 

Germany). BrdU was added to the cultured cells for 24 h followed by fixation with 

chilled methanol for 20 min at -20 0C. After washing, the culture was incubated in 

2 M hydrochloric acid (HCl) at 37 0C for 1 h, and proceeded to 0.1% Borate 

buffer for 5 min at RT. Washed and then mouse monoclonal primary antibody 

against BrdU (diluted 1:100 in DMEM + 10% FCS) was applied for about 40 min 

at 37 0C. After washing, cultures were incubated with Cy2-conjugated (diluted 

1:200 in DMEM + 10% FCS) anti-mouse secondary antibody, against anti-BrdU 

antibody, for 40 min at 37 0C. To avoid overestimation of proliferating adult rat 

Schwann cells (due to possible contamination with non-Schwann cells), double 

immunofluorescence staining for BrdU and p75 was carried out. The percentage 

of BrdU-labelled, in relation to p75-positive Schwann cells, was manually counted 

from a total of 29 fields/ each well (about 200 cells/ well).  Then, the total amount 
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of cells in the whole well was inferred by calculation using the radius and the size 

of the well as parameters. 

2.5 Preparation of neonatal rat Schwann cell cultures 

Schwann cells were prepared and highly enriched using an immunopanning 

protocol from sciatic nerves of postnatal day 1-3 Sprague Dawley rats (Haastert 

et al., 2005). 15,000 cells/well were plated on 96 well microtiter plates coated 

with polySia or control substrates. After culturing in DMEM supplemented with 

10% FCS, 6 mmol L-glutamine, 1 mmol sodium pyruvate, penicillin/streptomycin 

(100 U/ml /100 µg/ml) (all PAA, Germany) and 1 µM forskolin (Calbiochem, 

Germany) for 4-5 days, cells were immunocytochemically characterized using an 

antibody against the intracellular S-100 calcium-binding protein (polyclonal, rabbit 

anti-cow S-100 antibody diluted 1:200 in PBS containing 0.3% Triton X-100 and 

1% NGS; DAKO, Denmark) followed by Cy2-conjugated goat anti-rabbit 

secondary antibody. 

 

The viability and proliferation of neonatal rat Schwann cells was assessed using 

water soluble tetrazolium salt (WST-1) assay based on the cleavage of the 

tetrazolium salt WST-1 to formazan dye by the mitochondrial dehydrogenases of 

metabolically active cells and BrdU-ELISA, respectively (Roche, Germany). Both 

assays were carried out according to the manufacturer’s instructions. The 

incubation period of WST-1 was optimized to 3 h. The BrdU labelling incubation 

time was optimized to 2 h and that of anti-BrdU antibody to 90 min. Both WST-1 

and BrdU-ELISA were quantified at 450 nm wave length using the Wallac 1420 

work station program. 

 

2.6 Assessment of effect of polysialic acid degradation products 
on survival of cells 

Active endo N 1588 hydrolyses the long chain of polySia into smaller fragments 

which are not recognized by the mab 735 (Stummeyer et al., 2005). To assess 
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the effect of these fragments on viability of cell systems, microtiter plates were 

coated with 10 mg/ml of polySia using the double step coating approach 

(protocol one see above). Neonatal rat Schwann cells were plated on the polySia 

coated surfaces and incubated for at least 24 h before treatment with enzymes. 

Active endo N 1588 and mutant endo N 1786 (diluted 1:1000 in culture medium) 

and medium without enzyme were applied on the cultured cells. The culture 

continued for 3 days without medium change and the viability of the cells was 

evaluated using the WST-1 test system. 

 

2.7 Preparation and characterization of dorsal root ganglion 
(DRG) neurons  

Dorsal root ganglion neurons were prepared from postnatal day 1-3 old Sprague 

Dawley rats as described before (Grothe and Unsicker, 1987). Neonatal rat 

DRGs were collected in Hank’s balanced salt solution and digested for 45 min in 

0.25% trypsin (all PAA, Germany) diluted 1:1 with HBSS, and followed with 

mechanical dissociation using Pasteur pipette (2 ml/ 15 ml tube). N1-medium 

supplemented with 5% FCS was added (1.5 ml / 15 ml tube), triturated twice and 

the supernatant was collected. The remaining residues were triturated again with 

new medium and supernatants collected till maximum of 8 ml/ 15 ml tube. 

Centrifuged at 1400 U/min for 5 min. 500 µl cell suspension was layered on the 

top of 3 ml percoll-solution (Amersham; pH 7.0), centrifuged at 1400 U/min, 20 

min, 4 0C. The pellets of DRG neurons were resuspended in the culture medium 

and counted with exclusion of trypan blue positive cells.15,000 DRG neurons/ 

well were seeded on 96 microtiter plates and supplied with the medium N1 

containing 5% FCS for the first day, for better attachment. On the second day, 

the medium was replaced with N1 containing nerve growth factor (NGF) (100 

ng/ml, Sigma, Germany) and the culture was incubated for the following days. 

Survival of DRG neurons was evaluated immunocytochemically using the 

neuronal specific marker βIII- tubulin (1:140; Upstate biotechn; USA) and βIII-

tubulin stained neurons were manually enumerated. 
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2.8 Preparation and characterization of motoneurons 

Enriched neonatal rat Schwann cells were plated as a feeder layer on 96 

microtiter plates. After 1 day, spinal motoneurons from ventral lumbar spinal cord 

of Sprague Dawley rat (gestational day 14-15) were harvested via density 

gradient centrifugation and prepared as previously described (Haastert et al., 

2005). Motoneuron rich cell populations were seeded at a density of 15,000 

cells/well on top of the neonatal rat Schwann cells feeder layer. Parallel 

experiments were performed in the absence of a feeder layer. After 5 days of 

culturing with daily medium change (Neurobasal medium supplemented with 2% 

(v/v) horse serum (PAA, Germany), 2% (v/v) B27 (GIBCO Invitrogen, Germany), 

0.5 mM L-glutamine, 25 µM β-mercaptoethanol (Fluka, Germany) and 10 ng/ml 

recombinant human brain-derived neurotrophic factor (rHu BDNF) (PromoKine, 

Germany)), the cells were evaluated by immunocytochemistry using mab SMI 32 

directed against the non-phosphorylated neurofilament H/M of motoneurons 

(1:1000; Hiss, Germany). After washing 3 times with PBS, bound primary 

antibody was detected with Cy3-conjuagted secondary antibody (1 h at RT). 

Motoneurons were manually quantified under the fluorescence microscopy. 

 

2.9 Culturing of ventral mesencephalic progenitor cells 

Ventral mesencephalic (VM) progenitor cells were obtained from fetuses of 

Sprague-Dawley rats (Charles River) at gestational day 11.5 - 13 as described 

before (Cesnulevicius et al., 2006; Timmer et al., 2006). Cells were seeded at a 

density of 15,000-20,000 cells/well on 96 microtiter plates and incubated for 24 h 

with attachment medium (DMEM/Ham’s F12, 3% FCS, 20 ng/ml FGF-2 (18kDa), 

B27 (Gibco, Germany), N2 (1 ml/100 ml of a 100x stock solution; Gibco, 

Germany), 1 mM sodium-pyruvate, 0.25% BSA and 2 mM glutamine). 

Attachment medium was replaced by serum free proliferation medium for the 

following 5 days of proliferation. The viability and proliferation of VM progenitor 

cells was evaluated by WST-1 and BrdU-ELISA assays respectively (see 

above).To have a brief impression of the differentiation potential of the VM 
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progenitor cells on polySia coated and control surfaces, differentiation medium 

(DMEM/F12, 0.25% BSA, B27, 1% FCS, 100 µM ascorbic acid, and 2 mM 

glutamine) was applied at day five of proliferation. The cells were allowed to 

differentiate for 6 days and subsequently characterized via staining of βIII-tubulin, 

tyrosine hydroxylase (TH; 1:200; Chemicon, Germany) and glial fibrilary acidic 

protein (GFAP; 1:600; Sigma, Germany). Primary antibody binding was 

visualized by Cy2 and Cy3-conjugated secondary antibodies using Olympus IX-

70 fluorescence microscope. For quantification, the differentiation of 

dopaminergic neurons on polySia substrates in comparison to Pll coatings was 

performed using In-Cell Western assay (LI-COR, Biosciences, USA) according to 

the Odyssey protocol. Parallel immunocytochemical experiments, as stated 

above, were performed to confirm the results of In-Cell Western assay. 

 

2.10 Interaction of cells and polySia based hydrogel 

2.10.1 PolySia hydrogel and its degradation by endo N 

PolySia hydrogel was obtained from our partner institute (Department of Organic 

Chemistry, Leibniz University of Hannover, Germany). The hydrogel was formed 

by dissolving colominic acid (200 mg/ml) in NaOH (1 ml, 0.5 M) containing 10% 

sodiumdodecylsulfate (SDS) to get a homogeneous solution after which 

diepoxyoctane (96 µl, 1-3 equivalent) was added as a cross-linker. The solution 

was gently shaken for 3 days at RT afterwards the hydrogel was dialyzed out 

thoroughly against sodium phosphate buffer (pH 7.0).  

To investigate the topography and morphology of surface microstructure, a piece 

of the hydrogel was evaluated with electron microscope as follows: the hydrogel 

was dried for 1 h on critical point dryer CPD 030 Balzers. Leit C-conductive 

carbon cement (all BAL_TEC GmbH, Germany) was applied on the specimen 

holder and dried for 1 day before the polySia hydrogel was placed on. Hydrogel 

was inserted, for 1 h, into E 5400 high resolution sputter-coater (Quorum 

Technologies, UK) and 15 nm gold film was placed on top of it, afterwards 
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microscopic scanning was performed using scanning electron microscope 

(Philips SEM 505). 

For degradation, an approximately 105 mm3 piece of polySia hydrogel was 

placed on 24 well plate and incubated with a phage born enzyme, an active endo 

N 1588. Endo N (1 µg/ml in PBS) was applied for the first two weeks and then 

the concentration was increased to 4 µg endo N in 1 ml PBS for additional two 

weeks, incubated at RT. The control experiment was treated with only PBS. 

2.10.2 Testing of soluble cross-linked polySia on cultured Schwann 
cells 

Any possible toxic effect of the content of polySia based hydrogel was tested on 

neonatal rat Schwann cells as follows. Schwann cells were harvested from 

sciatic nerves of postnatal day 1-3 Sprague Dawley rats and enriched using an 

immunopanning protocol as described earlier (Haastert et al., 2005). 15,000 

cells/well were plated on 96 well microtiter plates coated with Pll. The culture was 

supplemented with DMEM containing 10% FCS, 6 mmol L-glutamine, 1 mmol 

sodium pyruvate, penicillin/streptomycin (100 U/ml /100 µg/ml) (all PAA, 

Germany) and 1 µM forskolin (Calbiochem, Germany). After 24 h of seeding, 

different concentrations of filtered soluble cross-linked polySia (5, 10 or 15 mg/ml 

respectively) were directly applied into the medium and the Schwann cells were 

incubated for additional three days. The viability of the cells was quantified using 

WST-1 test system. The morphology and distribution of cells was evaluated 

using immunostaining as follows. Cells were fixed in 4% PFA for 25 min and 

blocked in PBS + 1% BSA for 1 h. The culture was incubated with antibody 

against the intracellular S-100 calcium-binding protein for 1.5 h followed by Alexa 

fluor 488-conjugated goat anti-rabbit secondary antibody (1:500 in PBS + 1% 

BSA; invitrogen) for 1 h at RT, in dark. 
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2.10.3 Culturing of neonatal rat Schwann cells on modified polySia 
hydrogel 
 
Sterilization: PolySia hydrogel was sterilized either by exposing to UV-light for 1 

h followed by seeding of cells or immersing in 70% ethanol for about 4 h and 

proceeded to overnight washing with distilled water. Because washing with water 

affected the stability of the hydrogel, the washing system in later experiments 

was changed to PBS buffer for 3-4 h. 

 

Modification of polySia hydrogel was performed by soaking in Pll, poly-L-

ornithine-laminin (porn-laminin) or collagen. The same size (about 8 mm in 

diameter and 3 mm thick) of polySia hydrogels were prepared and sterilized with 

70% ethanol for 4 h as described above and washed in PBS for about 3-4 h. The 

hydrogels were incubated in Pll, porn-laminin or collagen (diluted 1: 135 in 50:50 

water and ethanol) overnight at RT followed by twice washing with PBS buffer. 

About 30,000 neonatal rat Schwann cells/ in 50 µl were seeded on top of each 

hydrogel and allowed to settle for about 10 min before addition of the required 

volume of Schwann cells medium (defined above). The morphology of the cells 

was continuously monitored using fluorescence microscope (see below). After 

culturing for about 4-5 days, the hydrogels were carefully transferred into a new 

96 microtitre plate and the viability of cells was evaluated by WST-1 assay. 

Incubation time in WST-1 was extended (optimized) to 3.5 h. Since Schwann 

cells were easily detached from the hydrogel during immunocytochemical 

staining process, the cells were transfected with enhanced green fluorescence 

protein (EGFP) plasmid DNA. Transfection was performed by electroporation as 

previously reported (Haastert et al., 2007) and described below.  

 

Electroporation: Neonatal rat Schwann cells were trypsinized and centrifuged in 

1 ml medium. Pellets were carefully re-suspended in 400 µl electroporation 

buffer. 10 µl MgSO4 and then EGFP plasmid DNA (10 µg/ about 1 million cells) 

were added into the cells. The whole suspension was transferred into a 4 mm 

electroporation cuvette (EquiBio, Ashford, UK), with special care not to create 
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bubbles. The parameters for electroporation pulse were set at 300 volts, 975 µF 

and 335 Ω (ohms) resistor. The cuvette was inserted into the device and the 

pulse was measured. The transfected cells were immediately transferred into 2 

ml Schwann cell medium. Trypan blue negative cells were re-counted before 

seeding on the hydrogels.  

