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Zusammenfassung 

Frank Roloff 

Experimentelle Strategien zur Steigerung des Neuritenwachstums 

von humanen Modellneuronen 

Verletzungen des Nervensystems und speziell des Rückenmarks sind 

geprägt durch den Verlust der Sensorik und Kontrolle betroffener 

Extremitäten. Patienten leiden unter den gravierenden 

Einschränkungen des alltäglichen Lebens und der Notwendigkeit 

einer permanenten Versorgung. Das Gesundheitssystem ist 

konfrontiert mit hohen und weiter steigenden Kosten. Derzeitige 

Therapien betreffen ausschließlich sekundäre Komplikationen, 

befinden sich noch in der präklinischen Phase oder zeigen keine 

funktionelle Wiederherstellung. 

Verletzungen des Rückenmarks werden in eine akute Phase 

(eigentliches Trauma) und eine chronische Phase (aus dem Trauma 

resultierende Schäden) unterschieden. Durch das Trauma kommt es 

zu verschobenen Wirbeln und damit zu Quetschungen und Scherungen 

der axonaler Verbindungen. In schwerwiegenden Fällen können 

Axone vollständig abreißen. Im Verlauf der chronischen Phase 

kommt es innerhalb von Sekunden nach dem Trauma zu einer 

zellulären Reaktion des umliegenden Gewebes mit dem Ziel die 

Läsion des Rückenmarks auf lokaler Ebene einzudämmen und Schäden 

zu begrenzen. Diesen Prozess bezeichnet man als Gliosis oder 

Bildung einer glialen Narbe. Die Bildung dieser Narbe führt zu 

einer mechanischen Barriere und einem regenerationshemmenden 

Milieu im Rückenmark. Meine Arbeit untersucht drei Eckpfeiler 

ausbleibender neuronaler Regeneration und zeigt Möglichkeiten 

zur Steigerung des Neuritenwachstums regenerierender Neurone 

auf. 

Zu Beginn habe ich ein Modellsystem menschlicher Neurone 

entwickelt, um das Neuritenwachstum messen zu können. Die 

zeitaufwändige Differenzierung konnte auf drei bis vier Wochen 

gekürzt werden. Das Ergebnis waren im Vergleich zur klassischen 
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Differenzierungsmethode hohe Zellzahlen von sich entwickelnden 

Neuronen, während vorher deutlich geringere Zellzahlen von 

vollständig entwickelten Neuronen gewonnen wurden. 

Diese Neurone habe ich dann genutzt, um den Effekt von Ibuprofen 

und verwandten Pharmazeutika auf das Neuritenwachstum zu 

untersuchen. Ibuprofen ist dafür bekannt den ubiquitären 

RhoA/ROCK Signalweg zu hemmen, welcher maßgeblich am 

Neuritenwachstum beteiligt ist. Inkubation der Neurone mit 

Ibuprofen führte zu längeren Neuriten und einem verminderten 

RhoA Gehalt in den Zellen. Hemmung der Rho Kinasen führte zu 

längeren Neuriten ohne eine Reduktion des RhoA Gehalts. Das 

Blocken der Rho Kinasen, aber nicht von RhoA selbst, führte zu 

einer vermehrten Bildung von Primärneuriten. 

In einem weiteren Ansatz habe ich die Möglichkeit zur 

Transplantation von olfaktorischen Hüllzellen ins Rückenmark 

untersucht. Diese Zellen sollen ein wachstumsförderndes Umfeld 

für regenerierende Neurone schaffen. Da sich Hüllzellen von 

Mensch und Nager in vitro stark unterscheiden, habe ich kanine 

Hüllzellen als Großtiermodell genutzt. In einem scratch wound 

assay habe ich die Motilität der Hüllzellen aus der 

Riechschleimhaut und des olfaktorischen Bulbus mit der Motilität 

peripherer Schwannzellen verglichen. Hüllzellen aus dem Bulbus 

zeigten eine deutlich höhere Motilität, welche nach Aktivierung 

des Protein Kinase C Signalwegs noch deutlich gesteigert werden 

konnte. Schwannzellen und Hüllzellen aus der Riechschleimhaut 

zeigten insgesamt eine geringere Motilität und keine Änderung 

nach Aktivierung des Protein Kinase C Signalwegs. 

Als nächstes habe ich die kaninen Hüllzellen mit menschlichen 

Neuronen ko-kultiviert und den Einfluss auf die Herausbildung 

von Neuriten, sowie auf das Neuritenwachstum selbst untersucht. 

Hüllzellen aus dem Bulbus zeigten hier einen stärkeren 

wachstumssteigernden Effekt als Hüllzellen der Schleimhaut oder 

periphere Schwannzellen. 
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Der letzte Teil dieser These untersucht Spinnenseide der Gattung 

Nephila als Trägermaterial für auswachsende Neurone. Ich 

inkubierte menschliche Neurone auf Spinnenseide, welche um 

Rahmen aus medizinischem Stahl gewoben war. Die Neurone zeigten 

bereits nach wenigen Tagen ein Anheften und Auswachsen. Um eine 

bessere optische Auswertung zu ermöglichen, habe ich die 

„crossed fiber array“ Technik entwickelt, welche aus gekreuzten 

Spinnenseidefäden bestand. Diese wurden auf Deckgläschen mittels 

Gewebekleber fixiert. Bereits nach 24 Stunden zeigten die 

Neurone den ersten Kontakt mit der Seidenfaser. Die 

Wachstumskegel umliegender Neurone nahmen Kontakt mit der Seide 

auf und zogen die Zellsomata in Richtung der Faser. Die Neurone 

zeigten eine Clusterbildung an und um die Seidenfaser herum, wo 

hingegen die restliche Fläche des Deckgläschens eine spärliche 

Verteilung von Neuronen aufwies. 

Diese These schafft die Grundlage für ein besseres Verständnis 

altersbedingter Unterschiede in Neuronen und zeigt Möglichkeiten 

auf, wie man Schäden des Nervensystems therapieren könnte. Drei 

verschiedene Ansätze zu Steigerung des Neuritenwachstums wurden 

hier vorgestellt und untersucht, welche alle vielversprechende 

Ergebnisse für kommende Therapien aufzeigen. 
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Abstract 

Frank Roloff 

Experimental Strategies for Promoting Neurite Outgrowth 

of Human Model Neurons 

Injuries to the nervous system and the spinal cord in particular 

are correlated with an irreversible loss of sensory input and 

voluntary limb control. Patients suffer from serious 

restrictions to their life while high costs for the public health 

systems remain a major challenge. Up to now, therapies that focus 

on secondary complications, are pre-clinical, or show no 

functional repair. 

Injuries to the spinal cord are differentiated into an acute 

phase, namely the initial trauma and chronic phase with trauma-

related damages. The pathophysiology is characterized by 

contusions due to dislocated vertebra, shearing and in the worst 

case scenario complete transection of axons. During the chronic 

phase, happening within seconds after the initial trauma, glial 

scar sealing the initial trauma zone is generated. As a 

consequence, a hostile environment for axonal regeneration 

containing several growth inhibiting factors is formed. To 

increase neurite outgrowth after injury, this thesis examines 

three key aspects for removing the block of regeneration. 

First, a primary culture system of human model neurons to measure 

neurite outgrowth was developed. The rather long neuronal 

differentiation protocol could be shortened to 4 weeks. Now, 

high numbers of human neurons in a developing state could be 

generated in contrast to low cell numbers of neurons in a mature 

state with the former protocol. 

Next, I used these neurons to measure the growth promoting effect 

of Ibuprofen and related pharmaceuticals known to inhibit a 

ubiquitous regeneration blocking pathway. Culturing human 

neurons with elevated Ibuprofen levels increased neurite 

lengths. A pull-down assay showed that Ibuprofen decreased RhoA 
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levels. ROCK inhibition resulted in longer neurite lengths 

without decreasing RhoA levels. Moreover, initiation of primary 

neurites increased after treatment with a ROCK inhibitor, but 

not for RhoA inhibition. 

The second approach used a unique ensheathing cell type to 

provide a growth permissive environment for ingrowing neurons in 

the injured spinal cord. Since rodents and primates differ in 

their in vitro reaction, I used canine cells as a large animal 

model system. I characterized the motility of ensheathing glial 

cells originating from the olfactory mucosa or olfactory bulb 

and compared them with Schwann cells in a scratch wound assay. 

Ensheathing cells from the bulb showed a higher motility and 

activation of the protein kinase C pathway showed a strong 

increase in cell migration. Schwann cells and mucosa ensheathing 

cells showed a lower motility and did not respond to protein 

kinase activation. Next I co-cultured canine ensheathing glia 

with human neurons and examined their ability to support neurite 

outgrowth and formation. Ensheathing cells from the bulb showed 

better growth promoting capacities than cells from the mucosa or 

Schwann cells. 

The last part of this thesis evaluated Nephila spp. spider silk 

as promising biomaterial for transplantation as guiding scaffold 

to achieve enhanced neurorestoration. I cultured human neurons 

on silk woven steel frames and showed adhesion and outgrowth 

within several days. For better optical evaluation, I developed 

a new crossed fiber array system. Neurons showed initial contact 

within a few hours cultured on fiber arrays. Growth cones of 

surrounding neurons get in contact and pulled their cell somata 

towards the fibers. Neurons showed extensive aggregation on and 

near spider silk fibers, whereas the surrounding substrate 

showed a sparse neuronal distribution providing further evidence 

for Nephila spp. silk as nerve repair scaffold. 
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This thesis describes maturation related effects in cultured 

neurons and examines three different in vitro approaches with a 

view to develop therapies for functional nerve repair after 

spinal cord injury. 
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Introduction 

Regeneration in the nervous system 

Traumatic injuries to the spinal cord at thoracic levels often 

result in irreversible loss of voluntary limb control, chronic 

pain and spasticity (Bradbury and McMahon, 2006). Patients 

suffer from the need for permanent assistance and serious 

restrictions to their personal life (van den Berg et al., 2010). 

