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I Abbreviations

α                         Alpha 

ahSC                 Adult human Schwann cells

arSC                  Adult rat Schwann cells

Aqua dest          Distilled water

β                       Beta

BMC                   Bone marrow cells

BPE                   Bovine pituitary extract

BSA                   Bovine serum albumin 

BDNF                 Brain-derived neurotrophic factor

BrdU                  5-bromo-2´-deoxyuridine 

CO2                    Carbon dioxide

CSA                   Cross sectional area

CNS                   Central nervous system

CNTF                 Ciliary neurotrophic factor 

ºC                     Degree Celsius 

Cy-2                Cyanin

Cy-3                Indocarbocyanin

DAPI                  4, 6-Diamidino-2-phenylindol 

DRG                 Dorsal root ganglia 

DMEM                Dulbecco´s modified eagle’s medium 

DsRed                Discosoma red fluorescent protein

E                        Embryonic day

EC kit                 Primary endothelial cell kit

ECM                   Extracellular matrix molecules

e.g.                      Example given

EGFP                 Enhanced green fluorescence protein 

FGF-2                 Fibroblast growth factor -2

FGFR                 Fibroblast growth factor receptor

Fig                     Figure 

FCS                   Fetal calf serum 

FK                      Forskolin

g                         Earth’s gravitational unit
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g                          Gram

GDNF                  Glial-cell-line-derived neurotrophic factor 

GFP                     Green fluorescence protein 

GGF                     Glial growth factor

GAP-43               Growth associated protein-43 

h                          Hour 

FGF-2 21/23 kD High molecular weight isoforms of FGF-2

HCl                      Hydrochloric acid 

IgG                      Immunoglobulin

IGFs                    Insulin-like growth factors 

kD                       Kilo Dalton

mRNA                 messenger RNA

MA                       Myelinated regenerated axons

μg                        Microgram 

μl                         Microlitre 

μm                       Micrometer 

μM                       Micromole 

mg                       Milligram 

ml                        Millilitre 

mm                      Millimeter 

mM                      Millimole 

min                      Minutes 

M                         Molar 

MSC Mesenchymal stem cells

MGM                   Melanocyte growth medium

MHH                    Medizinische Hochschule Hannover

n                          Number of experiments (or animals)

n.d.                      Not determined

n.a.                      Not available for calculation

N                         Nervus

NGF                    Nerve growth factor

N-kit                    Primary neuron kit

NaCl                   Sodium Chloride
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ng                        Nanogram 

nm                       Nanometer 

NGF                    Nerve growth factor 

NT-3/4/5              Neurotrophins-3/4/5 

NGS                    Normal goat serum 

OEC Olfactory ensheathing cells

OPC kit               Oligodendrocyte precursor kit

OsO4                  Osmium tetraoxide

P0                       Myelin protein zero 

p-value                Value of significance

%                         Percentage

PC12                   Phaeochromocytoma cell line

Pen / Strep          Penicillin / Streptomycin

p75
LNGFR                     

Low-affinity nerve growth factor receptor 

PFA                     Paraformaldehyde 

PNS                     Peripheral nervous system 

PBS                     Phosphate buffered saline 

PLL                        Poly-L-lysine 

PMP-22                Peripheral myelin protein-22

Porn-laminin         Poly-L-ornithine-laminin 

rhBDNF             Recombinant human brain-derived neurotrophic factor 

rhInsulin            Recombinant human Insulin

rhHRG              Recombinant human Heregulin

® Registration Mark

RT                         Room temperature

rpm                       Rounds per minute 

SC                        Schwann cells

SCP                      Schwann cell precursor cells

SD                        Standard deviation

SDS                     Sodium dodecyl sulfate 

Sec                      Seconds

SPRD Sprague Dawley Rats

TGF-β                  Transforming growth factor- β
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TM Trademark

UV                        Ultra-violet 

v/v                        volume/volume 

U                           Unit of enzyme activity

WD     Wallerian degeneration

WST-1                  Water soluble tetrazolium salt
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1. Introduction

1.1 Nervous system 

The nervous system is a highly specialized tissue network whose principal components 

are neurons and glial cells. Neurons are interconnected to each other in a complex 

arrangement. Using electrochemical signals neurons conduct a great variety of stimuli 

within the nervous tissue as well as from and towards most other tissues. Thus, neurons 

coordinate multiple functions in organisms. Glial cells were for long considered as simple 

supporting elements in the nervous system. This view was contradicted during the last 

20 years. An explosion of information has demonstrated that glia contribute to all 

aspects of neural function. Recent reports also point towards the ability of a subset of 

glia in the adult and the neonatal brain to fire action potentials (Karadottir et al., 2008, 

Otis and Sofroniew, 2008).