 

2.10.4 Culturing of adult rat Schwann cells on modified polySia 
hydrogel  

Adult rat Schwann cells were prepared and enriched according to the protocol 

described at subtopic 2.4 in methodology section. The cold jet enriched cells 

were transfected with green fluorescence protein (GFP) by nucleofection 

(Haastert et al., 2007) as described below. 

 

Nucleofection: Schwann cells obtained after the cold jet were centrifuged at 

1000 rpm for 5 min at 21 0C and counted (trypan blue-negative). The pellets were 

re-suspended in 96 µl transfection buffer from the basic nucleofector kit for 

primary endothelial cells and 4 µl GFP plasmid DNA (2 µg/ 1000,000 cells) (All 

Amaxa GmbH, Germany). Cell suspensions were carefully, avoiding bubbles, 

transferred into the Amaxa-specific cuvette. The nucleofection was run in T-30 

program and cells were immediately supplemented with stabilization buffer (900 

µl RPMI 1640 medium (life technologies, Scotland) + 10% FCS). 

 
About 40,000 enriched and transfected Schwann cells/ hydrogel were plated on 

polySia hydrogel or polySia hydrogel modified with Pll, porn-laminin or collagen 

on 24 well culture plates. Adult Schwann cells were cultured in melanocyte 

growth medium supplemented with manufacturer supplements and additional 10 

ng/ml FGF-2, 5 µg/ml bovine pituitary extract and 2 µM forskolin (Mauritz et al., 

2004). The morphology of adult rat Schwann cells was continuously monitored by 

fluorescence microscopy. After 4 days in culture, the viability of adult rat 

Schwann cells on polySia hydrogel was evaluated by WST-1 assay. 
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2.10.5 Culturing of dorsal root ganglionic cells on modified polySia 
hydrogel 

DRGs were prepared from postnatal day 2-3 old Sprague Dawley rats as 

described in previous studies (Grothe and Unsicker, 1987). Neonatal rat DRGs 

were harvested and possessed as it is explained at the subtopic 2.7. After 

complete dissociation, DRGs were counted using heamatocytometer. About 

65,000 DRGs/hydrogel were seeded on 24 well plates containing polySia 

hydrogel or polySia hydrogel modified with porn-laminin or a control porn-laminin 

coated culture plate, and supplied with the medium N1 containing 5% FCS for 

the first day, for better attachment. On the second day, the medium was replaced 

with N1 containing NGF (100 ng/ml), DMEM/Ham’s F12, Insulin (5 µg/ml), 

sodium pyruvate (100 mM), bovine serum albumin (BSA, 25% w/v), L-glutamine 

(200 mM) and penicillin/streptomycin (1x104 U/ml). The culture was monitored 

with phase contrast microscope. After 4 days in culture, the polySia hydrogels 

were transferred into 96 microtiter plate and the viability of DRGs was evaluated 

using WST-1 assay.  

 

Because DRGs were not transfected or labelled with fluorescence markers and 

performance of immunocytochemistry on the hydrogel was not suitable, an 

indirect approach was followed in order to estimate the amount of DRG neurons 

in the culture. Parallel experiment was carried out on the standard porn-laminin 

coated plate. After culturing for 4 days, DRGs were fixed in 4% PFA for 25 min at 

RT followed by incubation in blocking buffer (PBS containing 0.3% Triton X-100 + 

3% NGS) for 30 min at RT. Afterwards, cultures were incubated with primary 

antibody against the neuronal specific marker βIII- tubulin (diluted 1:400 in PBS 

with 0.3% Triton X-100 + 1% NGS) over night at 4 0C. After washing, cultures 

were incubated with Alexa fluor 488-conjugated anti-mouse secondary antibody 

(diluted 1:500 in PBS with 0. 3% Triton X-100), for 1 h at RT and visualized with 

the help of the fluorescence microscope. βIII-tubulin stained neurons were 

manually enumerated against the total DAPI (4, 6-Diamidino-2-phenylindol) 
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stained cells (300 cells/well), and the percentage of neurons present in the 

culture was derived out of that. 

  

2.10.6 Culturing of neural progenitor cells on modified polySia 
hydrogel 

Ventral mesencephalic progenitor cells were obtained from fetuses of Sprague-

Dawley rats (Charles River) at gestational day 12 as described before (Timmer et 

al., 2006). Cells were transfected by nucleofection according to the protocol 

stated in Cesnulevicius et al. (2006).  

 

PolySia hydrogels modified with Pll, porn-laminin or collagen or control 

unmodified hydrogels were prepared on 24 well culture plate. GFP transfected 

cells were seeded at a density of 50,000 cells/hydrogel and incubated for 24 h 

with attachment medium described earlier at subtopic 2.9. Attachment medium 

was replaced by serum free proliferation medium (Cesnulevicius et al., 2006) for 

the following 3 days of proliferation. PolySia hydrogels were carefully transferred 

into 96 well plates and the viability of VM progenitor cells was evaluated by WST-

1 assay.  

 

After culturing for 5 days in differentiation medium listed at subtopic 2.9, the 

interaction of modified polySia hydrogels and differentiated neural progenitor 

cells was also evaluated using the same approach stated above. Moreover, 

parallel immunocytochemical experiment on porn-laminin substrate was 

performed to confirm the presence of neurons in the culture. The culture was 

immunocytochemically stained with βIII-tubulin as stated above. Primary antibody 

binding was visualized by Cy2 -conjugated goat anti-mouse secondary antibody. 

All cultures were analyzed using Olympus IX-70 fluorescence microscope.  
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2.11 Culturing of neonatal rat Schwann cells on glass frits 

Porous glass frits were obtained from the department of Inorganic Chemistry, 

Leibniz University of Hannover. The glass is used for purification of colominic 

acid and epoxyline. Epoxyline, as a positive charge, was used to mediate the 

adhesion of colominic acid to glass and silicone substrates. To test if the 

epoxyline residues negatively interfere in viability of cells, equal sizes of glass 

frits were prepared and sterilized with 70% ethanol as described above. About 

30,000 EGFP transfected neonatal rat Schwann cells were seeded on epoxyline 

+ colominic acid treated or a control untreated glass frits. The morphology of cells 

was continuously evaluated using fluorescence microscope. After culturing for 5 

days, glass frits were carefully transferred into new microtitre plate and viability of 

cells was evaluated by WST-1 assay. 

 

B. Part two: In vivo experiment 

2.12 Animals care, experimental design and surgical procedure 

Adult female Sprague-Dawley rats (Charles River, Wiga, Germany) were kept 

under standard conditions with proper food and water. Animal care and surgery 

was conducted according to the guidelines of the German law. Animals were 

distributed into 7 experimental groups. Silicone tubes of thirteen mm in length 

were filled with the different ingredients listed in table 1 or figure 14. 

 

Table 1: Showing the experimental groups, type of ingredients transplanted and 

number of animals for each group. 

 

Group Transplanted ingredients Number of animals 

1 PolySia hydrogel 3 

2 Matrigel 4 

3 PolySia K1+matrigel+neonatal rat Schwann 

cells 

4 + 1 PKH26 labelled 

cells 
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4 Matrigel+neonatal rat Schwann cells 4 + 1 PKH26 labelled 

cells 

5 PolySia K1+matrigel 5 

6 PolySia K1+matrigel+endo N+Schwann cells 4 + 2 PKH26 labelled 

cells 

7 PolySia K1+matrigel+endo N  5 

 

Note: The polySia hydrogel for group 1 was crushed into pieces and carefully 

inserted into the 13 mm silicone tube prior to transplantation. Whereas polySia 

K1 (obtained from Institute of Technical Chemistry, Leibniz University of 

Hannover) was dissolved in DMEM and filtered (filter size 0.22 µm). Final 

concentration of polySia K1 was adjusted to 12.5 mg/ml. 

 

Animals were anesthetized by intraperitoneal introduction of chloral hydrate (370 

mg/ kg body weight), under aseptic condition and controlled body temperature. 

The rats` left hind legs were shaved and the sciatic nerve was exposed by a skin 

incision along the femur. By transecting at the mid-thigh a 10 mm gap was 

created. This 10 mm gap was bridged by 13 mm silicone tube (in which 2 mm 

proximal and 1 mm distal part of the nerve was inserted into the lumen of the 

silicone tube) filled with the different ingredients stated in table 1. The condition 

of the animals was monitored every day. 

 

2.13 Cell pre-labelling 

In order to ensure the presence, stability and interaction of transplanted cells with 

polySia and evaluate their physiological roles, one rat each from groups 3 and 4, 

and two rats from group 6 were transplanted with PKH26-GL cell linker (Sigma, 

Germany) pre-labelled physiological Schwann cells (120,833 cells/µl) according 

to the manufacturer’s instruction. Briefly, the labelling process was as follows: 

diluted fluorescence dye was prepared by mixing 1: 250 in diluent C. Neonatal rat 

Schwann cells were trypsinized and pelleted. Diluent C was added into the pellet 
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cells. The diluted fluorescence dye was rapidly added into the cells and 

incubated at RT for 4 min. Equal volume of pre-warmed serum was added to 

stop the reaction and incubated for 1 min at RT. Equal volume of culture medium 

was added into the cells again and centrifuged at 1000 rpm/ 5 min at RT. Pellets 

were transferred into new 15 ml falcon tube and washed twice with the culture 

medium. Cells were resuspended in the culture medium and seeded on the 

prepared plate or transplanted along with the silicone conduit. 

 

The PKH26-cell labelling efficiency was evaluated, in vitro, by plating pre-labelled 

cells and enumerating against the total DAPI incorporated cells (300 cells/well 

were counted).  

 

Three weeks post-operation, animals (the groups transplanted in the presence of 

PKH26 pre-labelled cells) were sacrificed in CO2 and the regenerated tissue 

along with the conduit was explanted. The explanted tissues were fixed in 4% 

PFA solution for 24 h followed by 30% saccharose incubation (1-7 days 

incubation is possible). The tissue was blocked in Tissue-Tek OCTTM (Sakura, 

Netherlands) (containing polyvinyl alcohol, carbowax and non reactive 

ingredients) and longitudinal cryostat sections enclosed in temperature controlled 

environment were cut at a thickness of 10 µm, mounted on glass slides using 

mowiol (Merk KGaA, Germany) and viewed under an epifluorescence 

microscope to visualize the red-fluorescence cell surface staining. 

 

2.14 Analysis of regenerated sciatic nerve tissue cables 

At the end of the 3rd week, animals were briefly anesthetized using CO2 and 

intra-cardially perfused with freshly prepared, warmed at 37 0C and filtered (filter 

size 0.45 µm) 4% PFA (about 150-200 ml/ animal). Animals were sacrificed and 

the silicone tube along with its incorporated tissue was explanted. Macroscopic 

evaluation of the tissue cable regeneration was conducted. The tissues were 

fixed in 4% PFA for 24 h followed by a series of alcohol dehydration (70, 80, 90 
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and 100% alcohol incubation, each for 1.5 h at RT). The explanted tissues were 

further incubated in isopropanol (45 min at RT and another 45 min at 60 0C). The 

tissues were further treated in a mixture of isopropanol and paraffin (1:1) at 60 0C 

overnight. The next day, tissues were immersed two times in paraffin (first 5-6 h 

and then overnight) for removing traces of isopropanol. Postfixed tissues were 

blocked in paraffin and were longitudinally cut at a thickness of 7 µm and 

mounted on glass slides for further immunostaining evaluation.  

 

2.15 Immunostaining analysis 

The expression of specific markers for regenerating nerve fibers and 

macrophages were investigated using the respective antibodies. Seven µm 

longitudinal sections of paraffinized sciatic nerves were prepared on silica glass 

slides and kept overnight drying at 40 ºC. The dried slides were deparaffinized by 

inserting in down series of alcohols as follows: 

• Xylol (10 min x 2 times) 

• 100% ethanol 

• 96% ethanol 

• 80% ethanol 

• 70% ethanol 

• 50% ethanol (about 2 min in each) 

• PBS for 5 min. 

The next steps of immunostaining procedures were the same for both 

deparaffinized and cryostat sections (10 µm thickness). 

 

Blocking of unspecific binding sites: Sections for polyclonal anti-growth 

associated protein-43 (GAP-43, used for staining of growing axons in the 

peripheral nerve cables after injury) antibody were incubated in PBS + Triton X-

100 0.3% + 3% NGS for 1.5 h in a humidified chamber covered with a lid  at RT. 
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Primary antibodies: Slides were incubated with anti-rabbit GAP-43 (1:300), 

diluted in PBS + Triton X-100 0.3% + 1% NGS were kept overnight at 4 ºC, after 

which extensive washing with PBS was followed. The control slides were treated 

with only buffer in the absence of primary antibodies. 

 

Secondary antibodies: For polyclonal antibody GAP-43, sections were 

incubated with Alexa fluor 555 goat anti-rabbit antibody diluted 1:700 in PBS + 

Triton X-100 0.3% + 1% NGS. After 1 h incubation at RT, slides underwent 

extensive washing with PBS and mounted in Kaiser’s Glycerine (Merck KGaA, 

Germany) or prolong gold anti-fade (Invitrogen) and kept drying for 1 day in dark, 

followed by epifluorescence microscope observation. 