Society carries the burden of high costs for life-long medication 

and physical therapies. Global prevalence varies between 236 and 

1,298 per million inhabitants with an increase in overall 

prevalence within the last decades (Furlan et al., 2013). 

However, damages to the spinal nerves either due to injury or 

disease remain permanent and cannot be treated with encouraging 

outcome. So far, possible therapies are strictly limited and are 

still in the clinical study phase or only focus on secondary 

complications (Findley et al., 2011; Ditunno et al., 2012). 

 

Spinal cord injuries are divided into an acute phase and primary 

injuries and a chronic phase with secondary injuries (Fig.1) 

(Bareyre and Schwab, 2003). The initial traumatic injury of the 

spinal cord leads to contusion rather than disruption of spinal 

nerve axons (Profyris et al., 2004). As a first consequence, the 

blood brain barrier breaks down. Shredding the vasculature 

results in local microhemorrhages, ischemia and interstitial 

oedema in the grey and white matter (Harrop et al., 2012). These 

events together with infiltration of inflammatory leukocytes and 

release of coagulation factors contribute to the generation of 

an impaired neuronal homeostasis and extensive tissue damage 

within weeks after the initial trauma, known as secondary injury 

or phase (Shibuya et al., 2009; David et al., 2012). Distal parts 

of severed axons degenerate and break down myelin sheaths, a 

process known as Wallerian degeneration (Waller, 1850; George 

and Griffin, 1994; Buss et al., 2005; Qin et al., 2012). Within 

several days after the initial trauma, a switch from the acute 
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to the chronic phase in which a process occurs which is known as 

gliosis. Oligodendrocyte precursors and infiltrated microglia 

proliferate to remyelinate severed axons and clear tissue 

debris. Together with recruited astrocytes, they form a non-

permissive environment known as glial scar (Fawcett and Asher, 

1999; Streit et al., 1999). 

 

 

 
Figure 1: Spinal cord after injury. 

(A) Schematic drawing showing an overview of the actions happening after 

an initial trauma to the spinal cord (SC). Due to the trauma, the SC is 

getting compressed and sheared. Within seconds the blood brain barrier 

(BBB) is damaged resulting in microhemorrhages. Within seconds after the 

trauma, local ischemia, ion imbalance and glutamergic excitoxicity impair 

the environment for neurons and glia. Days after the trauma, neurons in 

an apoptotic state are faced with infiltrating leukocytes and activated 

microglia cells. (B) Sagittal view of neurons in the spinal cord. After 

the trauma, reactive astrocytes and myelin-forming oligodendrocytes 

generate scar tissue blocking regeneration of axons. Therapeutic 

strategies to treat spinal cord injuries (SCI) are I) manipulation of 

the Rho/ROCK signaling pathway to enhance neuronal regeneration, II) 

reduction of the glial scar by treatment with chondroitinase ABC and 

III) the creation of a permissive environment by transplantation of cell 

grafts or artificial scaffolds. 
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Regenerating axons need to cross the growth inhibiting gap in 

order to re-establish contact to severed axons or to establish 

contact to former targets and create new synaptic connections. 

The limitations to axonal regeneration in the central nervous 

systems are numerous and several strategies are required for 

successful nerve repair (Oudega et al., 2012). Such strategies 

are pharmaceutical alterations to boost neurite outgrowth, 

improvement of neuronal survival, and overcoming the growth 

inhibiting factors of the glial scar. 

Pharmaceutical alteration / Pharmacotherapies 

Reactive astrocytes and oligodendrocytes form a “molecular 

barrier” presenting growth inhibiting ligands activating various 

receptors on regeneration axons. Astrocytes express chondroitin 

sulfate proteoglycans (CSPG), an extracellular matrix proteins 

known to play an important role in neuronal development (Margolis 

and Margolis, 1997; Yamaguchi, 2000; Bartus et al., 2012). An 

increase in CSPG levels in spinal cord injury models after 

contusion or unilateral axotomy in rats was shown (Fitch and 

Silver, 1997; Lemons et al., 1999; Stichel et al., 1999; Moon et 

al., 2002). In vitro systems using granule, dorsal root ganglion 

and pheochromocytoma (PC12) neurons confirmed the assumption of 

a growth inhibiting effect (Braunewell et al., 1995; Yamada et 

al., 1997). Oligodendrocytes presenting growth inhibiting 

ligands as myelin associated glycoprotein (MAG), 

oligodendrocyte-myelin glycoprotein (OMgp) and Nogo-66 segment 

additionally aggravate regeneration processes (Liu et al., 2006; 

Kopp et al., 2012). Application of Nogo antibodies abolished the 

growth inhibiting effect in spinal cord lesions in rats and 

primates (Liebscher et al., 2005; Freund et al., 2006). Moreover, 

transgenic mice modified to express Nogo in peripheral Schwann 

cells showed reduced regeneration capacity of the peripheral 

nervous system (Pot et al., 2002; Kim et al., 2003). Using a 

monoclonal antibody directed against MAG led to increased motor 



Introduction

 

4 

reinnervation after transection of the femoral nerve in mice 

(Kastin and Pan, 2005).  

A different strategy to overcome the non-permissive effects of 

oligodendrocytes and reactive astrocytes is the enzymatic 

degradation of the glial scar. Chondroitin sulfate proteoglycans 

on reactive astrocytes mediate their growth inhibiting effect 

mostly through the core protein with bound chains of the sulfated 

glycosaminoglycan (GAG) (Tom and Houlé, 2008; Tom et al., 2009). 

Promoted regeneration across the lesion after treatment with the 

GAG cleaving enzyme chondroitinase ABC (ChABC) has been shown 

(Bradbury et al., 2002; Caggiano et al., 2005; Cafferty et al., 

2007). 

The growth inhibiting effects of CSPG, MAG, OMgp and Nogo all 

activate various receptors (LINGO1, TROY and p75NTR) located on 

regenerating axons (Kopp et al., 2012). However, all receptors 

converge to the small guanine triphosphatase Rho (GTPase, Rho) 

(Kopp et al., 2012). Activation of RhoA will lead to 

phosphorylation of RhoA from the inactive GDP-bound to active 

GTP-bound state. Activated RhoA will bind to the Rho-binding 

domain and increase the kinase activity of downstream Rho kinases 

(ROCK) (Tönges et al., 2011). An increase in kinase activity 

results in changes in cytoskeleton dynamics, cell polarity and 

in disruption of myosin light chain phosphorylation (Amano et 

al., 2010; Forgione and Fehlings, 2013). As a consequence, 

neurite elongation is limited by a broad growth cone collapse. 
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Figure 2: Schematic drawing showing 

the regeneration inhibiting 

interaction of neurons, reactive 

astrocytes and oligodendrocytes 

Myelin-forming oligodendrocytes 

presenting growth inhibiting ligands 

as myelin associated glycoprotein 

(MAG), oligodendrocyte-myelin 

glycoprotein (OMgp) and Nogo-66 

segment while reactive astrocytes 

present chondroitin sulphate 

proteoglycans (CSPGs). However, all 

ligands binds to neuronal receptors 

as Lingo1, P75NTR or NgR1, all 

converging to the Rho/ROCK signaling 

pathway. Activation of Rho and Rho 

kinase (ROCK) resulting in a growth 

cone collapse, neurite retraction 

and a reduction of regenerative 

potential. 

Transplantation of cells 

A different approach to treat SCI is the transplantation of cells 

to replace the lost tissue. Cell are transplanted into cystic 

cavities in the lesion site to work as supporting scaffold 

providing a permissive environment for ingrowing neurons 

(Richter and Roskams, 2008; Harrop et al., 2012). 

Prime candidates for cellular transplantation in SCI treatment 

are autologous stem cells possessing high capacities for self-

renewal and the potential to differentiate into a broad spectrum 

of tissue specific cell types in vivo and in vitro (Koda et al., 

2007; Satake et al., 2004; Li and Ikehara, 2013). Transplantation 

of autologous bone marrow-derived stem cells (BMC) into SCI 

lesions of acute and chronic patients resulted in an increase in 

neurological standard scale grade (Impairment Scale, AIS) of the 

American Spinal Injury Association (ASIA) in a third of the acute 

patients (Yoon et al., 2007). Stem cells were injected nearest 

to the lesion site. Patients in a control group were treated 

with the gold standard, fusion surgery and decompression, in SCI 

treatment. Chronic patients whom received BMC showed no 

improvement in their AIS grade. Activation and transplantation 

of autologous macrophages showed good AIS improvement in a 

randomized, double-blinded study with 43 patients with complete 
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SCI (Lammertse et al., 2012). However, a difference between 

treatment and control group could not been detected. 

Since in severed neurons myelin sheaths are broken down, a 

sufficient signal transmission is absent, transplantation of 

peripheral Schwann cells (SCs) as myelinating cells offers the 

best hope for recovery after a trauma to the spinal cord (Oudega 

and Xu, 2006; Radtke et al., 2007; Bunge and Wood, 2012). Within 

the last two decades, olfactory ensheathing cells (OECs) as 

myelinating unique cell type with CNS and PNS characteristics, 

appeared to be a promising therapeutic alternative to SCs 

transplantation (Doucette, 1995; Richter and Roskams, 2008). A 

multitude of studies reported the beneficial effect of SCs and 

OCs transplantation in in vivo SCI models (Franklin et al., 1996; 

Ramón-Cueto et al., 2000; Lu et al., 2002; Plant et al., 2003; 

Radtke et al., 2004; Sun et al., 2013). Transplantation of SC or 

OECs resulted overall in higher survival rates of neurons, modest 

remyelination and an increase in axon lengths (Honmou et al., 

1996; Dai et al., 2010; Sasaki et al., 2011; Ziege et al., 2013). 