 

Haematoxylin/eosin staining: Haematoxylin staining was performed to 

visualize the constituency of tissues and general morphological composition of 

cells. Slides were inserted in distilled water for 5 min, in order to get rid off the 

Tissue-Tek, followed by staining with haematoxylin for 6 min. Slides were 

washed in tap water for 10 min and in 80% ethanol for 2 min. Briefly inserted in 

eosin and washed in 96 and 100% ethanol (2x in each respectively). Then slides 

were transferred into the hood and incubated in xylol (2x for 10 min each). Finally 

sections were mounted with EUKITT mouting medium (O. Kindler GmbH and 

Co., Freiburg, Germany) and visualized under the microscope.  

 

2.16 Evaluation of immunologic reaction 

The presence of macrophages was assessed using the monoclonal anti-ED1 

antibody. Longitudinal sections of tissue slices were incubated in PBS + Triton X-

100 0.3% + 3% NGS for blocking of unspecific binding, for 1.5 h at RT in 

humidified chamber, followed by overnight incubation with anti-ED1 antibody 

(diluted 1:1000 in PBS + Triton X-100 0.3% + 1% NGS) at 4 ºC. Slides were 

incubated with anti-mouse Alexa fluor 488 (1:1500 in PBS + Triton X-100 0.3% + 
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1% NGS) and kept for 1 h at RT in dark. After washing in PBS, slices were 

mounted in Kaiser’s Glycerine and viewed under epifluorescence microscope. 
Macrophages were quantified using a quadrant of 57 µm2 area which was 

randomly laid 3 times/section (1 each on the proximal, middle and distal parts of 

the tissue section). A minimum of 6 sections/ group were counted after which an 

average number of macrophages (ED1-positive cells) was inferred. 

 

2.17 Statistical analysis 

Results were statistically analyzed as mean ± standard deviation, using 

SigmaStat program (Vers. 2.0; Jandel, USA). The groups were compared using 

one-factor analysis of variance (ANOVA) followed by Tukey posthoc test for 

normally distributed data, otherwise by Kruskal-Wallis one way analysis of 

variance on ranks followed by Dunn’s posthoc test. Two-tails t-test was applied to 

compare two groups with normally distributed data. P values of <0.05 were 

considered significant. Asterisks correspond to *p<0.05, **p<0.01 and 

***p<0.001.  
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3. Results 

3.1 Establishment of polySia substrate 

3.1.1 Immobilization of polySia on cell culture surfaces  

To coat polySia on the surface of cell culture plates, a standard protocol was 

initially tried by adding 300 µl of polySia solution (1, 5 and 10 mg CA/ml PBS) per 

24-well, incubated overnight at RT and evaluated the amount of bound polySia in 

an ELISA with the mab 735. The amount of bound CA was low and decreased 

with the number of washing steps, indicating that the polySia chains were not 

stably fixed to the plastic surfaces. Assuming that the highly hydrophilic nature 

and negative charge of the sugar polymer prevented adhesion to the plastic 

dishes, the problem was tried to be circumvented by adding a polycationic 

binding mediator. For this purpose Pll as an established cell culture substrate 

was assayed. As shown in figure 1A, pre-coating of plates with a Pll solution (0.5 

mg/ml; grey bars) significantly increased the concentration of solid phase bound 

polySia. Moreover, the graph demonstrates that a concentration of 5 mg/ml CA 

was sufficient to complete the polySia layer. Generated polySia coats were 

stable at 37 0C over a period of three days in the presence of all cell culture 

media subsequently used in this study. The same holds true with the use of 96 

microtiter plates. 

 

In figure 1B, the results from coating of culture plates using the single step 

protocol are shown. In this experiment, a solution containing 10 mg/ml CA was 

supplemented with increasing concentrations of Pll (10, 25 and 50 µg/ml; 

columns 2-4) and mixtures were used for overnight coating at RT. Bound polySia 

was quantified with the polySia-specific ELISA. Double step polySia coating, as 

described above, was used as a positive control (column 1). PolySia binding to 

the culture dishes was significantly enhanced in the presence of Pll. Coating 

yields comparable to the positive control were obtained with both 10 µg/ml and 

25 µg/ml Pll. At higher concentrations Pll seemed to compete with polySia 
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binding. In later experiments, 10 mg/ml CA was, therefore, mixed with either 10 

µg/ml or 25 µg/ml Pll for single step coatings.  

 

To judge about the quality of the polySia layers immunofluorescence assay was 

used. In accordance with the quantitative estimation, this technique proved that 

polySia coating in the absence of Pll was irregular, whereas Pll mediated 

coatings revealed uniquely covered surfaces. Nevertheless, mostly on the 

periphery of wells small mechanical erosions were noticed (Fig. 1C; left panel). 

We made use of these irregularities to obtain quick semiquantitative information 

about the substrate quality of polySia layers. An example for this is given in figure 

1C. Here the culture of neonatal rat Schwann cells was double stained with mab 

735 to display polySia (Fig. 1C, left panel) and the polyclonal antibody S-100 

directed against the intracellular calcium-binding protein to display neonatal 

Schwann cells (Fig. 1C; right panel). The pictures demonstrate that neonatal rat 

Schwann cells show a clear preference for the polySia coated surface. This 

guarantees that all the evaluations of the behaviour of cells are the effect of 

polySia substrates, not due to interferences with Pll coating.  

 

Because this study provides a first and crucial step towards the production of 

induced degradable biomatrices made of polySia, whether the presence of Pll as 

binding mediator interferes with the enzymatic degradation of solid phase bound 

polySia was investigated. Therefore, a phage born enzyme, the endosialidase 

(endo N), which cleaves polySia-chains with degree of polymerisation >7 was 

used. As shown in figure 1D solid phase bound polySia was completely 

degraded by endo N 1588, while only minor (if any) effects were visible with the 

mutant endosialidases endo N 1777 and endo N 1786. Moreover, the effect of 

solvents on stability of CA coating was analysed. PolySia was subsequently 

dissolved either in PBS, water or HBSS. PolySia-ELISA revealed that there is no 

different effect of solvents on CA immobilization and in all cases stable polySia 

substrate was produced (Fig. 1E). 
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3.2 Behaviours/ survival of primary cells on polySia coated 
substrate 

3.2.1 Neonatal rat Schwann cells 

Neonatal rat Schwann cells are tolerant in terms of growth conditions and can 

survive on different substrates as well as on uncoated cell culture dishes. 

Nevertheless, the morphology and survival rate can be influenced by the type of 

substrates on which the cells are seeded. To comparatively assess different 

substrates for the growth of neonatal rat Schwann cells, polySia and Pll coated 

cell culture plates were prepared and cells were seeded at a density of 15,000 

cells/well. After five days in culture, cell viability was determined in the WST-1 

test system. Despite survival of cells under all conditions, survival tended to be 

better on polySia and Pll coated surfaces (Fig. 2A). Moreover, the morphology 

and distribution of neonatal rat Schwann cells was significantly (p< 0.05) 

improved for cells grown on polySia and Pll layers (conditions 3, 5 and 6) 

compared to wells coated with only polySia (CA) or were left untreated. While 

cells cultured on uncoated and CA coated surfaces formed aggregates, cells 

cultured on Pll/polySia double coating showed a similar distribution as Pll alone; 

they were well spread on the entire surface of culturing dish. 

 

3.2.2 Degradation of CA has no negative impact on neonatal rat 
Schwann cells 

The impact of fragments of polySia, generated by endo N 1588, was assessed 

on neonatal rat Schwann cells plated on polySia coated surfaces. Figure 2B 

demonstrates that polySia-degradation fragments had no negative effect on the 

viability of the cells. To confirm removal of polySia the wells were controlled by 

immunofluorescence. 
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3.2.3 Adult rat Schwann cells  

Adult rat Schwann cells are matrix sensitive primary cells and did not survive 

without surface coating in this paradigm. The same was observed with the cells 

plated on only CA coated surfaces (without Pll mediation). Whereas cells plated 

on Pll mediated polySia surfaces and the control Pll coated wells demonstrated 

good morphological appearance upon monitoring with phase contrast 

microscope (Fig. 2C). After 5 days in culture, cells were immunocytochemically 

stained with Schwann cell-surface specific antibody against p75 (Fig. 2D). 

Quantification of the cells showed that there was no difference in the number of 

p75 positive cells between the polySia and the control Pll alone substrates (Fig. 
2E). Generally, porn-laminin coating is the best for attachment and viability of 

adult rat Schwann cells (Mauritz et al., 2004), however, because in this 

paradigm, the positively charged Pll was needed to mediate polySia binding to 

culture plates, control conditions had to be adjusted. 

 

3.2.4 Dorsal root ganglionic neurons 

To assess the impact of polySia substrates on the viability of DRG neurons, the 

cells were stained for the neuronal marker βIII-tubulin. As shown in figure 3A 

DRG neurons survive on polySia coated surfaces but process extension seems 

to depend on the presence of non-neuronal co-cultured cells. Quantification of 

the βIII- tubulin stained neurons in figure 3B revealed that viability of DRG 

neurons on only CA coated and uncoated surfaces was lower than on other 

coatings. This was in particular significant (p< 0.05) for Pll pre-coated polySia 

surface (column 1) or single step mixtures of 25 or 10 µg/ml Pll with 10 mg/ml CA 

(columns 3 and 4).   

 

3.2.5 Motoneurons  

The morphological differentiation and viability of motoneurons was evaluated 

after five days of culture with and without neonatal rat Schwann cell feeder layer. 
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Counting of SMI 32 stained motoneurons revealed, in consistence with former 

findings (Haastert et al., 2005) that the neonatal Schwann cell layer significantly 

promoted the viability of neurons in all tested conditions. Figure 3D 

demonstrates the number of viable motoneurons. Importantly, a highly significant 

(p< 0.05) increase in motor neuron growth if cells were cultured on optimized 

polySia layers (columns 3 and 4) was found. Because this effect was pronounced 

in the presence of the feeder layer, it can be concluded that polySia provides a 

favourable substrate for neonatal Schwann cells not only supporting growth but 

also functional aspects of these cells. In accord with this assumption the 

significant stimulation of motoneuron growth in the absence of the feeder layer 

may be due to growth and function promoting effects, that polySia exerts on 

other cell types that surrounded the motoneurons in this culture, which was not 

highly enriched. 

 

3.2.6 Ventral mesencephalic progenitor cells 

Ventral mesencephalic progenitor cells homogeneously and densely populated 

on both polySia and Pll coated plates. In contrast, the progenitor cells formed 

aggregates and preferred pilling upon top of each other in control well (Fig. 3E). 

This qualitative observation that polySia provides a suitable substrate for the 

propagation of progenitor cells was quantitatively confirmed using WST-1 assay. 

Compared to control wells the viability of progenitor cells on polySia and Pll coats 

was significantly (p< 0.05) increased. The relatively low density of cells noticed 

on polySia plates coated by the one step procedure (columns 3 and 4; Fig. 3F) 

can at the moment not be explained. 

 

3.3 Proliferation of primary cells on polySia substrates 

3.3.1 Neonatal rat Schwann cells 

Proliferation of neonatal rat Schwann cells on polySia coated surfaces was 

evaluated immunocytochemically by BrdU incorporation. The density of BrdU 
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stained neonatal rat Schwann cells was homogeneously distributed and similar 

on Pll mediated polySia surfaces and Pll coatings, and decreased on control 

wells even though neonatal Schwann cells survived and proliferated also under 

control conditions (Fig. 4A). This observation was proven using the BrdU-ELISA 

(Fig. 4B). Particularly, cells cultured on surfaces coated by the double step 

procedure demonstrated significantly (p< 0.05) increased proliferation if 

compared to controls. 

 

3.3.2 Adult rat Schwann cells 

Adult rat Schwann cells double immunopositive for BrdU and p75 (yellow) were 

particularly manually counted and set into relation to the total number of p75 

positive cells (red) (Fig. 4C). This analysis revealed that equal numbers (45% 

and 48% respectively) of the cells proliferated on polySia and control Pll coating 

(Fig. 4D). In contrast cells on negative control conditions (only CA and uncoated 

wells) did not survive. 

 

3.3.3 Ventral mesencephalic progenitor cells 

The proliferation of VM progenitor cells on polySia surfaces was evaluated using 

the BrdU-ELISA after six days of incubation in proliferation medium. The cells 

showed good proliferation on all coating systems (Fig. 4E). However, polySia 

coats generated by the use of double step protocol and Pll coating demonstrated 

significantly better proliferation than cells seeded on control wells (CA only and 

uncoated). Progenitor cells on polySia surfaces generated by the use of CA and 

Pll mixtures (columns 3 and 4) showed relatively poor proliferation compared to 

Pll and double step coated polySia surfaces in general, and significantly (p< 

0.05) less proliferation than on the conditions represented by columns 1 and 5 in 

particular (Fig. 4E).  

 

Additionally, the differentiation of VM progenitor cells was evaluated. 

Immunocytochemical analysis revealed that, among the densely populated 
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astrocytes (GFAP) and high numbers of neurons (βIII-tubulin), there were also 

considerable number of dopaminergic neurons (TH) differentiated on Pll pre-

coated polySia substrates (Fig. 5A). This differentiation into dopaminergic 

neurons on polySia coated surfaces was quantified, using In-Cell Western assay. 

Figure 5B illustrates that the percentage of differentiated TH-positive 

dopaminergic neurons on the polySia substrate (99.60 ± 22.57%) was similar to 

that on Pll coated control surfaces (99.44 ± 15.25%). Immunocytochemical 

analysis did further prove that the morphology and distribution of dopaminergic 

neurons on polySia and Pll substrates was about the same (Fig. 5C).  

 

3.4 Ultrastucture of polySia hydrogel and its degradability by 
endo N 1588  

At the first step, the surface structure of the polySia based hydrogel was 

evaluated. Scanning electron microscope revealed that the microstructure 

topography of the hydrogel was not smooth but formed ridges (Fig. 6A). As the 

ultimate objective of this project is to use biodegradable polySia based scaffold, it 

was important to test the degradability of the hydrogel. Therefore, a small portion 

of polySia hydrogel was incubated with active endo N 1588 on 24 well plate at 

RT. There was no noticeable change in the size of the hydrogel in the first 12 

days. However, when the concentration of the enzyme was increased from 1 to 4 

µg/ml at the end of the second week, the hydrogel started to diminish in size and 

finally after 4 weeks it was completely disappeared. This result provides strong 

indication that second surgery could be avoided in clinical applications. 

Interestingly, the velocity of degradation process showed a slight increase with 

time. Again, this effect may suit with the regeneration of the injured nerves. The 

control group was treated with only PBS and remained stable in its original size 

(Fig. 6B and C). 
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3.5 Soluble cross-linked polySia and polySia based hydrogel 

3.5.1 Soluble cross-linked polySia has no negative impact on     
cultured Schwann cells 

In order to assess any possible toxic effect of the components of the polySia 

based hydrogel, different concentrations of a filtered fraction of a cross-linked 

polySia hydrogel solution were directly added into the culture medium of neonatal 

rat Schwann cells grown on Pll substrate. As it is shown in Fig. 7, a final 

concentrations of 5, 10 or 15 mg/ml of soluble cross-linked polySia were applied 

to different wells of cultured Schwann cells on Pll substrate (Fig. 7A, B and C 

respectively), and the control remained untreated (Fig. 7D). The cultures 

revealed no differences with regard to density, morphology and viability of the 

cells between the different experimental groups and controls. The visual 

observation was quantitatively proven using WST-1 test system displaying the 

same cell viability in all conditions (Fig. 7E). The flat morphology of the Schwann 

cells in Fig. 7, instead of the usual spindle shape, is due to the forskolin 

treatment resulting in activation of cyclic adenosine monophosphate (cAMP) 

which in turn triggers the expression of cell surface lipids (Sobue and Pleasure, 

1984; Sobue et al., 1986a; Sobue et al., 1986b; Morgan et al., 1991). 

 

3.5.2 PolySia hydrogel and substrate preferences of cells 

A stable polySia based chemically modified hydrogels, with different surface 

microstructures and thicknesses but identical contents were prepared by the 

Institute of Organic Chemistry. The hydrogel was formed by cross-linking with 

diepoxyoctane. Sterilization of hydrogels was performed with UV-light for 1 h and 

followed by seeding of neonatal rat Schwann cells on top of the hydrogel. Most of 

the cells migrated down to the bottom of the culture well and those remaining on 

the hydrogel failed to extend processes whereas the cells that had migrated to 

the bottom of the well had adhered and protruded extensions.  

37 



Results 

In another trial, to avoid any UV-light effect, the hydrogels were sterilized with 

70% ethanol for 4 h followed by overnight washing in water. In order to promote 

the adhesion, viability and migration of cells, 0.5 mg/ml Pll was applied on the top 

surface of the hydrogel and incubated for 1 h at RT. However, the overnight and 

repeated water washings affected the stability of polySia hydrogels. The 

hydrogels expanded (swollen) in size that led to break down into pieces. 

Nevertheless, neonatal rat Schwann cells were seeded on top of the fragmented 

hydrogels as described above. In this case, with the exception of few surviving 

neonatal rat Schwann cells on the hydrogel, all the cells migrated down to the 

bottom of the culture well and extended processes there. One h modification of 

hydrogel with Pll remained with no effect in cell viability and retention. However, 

the broken pieces of hydrogel were kept in the cell culture but did not hinder the 

viability and extending cellular processes. 

As the study itself is iterative testing and optimization of promising biomaterial for 

better viability of cells, the experimental approach was a bit modified in the 

continued experiments. The instability of the hydrogel was mitigated by washing 

with PBS buffer instead of water. The size of the hydrogel remained stable when 

washed with PBS. Moreover, the incubation of the hydrogel with Pll was 

prolonged from 1h to overnight. The longer time enabled the hydrogel to properly 

absorb the Pll and improved the retention of cells. 

  

3.5.3 Adhesion and viability of neonatal rat Schwann cells on 
modified polySia hydrogel 

For the culturing of cells on polySia hydrogels, cell culture plates were prepared 

as described, but after loading of hydrogel were sterilized with 70% ethanol for 4 

h and thoroughly washed with PBS, after which the hydrogel lamella were coated 

with Pll, porn-laminin or collagen as described above.  

To avoid extensive washing steps necessary in immunocytochemical detection of 

cells on the hydrogel, Schwann cells transfected with EGFP plasmid were used. 

Four days after seeding the cells on hydrogel, morphology of fluorescent cells 

38 



Results 

was similar in the different substrates (Fig. 8A and B). Moreover, the WST-1 

assay revealed that all modifications improved the attachment and viability of 

Schwann cells. Best effects were obtained in cultures grown on porn-laminin 

coated polySia hydrogel (Fig. 8C; p< 0.01), but improved viability was seen also 

with Pll (Fig. 8C; p<0.05) and collagen. 

 

3.5.4 Attachment and viability of adult rat Schwann cells on modified 
polySia hydrogel 

In the experiment shown in figure 9, adult rat Schwann cells enriched with a cold 

jet were transfected with GFP by nucleofection and seeded on pure hydrogel or 

hydrogels coated with Pll, porn-laminin or collagen. Despite of a low cell density 

in these cultures, the morphology of cells grown on the differently modified 

polySia hydrogels was identical to the control cells seeded on porn-laminin as 

substrates (Fig. 9A and B respectively). Moreover, after 4 days in culture, 

viability testing of cells cultured on the hydrogels revealed improved viability. As 

described for neonatal rat Schwann cells coating of the polySia hydrogel with 

porn-laminin demonstrated statistically significant improvement in cell viability 

(Fig. 9C; p<0.05). 

 

3.5.5 Adhesion and viability of DRGs on modified polySia hydrogel 

The interaction of DRGs, isolated from postnatal day 2-3 rats, and polySia 

hydrogel was evaluated. The experimental groups of hydrogels were modified 

with porn-laminin and the control remained untreated. About 65,000 

cells/hydrogel were seeded and cultured for about 4 days. Phase contrast 

microscope showed that there were a number of cells grown on modified polySia 

hydrogel with a healthy morphology (Fig. 10A). However, it is far less in density 

compared to the cells cultured on porn-laminin coated plate (Fig. 10B). Since 

neither transfection nor immunocytochemical staining of these sensitive primary 

cells on hydrogel was feasible, cellular characterization was performed on 
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parallel cell cultures seeded on porn-laminin substrates in the absence of 

hydrogel. Double immunocytochemical staining using neural specific marker βIII-

tubulin (Fig. 10C), DAPI (Fig. 10D) and merging of C and D (Fig. 10E) revealed 

that 14% of neurons were composed in the culture (Fig. 10F). The WST-1 

viability assay also demonstrated that modification of polySia hydrogel with porn-

laminin significantly improved the adhesion and survival of DRGs (Fig. 10G; 

p<0.01). 

 

3.5.6 Attachment and viability of neural progenitor cells on modified 
polySia hydrogel 

Ventral mesencephalic progenitor cells were isolated from the midbrain of 

embryonic day 12 rats. As shown in figure 11, progenitor cells in proliferating 

phase grown on porn-laminin modified polySia hydrogel (Fig. 11A) demonstrated 

the same morphology as those grown on the standard porn-laminin substrate 

control (Fig. 11B). The WST-1 viability assay, however, revealed that coating of 

polySia hydrogel drastically improved adhesion and viability of progenitor cells 

(Fig. 11C). Again, the coating with porn-laminin as well as in these cultures also 

coating with collagen demonstrated significantly better viability compared to the 

cells grown on unmodified hydrogel (Fig. 11C; p< 0.05). 

Analysis of the morphology and viability of differentiating neural progenitor cells 

after plating on polysia hydrogel was conducted. These cells were transfected 

with GFP. The data shown in Fig. 12 demonstrate identical morphology for 

transfected progenitor cells cultured on modified polySia hydrogel (Fig. 12A) and 

cells grown on porn-laminin coated culture plate (Fig. 12B). Moreover, 

immunocytochemical characterization of differentiated neural progenitor cells 

grown on porn-laminin substrate showed a large number of neurons (tubulin-

positive) in the culture (Fig. 12C) which shows the stem cells were differentiated 

and sensitive primary neurons were present in the culture. However, the viability 

assay revealed no significant difference between the different experimental 

groups (Fig. 12D).  
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3.6 Epoxyline treated glass frits does not influence the survival 
of neonatal rat Schwann cells  

Immobilization of colominic acid (CA) on glass frits was mediated by a positively 

charged epoxyline. To assess any possible interference or effect of epoxyline on 

cell systems, EGFP transfected neonatal rat Schwann cells were cultured on the 

glass frits treated with epoxyline mediated CA or a control untreated ones. 

Fluorescence microscopic morphological evaluation showed that neonatal rat 

Schwann cells had a normal spindle shape and extended their cellular processes 

on both treated (Fig. 13A), untreated glass frits (Fig. 13B) and cells grown on the 

culture plate (Fig. 13C). As it is demonstrated in Fig .13D, WST-1 evaluation 

showed that there is no difference in viability of neonatal rat Schwann cells 

between epoxyline mediated CA coated glass frits and untreated control ones. 

 

3.7 In vivo application of polySia and polySia based hydrogel 

3.7.1 Efficiency of PKH26-GL cell linker pre-labelling 

In order to ensure the stability and evaluate the distribution and fate of 

transplanted cells, neonatal rat Schwann cells were pre-labelled with a red 

fluorescence dye of PKH26. From the cells prepared for transplantation, some 

portions were cultured in vitro on Pll coated culture plate in order to evaluate the 

quality and quantity of labelling. The culture was stained with DAPI (Fig.15B).  

Quantification of the red fluorescence stained cells against the total DAPI 

incorporated nuclei indicated that 97.2% of neonatal rat Schwann cells were 

efficiently labelled with PKH26-GL cell linker (Fig. 15D). 
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3.7.2 Macroscopic evaluation of tissue cable regeneration, an in vivo 

study 

Three weeks post operation, the silicone tubes along with their content were 

explanted. The growth of tissue cable was macroscopically evaluated in each 

group. Animals treated with polySia based hydrogel showed no tissue growth 

(0/3) while only 1/4 animals showed tissue cable regeneration from the only 

matrigel treated group. The group treated with matrigel + neonatal Schwann cells 

demonstrated 3/5 tissue cable regeneration. Whereas all animals treated with 

soluble polySia + matrigel in the presence of cells (group 3, 5/5), in the absence 

of cells (group 5, 5/5), in the presence of endo N and cells (group 6, 6/6), in the 

presence of endo N but not cells (group 7, 5/5) demonstrated full tissue cable 

regeneration. The tissue cable regeneration is expressed in terms of percentage 

in figure 16. 

  

3.7.3 In vivo stability and interaction of transplanted cells 

The stability and interaction of transplanted neonatal rat Schwann cells were 

evaluated after 3 weeks of implantation. PKH26 pre-labelled cells remained 

stable in the lumen of the silicone tube. The exogenously introduced neonatal rat 

Schwann cells were well distributed in the entire silicone tube from the proximal 

till the distal stumps (Fig. 17). Double staining of PKH26 labelled cells with DAPI 

demonstared that many cells were viable and well integrated in the system (Fig. 
18A, B, C and D). This shows their tolerance towards polySia. 

  

3.7.4 In vivo introduction of polySia and polySia based hydrogel did 
not elevate immunological reaction  

The in vivo application of polySia and polySia based hydrogel in the presence or 

absence of endo N enzyme was evaluated for immunological reaction in 

comparison to the commonly used matrigel. Therefore macrophages 

accumulation was detected using the monoclonal antibody ED1 which is widely 
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used as a marker for rat macrophages. Quantification of ED1-positive 

macrophages revealed that introduction of polySia in the absence or presence of 

endo N did not change the number of activated or recruited macrophages in 

comparison to matrigel deriven macrophages. However, ED1-positive 

macrophages were less in polySia hydrogel treated group (group 1) in 

comparison to soluble polySia treated groups. This is for the obvious reason that, 

because there was no tissue cable regeneration in group 1, macrophages 

quantification was conducted only from the proximal and distal stumps which 

were in contact with the hydrogel (Fig. 19A, B, C, D and E). 