Furthermore, OECs bridged the lesion site to offer outgrowing 

axons a permissive substrate to overcome demyelinated fiber 

tracts in the severed spinal cord of rat (Li et al., 1998). 

However, data concerning a comparative approach of Schwann cells 

and olfactory ensheathing cells are still lacking. 

Transplantation of guiding scaffolds 

Artificial nerve conduits to provide guidance and structural 

support for elongating axons while bridging the non-permissive 

environment of the glial scar, are of high interest for surgeons 

and clinicians (Brown and Phillips, 2007; Kubinová and Syková, 

2012). The current gold standard in treating PNS injuries with 

long nerve defect gaps is suturing the blunt nerve ends or 

transplantation of autologous nerve crafts as the sural nerve 

(Dvali and Mackinnon, 2003; Siemionow and Brzezicki, 2009; 

Radtke et al., 2013). Patients who underwent a nerve biopsy often 

suffer from sensory loss, neuroma formation and as a consequence 
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collateral pain (Solders, 1988; Neundörfer et al., 1990). The 

functional outcome of transplanting autologous cell grafts 

strongly depends on the length of the defect. And since 

peripheral nerve defects are often longer than 20 mm, the results 

are contrary to expectations. Using a sciatic nerve, a complete 

transection of the spinal cord with nerve defects of 4 mm in 

rats could be successfully bridged (Guzen et al., 2012). Rats 

receiving the scaffold showed better behavioral scores and a 

larger amount of MAP2 and GFAP staining, indicating more neurons 

and glial cells, in the lesion site. Implanting the intercostal 

nerve neuroma into the spinal cord of paraplegic dogs restored 

the "reflex" standing and walking (Turbes, 1997, 2002). Surgical 

resection of the transplanted nerve grafts abolished the 

improvement and the dogs returned to their paraplegic state. 

Keeping the disadvantages of autologous nerve grafts in mind, 

the development of artificial conduits for transplantation is 

highly demanded. Using silicone tubes as scaffold, PNS nerve 

defects of 3-5 mm could be bridged in the ulnar nerve of a human 

forearm (Lundborg et al., 1997, 2004). However, a 

transplantation of silicone conduits into a spinal cord injury 

is not reported. For this purpose, collagen applied either as a 

scaffold made from electrospun collagen nanofibers or as 

collagen gel are the most promising approaches (Petter-Puchner 

et al., 2007; Chamberlain et al., 1998; Liu et al., 2012; Mahmood 

et al., 2013; Macaya et al., 2013). An artificial collagen sheath 

is commercially available from NeuraGen (Integra Neuroscience, 

Plainsboro, NJ, USA). Nevertheless, this conduit is only 

approved for peripheral nerve repair. A major disadvantage of 

such artificial nerve grafts is the need for a second surgical 

procedure to remove the non resorbable material. Complications 

could not be excluded. Resorbable materials as chitosan/ 

alginate polymers and polymers made from poly-3-hydroxybutyrate 

(PHB) or polyglycolic acid (PGA) should be favored (Matsumoto et 

al., 2000; Young et al., 2002; Itoh et al., 2003). During the 

last years, more and more scientific work is spent on the 
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evaluation of the use of silk protein from different origins as 

transplanted scaffold in PNS regeneration (Allmeling et al., 

2008; Huang et al., 2012; Dinis et al., 2013; Hu et al., 2013; 

Strauß et al., 2013). Using spider silk conduits made of Nephila 

spp. drag line silk, nerve defects of 60 mm in the tibial nerve 

of adult sheep could be bridged (Radtke et al., 2011). 

The next step is the evaluation of spider silk scaffolds for 

their regeneration supporting properties.



Thesis outline

 

9 

Thesis outline 

This thesis was prepared as a cumulative dissertation with 4 

original publications. Three of the publications are first-

authored. For better understanding, articles are not presented 

in their chronological order of publication date. 

Treatment of spinal cord injuries requires a combination of 

strategies to overcome the growth inhibiting environment and 

achieve neuronal regeneration in the central nervous system. 

Here we demonstrate three different approaches to treat spinal 

cord injuries using human model neurons resembling a central 

nervous system phenotype. 

The first section addresses the development of a suitable test 

system with neurons in a premature state to measure alterations 

on the process of neurite elongation. The next section focuses 

on a pharmaceutical approach and evaluates the use of the common 

pain reliever Ibuprofen and related agents to improve neurite 

outgrowth of human neurons in an in vitro model system. The third 

section addresses the use of mature and premature human model 

neurons in a co-culture system with adult canine ensheathing 

glia. The study evaluates in a comparative approach the migration 

rates of Schwann cells and olfactory ensheathing cells from 

different sources. Next, the study focuses on the neurite 

outgrowth promoting capacity of these canine glia cells being 

prime candidates for transplantation studies. Eventually, the 

fourth section addresses the neurite outgrowth support through 

transplantation of scaffolds. In this study, an in vitro assay 

is developed to evaluate the growth promoting and outgrowth 

directing effect of Nephila spp. dragline silk to improve 

functional outcome in nerve repair strategy.
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Publication 1: 

Rapid Differentiation of Human Embryonal Carcinoma Stem Cells 

(NT2) into Neurons for Neurite Outgrowth Analysis 

Tegenge MA1, Roloff F, Bicker G., Rapid Differentiation of 

Human Embryonal Carcinoma Stem Cells (NT2) into Neurons for 

Neurite Outgrowth Analysis, Cell Mol Neurobiol. 2011 

May;31(4):635-43. 

http://link.springer.com/article/10.1007%2Fs10571-011-9659-4 

doi: 10.1007/s10571-011-9659-4 

Abstract 

Human neurons derived from stem cells can be employed as in vitro 

models to predict the potential of neurochemicals affecting 

neurodevelopmental cellular processes including proliferation, 

migration, and differentiation. Here, we developed a model of 

differentiating human neurons from well characterized human 

embryonal carcinoma stem cells (NT2). NT2 cells were induced to 

differentiate into neuronal phenotypes after 2 weeks of 

treatment with retinoic acid in aggregate culture. Nestin 

positive progenitor cells migrate out of NT2 aggregates and 

differentiate into βIII-tubulin expressing neuronal cells. 

Culturing the NT2 cells for an additional 7-14 days resulted in 

increased percentage of βIII-tubulin expressing cells, 

elaborating a long neurite that positively stained for axonal 

marker (Tau) and presynaptic protein (synapsin). We then asked 

whether neurite outgrowth from NT2 cells is modulated by 

bioactive chemicals. Since the cAMP/PKA pathway has been widely 

investigated as a regulator of neurite outgrowth/regeneration in 

several experimental systems, we used chemical activators and 

inhibitors of cAMP/PKA pathway in the culture. The adenylyl 

cyclase activator, forskolin, and cell-permeable analog of cAMP, 

8-Br-cAMP increased the percentage of neurite bearing cells and 

neurite extension. Application of the protein kinase A 

inhibitors, H-89 and Rp-cAMP, blocked neurite formation. Taken 

together, NT2 aggregates undergo migration, differentiation, and 

neurite elaboration and can be used as a model of differentiating 

human neurons to screen neurochemicals and to understand 

cellular mechanisms of human nerve cell development. 

http://link.springer.com/article/10.1007%2Fs10571-011-9659-4
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Publication 2: 

Enhanced neurite outgrowth of human model (NT2) neurons by small-

molecule inhibitors of Rho/ROCK signaling 

Roloff F, Dewitz C, Bicker G., Enhanced neurite outgrowth of 

human model (NT2) neurons by small-molecule inhibitors of 

Rho/ROCK signaling, PLoS ONE, in revision September 2014. 

Abstract 

Axonal injury in the adult human central nervous system often 

results in loss of sensation and motor functions. Promoting 

regeneration of severed axons requires the inactivation of growth 

inhibitory influences from the tissue environment and stimulation 

of the neuron intrinsic growth potential. Especially glial cell 

derived factors, such as chondroitin sulfate proteoglycans, Nogo-

A, myelin-associated glycoprotein, and myelin in general, prevent 

axon regeneration. Most of the glial growth inhibiting factors 

converge to the Rho/ROCK signaling pathway in neurons. Although 

conditions in the injured nervous system are clearly different from 

those during neurite outgrowth in vitro, here we use a chemical 

approach to manipulate Rho/ROCK signaling with small-molecule 

agents to encourage neurite outgrowth in cell culture. The 

development of therapeutic treatments requires drug testing not 

only on neurons of experimental animals, but also on human neurons. 

Using human NT2 model neurons, we demonstrate that the pain reliever 

Ibuprofen decreases RhoA activation and promotes neurite growth. 

Inhibition of the downstream effector Rho kinase (ROCK) by the drug 

Y-27632 results in a strong increase in neurite outgrowth. 

Conversely, activation of the Rho pathway by lysophosphatidic acid 

results in growth cone collapse and eventually to neurite 

retraction. Finally, we show that blocking of ROCK, but not RhoA 
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results in an increase in neurons bearing neurites. Due to its anti-

inflammatory and neurite growth promoting action, the 

pharmacological treatment of damaged neural tissue with Ibuprofen 

is likely to improve the outlook for patients with traumatic injury. 