 

3.7.5 Expression of neural markers  

The expressions of specific markers for nerve tissue fibers or neurons were 

evaluated. Histochemical staining with haematoxylin/eosin revealed the 

constituency of oriented regenerating nerve fibers (Fig. 20A). Moreover, 

immunocytochemical staining for neurons revealed that a dense population of 

axonal membrane protein GAP-43, which is expressed by developing or 

regenerating axons, was detected. The GAP-43 positive axons seem more 

oriented at the proximal stump (Fig. 20B and C) than on the distal stump of the 

regenerating nerve tissue (Fig. 20D and E).  
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4. Discussion 
With the ultimate objective of developing polySia based substrate/ scaffolds in 

the context of tissue engineering, an in vitro experiment was performed. Soluble 

polySia based cell culture substrate was establised and the cytocompatibility and 

growth-promoting effects of the bio-identical polysaccharide polySia as novel 

basis material was evaluated. A number of primary neurons and glial cells, e.g. 

including progenitor cells up to advanced rat embryonic motoneurons and DRG 

neurons as well as Schwann cells were tested and polySia demonstrated 

favorable substrate conditions in all tested situations. Moreover, polySia based 

hydrogel was formed by cross-linking with diepooxyoctane. The hydrogel is 

degradable with the use of  endo N (Stummeyer et al., 2005). It was 

demonstrated that polySia based hydrogel and its soluble components did not 

entail any toxic effect on cells. However, the surface properties of the hydrogel 

seem to be not conducive for adhesion and migration of cells as well as 

extension of cellular processes. Modification of the hydrogel surface with Pll, 

porn-laminin or collagen significantly improved the adhesion and viability of 

neural and glial cells as well as enabled extension of cellular morphologies.  

   

In the in vivo study, the contribution or impact of soluble polySia and polySia 

based hydrogel in nerve regeneration as well as immunological reaction was 

evaluated. In addition, the fate of transplanted Schwann cells was assessed to 

some extent. Therefore, the experiment was designed in rat sciatic model as 

shown in figure 14. Thirteen mm silicone tube that bridged 10 mm gap in the 

sciatic nerve of rat was filled either with hydrogel, matrigel, polySia combined 

with matrigel and Schwann cells in the presence or absence of endo N (Fig. 14).    

 None of the animals treated with polySia based hydrogel exhibited tissue cable 

growth whereas all the animals treated with soluble polySia demonstrated nerve 

tissue cable regeneration. Moreover, in vivo introduction of soluble polySia or 

polySia based hydrogel did not change the number of macrophages attained in 

matrigel treated control groups. 
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4.1 Impact of substrates on cell systems 

Substrates may stimulate or inhibit the proliferation and differentiation of cells 

(Hung et al., 2006). In vertebrates, including humans, polySia provides a 

posttranslational modification of the NCAM (Bruses and Rutishauser, 2001; 

Kleene and Schachner, 2004) and thus it is a naturally optimized substrate for 

biological functions. For example, neurons derived from embryonic chick brains 

demonstrated longer and more branched neurite outgrowth when cultured on 

substrate of HeLa cells which were transfected with polySia expressing enzymes 

(Ong et al., 1998). A cell to matrix interaction mediated by cell adhesion 

molecules establishes a physical anchorage of cells to their environment which is 

essential for proliferation, growth and migration of cells (Kiss et al., 2001). The 

viability, proliferation and differentiation potentials of cells is determined by many 

complex factors including signals coming from the substratum, medium 

components, inter-cellular interactions, addition of growth factors, presence of 

cell adhesive molecules or application of molecular cues that serve for axonal 

guidance. Among the pioneer, the chemical and physical properties of substrates 

may play a crucial role in determining the fate of cells and its application in tissue 

engineering. After peripheral nerve injury, Schwann cells migrate from each end 

of the transected nerves and form a continuous tissue cable that guides axonal 

growth. The Schwann cells are in a direct contact with the lumen surface of 

implanted material (Wenling et al., 2005). Therefore, it is imperative to culture 

cells in vitro and evaluate the cytocompatibility and growth-promoting effects of 

the material before in vivo application. In this study, the bio-identical 

polysaccharide polySia as novel basis material for the production of nerve growth 

support was evaluated using a number of primary neurons and glial cells, e.g. 

mesencephalic progenitor cells, rat embryonic motoneurons, DRG neurons and 

Schwann cells. PolySia demonstrated favorable substrate conditions in all tested 

cell systems. Similarly in other studies, numerous natural and synthetic polymers 

such as collagen, laminin, fibrin, polyglycolic acids, have been used as 

substrates or scaffolds for peripheral and central nerve regeneration in vitro and 

in vivo (Geller and Fawcett, 2002; Schmidt and Leach, 2003). A heterologous 
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polymer of lysine and alanine substrate demonstrated to enhance survival and 

axonal growth of neurons (Brewer et al., 1998) and proliferation and 

differentiation of stem cells (Wang et al., 2006). Chitosan films demonstrated as 

promising substrate for spreading and proliferation of Schwann cells (Wenling et 

al., 2005) and neurospheres (Hung et al., 2006). However, becaues of its 

conducive properties and diverse physiological roles, such as axon pathfinding 

and cell migration, during the development of nervous system, the use of polySia 

based substrate or scaffolds in the context of reconstructive therapy may 

produce better functional outcome. 

 

Moreover, polySia split products generated by the endo N induced degradation of 

the polymer are without harm for the cultured cells. These fundamental results 

provide evidence that polySia polymer can be a potent substrate for the 

development and growth of cells and fulfils important requisites for use in tissue 

engineering approaches: biocompatibility, stability under cell culture conditions, 

but allowing induced degradation. Generated split products are valuable nutrients 

for all animal cells. Due to the negative charge and highly hydrophilic nature of 

the polymer, the production of homogenous cell culture coatings was dependent 

on the use of a positively charged binding mediator, which in this case was Pll. In 

a consecutive series of experiments, coating conditions were optimized to 

provide dense, equal and stable polySia substrate layers.  

 

Different cell types isolated from the central and peripheral nervous system, all of 

important impact in nerve repair strategies, have been investigated in this study. 

Schwann cells, both the non-myelinating and myelin-forming cells of the 

peripheral nerve, play a crucial role during regeneration. Following nerve injury, 

Schwann cells loose the axonal contact, proliferate and form the bands of 

Büngner which guide the regrowing axons with their growth cones towards the 

denervated targets (Ramon y Cajal, 1928). In animal models, grafting of primary 

Schwann cells stimulated peripheral nerve regeneration (Guenard et al., 1992; 

Hadlock et al., 2000; Rodriguez et al., 2000; Mosahebi et al., 2002). Further 
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improvement was found using genetically modified Schwann cells, over-

expressing regeneration promoting factors like fibroblast growth factor-2 (Timmer 

et al., 2003; Haastert et al., 2006a). A suitable scaffold in this scenario should not 

only supply an optimal substrate for cells that will be transplanted but should also 

display a permissive environment for the regenerating nerve fibres. Therefore, 

the finding that polySia provides a favourable substrate particularly for the culture 

of Schwann cells and showed no toxic effects if used as culture substrate for 

other neural components of peripheral nerves, i. e. sensory neurons and 

motoneurons, is of utmost importance.   

 

In animal studies, experimental therapies and double-blind clinical trials of 

Parkinson’s disease, substitution of degenerated mesencephalic dopaminergic 

neurons was performed by grafting of foetal dopaminergic neurons into their 

target area, the striatum (Olanow et al., 1996; Lindvall and Hagell, 2000; Freed et 

al., 2001; Olanow et al., 2003). To these ectopically placed neurons their critical 

afferent inputs may not be available. Therefore, towards a more effective 

restorative strategy, a homotopic implantation of the dopaminergic grafts is 

required resulting in a reconstruction of the mesotelencephalic dopaminergic 

system with afferent and efferent pathways. In this regard, chemically modified 

polySia-based scaffolds may be useful to neutralize the inhibiting environment of 

the nigrostriatal pathway (Bentlage et al., 1999). The efficiency of dopaminergic 

progenitor cells to substitute the lost endogenous cells of the substantia nigra 

has been demonstrated recently (Studer et al., 1995; Timmer et al., 2006). On 

the basis of tolerance of neural progenitor cells for polySia demonstrated here, a 

putative tissue-engineered approach could be established, including the 

modification of transplant surfaces by using polySia decorated scaffolds for cell 

transplantation into the central nervous system. 
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4.2 PolySia based hydrogel 

Polysialic acid is highly hydrophilic carbohydrate; however, cross-linking with 

diepoxyoctane made it a stable hydrogel. The topography of polySia was initially 

detected using atomic force microscope (Toikka et al., 1998). Interestingly, 

scanning electron microscope revealed that polySia hydrogel maintained its 

microstructure even after forming a hydrogel by cross-linking with diepoxyoctane. 

The uniform patterns of ridges might have a role in axonal guidance. Previous 

studies reported that micropatterned inner lumen biodegradable conduit 

(Rutkowski et al., 2004) and microgrooved surfaces (Hsu et al., 2005) 

demonstrated oriented Schwann cell growth and better functional outcomes. One 

of the important characteristics of a scaffold is its biodegradation properties. 

Disintegration of nerve guides should start soon after axons have crossed the 

conduit (Schlosshauer and Lietz, 2004). Applications of biodegradable materials 

in guidance channels offers an advantage over the non-degradable counterparts 

by timely disappearance from the implantation site without the need to perform 

secondary surgical intervention after the regeneration process is accomplished, 

and anatomical connections of the regenerated axons with host circuitry could be 

further allowed (Zhang et al., 2005). Thus it is a promising alternative for 

promoting successful long-term recovery, as has been seen both experimentally 

and clinically that after serving as an appropriate scaffold for regeneration, the 

conduit eventually degrades (Heath and Rutkowski, 1998). The phage born 

enzyme endo N specifically cleaves α-2,8-linked sialic acid residues with a 

minimum chain length of eight (Vimr et al., 1984; Hallenbeck et al., 1987; 

Stummeyer et al., 2005). Endo N is suitable for in vivo application because of its 

ability to diffuse rapidly in the tissues and selective hydrolysis of polySia without 

affecting other sialic acid containing structures (Rutishauser and Landmesser, 

1996; Glass et al., 2000; Fedorkova et al., 2002; El Maarouf and Rutishauser, 

2003). In this study, polySia hydrogel is proved to be completely degraded by 

endo N. Interestingly, the degradation process was gradual which might suit well 

with the slow axonal regeneration of injured nerve tissues. Moreover, at least the 

low amount, 3 or <3 equivalent, cross-linker used in this study did not interfere or 
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affect the timely degradation process of polySia hydrogel. This shows that 

second surgery may not be required which is one of the drawbacks of using 

nondegradable synthetic tubing like silicone.  

 

Schwann cells are crucial in myelination and axonal regeneration in the 

peripheral nervous system. They produce many growth factors and adhesion 

molecules and provide favorable environment for axonal re-growth (Jessen, 

2004). The effect of the hydrogel on Schwann cells was tested in this study. The 

soluble form of cross-linked polySia did not produce any negative impact on 

neonatal rat Schwann cells cultured on Pll substrate. This implies the 

components of polySia hydrogel are not harmful to cells. The survival of cells, 

though very few, on the surface of the polySia hydrogel in the in vitro cell culture 

also supports the notion that polySia hydrogel has not toxic effect on cells. 

However, the sliding down of neonatal rat Schwann cells from the polySia 

hydrogel to the bottom of cell culture well indicates that the microstructure of the 

surface area was not conducive for the adhesion and migration of cells. It seems 

that the surface chemical properties might entail slight change in the course of 

cross-linking process, and thus cells fail to attach. This phenomenon is 

consistent with earlier studies using carbohydrate or other biomaterials based 

hydrogels. For example, very few cells could be attached or extend cellular 

processes on the unmodified hyaluronic acid hydrogel. However, modification of 

the hydrogel with anti-Nogo 66 receptor antibody enhanced cell adherence and 

neurite outgrowth by minimizing the inhibitory effects of myelin-derived cell 

surface proteins like Nogo-A (Hou et al., 2006). Similarly, less neurite extension 

was noticed in hyaluronic acid hydrogel without laminin modification (Hou et al., 

2005). Furthermore, modification of chitosan with Pll improved neuron survival 

(Crompton et al., 2007). Pure alginate hydrogel inhibited outgrowth of DRG 

neurites (Novikova et al., 2006). Unmodified agarose gel showed significantly 

less neurite extension in comparison to laminin modified gel (Yu et al., 1999). 

Same is true for neural cells which could not be attached to hyaluronic acid 

hydrogel without poly-D-lysine modification (Tian et al., 2005). 
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Therefore, the problem of failing of cell adherence could be mitigated with 

surface modification. One hour incubation of hydrogel in Pll remained with no 

effect, which might be due to short time of incubation. Modification of polySia 

hydrogel by incubating or soaking for 24 hours in Pll, porn-laminin or collagen 

significantly improved the adhesion and viability of cells as well as extending 

cellular processes, which might be due to alteration of its surface physical and 

chemical properties. No difference was noticed in the morphology of cells 

cultured on modified polySia hydrogel in comparison to standard porn-laminin 

substrate controls.  

Neonatal Schwann cells are tolerant in terms of growth conditions and can 

survive on different substrates. They demonstrated significant viability on both Pll 

and porn-laminin modified polySia based hydrogels. Whereas adult Schwann 

cells are matrix/substrate sensitive primary cells and thus only porn-laminin 

modification of polySia hydrogel showed apparent change in viability and 

adhesion of adult Schwann cells. This can be due to the presence of laminin, a 

major component of the basal lamina, which plays important roles in maintaining 

the normal Schwann cell function in peripheral nerves (Mirsky and Jessen, 

1999). Similarly, chitosan films with high degree of deacetylation and modified 

with fibronectin and laminin provided better substrate for adult rat Schwann cells 

spreading and proliferation (Wenling et al., 2005). 

 

Agarose gel modified with laminin enhanced neurite extension of DRGs (Yu et 

al., 1999). DRGs grew well on modified hyaluronic acid (Hou et al., 2006). In this 

study, DRGs grown on porn-laminin modified polySia hydrogel demonstrated 

significantly better adhesion and viability. This finding is in perfect agreement 

with the knowledge that laminin is one of the most effective promoters of neurite 

extension in vitro (Stoll and Muller, 1999). 

 

In addition to providing physical support for introduction of neural stem cells into 

the injured site, the use of biomaterials has begun to reveal new ways to 
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investigate what controls neural stem cell fate choice decisions (Soen et al., 

2006; Nakajima et al., 2007; Teixeira et al., 2007). Neural stem cell has a 

potential for controlled differentiation into all neural tissues and can be used to 

replace tissue loss due to trauma or neurodegenerative diseases which makes it 

very attractive for regeneration therapy. Therefore, the development of specially 

designed polymer biomaterials, such as hydrogels, is a crucial issue in improving 

the result of stem cell therapy in the central nervous system (Teixeira et al., 

2007). Polyglycolic acid hydrogel, for example, was used as scaffold in the 

transplantation of neural stem-like cell line C17.2 and the transplanted cells 

differentiated into neurons and astrocytes and appeared to form anatomical  

connections with the host neurons (Park et al., 2002). Exhibition of motor 

recovery and diminished glial scar formation was noticed in a rat hemisection 

model of spinal cord injury implanted with neural stem cells embedded in a 

poly(lactic-co-glycolic acid) (PLGA) and a block copolymer of PLGA and 

polylysine (Teng et al., 2002). Biomaterial driven differentiation can be envisaged 

where the cell types of interest in particular disease or injury situation can be 

produced (Teixeira et al., 2007). Here, neural progenitor cells cultured on 

modified biocompatible and biodegradable polySia based hydrogel displayed 

promising outcomes in terms of viability and normal morphological differentiation. 

This illustrates the huge potential of the hydrogel in stem cell therapy. 

 

This information should be useful for further development of polySia based 

biomaterials to regulate the proliferation and differentiation of glial and neural 

stem cells and their eventual manipulation to replace lost or dysfunctional 

neurons following trauma or disease. Therefore, in order to further promote the 

adhesion and migration of cells, a control of microenvironment can be 

additionally achieved by modifying biomaterials to release adhesive molecules, 

growth promoting factors and other active molecules that provide trophic support 

to the neural stem cells and other cell types.  
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4.3 Potentials of induced polySia in tissue engineering  

Nerve regeneration in the central nervous system injury is inhibited by glial scar 

formation. However, given the nature of polySia´s function during development, 

there is a potential that induction of polySia expression in damaged adult tissues 

could help them to rebuild architectural remodeling (El Maarouf et al., 2006). 

Induction of polySia expression in the lesion site is showing encouraging 

outcomes in mitigating the scar blockages and creating permissive conditions for 

axonal regeneration. For example, injection of lentiviral vectors encoding 

polysialyltransferase into the lesion site of the dorsal column induced polySia 

expression and increased astrocyte infiltration, and thereby permitted the 

penetration of regenerating axons across the caudal border of the lesion and into 

the lesion cavity in the spinal cord (Zhang et al., 2007). In another similar study, 

transfection of scar astrocytes by a viral vector encoding polysialyltransferese led 

to sustained expression of high levels of polySia. Using this strategy,  a 

substantial portion of severed corticospinal tract axon processes were able to 

grow through a spinal injury site (El Maarouf et al., 2006). Schwann cells 

genetically engineered to express polySia demonstrated enhanced migratory 

potential and ability to myelinate CNS axons in cerebellar slices in vitro (Lavdas 

et al., 2006) and significantly increased myelin thickness and fiber diameter, as 

well as promoted the functional outcome of peripheral nerve regeneration 

(Gravvanis et al., 2005). Using a chick xenograft assay, polySia overexpressing 

neurospheres enhanced their instructed migration along the ventral pathway, and 

down-regulation of polySia is a prerequisite for differentiation of the engineered 

precursors into myelinating cells (Franceschini et al., 2004). Moreover, 

transplantation of polySia-NCAM-positive neural precursors into the developing 

brain of mice exhibited a higher rostral migration and multipotentialities (Vitry et 

al., 2001). Precursor cells that arrived at the lesion site were able to proliferate 

and expand throughout the polySia-positive injured area and this raises the 

possibility that polySia expression could be used in combination with exogenous 

stem cell approaches to improve the dispersal of the injected cells into host 

tissues (example in Parkinson or Huntington disease) (El Maarouf et al., 2006). 
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In another in vitro experiment, biochemical engineering of cell surface sialic acids 

stimulated neurite outgrowth in PC 12 cells and cerebellar neurons (Buttner et 

al., 2002). 

 

Cell adhesion molecules (CAMs) mediate adhesion of cells to other cells or to 

components of the extracellular matrix and influence changes in synaptic 

connectivity. In addition, binding of cell adhesion molecules has been shown to 

activate intracellular signal transduction cascades which in turn initiate cellular 

response such as neurite outgrowth (Doherty and Walsh, 1996). N-

propanoylmannosamine generates N-propanoylsialic acid (Sia Prop) which is 

readily accepted by polysialyltransferases and allows the extension of poly-

SiaProp on NCAM. Neurite outgrowth of chick dorsal root ganglia neurons was 

promoted when cultured on monolayer of HeLa cells, in the presence of 

precursor of sialic acid, which express NCAM and STX (Charter et al., 2002). 

 

On the other hand, deficiency of polySia accelerated the differentiation of CNS 

neural progenitors in pathological conditions (Decker et al., 2002). Removal of 

endogenous polySia by endo N increased neuroblastoma cell attachment to 

cadherin or fibronectin substrates (Fujimoto et al., 2001). It has been shown that 

in the brain of developing mouse, polySia posses a vital function in steering 

processes like axonal pathfinding, neuritogenesis and neuroblast migration. 

Gene targeted animals in a complete absence of polySia showed a lethal 

phenotype characterized by drastic alterations in axonal pathfinding. Central 

structure like anterior commissure which are connectors of the two hemispheres 

grew abnormal or completely missed (Marx et al., 2001; Weinhold et al., 2005).  

All these studies suggest that induced polySia expression can be used as a 

suitable substrate and promising strategy for promoting tissue repair involving 

both replacement of cells and enhancing of neural connection. This 

endogenously produced carbohydrate can also be selectively removed by endo 

N. It is immunologically inert. Becaues of all these important characteristics, 
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polySia based substrate/scaffold may be advantegous over other materials in 

medical applications. 

 

4.4 In vivo evaluation of polySia and polySia based hydrogel 

In this in vivo study, the contribution or impact of soluble polySia and polySia 

based hydrogel in nerve regeneration as well as immunological reaction was 

evaluated. Moreover, the fate of transplanted Schwann cells was assessed to 

some extent. 

 

Cell transplantation is a favourable strategy to create a permissive environment 

for nerve regeneration. In this case, Schwann cells, which support the axons by 

ensheathing them with insulating myelin layers and supplying neurotrophic 

factors, have been extensively used (Pfister et al., 2007). Insertion of Schwann 

cells directly into the lumen of biodurable or bioresorbable conduits before 

implantation is advantageous (Heath and Rutkowski, 1998; Schlosshauer and 

Lietz, 2004). Several natural and synthetic conduits or artificial grafts have been 

applied for peripheral nerve regeneration. Despite its vivid drawbacks, silicone 

tube has been widely used for artificial nerve grafts (Lundborg et al., 1997; Heath 

and Rutkowski, 1998) either empty or filled with growth promoting substances 

and/or potentially engineered cells (Chen et al., 2000; Strauch et al., 2001; Midha 

et al., 2003; Timmer et al., 2003; Gravvanis et al., 2005; Haastert et al., 2006a). 

A filled lumen provides a supporting structure that may favour cell ingrowth and 

guidance (Pfister et al., 2007).  

 

Therefore in this study, 13 mm silicone tube that bridged 10 mm gap in the sciatic 

nerve of rat was filled either with hydrogel, matrigel, polySia combined with 

matrigel and Schwann cells in the presence or absence of endo N (see table 1).  

None of the animals treated with polySia based hydrogel exhibited tissue cable 

growth. This is due to the fact that polySia hydrogel is not soluble by the body 

fluid, as has been seen after explantation, so that axons fail to penetrate through. 
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This is in perfect agreement with the previous idea that highly viscous hydrogel 

may obstruct the path and hamper the chance of regenerating axons towards the 

distal stump (Pfister et al., 2007). In the matrigel only treated group, only 1/4 

animals showed tissue cable growth. Matrigel is a commercially available laminin 

rich basement membrane components (Pfister et al., 2007). However, the failure 

of tissue growth in this group might be due to shortage of post operation period 

and/or mainly due to absence of exogenous Schwann cells. Because 3/5 animals 

exhibited good tissue cable growth in the matrigel + Schwann cells transplanted 

group. Moreover, this finding can be supported by the idea that, nerve conduits in 

the absence of cells yielded poorer nerve regeneration than conduits loaded with 

Schwann cells (Pfister et al., 2007). Whereas all animals transplanted with 

matrigel containing soluble polySia in the presence or absence of Schwann cells 

as well as in the presence or absence of endo N demonstrated full tissue cable 

regeneration. The exhibition of tissue growth in the presence of polySia but 

absence of cells apparently reveals the permissive role of polySia and 

degradation products of polySia in nerve regeneration. Tissue engineering 

requires biologically active platform for cells to organize and assemble into 

functional tissue (Shin, 2007). The in vitro part of this study showed that polySia 

substrate did not hamper the viability and proliferation of Schwann cells. 

Generated degraded products of polySia are also valuable nutrients for all animal 

cells. Success in tissue engineering demands understanding of mechanisms how 

cells integrate signals acquired from the microenvironment of biomaterial 

scaffolds to alter their responses (Shin, 2007). Therefore, in this case, polySia 

might have played important roles in creating conducive environment for 

endogenous and exogenous Schwann cells which in turn express cell-adhesion 

molecules and secret neurotrophic factors that promote nerve regeneration. 

Previous study using another carbohydrate reported the existence of degraded 

residues of hyaluronic hydrogels in the body of macrophages (Hou et al., 2005). 

Therefore, the fate of in vivo applied polySia can be absorbed or resorbed by the 

body or engulfed by macrophages or all phenomena may take place.  
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PKH26 is a cell linker lipophilic red fluorescent dye that binds irreversibly to cell 

membranes and has been a useful marker for detection of grafted cells in various 

host tissue (Horan and Slezak, 1989; Messina et al., 1992; Parish, 1999) and 

was found the preferred dye to track testis cells following transplantation (Herrid 

et al., 2006). The in vitro assessment of PKH26 labelling revealed 97.2% and 

shows its efficiency as effective cell marker and supports the notions of earlier 

studies mentioned above. However, it was reported that, PKH26 accumulated in 

clusters over the membrane and appeared as granulated membrane staining 

after 7 days in culture. Nevertheless, stable PKH26 labelled cells could be 

detected at least 4 months post-transplantation period (Haas et al., 2000). In this 

study, the interaction of PKH26 pre-labelled Schwann cells was evaluated 3-

weeks post operation. The cells were well distributed in the entire lumen of the 

tube, and this demonstrates the tolerance of cells towards polySia.  

 
The presence of macrophages is an indicator that a pathogen or any foreign 

material not liked by the host has entered into the body. During Wallerian 

degeneration of peripheral nerves, Schwann cells produce cytokines such as 

monocyte chemoattractant protein-1 (MCP-1) which in turn stimulates 

accumulation of macrophages in the degenerating segment (Subang and 

Richardson, 2001; Karanth et al., 2006). Macrophages and Schwann cells play 

crucial roles in clearing the growth inhibiting substances such as myelin and 

axonal debris from the injured site (Stoll et al., 1989; Fu and Gordon, 1997). 

Moreover, the macrophages (and Schwann cells) release mitogens for Schwann 

cells and fibroblasts, and produce cytokines which stimulate the synthesis of 

neurotrophic factors and adhesion molecules by non neural cells of the nerve 

sheath and endothelial cells of the blood vessels, and thereby promote axonal 

growth and regeneration (Chaudhry et al., 1992). Macrophages play important 

roles in the response to biomaterials by secreting various factors that influence  

the inflammatory and immune reaction (Rosengren et al., 1997). The monoclonal 

antibody ED1 is commonly used as a marker for rat macrophages. Because, 

ED1 recognizes the majority of macrophages, with very rare exception in staining 
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for other cell types (Damoiseaux et al., 1994). Moreover, macrophages present in 

the implanted area could be easily detected because they had ample short 

extensions on their surface and many vesicles in their cytoplasm (Hou et al., 

2005). In this study, the ED1-positive activated or recruited macrophages with 

clear large vesicles were quantified from the sections of polySia (in the absence 

and presence of endo N), polySia hydrogel and matrigel treated groups. 

Interestingly, the in vivo introduction of long polymer polySia, polySia in the 

presence of endo N as well as polySia based hydrogel did not change the 

number of macrophages as compared to the control matrigel treated group. 

Because there was no tissue cable growth in the polySia hydrogel treated group, 

quantification of macrophages was conducted only in the proximal and distal 

stumps which were in contact with the hydrogel. These results confirm the 

immunologic inertness of polySia and fulfils the desirable properties of 

biodegradable guidance materials with minimal or no tissue response after 

implantation (Zhang et al., 2005). 

 

PKH26 pre-labelled grafted cells can be further characterized by immunostaining 

(Haas et al., 2000). Therefore, the expression of axonal marker was assessed. 

Axonal membrane protein GAP-43 (Growth associated protein) is expressed by 

developing or regenerating axons, and can thus serve as a marker for axon 

sprouting and elongation. It plays a key role in guiding the growth of axons and 

modulating the formation of new connections (Benowitz and Routtenberg, 1997). 