Introduction 

In general, the adult mammalian central nervous system (CNS) cannot 

regenerate injured axons. As a consequence, human patients with 

severe spinal cord injuries suffer from loss of motor control and 

sensation. The reasons for the inability to regenerate fall into 

two broad categories: the non-permissive tissue environment and 

neuron intrinsic factors (Benowitz & Yin, 2007). Main obstacles in 

the neuronal environment are reactive astrocytes that generate 

chondroitin sulfate proteoglycans (CSPGs) forming scar tissue 

(Bradbury et al., 2002; Silver & Miller, 2004) and myelin-producing 

oligodendrocytes that expose myelin associated glycoprotein (MAG), 

Nogo-A (Schwab, 2004) and oligodendrocyte myelin glycoprotein 

(OMgp) as growth-inhibitory factors (Aguayo et al., 1981; Filbin, 

2003; McGee & Strittmatter, 2003; Tönges et al., 2011) to the axons. 

These two broad classes of molecules are upregulated after neuronal 

injury and prevent regeneration beyond the lesion site. All of the 

mentioned extracellular growth inhibiting factors interact with 

various receptors on the axonal membrane and converge downstream on 

the small GTPase RhoA signaling pathway (Tönges et al., 2011). The 

activation of RhoA causes cytoskeletal changes eventually leading 

to a growth cone collapse which in turn suppresses axonal re-

extension (Gallo & Letourneau, 2004). 

A rather promising approach for enabling axonal regeneration is the 

chemical manipulation of the Rho signaling cascade (Wu et al., 2009; 

Tönges et al., 2011; Boomkamp et al., 2012; DeGeer & Lamarche-Vane, 

2013; Gu et al., 2013). In vitro and in vivo studies using rodents 
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have shown that inhibition of Rho activation resulted in neurite 

outgrowth on non-permissive myelin and CSPG substrates and in 

improved sprouting of serotonin-positive fibers across the lesion 

site (Dergham et al., 2002; Lingor et al., 2007; Wang et al., 2009; 

Boomkamp et al., 2012; Gu et al., 2013). Moreover, blocking the 

downstream effector of RhoA, the Rho kinase (ROCK, Rho-associated 

coiled coil forming protein serine/threonine kinase) increased 

axonal regeneration in cultures of embryonic and adult rat neurons 

(Fournier et al., 2003; Boomkamp et al., 2012). Non-steroid anti-

inflammatory drugs (NSAIDs), such as ibuprofen do not only target 

cyclooxygenases, but suppress also RhoA activation (Kopp et al., 

2012). Translation of the neurite growth promoting effect of Rho 

manipulation into a therapeutic treatment of axonal damage requires 

testing of pharmaceutical agents not only in experimental animals, 

but also on human neurons. Several inhibitors of ROCK have been 

shown to partially restore neurite outgrowth of human (NT2) neurons 

on non-permissive CSPG substrate (Lingor et al., 2007). 

Here, we investigated for the first time whether the analgetic 

Ibuprofen could enhance neurite outgrowth of human neurons on a 

permissive substrate. These model neurons were differentiated by 

retinoic acid treatment from the Ntera2/D1 clone of a human 

teratocarcinoma line (Andrews et al., 1984) and have been well 

characterized in a variety of biomedical applications (Paquet-

Durand & Bicker, 2007) including neurite outgrowth assays (Lingor 

et al., 2007; Tegenge et al., 2011; Roloff et al., 2013). We asked 

whether a blocker (Y-27632) of ROCK activation, the other downstream 

therapeutic target, would affect neurite outgrowth with comparable 

efficacy. After treating the human model neurons with Ibuprofen, 

levels of RhoA activity were determined in a pull down assay. Since 

Rho/ROCK inhibition is known to change cytoskeletal dynamics, we 
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compared the capability of the human neurons for neurite initiation 

under RhoA and ROCK inhibiting conditions. 

Materials and methods 

Antibodies and reagents 

Unless stated otherwise, all chemicals were obtained from Sigma-

Aldrich (Taufkirchen, Germany). All test substances were diluted in 

Dulbecco´s modified eagle medium nutrient mixture F-12 (DMEM/F12, 

Gibco-Invitrogen, Karlsruhe, Germany) containing 10% fetal bovine 

serum (Gibco-Invitrogen), 1% Penicillin and Streptomycin (Gibco-

Invitrogen) and 10 µM retinoic acid. The non-steroidal 

cyclooxygenase inhibitor Ibuprofen, the ROCK inhibitor Y-27632 and 

the cAMP analogue 8-Br-cAMP (8-Bromoadenosine 3′,5′-cyclic 

monophosphate) were purchased from Sigma-Aldrich. The RhoA 

Activation Assay Biochem Kit (bead pull-down format) was purchased 

from Cytoskeleton Inc. (Denver, CO, USA). Alamar Blue cell viability 

assay to measure cytotoxic effect was purchased from Trinova 

(Giessen, Germany). 

Neuronal differentiation 

Human NT2/D1 precursor cells (NT2) were purchased from the American 

Type Culture Collection (ATTC, Manassas, VA, USA). Neuronal 

differentiation was carried out as previously described (Tegenge et 

al., 2011). NT2 precursor cells were cultured in 95 mm 

bacteriological grade Petri dishes (Greiner, Hamburg, Germany). 

Cultures in each Petri dish had at least densities of 5 x 106 

cells/dish in 10 ml DMEM/F12 supplemented with 10% fetal bovine 

serum, 1% Penicillin and Streptomycin and 10 µM retinoic acid (RA 

medium) to start neuronal differentiation. Cells were cultured for 

14 days in RA medium in a free floating sphere culture with medium 

change every 2-3 days. At the end of the incubation, cells were 
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centrifuged, mechanically dispersed and counted. Dispersed cells 

were seeded to poly-D-lysine (10 µg/ml, Sigma-Aldrich) and laminin 

(100 µg/ml, Sigma-Aldrich) coated 96-well-plates (Corning Costar, 

Kaiserslautern, Germany) at a density of 10,000 cells per well and 

with 8 wells per concentration. Experiments were performed with 

neurons treated for two weeks with retinoic acid (2wkRA) from 

passage 27 to 35. 

Neurite outgrowth assay 

After cells had successfully attached to the plate, RA medium was 

changed against RA medium containing the test substances. Ibuprofen 

(10, 100, 500 µM) and 8-Br-cAMP (1 mM) were dissolved in RA medium. 

The ROCK inhibitor Y-27632 (1, 5, 10, 50 µM) was diluted to final 

concentration from a stock solution (10 mM) in H2O. Cells were 

cultured for 24 hours under standard conditions (37°C, 5% CO2) in 

an incubator. Each experiment was performed in 8 wells per 

concentration/substance and was repeated at least 3 times. The next 

day, cells were washed with PBS and subjected to the Alamar Blue 

cell viability assay to measure possible cytotoxic side effects. 

Cell viability assay / Toxicity assay 

Survival of cells after treatment with Ibuprofen, Y-27632, and 8-

Br-cAMP was quantified using the Alamar Blue cell viability assay. 

Cultures were incubated under standard conditions (37°C, 5% CO2) in 

200 µl RA-medium and with 5% Alamar Blue for two hours. Alamar Blue 

fluorescence was measured for each well using a plate reader 

(Infinite M200, Tecan, Mainz, Germany) with an excitation 

wavelength of 560 nm and an emission wavelength of 590 nm at 37°C. 

Basal fluorescence of Alamar Blue solution was subtracted as blank 

from relative fluorescence values. Survival rate was calculated and 

standardized based on the means of control wells. Values are 

presented as means in percent of control ± SEM. 
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Immunocytochemistry 

Stainings were performed as described earlier (Tegenge et al., 2011; 

Roloff et al., 2013). Cultures were rinsed with PBS to remove 

remaining Alamar Blue solution. Cells were than fixed with 4% PFA 

(paraformaldehyde) for 15 minutes at room temperature and washed 3 

times in PBS containing 0.1% Triton X-100 (PBST) to remove remaining 

PFA. Unspecific protein binding sites were blocked with 5% normal 

horse serum in PBST for at least 60 minutes at room temperature. 

Monoclonal antibody β-III-Tubulin (1:10,000, Sigma) was applied 

overnight at 4°C. After 3 washing steps in PBST, neurons were 

incubated with biotinylated secondary antibody horse-against mouse 

(Vector, Burlingame, MA, USA) for 60 minutes at room temperature 

before 3 additional washing steps in PBST. Streptavidin coupled Cy3 

was applied for 60 minutes at room temperature to detect 

immunofluorescence. To visualize nuclei we used DAPI (4’6-

diamidino-2’henylindoldihydrochloride) at a concentration of 0.1 

µg/ml as a counterstain. 

RhoA pull down assay 

For detection of RhoA, we performed a RhoA pull down assay 

(Cytoskeleton, Denver, CO, USA). Lysates were collected from 

cells differentiated under control conditions or inhibition of 

RhoA and ROCK via Ibuprofen and Y-27632 respectively. Cells were 

cultured for 30 minutes (37°X, 5% CO2) on PDL and laminin coated 

bacteriological 35 mm petri dishes (Falcon) at a density of 2x106 

cells. For lysate collection, cells were washed with ice cold PBS 

and then lysed in ice cold lysis puffer for 1 min. The lysate 

were centrifuged for 1 min at 4°C and 10,000g. The supernatants 

were snap frozen in liquid nitrogen and kept in a freezer until 

use in the pull down assay. Total protein quantification was 
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performed with the Pierce BCA Protein Assay Kit (Thermo 

Scientific) and a plate reader (Infinite M200, Tecan).  

The RhoA pull down was performed according the manufacturer’s 

instructions. The cell lysates were incubated with Rhotekin-RBD 

beads at 4°C for at 60 min on a rocker. After centrifugation 

(5,000g for 1 min) at 4°C, the supernatant was nearly completely 

removed. After washing in wash buffer the remaining lysate was 

centrifuged again (5,000g for 1 min at 4°C).  