Thus, a densely populated of newly growing axons in the nerve cable were 

detected using anti-GAP-43 antibody. The regenerating axons or GAP-43 

positive axons were more oriented at the proximal than at the distal stumps 

showing their migration towards the target tissue. 
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5. Conclusion  
The objective of this study was to evaluate the behaviours of cells from the 

nervous system on soluble polySia coated surfaces and polySia based hydrogels 

in vitro; as well as to assess the impact or contribution of polySia and polySia 

based hydrogel in nerve regeneration and immunological reaction in vivo so as to 

initiate the establishment of polySia-based scaffold in tissue engineered 

therapeutic approaches. 

 

The findings clearly demonstrate that polySia substrates, as well as its 

degradation products generated by the use of endo N, do not have a negative 

impact on viability, proliferation or differentiation of neurons from the central and 

peripheral nervous system or peripheral glial cells. Moreover, polySia based 

hydrogel and its soluble components did not entail any toxic effect on the cells. 

The hydrogel is degradable by endo N which makes it suitable for in vivo 

application. Modification of the hydrogel surface with Pll, porn-laminin or collagen 

improved the adhesion and viability of neural and glial cells. Furthermore, in vivo 

applications of soluble polySia polymer and polySia hydrogel were well tolerated 

and did not change the number of activated or recruited macrophages compared 

to the control. In addition, 100% of animals treated in the presence of soluble 

polySia exhibited good nerve tissue regeneration. 

 

Therefore, these results infer that polySia based scaffold in combination with 

permissive extracellular matrices and cells, example Schwann cells, genetically 

modified to express growth factors would potentially be a promising alternative 

method in reconstructive therapeutic strategies. 
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 6. Figures 
   
 
 

 
 

                      E 

 
 
 

Figure 1. Pll mediated polySia coatings and its degradation by 

endoneuraminidase. (A) Cell culture surfaces were either pre-coated with 0.5 
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mg/ml Pll (grey bars) or left untreated (white bars) before coating with 1, 5 or 10 

mg/ml CA. Coating with 0.5 mg/ml Pll served as  standard control (black bar). 

Data represent mean ± SD. (B) Surface coating with CA after pre-coating with Pll 

(column 1), or single step coating with a mixture of Pll + CA (columns 2- 4; 10, 25 

or 50 µg Pll/ml + 10 mg CA/ml, respectively). Only CA coating (CA) and Pll 

coating (Pll) served as controls. (C) Neonatal rat Schwann cells were plated on 

96 microtiter plate coated with CA (Pll mediated). After 5 days incubation, the 

culture was immunocytochemically double stained with Schwann cells specific S-

100 antibody and polySia specific mab 735. (D) 96 microtiter plate was prepared 

with Pll mediated 10 mg/ml CA coating (a) and mixtures of 25 µg/ml Pll and 10 

mg/ml CA (b). PBS, inactive mutant endo 1777 and 1786 were applied on the 

control coatings and active endo N 1588 on the experimental group. (E) To 

assess the effect of solvents on stability of CA coating, polySia was dissolved 

either in PBS, water or HBSS.  
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Figure 2. Viability of rat Schwann cells on polySia coated surfaces. (A) Prior to 

seeding of neonatal rat Schwann cells, culture surfaces were  either pre-coated 
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with  Pll followed by CA coating (columns 1 and 2 ), or coated with a mixture of 

Pll + CA (columns 3 and 4),  or coated with Pll only (columns 5 and 6), or CA only 

(CA) or left uncoated (Unc.). (B) Neonatal rat Schwann cells were seeded on Pll 

mediated polySia coated surfaces. The next day, the culture was incubated with 

regular medium or medium containing inactive endo N 1786 or active endo N 

1588. (C) Adult rat Schwann cells were plated either on Pll pre-coated polySia 

coated surfaces (a= 10 mg/ml CA, b= 5 mg/ml CA) or mixture coated surfaces 

(c= 25 µg/ml Pll + 10 mg/ml CA) or on only Pll (d= 0.5 mg/ml) or only CA (e = 10 

mg/ml CA) coated or uncoated (f). (D) Adult rat Schwann cells seeded under the 

same conditions as in Ca (a), Cc (b) and Cd (c) were immunostained for p75. (E) 

p75 – immunopositive adult rat Schwann cells were manually quantified after 

seeding under the same conditions as in Ca (column 1), Cb (column 2), Cc 

(column 3) or Cd (Pll). 
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Figure 3. Viability of DRG neurons, motoneurons and VM progenitor cells on 

polySia coated surfaces. (A) βIII-tubulin stained DRG neurons in the presence of 
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non-neuronal cells properly extended their axons (a and b), whereas highly 

enriched DRG neurons (c) could survive on double step polySia substrate but 

hardly extend their axons. (B) βIII-tubulin immunopositive DRG neurons were 

quantified after seeding on either Pll pre-coated polySia (1 = 10 mg/ml CA; 2 = 5 

mg/ml CA) or mixtures of Pll (3 = 25 µg/ml; 4 = 10 µg/ml) + CA (10 mg/ml) coated 

surfaces. Control surfaces were coated either with Pll (5 = 25 µg/ml; 6 = 10 

µg/ml) or CA (10 mg/ml) alone or left uncoated (Unc.). (C)  SMI 32 

immunopositive motoneurons plated on mixture of Pll + CA coated surfaces with 

(upper row) and without (lower row) neonatal rat Schwann cells feeder layers. (D) 

Viability of SMI 32 immunopositive motoneuron cultured with (grey bars) and 

without (white bars) feeder layer on surfaces coated as in (B). (E) Showing a 

phase contrast micrographs of VM progenitor cells on Pll pre-coated 10 mg/ml 

CA (a), 25 µg/ml Pll (b), 25 µg/ml Pll + 10 mg/ml CA (c), 10 mg/ml CA alone (d) 

and uncoated well (e). (F) WST-1 assay showing the viability of VM progenitor 

cells cultured on surfaces coated as in (B). 
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Figure 4. Proliferation of Schwann cells and VM progenitor cells on polySia 

coated surfaces. (A) BrdU incorporated neonatal rat Schwann cells cultured on 

Pll pre-coated 10 mg/ml CA (a), 25 µg/ml Pll + 10 mg/ml CA (b), 25 µg/ml Pll (c), 

10 mg/ml CA alone (d) and uncoated well (e). (B) BrdU-ELISA assay showing 
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proliferation of neonatal rat Schwann cells cultured either on Pll mediated CA (1 

= 10 mg/ml; 2 = 5 mg/ml) or mixture of Pll (3 = 25 µg/ml; 4 = 10 µg/ml) + CA (10 

mg/ml) coated surfaces or surfaces that were either coated with Pll (5 = 25 µg/ml; 

6 = 10 µg/ml) or CA (10 mg/ml) alone or left uncoated (Unc.). 

(C) Proliferation of adult rat Schwann cells stained with BrdU (green) and merged 

with p75 (yellow) on double step coated (a and a´), one step coated (b and b´) 

and 0.5 mg/ml only Pll coated surfaces (c and c´). (D) Quantification of BrdU/p75 

double immunopositive adult rat Schwann cells cultured on surfaces coated as in 

B1 (1), B2 (2), B3 (3) and a control Pll alone (Pll). (E) BrdU- ELISA assay of VM 

progenitor cells cultured on surfaces coated as in (B). 
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Figure 5. (A) Differentiation of VM progenitor cells into neurons (βIII-tubulin 

immunopositive), dopaminergic neurons (TH immunopositive) and astrocytes 

(GFAP immunopositive) on double step coated polySia surfaces. (B) 

Dopaminergic neurons were differentiated on polySia or Pll coated surfaces and 

analysed by In-Cell Western assay. (C) In-Cell Western assay was supported by 

immunocytochemistry that VM progenitor cells demonstrated the same 

differentiation potential on polySia (a) and the control Pll (b) coated surfaces. 
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Figure 6. Topography of polySia based hydrogel and its degradation by endo N. 

The micrograph (A) was analysed using scanning electron microscope and 

shows the surface microstructure of the hydrogel. The lower micrograph 

demonstrates the degradation of polySia hydrogel by endo N. (B) The control 

group was treated with PBS and remained stable with its original size. (C) The 

experimental group was treated with active endo N 1588 and completely 

degraded within four weeks. 
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Figure 7. Viability of rat Schwann cells in the presence of soluble cross-linked 

polySia in the cell culture. Neonatal rat Schwann cells were cultured on Pll 

substrate for 24 h, after which different concentrations, 5 mg/ml (A), 10 mg/ml (B) 

and 15 mg/ml (C) cross-linked polySia solution was added into the cell culture 

and kept for three more days. Micrograph (D) remained untreated. The culture 

was immunocytochemically stained with anti S-100 calcium-binding protein 

antibody. The viability of cells was evaluated using WST-1 assay (E).  

Note: the flattened morphology of neonatal rat Schwann cells on these 

micrographs is due to the presence of forskolin in the cell culture medium, which 

activates cAMP and in turn triggers expression of surface lipids that influence the 

shape of the cells. 
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Figure 8. The adhesion and viability of neonatal rat Schwann cells on polySia 

hydrogel. (A) EGFP (enhanced green fluorescence protein) transfected neonatal 

Schwann cells cultured on porn-laminin modified polySia hydrogel. (B) Neonatal 

Schwann cells grown on porn-laminin coated culture plate. (C) WST-1 assay 

showing the viability of neonatal Schwann cells cultured on unmodified polySia 

hydrogel (HG) or polySia hydrogel modified with Pll, porn-laminin or collagen (*p< 

0.05, **p< 0.01). 
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Figure 9. The adhesion and viability of adult rat Schwann cells cultured on 

polySia hydrogel. (A) GFP transduced adult rat Schwann cells cultured on porn-

laminin modified polySia hydrogel. (B) Adult rat Schwann cells grown on porn-

laminin coated culture plate. (C) WST-1 assay showing the survival of adult rat 

Schwann cells cultured on unmodified polySia hydrogel (HG) or polySia hydrogel 

modified with Pll, porn-laminin or collagen (*p< 0.05). 
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Figure 10. Interaction of dorsal root ganglionic cells (DRGs) and polySia 

hydrogel. (A) Shows representative of a phase contrast micrograph of DRGs 

cultured on porn-laminin modified polySia hydrogel. (B) A control culture of DRGs 

grown on porn-laminin coated culture plate. In order to estimate the abundance 

of neurons in the culture, parallel experiment was performed on porn-laminin 

substrate and characterized immunocytochemically. (C) Illustrates βIII-tubulin 

stained neurons, (D) DAPI stained cell populations, (E) Micrographs C and D 

merged, (F) showing the percentage of neurons within the total DRGs population, 

(G) WST-1 assay showing the viability of DRGs on polySia hydrogel (HG) or  

polySia hydrogel modified with porn-laminin (**p< 0.01). 
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Figure 11. Showing the adhesion and viability of proliferating neural progenitor 

cells on polySia hydrogel. (A) GFP-positive neural progenitor cells grown on 

porn-laminin modified polySia hydrogel. (B) GFP-positive neural progenitor cells 

grown on porn-laminin coated culture substrate. (C)  WST-1 viability assay 

showing the survival of proliferating neural progenitor cells cultured on 

unmodified polySia hydrogel (HG) or polySia hydrogel modified with Pll, porn-

laminin or collagen (*p< 0.05). 
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Figure 12. Showing the attachment and survival of differentiated neural 

progenitor cells on polySia hydrogel. (A) GFP-positive neural progenitor cells 

grown on porn-laminin modified polySia hydrogel. (B) GFP-positive neural 

progenitor cells grown on porn-laminin coated culture substrate. (C) βIII-tubulin-

positive neural progenitor cells cultured on porn-laminin coated plate. (D)  WST-1 

viability assay showing the survival of proliferating neural progenitor cells 

cultured on unmodified polySia hydrogel (HG) or polySia hydrogel modified with 

Pll, porn-laminin or collagen. 
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Figure 13. Showing the viability of neonatal rat Schwann cells on glass frits. (A) 

EGFP-positive neonatal Schwann cells grown on glass frits coated with epoxyline 

mediated CA. (B) EGFP-positive Schwann cells grown on untreated glass frits. 

(C) EGFP- transfected neonatal rat Schwann cells cultured on culure plate. (D) 

WST-1 assay showing the viability of neonatal Schwann cells cultured on glass 

frits treated with epoxyline mediated CA and untreated control. 
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Experimental design of in vivo study 

 
 

 

Matrigel + Schwann cells 
Matrigel 

PolySia K1 + matrigel 

PolySia K1 + matrigel + endoN + Schwann cells 

PolySia K1 + matrigel + endoN  

PolySia K1 + matrigel + Schwann cells 

PolySia hydrogel  

 
 
 
 

Figure 14. Showing the experimental design of in vivo experiment. Sterilized 13 

mm silicone tube was prepared. Animals were divided into 7 groups receiving 

different ingredients listed in the shaded boxes. Silicone tubes were filled by the 

ingredients and bridged 10 mm gap of sciatic nerve of the left hind limbs of rats. 

The silicone was inserted and sutured into 2 mm on the proximal and 1 mm on 

the distal end of the nerves. The tube along with the regenerated cable was 

extracted after 3 weeks of post operation. 
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Figure 15. Showing an in vitro PKH26-GL cell linker labelling efficiency.  (A) 

PKH26-cell linker dye pre-labelled neonatal rat Schwann cells were cultured in 

vitro on Pll substrate. (B) The culture was stained with DAPI. (C) Showing 

merged PKH26 labelled and DAPI stained neonatal Schwann cells. (D) 

Percentage of PKH26 labelled Schwann cells quantified against the total DAPI 

stained cells. 
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Figure 16. Macroscopic evaluation of tissue cable regeneration after 3 weeks of 

post operation. The analysis shows that 100% of the animals or groups treated 

with soluble polySia in the presence or absence of endo N and Schwann cells 

exhibited tissue cable growth. Whereas only 1/4 in group 2 and 3/5 in group 4 

demonstrated regenerated nerve tissue cable. None of the animals treated with 

polySia hydrogel (group 1) exhibited tissue cable growth. 
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Distribution of PKH26 pre-labelled Schwann cells  
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Figure 17. Illustrating the stability and distribution of PKH26 pre-labelled 

implanted Schwann cells and their interactions in the lumen of the silicone tube. 

The micrographs demonstrate the exogenously introduced neonatal Schwann 

cells were well distributed in the entire silicone tube from the proximal (top) till the 

distal (bottom) stumps. This shows their tolerance towards polySia. The 

micrographs on the right panel are enlarged from the respective micrographs on 

the left panel. 
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Figure 18. Showing the viability of PKH26 pre-labelled implanted Schwann cells 

in the lumen of the silicone tube. The micrographs in (A) demonstrate PKH26 

cell-membrane linker red dye pre-labelled Schwann cells (B) double stained with 

DAPI (C) 40x magnification of micrograph A (D) 40x magnification of micrograph 

B. The micrographs were taken from the middle of the growing tissue cable 

sections. 
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Figure 19. Showing the analysis of immunological reaction. (A) Micrograph 

representing ED1-positive cells in the matrigel + neonatal rat Schwann cells 

treated group (B) Represents ED1-positive macrophages from the polySia K1 + 

matrigel + neonatal rat Schwann cells treated group (C) ED1-positive 

macrophages from the endo N + polySia K1 + matrigel + neonatal rat Schwann 

cells treated group (D) ED1-positive cells representing hydrogel treated group (E) 
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Quantification of macrophages, in which ED1-positive cells were counted and 

average number of macrophages per 57 µm2 area was inferred. The micrographs 

were taken from the distal parts.  

Note: In the hydrogel treated group, macrophages were counted only from the 

proximal and distal stumps because of the absence of regenerating tissue cable 

in this group. 
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Figure 20. Showing the regeneration of nerve tissue fibers. (A) 

Haematoxylin/eosin stained cryostat section showing the constituency of the 

regenerating nerve fibers (B) GAP-43 stained axons at the proximal stump (C) 

40x magnification of the micrograph in B (D) GAP-43 stained axons at the distal 

stump (E) 40x magnification of the micrograph in D.
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7. Summary   
The recent study follows the aim to develop a novel, biocompatible, and 

bioresorbable material for peripheral nerve tissue engineering based on polysialic 

acid (polySia), a homopolymer of α2, 8-linked sialic acid residues. To reach this 

goal, at first protocols for efficient coating of cell culture surfaces with soluble 

polySia were established. In addition, primary cells of the central and peripheral 

nervous system such as neonatal and adult Schwann cells, neural progenitor 

cells, dorsal root ganglionic neurons and embryonic spinal motoneurons which 

are all possible candidates for reconstructive therapies were cultured on polySia 

substrates. Respective cell cultures were evaluated with regard to cell survival 

and cell proliferation. PolySia turned out to be stable under cell culture 

conditions. Induced degradation of PolySia and its degradation products had no 

negative effects on cell cultures. Furthermore, polySia used as a cell culture 

substrate revealed its compatibility for the chosen several rat cell types derived 

from embryonic, postnatal and adult tissue of the central and peripheral nervous 

system.  

 

In a second attempt, a polySia based hydrogel was formed by cross-linking with 

diepoxyoctane. The surface microstructure of the hydrogel was characterized by 

means of scanning electron microscopy and maintained the topography of 

polySia reported elsewhere. PolySia hydrogel is completely degradable by 

endosialidase enzyme which may help to avoid explantation surgery of nerve 

guides after tissue recovery when used in reconstructive therapies. Viability 

assay demonstrated that the soluble components of polySia hydrogel did not 

cause any toxic effect on cultured Schwann cells in vitro. Moreover, green 

fluorescence protein (GFP) transfected neonatal and adult rat Schwann cells, 

neural progenitor cells as well as dorsal root ganglia cells (unlabelled) were able 

to adhere and grow on polySia hydrogel modified with poly-L-lysine, poly-L-

ornithine-laminin or collagen. Water soluble tetrazolium salt assay (WST-1) 
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revealed that modification of the hydrogel significantly improved cell adhesion 

and viability of these primary neural and glial cells.  

 

An in vivo study was performed to assess the impact or contribution of polySia 

and polySia based hydrogel in peripheral nerve regeneration and immunological 

reaction. Macroscopic analysis of the explanted silicone nerve guides three 

weeks after surgery demonstrated that all animals transplanted with a mixture of 

soluble polySia and Matrigel inside the nerve guides showed tissue cable 

regeneration bridging a 10 mm gap in sciatic nerves of adult rats. In contrast, 

none of the animals transplanted with nerve guides filled with polySia hydrogel 

exhibited tissue cable growth. Furthermore, immunohistological analysis of the 

regenerated tissue indicated that in vivo introduction of polySia or polySia based 

hydrogel did not change immunological reaction as compared to the control 

transplanted with matrigel-filled silicone nerve bridges. These results prove the 

immunologic inertness of polySia in vivo and demonstrate its biocompatibility and 

potential to be used as scaffold material in peripheral nerve tissue engineering.
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8. Zusamenfassung 
 

Die vorliegende Arbeit verfolgt das Ziel der Entwicklung eines neuen, 

biokompatiblen und bioresorbierbaren Materials für das „Tissue Engineering“ 

peripherer Nerven basierend auf Polysialin Säure (PolySia), einem Homopolymer 

α2, 8-verknüpfter Sialinsäure-Reste. 

Zur Erreichung dieses Zieles wurden zunächst Protokolle zur effektiven 

Beschichtung von Zellkultur-Oberflächen mit löslicher PolySia etabliert. 

Zusätzlich wurden primäre Zellen des zentralen und peripheren Nervensystems, 

wie neonatale und adulte Schwann-Zellen, neurale Progenitorzellen, 

Dorsalwurzelganglien-Neurone und embryonale, spinale Motoneurone, welche alle 

mögliche Kandidaten für rekonstruktive Therapien sind, auf PolySia-Substraten 

kultiviert. Die jeweiligen Zellkulturen wurden bezüglich des Zellüberlebens und 

der Zellproliferation untersucht. PolySia war unter den gewählten 

Kulturbedingungen stabil. Induzierter Abbau von PolySia und deren 

Abbauprodukte hatten keine negativen Effekte auf die Zellkulturen. Darüber 

hinaus zeigte der Einsatz von PolySia als Zellkultursubstrat Kompatibilität mit 

den gewählten unterschiedlichen Ratten-Zelltypen aus embryonalem, 

postnatalem und adultem Gewebe des zentralen und peripheren Nervensystems. 

 
In einem zweiten Schritt wurde ein auf PolySia basierendes Hydrogel durch 

Quervernetzung mit Diepoxyoktan hergestellt. Die Mikrostruktur der Hydrogel-

Oberfläche wurde mittels Elektronenmikroskopie charakterisiert und zeigte die 

erhaltene Topographie von PolySia, wie sie bereits von anderen Autoren 

beschrieben wurde. Das PolySia-Hydrogel ist durch das Enzym 

Endoneuraminidase vollständig abbaubar, dies könnte bei Einsatz in 

rekonstruktiven Therapien eine Operation zur Explantation von Nervenschienen 

nach der Geweberegeneration vermeiden helfen. Viabilitäts-Essays 

demonstrierten, dass die löslichen Komponenten des PolySia-Hydrogeles  

keinerlei toxische Effekte auf Schwann-Zellen in vitro hatten. Vielmehr war es mit 
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grün fluoreszierendem Protein (GFP) tranfizierten neonatalen und adulten 

Schwann-Zellen, neuralen Progenitor-Zellen sowie Dorsalwurzelganglien zellen 

(unmarkiert) möglich auf mit Poly-L-Lysin, Poly-L-Ornithin-Laminin oder Kollagen 

modifiziertem PolySia-Hydrogel zu adherieren und zu wachsen. Der WST-1-

Essay (wasser-lösliches Tetrazolium-Salz) zeigte, dass die Modifikation des 

Hydrogels die Zelladhäsion und Viabilität dieser primären neuronalen und glialen 

Zellen signifikant verbesserte. 

Eine in vivo-Untersuchung wurde durchgeführt um den Einfluss oder die 

Beteiligung von PolySia und PolySia-basiertem Hydrogel auf oder an der 

peripheren Nervenregenration und die Immunreaktion zu untersuchen. Die 

makroskopische Untersuchung der explantierten Silikon-Nervenschienen, drei 

Wochen nach Transplantation, demonstrierte, dass alle Tiere, denen 

Nervenschienen gefüllt mit einem Gemisch aus löslicher PolySia und Matrigel 

implantiert worden waren, regeneriertes Gewebe enthielten, das die 10 mm 

große Lücke in den Nn. ischiadici adulter Ratten überbrückte. Im Gegensatz 

dazu wurde keine Geweberegeneration beobachtet, wenn den Tieren 

Nervenschienen gefüllt mit PolySia-Hydrogel transplantiert wurden. Ausserdem 

zeigten immunhistologische Untersuchungen des regenerierten Gewebes das 

PolySia oder PolySia-Hydrogel in vivo, im Vergleich zu Kontrollbedingungen mit 

Implantation von Matrigel-gefüllten Nervenschienen,  nicht die Immunreaktion 

erhöhten. Diese Ergebnisse beweisen, dass PolySia in vivo immunologisch inert 

ist und demonstrieren dessen Biokompatibilität und Potential für die Verwendung 

als Ummantelung im „Tissue engineering“ peripherer Nerven. 
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10. Appendices 

10.1 Macroscopic evaluation of regenerated tissue cables 
 

 
Group 1. Hydrogel 
 
No.  Code 

name 
Weight during 
transplantation 

Ear code/cut Cable Remarks 

   Left            Right   
1 Hy1 220 gm 0                   0 No Dirty material was 

seen in tube 
2 Hy2 205 gm 1                   0 No  
3 Hy3 220 gm 1                   1 No Bloody stuff in tube 
  
 
Group 2. Matrigel 
 
No.  Code 

name 
Weight during 
transplantation 

Ear code/cut Cable Remarks 

   Left             Right   

1 Mat1 225 gm 2                     0 No  
2 Mat2 215 gm 2                     2 Thin 

cable 
 

3 Mat3 210 gm 3                     0 No  
4 Mat4 330 gm 2                     0 No  
 
 
Group 3. PolySia K1 + matrigel+  neonatal rat Schwann cells 
 
No.  Code name Weight during 

transplantation 
Ear code/cut Cable Remarks 

   Left         Right   
1 K1+M+C1 220gm 0                  1 Yes  
2 K1+M+C2 220gm 0                   2 Yes 5th toe autotomy 
3 K1+M+C3 200 gm 0                   3 Yes  
4 K1+M+C4 300 gm 3                   2 Yes  
5 K1+M+C5 

PKH-26 
Labelled cells 

215 gm 1                   2 Yes Cable was thin at 
the middle 
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Group 4. Matrigel + neonatal rat Schwann cells 
 
No.  Code name Weight during 

transplantation
Ear code/cut Cable Remarks 

   Left             Right   
1 Mat+C1 215 gm 2                    1 yes  
2 Mat+C2 210 gm 2                    3 no  
3 Mat+C3 215 gm 3                    1 yes 4th,5th toes autotomy 
4 Mat+C4 305 gm 3                     1 no  
5 Mat+C5 

PKH-26 
labelled cells 

200 gm 3                     3 yes  

 
 
 
Group 5. PolySia K1 + matrigel 
 
 
No.  Code name Weight during 

transplantation
Ear code/cut Cable Remarks 

   Left             Right   
1 K1+M1 260 gm  0                 0           yes  
2 K1+M2 260 gm  1                 0           yes  
3 K1+M3 300 gm    0                1 yes  
4 K1+M4 340 gm   1                 1           yes  
5 K1+M4 215 gm   0                 0 Yes repeated 
  
 
Group 6. EndoN + PolySia K1 + matrigel+  neonatal rat Schwann cells 
 
No.  Code name Weight during 

transplantation 
Ear code/cut Cable Remarks 

   Left         Right   
1 E+K1+M+C1 290 gm   0             1         Yes Thin cable 
2 E+K1+M+C2 283 gm   1             0         Yes Bloody, 3,4 & 5 

toes autotomy 
3 E+K1+M+C3 260 gm   1             1         Yes  
4 E+K1+M+C4 215 gm    1              2 Yes  
5 E+K1+M+C5 

PKH-26 
Labelled cells 

210 gm    2              1 Yes repeated 

6 E+K1+M+C5 
PKH-26 
Labelled cells 

260 gm    1              3 Yes  
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Group 7. EndoN + PolySia K1 + matrigel 
  
 
No.  Code name Weight during 

transplantation 
Ear code/cut Cable Remarks 

   Left         Right   
1 E+K1+M1 305 gm   2              1        Yes Blood and bubble 

seen 
2 E+K1+M2 310 gm  1               2        Yes  
3 E+K1+M3 280 gm   2               2 Yes Thin cable 
4 E+K1+M3 200 gm   2               2 Yes repeated 
5 E+K1+M4 260 gm   3               0 Yes  
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