Western blot 

Prior to SDS-PAGE, 300 µg protein samples from the pull down assay 

were denatured at 95°C for 2 minutes in loading buffer (2× Laemmli 

buffer with 2% SDS, 10% 1 M Dithiothreitol). Samples were 

transferred to a precast 10% Tris-Glycine gel (NuSep, Wasserburg, 

Germany) and ran until the dye front reached the end of the gel. 

After equilibration of the gel in western blot buffer, the protein 

was transferred to a PVDF membrane. After blocking with 5% nonfat-

dry milk in Tris Buffered Saline with Tween (TBST), RhoA was 

detected with the anti-RhoA (1:500 in TBST). Detection of the 

primary antibody was performed with a goat anti-mouse antibody 

(1:20,000) conjugated with biotin. The Vectastain ABC Kit 

(Vectorlabs, Peterborough, UK) was applied as recommended by the 

manufacturer for 30 minutes after 3 preceding wash steps with TBST. 

The bound biotin-avidin complex was visualized using the DAB 

peroxidase substrate kit (Vectorlabs). A brownish to black staining 

became visible after 10 minutes incubation. The reaction was stopped 

in distilled water. Using the open source tool ImageJ 1.47 

(http://rsbweb.nih.gov/ij/), scanned blots were converted to 

inverted 8 bit grey scale images and analyzed with the ImageJ 

integrated gel analyze plugin. 
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Microscopy and statistical analysis 

Fluorescence images were taken with a Zeiss Axiovert 200 (Jena, 

Germany). The microscope was equipped with a CoolSnap camera 

(Photometrics, Tucson, AZ, USA) and MetaMorph software (Molecular 

Devices, Sunnyvale, CA, USA). Length of neurites was measured using 

the open source software of the NIH ImageJ 1.46d (Rasband W.S., 

ImageJ, U.S. National Institutes of Health, Bethesda, MD, 

http://rsb.info.nih.gov/jj/). The longest neurite of a neuron was 

measured from the soma to the tip. Additionally, the number of 

neurites for each neuron was counted and saved for later evaluation. 

Merging of channels, adjustment of contrast and brightness and 

addition of a scale bar were performed with ImageJ. Images were 

arranged with the GNU licensed layout tool Scribus 1.4.3. 

Statistical analysis was performed with Graph Pad Prism 5.0.1. Data 

are expressed as the mean ± SEM of at least 3 independent 

experiments. Data were analyzed according Gaussian distribution. If 

the data passed the normality test, significant differences were 

determined by ANOVA. Otherwise the data were analyzed with the 

Kruskal-Wallis-test with a Dunn´s post hoc test. Neurite outgrowth 

experiments were performed with 8 wells per concentration in at 

least 3 independent experiments. Significant levels are *<0.05, 

**<0.01, ***<0.001. 
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Results 

RhoA/ROCK inhibition promotes neurite elongation of human neurons 

Culturing human NT2 2wkRA neurons with Ibuprofen resulted in an 

increased length of the longest neurite to 114.0% of control at 100 

µM (Fig.1A and F) and 132.2% of control at 500 µM (Fig.1A and G). 

Lower concentrations (10 µM) failed to increase neurite length in 

a significant way (Fig.1A and E). Moreover, we used a membrane 

permeable cAMP analogue to elevate intracellular levels of cAMP. 

Incubation with 1 mM 8-Br-cAMP resulted in a less, but still 

significant elongation of neurites to 121% of control (Fig.1B and 

D). 

Culturing the 2wkRA neurons with an inhibitor for the downstream 

effector of RhoA, the Rho Kinase resulted in significantly longer 

neurites. Even low concentrations of 1 µM of the ROCK inhibitor Y-

27632 resulted in an elongation to 129% of control, the level 

reached by application of 500 µM Ibuprofen (Fig.2A and C). The dose 

dependent effect showed an increased elongation to 150% of control 

at 5 µM (Fig.2A and D), 170% of control at 10 µM (Fig.2A and E), 

and a doubling to 202% of control at the highest Y-27632 

concentration used (50 µM, Y-27632 (Fig.2A and F). 
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Fig.1: Ibuprofen 

increased neurite 

length of human 

model more than 

raised levels of 

cAMP in vitro. 

(A) Neurite 

outgrowth of human 

model neurons was 

highly significant 

increased in a dose-

dependent manner 

under 100 µM and 500 

µM Ibuprofen 

treatment. At 10 µM 

Ibuprofen treatment 

no difference to 

control could be 

detected. (B) 

Neurite elongation 

under Ibuprofen 

treatment was 

slightly higher than 

in neurons treated 

with the membrane 

permeable analogue 

8-Br-cAMP (C) Human 

model neurons under 

control conditions. 

(D) Neurons treated 

with 1 mM 8-Br-cAMP. 

(E-G) Neurons 

treated with 10 µM (E), 100 µM (F) and 500 µM (G) Ibuprofen. Cells are stained 

against beta-III-tubulin and counterstained with DAPI. ***p<0.001 with control by 

Kruskal-Wallis one-way ANOVA. Scale bars are 50 µM. 
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Fig.2: Treatment with a Rho kinase (ROCK) inhibitor promotes neurite elongation of human 

neurons. (A) Treatment with the ROCK inhibitor Y-27632 resulted in highly significant 

dose-dependent increase of neurite lengths over a range from 1 µM to 50 µM Y-27632. At 

50 µM Y-27632, treatment resulted in a doubling of neurite length compared to control 

conditions. (B) Human model neurons under control conditions after 24 h incubation. (C-

E) Neurons treated with 5 µM (C), 10 µM (D) and 50 µM (E) of the ROCK inhibitor Y-27632. 

Neurons are stained against beta-III-tubulin and counterstained with DAPI. ***p<0.001 

with control by Kruskal-Wallis one-way ANOVA. Scale bars are 50 µM. 

Inhibition of RhoA/ROCK facilitates neurite initiation 

In an attempt to test whether RhoA/ROCK inhibition directly effects 

elongation of existing neurites or whether the initiation of new 

neurites is altered, we categorized ß-tubulin III-positive cells 

into neurons with and without neurites. Under control conditions, 

approximately 60% of the neurons had grown at least one neurite 

(Fig.3). Culturing neurons for 24 hours under Ibuprofen treatment 

resulted in a dose dependent increase from 57.52% at 10 µM, 67.85% 

at 100 µM, and to 75.62% at 500 µM Ibuprofen (Fig.3A). However, 
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only at the highest applied Ibuprofen concentration of 500 µM we 

saw strong statistical significance. Culturing neurons under 

elevated levels of cAMP resulted in 

a weak but not significant increase 

of neurite bearing cells to 65.77% 

of ß-tubulin III-positive cells 

(Fig.1B). Application of the ROCK 

inhibitor Y-27632 led to increased 

neurite formation shown as a dose 

dependent increase of neurite 

bearing cells (Fig.3C). Under 

control conditions approximately 67% 

of all cells generated a neurite. 

With application of Y-27632 the 

percentage increased in a dose 

dependent manner to 86% at 50 µM Y-

27632, which was significantly 

different from control. 

Fig.3: Incubation with RhoA and Rho kinase 

inhibitors promote initiation of neurites rather 

than only promote elongation of existing 

neurites. 

(A) After treatment with raising levels of 

Ibuprofen, the percentage of cells bearing a 

neurite was significantly increased at 500 µM 

whereas 10 µM and 100 µM led to no difference to 

control conditions. (B) Application of cAMP did 

not change the number of cells bearing a neurite, 

however neurite lengths were increased to a 

similar amount compared to Ibuprofen. (C) Blocking Rho kinases with increasing levels of 

Y-27632 resulted in a trend to more cells bearing a neurite. A highly significant effect 

was observed at 50 µM. **p<0.01 and *p<0.05 with control by Kruskal-Wallis. 
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Activation of RhoA results in growth cone collapse and neurite 

retraction 

Inhibition of RhoA and Rho kinases resulted in promoted neurite 

outgrowth compared to control conditions. Now we tested whether a 

potent RhoA activator such as lysophosphatidic acid (LPA) had the 

opposite effect and led do decreased neurite lengths. After 24 hours 

incubation with LPA, neurite lengths did not differ from control 

(Fig.4). Neurite lengths ranged from 92.51±5.1 percent of control 

at 1 µM LPA to 102.2±6.2 percent of 

control at 10 µM LPA. Neurons 

cultured with 500 µM Ibuprofen on the 

same cell culture plate showed a mean 

neurite length of 159.3±7.5 percent 

of control (Fig.4). 

 

 

 

Fig.4: Application of a Rho activator failed to 

decrease neurite length but resulted in a broad 

growth cone collapse in human neurons. 

(A) Measurements of neurite outgrowth after 24 

h incubation with elevated levels of the Rho 

activator lysophosphatidic acid (LPA) showed no 

change in neurite lengths, whereas Ibuprofen 

increased neurite length. (B) Neurons cultured 

under control conditions showed an only slowly 

advancing growth cone within 45 min. (C) 

Inhibition of RhoA with 500 µM Ibuprofen 

elicited a weak positive effect on filopodial 

formation and extension of growth cone. (D) 

Application of 100 µM LPA resulted in a growth 

cone collapse and retraction of the neurite 

***p<0.001 against control by Kruskal-Wallis. 

Scale bar is 25 µm. 
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We further checked whether RhoA activation could change shape and 

motility of growth cones. Culturing neurons with 10 µM LPA resulted 

in a broad growth cone collapse and neurite retraction within 45 

minutes while growth cones under control conditions showed no 

reaction (Fig.4B, D). Treatment with Ibuprofen induced no visible 

effect on growth cone shape and behavior within these 45 min 

(Fig.4C). However, Ibuprofen treated neurites appeared to form more 

filopodia on the proximal side of the growth cone. 

Next, we measured the abundance of active RhoA in human model 

neurons under activating and inhibiting conditions in a pull down 

assay. Culturing neurons for 30 min with the Rho activator LPA 

resulted in an increased level of RhoA (Fig.5). 

Treatment under same conditions with the Rho inhibiting analgetic 

Ibuprofen resulted in a decreased RhoA level compared to control. 

Incubation with the downstream Rho kinase inhibitor Y-27632 showed 

neither activation nor inhibition of RhoA. 

 

Fig.5: A RhoA activation assay revealed 

lowered levels of RhoA in Ibuprofen 

treated and raised levels of RhoA in 

lysophosphatidic acid (LPA) treated 

cells. 

(A) A RhoA bead pull down assay revealed 

lowered levels of RhoA in Ibuprofen 

treated cells. Treatment with downstream 

Rho kinase inhibitor showed no difference 

in RhoA level compared to control. After 

treatment with lysophosphatidic acid, 

significantly more phosphorylated RhoA 

could be detected in the Western Blot. 

Cell lysates are stained with RhoA-

specific monoclonal antibody. Staining is 

visualized with horseradish peroxidase 

and the 3, 3’-diaminobenzidine substrate. 

Stained protein is around 20 kDa reported 

for RhoA. (B) Relative RhoA level was 

decreased to approximately 70% of control 

after Ibuprofen treatment whereas RhoA 

level after LPA treament was increased to 

over 200% of control. 
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Discussion 

Major obstacles for axonal regeneration after CNS injury are myelin-

associated proteins, causing growth cone collapse and the formation 

of a glial scar, acting as physical barrier and containing growth-

inhibitory proteoglycans (Silver and Miller 2004). For example, in 

spinal cord injury (SCI) the formation of the glial scar requires 

several weeks. This would enable at least a theoretical time window 

for axonal regeneration beyond the forming glial scar (Hu et al., 

2010), if the growth-inhibitory environment of the myelin could be 

neutralized. Nevertheless, a remaining problem for functional 

recovery from CNS injuries is the long distance that some axons 

have to cover to reconnect to their synaptic targets. For developing 

therapeutic treatments, it would be necessary to provide an enhanced 

capability for outgrowth to the severed axons.  

Using human NT2 neurons in an in vitro assay, we have previously 

shown that the cAMP/PKA pathway (Tegenge et al., 2011) and co-

culture with olfactory ensheathing cells (Roloff et al., 2013) 

enhance the capability for neurite outgrowth. In this 

investigation, we focused on the Rho/ROCK pathway because it 

integrates many extracellular growth inhibitory signals of the CNS 

tissue (Kopp et al., 2012), serving as a key regulator of the axonal 

growth state. 

Ibuprofen and Y-27632 enhance neurite length of human model 

neurons 

In vitro treatment of human model neuron cultures with Ibuprofen 

increased neurite length to a similar extent as elevating cAMP 

levels (Fig.1A, B). Moreover, using the ROCK blocker Y-27632, we 

found an almost two fold enhancement of neurite length (Fig.2). 

Most likely, the effects on neurite length of both compounds are 

mediated via their inhibitory action on the RhoA/ROCK pathway (Fu 
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et al., 2007; Kopp et al., 2012). The pull down assay (Fig. 6) 

showed indeed that treatment of NT2 neurons with Ibuprofen decreased 

RhoA activation, the stimulator LPA of the Rho pathway increased 

activation, whereas the downstream ROCK blocker Y-27632 showed no 

effect. 

Human NT2 neurons have been reported as very susceptible to the 

RhoA activating chondroitin sulphate proteoglycans (CSPG) in vitro 

(Lingor et al., 2007). Grown on a CSPG substrate, they failed to 

grow neurites and neurite length was decreased to 20% of control. 

Blocking of RhoA with Fasudil prevented the CSPG mediated inhibitory 

effect at least partially (Lingor et al., 2007). Fasudil treatment 

rescued neurite lengths to 70% of control. In the present 

investigation, we cultured human 2wkRA neurons on a permissive 

substrate with concentrations of the analgetic Ibuprofen known to 

block RhoA activation (Fu et al., 2007; Kopp et al., 2012). After 

24 hours Ibuprofen treatment, neurite lengths were increased. Thus, 

we show to our knowledge for the first time an increase in neurite 

outgrowth of human neurons on a permissive substrate by RhoA/ROCK 

inhibiting agents (Fig.1, 2). Similar results after inhibition of 

RhoA have been found in SCI models of adult mice (Dergham et al., 

2002) retinal nerve, and thoracic spinal cord transection injury 

models of rats (Ellezam et al., 2002; Fu et al., 2007). Subcutaneous 

administration of 60 mg/kg Ibuprofen per day resulted in rostral 

sprouting of corticospinal tract fibers (Fu et al., 2007). Culturing 

rat pheochromocytoma neurons (PC12) with the RhoA activating agent 

LPA resulted in dramatically increased RhoA levels in vitro (Fu et 

al., 2007.) Ibuprofen and Indomethacin prevented this increase. 

Moreover, PC12 neurons exposed to myelin led to high levels of RhoA 

whereas treatment with Ibuprofen abolished this increase (Fu et 

al., 2007). However, the effect of RhoA inhibiting agents on neurite 

growth was not reviewed. 
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Since several studies suggested treatment with ROCK inhibitors as 

a promising therapy to treat spinal cord injuries (Kubo et al., 

2007; Lingor et al., 2008; Wu et al., 2009; Tönges et al., 2011), 

we tested whether the Rho kinase inhibitor Y-27632 could promote 

neurite outgrowth and elongation in similar manner as Ibuprofen 

does. Inhibition of Rho kinase, a downstream target of RhoA, indeed 

led to a dose-dependent increase (Fig.2) of neurite lengths in 

vitro. This result confirmed the increased neurite elongation 

observed in neurons derived from mouse neural stem cells upon Y-

27632 treatment (Gu et al., 2013).This effect could only partially 

be reversed in 2wkRA by activating RhoA using LPA (Fu et al., 2007). 

Increased RhoA levels after LPA treatment had no significant impact 

on long-term neurite outgrowth (Fig.4). However, activation of RhoA 

by LPA resulted in a complete growth cone collapse and rapid 

retraction within several minutes. 

In comparison to earlier studies using human NT2 neurons (Lingor et 

al., 2007), we demonstrated the neurite outgrowth enhancing effects 

of Ibuprofen and Y-27632 for human model neurons on a permissive 

substrate. Such findings might be important for regeneration in the 

peripheral nervous system, where axon outgrowth is not impaired by 

such a hostile environment as in the central nervous system (Radtke 

& Vogt, 2009; Gao et al., 2013). 

Rather, for peripheral nervous system regeneration the time frame 

in which axons re-establish contact to distal nerve stumps is more 

important (Archibald et al., 1995; McDonald et al., 2006; Cheng et 

al., 2008). Within several days and weeks after transection or 

avulsion of ventral roots, extensive death of motor neurons of 50-

80% occurred (Koliatsos et al., 1994; Martin et al., 1999; Natsume 

et al., 2002; Hoang et al., 2003). For humans, the gold standard 

for peripheral nerve repair is the transplantation of autologous 

scaffolds with moderate regeneration over nerve gaps not more than 
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20 mm (Reyes et al., 2005). Levels of mRNA of RhoA were increased 

in injured rat DRG neurons (Cheng et al., 2008). Neurite lengths in 

vitro and an increase of number of axons in vivo were the results 

after application of the RhoA-ROCK inhibitor HA-1077 (Cheng et al., 

2008). Here we show similar results in human model neurons as 

reported for rat DRG neurons (Cheng et al., 2008). Application of 

Ibuprofen to PNS injuries may result in the bridging of longer nerve 

defects and a faster regeneration process with less or absent 

degeneration of nerve stumps. 

Earlier studies in our laboratory have shown the effect of the cAMP 

pathway on neurite outgrowth in human NT2 neurons. Exogenously 

applied cAMP or treatment with the adenylyl cyclase activator, 

Forskolin, resulted in an increase of neurite extension to 150% of 

control (Tegenge et al., 2011). Here we report that treatment with 

Ibuprofen increased lengths of neurites to a similar extent. This 

could be explained by earlier studies showing Rho inhibition via 

cAMP (Lang et al., 1996; Dong et al., 1998; Sebök et al., 1999). 

The cAMP-dependent kinase (PKA) phosphorylates RhoA, resulting in 

a translocation of membrane-bound RhoA to the cytosol and therefore 

a loss of function for RhoA. 

Inhibition of RhoA/ROCK induces neurite formation 

Initiation and formation of neurites by severed neurons is a 

prerequisite for regeneration mechanisms (Flynn, 2013). Therefore 

we counted the number of neurites of human 2wkRA neurons cultured 

in RhoA-inhibiting Ibuprofen and ROCK-inhibiting Y-27632. Ibuprofen 

and Y-27632 incubation resulted in more neurons bearing neurites 

(Fig.3). Inhibition of Rho kinases with Y-27632 resulted in a 

decrease of myristorylated alanine-rich C kinase substrate (MARCKS) 

in human SH-SY5Y cells (Shiraishi et al., 2006). Expression of an 

unphosphorylable mutant of MARCKS also led to an increase in neurite 
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bearing cells. This effect could also be elicited by treatment with 

the insulin-like growth factor-1 (IGF-1) inducing a transient 

inactivation of RhoA (Shiraishi et al., 2006). In line with these 

results, neurite initiation was prevented after RhoA and ROCK 

activation (Hirose et al., 1998). Decreased RhoA activity on PC12 

cells was observed after treatment with nerve growth factor (NGF), 

a major trigger for neuritogenesis of this cell line (Yamaguchi et 

al., 2001). Treatment of CA1/CA3 hippocampal neurons of mice with 

Rho and ROCK inhibitors caused also neurite initiation (Bito et 

al., 2000). 

In summary, here we showed for the first time that treatment of 

human neurons with a commercial pain reliever enhanced the neurite 

growth capacity. These encouraging in vitro results are in line 

with findings in experimental animals, showing that inhibition of 

RhoA-ROCK overcomes the regeneration inhibitory effects of myelin 

and chondroitin sulfate proteoglycans. Blocking of a single signal 

transduction pathway is rather unlikely to fully account for neurite 

regeneration. Since Ibuprofen additionally attenuates the 

inflammatory response caused by injury, therapeutic strategies 

(Carafa et al., 2011; Hu et al., 2013) for the application of the 

drug close to the site of neural tissue damage should be explored. 
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Abbreviations 

2wkRA 2 week retinoic acid treated neurons 

8-Br-cAMP  adenosine 3′,5′-cyclic monophosphate  

sodium salt monohydrate 

cAMP   adenosine 3′,5′-cyclic monophosphate  

sodium salt monohydrate 

CSPG   chondroitin sulfate proteoglycan 

LPA   oleoyl-L-α-lysophosphatidic acid 

MAG   myelin-associated glycoprotein 

NT2   NT2/D1 precursor cells 

OMgp   oligodendrocyte-myelin glycoprotein 

PBS   phosphate buffered saline 

PBST   PBS containing 0.1% Triton X-100 ()  

PKA   protein kinase A, cAMP-dependent kinase 

RhoA   Ras homolog gene family, member A GTPase 

ROCK   Rho-associated coiled coil forming  

protein serine/threonine kinase 
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Y-27632  (1R,4r)-4-((R)-1-aminoethyl)-N- 

   (pyridin-4-yl)cyclohexanecarboxamide 
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Abstract 

Background 

Transplantation of olfactory ensheathing cells (OEC) and Schwann 

cells (SC) is a promising therapeutic strategy to promote axonal 

growth and remyelination after spinal cord injury. Previous 

studies mainly focused on the rat model though results from 

primate and porcine models differed from those in the rat model. 

Interestingly, canine OECs show primate-like in vitro 

characteristics, such as absence of early senescence and 

abundance of stable p75NTR expression indicating that this 

species represents a valuable translational species for further 

studies. So far, few investigations have tested different glial 

cell types within the same study under identical conditions. 

This makes it very difficult to evaluate contradictory or 

confirmatory findings reported in various studies. Moreover, 

potential contamination of OEC preparations with Schwann cells 

was difficult to exclude. Thus, it remains rather controversial 

whether the different glial types display distinct cellular 

properties. 
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Results 

Here, we established cultures of Schwann cell-free OECs from 

olfactory bulb (OB-OECs) and mucosa (OM-OECs) and compared them 

in assays to Schwann cells. These glial cultures were obtained 

from a canine large animal model and used for monitoring 

migration, phagocytosis and the effects on in vitro neurite 

growth. OB-OECs and Schwann cells migrated faster than OM-OECs 

in a scratch wound assay. Glial cell migration was not modulated 

by cGMP and cAMP signaling, but activating protein kinase C 

enhanced motility. All three glial cell types displayed 

phagocytic activity in a microbead assay. In co-cultures with of 

human model (NT2) neurons neurite growth was maximal on OB-OECs. 

Conclusions 

These data provide evidence that OB- and OM-OECs display distinct 

migratory behavior and interaction with neurites. OB-OECs 

migrate faster and enhance neurite growth of human model neurons 

better than Schwann cells, suggesting distinct and inherent 

properties of these closely-related cell types. Future studies 

will have to address whether, and how, these cellular properties 

correlate with the in vivo behavior after transplantation. 
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Abstract 

Over the last years, a number of therapeutic strategies have 

emerged to promote axonal regeneration. An attractive strategy 

is the implantation of biodegradable and nonimmunogenic 

artificial scaffolds into injured peripheral nerves. In previous 

studies, transplantation of decellularized veins filled with 

spider silk for bridging critical size nerve defects resulted in 

axonal regeneration and remyelination by invading endogenous 

Schwann cells. Detailed interaction of elongating neurons and 

the spider silk as guidance material is unknown. To visualize 

direct cellular interactions between spider silk and neurons in 

vitro, we developed an in vitro crossed silk fiber array. Here, 

we describe in detail for the first time that human (NT2) model 

neurons attach to silk scaffolds. Extending neurites can bridge 

gaps between single silk fibers and elongate afterwards on the 

neighboring fiber. Culturing human neurons on the silk arrays 

led to an increasing migration and adhesion of neuronal cell 

bodies to the spider silk fibers. Within three to four weeks, 

clustered somata and extending neurites formed ganglion-like 

cell structures. Microscopic imaging of human neurons on the 

crossed fiber arrays in vitro will allow for a more efficient 

development of methods to maximize cell adhesion and neurite 

growth on spider silk prior to transplantation studies.   

http://www.hindawi.com/journals/bmri/2014/906819/
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Discussion 

This thesis provides a comprehensive overview of three different 

approaches to treat nerve defects either by application of 

pharmaceuticals, transplantation of cells or transplantation of 

guiding scaffolds. Regeneration in the spinal cord is limited 

due to intrinsic factors, such as maturation state, and extrinsic 

factors forming a hostile environment and actively blocking 

regeneration (Bush et al., 1999; Faulkner et al., 2004; Silver 

and Miller, 2004; Soderblom et al., 2013; Zhu et al., 2013; 

Graciarena et al., 2014). 

We first developed a cell culture model system (2wkRA) using 

human NT2 neurons suitable to monitor the effect on neurite 

elongation. Next, we tested how application of a pain reliever 

known to inhibit RhoA activation affects the neurite elongation 

in the previously developed neuron model system. Activation of 

Rho is the ubiquitous pathway most of the regeneration blocking 

surface molecules in the injured spinal cord converge to (Fig.2). 

Since olfactory ensheathing and Schwann cells are favored 

transplanting choices used to achieve spinal cord repair, we 

used these cells in the human model neuron system. Thus, the 

next section of this thesis focuses in a comparative approach on 

the intrinsic cell specific properties of such glial cells and 

the impact of ensheathing glial cells on the formation of primary 

neurites and elongation of these. 

The last section describes for the first time the adhesion and 

aggregation of human neurons on spider silk as potential guiding 

scaffold for PNS and CNS repair. The thesis describes furthermore 

the development of a new in vitro assay to monitor neurite 

elongation on crossed silk fiber arrays. 
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Key findings of this work are: 

 Development of a shortened differentiation protocol of 

human NT2 neurons and a suitable model system to test 

neurite growth promoting effects in vitro 

 Cyclic AMP (cAMP) and cAMP-elevating agents act as positive 

control for neurite outgrowth in 2wkRA neurons 

 The pain reliever Ibuprofen blocked RhoA activation and 

resulted in enhanced neurite outgrowth on a permissive 

substrate 

 Downstream blockage of Rho kinases resulted in an even 

stronger neurite elongation 

 First comparative approach of canine ensheathing cells co-

cultured with human model neurons  

 Pure cultures of olfactory ensheathing cells and peripheral 

Schwann cells revealed diverse migratory capacity in vitro 

with OECs from the bulb being twice as fast as OECs from 

the mucosa or Schwann cells 

 In contrast to rodents, large animal OEC migration is not 

mediated by PKA or PKG but PKC  

 Neurite outgrowth promoting effect of bulb OECs is higher 

than of Schwann cells and  mucosa OECs 

 Co-culturing human neurons with canine glia resulted in 

increased initiation of primary neurites and therefore more 

neurites per neuron 

 Human neurons adhere actively to and aggregate after 

several days in culture on Nephila spp. spider silk 

 Using the newly developed crossed fiber array system it is 

possible to monitor neurite elongation on spider silk in a 

live imaging setup 

The following discussion will focus on these outcomes and give 

future perspectives for upcoming experiments. 
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Shortened differentiation of human neurons 

The human Ntera-2/cl.D1 cell line (NT2) is originated from an 

embryonal carcinoma and known to differentiate into post mitotic 

neurons in a differentiation protocol using retinoic acid 

(Pleasure et al., 1992). NT2 neurons show some principal 

advantages compared to other neuronal cell lines. 

First, in contrast to the pheochromocytoma 12 (PC12) cell line 

or dorsal root ganglion cells, NT2 cells are of human and not 

rodent origin (Pleasure et al., 1992). The benefit over human 

neurons obtained from embryonic stem cell or fetal tissue, is 

the absence of ethical restrictions and the nearly infinite 

source due to immortalization. Next, the NT2 cell line is proven 

to differentiate to neurons showing a clear CNS phenotype with 

characteristic marker expression of β-III-Tubulin, MAP2 and Tau 

as well as electrical currents and a pre and postsynaptic 

activity after depolarization (Podrygajlo et al., 2009; Tegenge 

et al., 2009; Podrygajlo et al., 2010). Despite the long history 

and extensive use of this cell line, the differentiation protocol 

with more than 4 weeks is in view of the output quite 

sophisticated and long. In this study, we developed a fastened 

differentiation protocol with a reasonable balance between work 

input and purity of neurons. Moreover, the priming of the NT2 

neurons without treatment of mitotic inhibiters created a cell 

culture model with neurons in a developmental stage (2wkRA). 

This is in contrast to the mature neurons (NT2) generated in the 

classical differentiation protocol. 

We then used the 2wkRA neurons in a neurite outgrowth assay for 

screening of neurite growth promoting agents. Quantification of 

such effects demand a good positive control to compare with. And 

since the nucleotide cyclic adenosinmonophosphate (cAMP) is 

known to mediate growth cone attracting signals (Ming et al., 
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1997; Song et al., 1997), we used exogenous applied cAMP and 

cAMP-elevating agents as proof of concept. The neurite growth 

promoting effect on 2wkRA neurons shown in this study is in line 

with other studies using rat pheochromocytoma (PC12) neurons, 

CNS retinal ganglion cells (RGCs) and peripheral spiral ganglion 

neurons (SGN) (Corredor et al., 2012; Xu et al., 2012). Moreover, 

recent studies have reported that high levels of cAMP can 

overcome the regeneration inhibiting effects in a hostile 

environment and promote neurite outgrowth in a wide range of 

animals like C. elegans (Ghosh-Roy et al., 2010), Zebra fish 

(Bhatt et al., 2004) and rodents (Hannila and Filbin, 2008) 

Here, we developed a rapid NT2 neuron differentiation protocol 

with prolonged treatment of retinoic acid. 2wkRA neurons work as 

a good model to screen for agents promoting neurite outgrowth. 

Ibuprofen - RhoA inhibition and neurite growth 

Formation of the glia scar consisting of astrocytes, 

oligodendrocytes and even fibroblasts serves as repair mechanism 

to reestablish a functional blood brain barrier (BBB), limit 

uncontrolled cellular breakdown and counteract the inflammatory 

response (Bush et al., 1999; Faulkner et al., 2004). However, 

reactive astrocytes and oligodendrocytes produce a range of 

extracellular matrix (ECM) molecules all blocking regeneration 

beyond the glial scar (Fawcett et al., 2012; Lee and Zheng, 2012; 

Sharma et al., 2012; Lee et al., 2014; Milbreta et al., 2014). 

Since all these molecules bind to specific ligands on ingrowing 

neurons and all converge to the Rho/ROCK pathway (Kubo et al., 

2007; Tönges et al., 2011), there are therefore great 

expectations on the use of Rho inhibiting agents, as the agent 

Fasudil which is actually administered after cerebral vasospasm 

and pulmonary hypertension (Hara et al., 2000; Cheng et al., 

2008; Dewachter et al., 2010). 
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Using Rho and its effector Rho kinase (ROCK) inhibiting agents 

resulted in increased hind limb movement scores, reduced 

apoptosis and enhanced growth of fibers across the lesion in in 

vivo models of SCI (Boato et al., 2010; Impellizzeri et al., 

2012; Wu et al., 2013). In contrast, we have not used Rho/ROCK 

inhibitors to overcome a growth inhibiting substrate but focused 

on a permissive substrate to check for an enhancement of neurite 

elongation beyond control level (Lingor et al., 2008). Treatment 

of developing neurons (2wkRA), but not mature neurons (NT2), led 

to an increase in neurite lengths. This difference must be due 

to a change in the intrinsic factors of these neurons during 

their maturation as earlier reported for neurons (Blackmore and 

Letourneau, 2006).  

We have not only shown the neurite growth promoting effect of 

Rho and ROCK inhibiting agents but also the different 

responsiveness of developing and mature neurons. Future studies 

need to focus on ways for Rho and ROCK inhibiting pharmaceuticals 

to pass the blood brain barrier in adequate dosages in order to 

attain maximum Rho inhibiting effect with minimum side effects. 

It would be interesting to check for the extent of neurite 

elongation of the developing and mature neurons in order to 

establish this neuronal culture as a model system for 

developmental neurotoxicity. In a work of Stern et al. (2014), 

the Ntera2 cell line was used as such a predictive test system. 

However, they focused only on neuronal differentiation and 

migration. 
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Ensheathing cells as therapeutic treatment of the injured 

spinal cord 

An alternative therapeutic approach to treat spinal cord 

injuries is the transplantation of autologous cell grafts in 

order to achieve functional repair (Bradbury and McMahon, 2006; 

Granger et al., 2012). Transplanted cells should overcome the 

hostile milieu of the injured spinal cord by providing a 

permissive environment for regenerating neurons. Ensheathing 

glial cells are moreover known to form myelin and should 

therefore reestablish an isolating myelin sheath (Richter and 

Roskams, 2008). The most promising candidates are olfactory 

ensheathing cells with their unique feature of bridging the gap 

between the peripheral and the central nervous system in the 

mammalian neuraxis (Doucette, 1995; Barnett and Chang, 2004; 

Richter and Roskams, 2008). Much work is done in rodents to 

elucidate the effect of OECs and SCs on the regeneration process 

in in vitro and in vivo models of regeneration (López-Vales et 

al., 2004; Richter et al., 2005; Pearse et al., 2007; Granger et 

al., 2012). Transplantation of olfactory ensheathing cells in a 

hemisectioned rat spinal cord led to an improvement of BBB hind 

limb motor ratings compared to control groups (Yan et al., 2009). 

In a subactue contusion model, transplanted OECs and SCs reduced 

cavity formation, increased the number of regenerated 

supraspinal fibers and overall improved anatomical outcome 

(Barbour et al., 2013). In view of a less invasive autologous 

transplantation approach, only a few groups have compared OECs 

from different sources. Moreover, most of the generated in vivo 

and in vitro data using OECs or SCs have not compared OECs from 

different source to SCs which are easier to obtain. 

Here, we show different migratory and neurite outgrowth 

promoting properties of OECs from the olfactory mucosa or the 

olfactory bulb and Schwann cells from the tibial nerve.  
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Moreover, we used canine OECs as a translational model since it 

is known that rodent and primate ensheathing glia differ in their 

behavior in vitro (Techangamsuwan et al., 2008). Comparison of 

OECs from the bulb and the mucosa in a severe SCI model with a 

complete transection reported no significant difference (Mayeur 

et al., 2013). These results are in contrast to the findings of 

this thesis, which could be due to species specific differences.  

In summary, we show that SCs and OECs from different sources 

differ in their intrinsic properties. OECs from the bulb migrated 

faster and were more efficient in promoting a permissive 

environment for formation and elongation of neurites. We also 

report increased migration after activation of the PKC pathway 

instead activation of the cAMP/PKA pathway (Bretzner et al., 

2010). This could be due to the canine species used as 

translational large animal model, since rodents and primate OECs 

differ in their in vitro response (Techangamsuwan et al., 2008). 

Enhanced neurite outgrowth of neurons cultured with OECs or SCs 

is in line with previous reports for rodents and canine glia 

(Pellitteri et al., 2009; Jiao et al., 2011; Ziege et al., 2013). 

However to the best of our knowledge, this is the first time 

large animal OECs and SCs were co-cultured with human CNS neurons 

and used in a comparative experimental approach. 

Spider silk as guiding biomaterial for neural repair 

As mentioned earlier in this thesis, regenerating neurons in the 

spinal cord are faced with an environment blocking neurite 

outgrowth (Fig.1) (Silver and Miller, 2004). The situation in 

the PNS is less hostile, however generation often is not 

functional due to pathfinding mistakes of regenerating neurons. 

For peripheral nerve defects, artificial guidance tubes are the 

most promising alternative (Weber et al., 2000; Ashley et al., 

2006; Donoghoe et al., 2007) to the gold standard of autologous 
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nerve grafts associated with donor site morbidity, limited 

amounts of donor tissue and nerve site mismatch (Johnson and 

Soucacos, 2008). 

This thesis provides evidence that spider silk of Nephila spp. 

may serve as resorbable, non-immunogenic biomaterial for 

transplantation in neural repair strategies. Using crossed fiber 

arrays, we show that spider silk fibers act as aggregation 

centers and guidance scaffold for human neurons in vitro. 

Successful adhesion and proliferation of fibroblasts on spider 

silk was reported earlier (Kuhbier et al., 2010). Fibroblast 

grown on recombinant silk protein 4Repcis alone showed an 

elongated shape along the fibers (Widhe et al., 2013). For the 

first time, we show here the adhesion and outgrowth of human 

neurons on spider silk fibers. Other silk products as Spidrex® 

of Bombyx mori improved peripheral nerve regeneration in rats 

(Huang et al., 2012). Adhesion and alignment of neurons along 

fibers is in line with results from silk fibers transplanted 

into a dissected sciatic nerve (Allmeling et al., 2008). 

Functional repair occurred in autologous veins filled with 

spider silk in sheep and rat models (Allmeling et al., 2008; 

Radtke et al., 2011) (Allmeling2008, Radtke2011). The exact time 

frame in which regeneration occurs and the interaction of neurons 

with guiding silk fibers is not clear after all. Here, we provide 

a useful tool to monitor neurite elongation under different 

conditions and the interaction of the growth cone in silk fibers. 
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Conclusion 

This thesis describes the development of a shortened neuronal 

differentiation protocol and the establishment of 2wkRA neurons 

as a suitable test system to monitor neurite outgrowth and 

regeneration processes in vitro. And since the growth inhibiting 

environment in the injured spinal cord is the major challenge 

for successful nerve repair, this thesis uses the newly developed 

2wkRA neurons to describe in three distinct works how different 

approaches can overcome the hostile environment in the spinal 

cord. These approaches include a pharmacological strategy using 

the Rho inhibiting pain reliever Ibuprofen focusing on a 

ubiquitous neurite growth inhibiting signaling pathway. The 

second strategy is cell based and focuses on providing a 

permissive growth promoting environment for regenerating 

neurons. Moreover, the second approach demonstrate the need for 

translational models since canine glial cells used in this study 

showed no similarities to rodents cells upon migration 

stimulating pathways. Finally, the scaffold transplantation 

approach describes a new technique to evaluate spider silk as 

promising transplantable biomaterial for directed regeneration 

after transplantation into the injured nervous system 
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