The interaction and arrangement of glia and neurons result in a complex network which 

steers function and coordination in the body’s response to external stimuli.

The nervous system is divided into the central nervous system (CNS; brain, spinal 

cord, optic and olfactory system) and the peripheral nervous system (PNS). The PNS 

fibers consist of different axon types as follows: (1) afferent sensory axons, conducting 

signals from peripheral receptors via sensory dorsal roots to the dorsal horn of the spinal 

cord. The sensory axons are originating from pseudounipolar neuron cell bodies residing 

in the dorsal root ganglia (DRG). (2) Efferent motor axons, conducting signals from 

motor neurons in the ventral horn of the spinal cord to the muscles. Motor axons leave 

the spinal cord over the ventral roots. Sensory DRG neurons belong to the PNS 

whereas motor neurons belong to the CNS. Axons in the PNS may be myelinated or 

non-myelinated. The outer membrane of myelinated axons is covered by an insulating 

myelin sheath which is only interrupted at the nodes of Ranvier. Myelin sheaths manly 

consist of glycoproteins and glycolipids and are in the PNS formed by a specific glia cell 

type, the Schwann cells (SC). In the CNS myelin is formed by a specific subtype of glia, 

the oligodendrocytes. Peripheral nerves may be solely sensory or motor nerves or mixed 

nerves consisting of all qualities of PNS axons. The sciatic nerve (Nervus ischiadicus)

is an example for a mixed peripheral nerve. The sciatic nerve originates from the dorsal 

and ventral roots of the fourth lumbar to the third sacral nerves (L4-S3). The roots unite 

to form a single nerve which distally further bifurcates into the tibial nerve and the
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common peroneal nerve. Further distally, the tibial nerve gives rise to the sensory 

sural nerve. The peroneal nerve innervates the proximolateral part of the hind paw

motor and sensory (Schmalbruch, 1986, 1987a, b).

1.2 Cytoarchitecture of peripheral nerves

The structure of an individual axon in a peripheral nerve is displayed in fig. 1.1. Axons 

are slender processes arising from the axon hillock of the neuronal cell body. Each 

neuron gives rise to one single axon. Distal to the axon hillock, action potentials are is 

conveyed along the axons away from the cell body towards the synaptic terminals. In 

peripheral nerves where axons from different neurons are intermingled, individual axons 

are surrounded by connective tissue called the endoneurium. Several axons get 

bundled into fascicles by a second layer of connective tissue called the perineurium. To 

form a nerve, several fascicles get are is enclosed by an outer layer of connective 

tissue, the epineurium. 

1.3 Schwann cells (SC)

Peripheral axons are closely associated with Schwann cells (SC), irrespectively of their 

myelinated or non-myelinated morphology. During development, SC formation is 

preceded by the generation of two other cell types: neural crest derived Schwann cell 

precursor cells (SCP; embryonic day (E) 14-15) and immature SC, which are 

generated from the SCP from E15-17 onwards in rats. Immature SC are present from 

E15-17 until birth in rat nerves. The postnatal fate and maturation of immature SC is 

determined by specific signaling pathways in dependence from the nature and diameter 

of axons the respective SC associate with (Jessen and Mirsky, 1994, 2005). In contrast 

to SCP and immature SC, mature SC are able to survive in absence of an axon.

However, also the developing axons are dependent on SCP and immature SC as they 

provide essential survival signals for the developing neurons (Jessen and Mirsky, 2005, 

Riethmacher et al., 1997). Furthermore, SCP and immature SC are important for normal 

fasciculation of peripheral nerves (Morris, 1999). 

Mature SC exists in a myelinating or a non-myelinating phenotype. To form a myelin 

sheath, a single Schwann cell encloses a single axon and wraps layers of its plasma 

membrane around the axon. Depending on the nature and type of axons SC associate 
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with, they also display a motor or a sensory axon specific phenotype (Höke et al., 2006).

Mixed nerves are expected to contain both Schwann cell phenotypes. During 

myelination SC undergo biochemical modification and start expression of myelin specific 

proteins, such as myelin protein zero (P0) or peripheral myelin protein (PMP-22) which 

are both components of compact PNS myelin (Quarles, 2002, Magnaghi et al., 2004).

Related to events of peripheral nerve injury, SC display a variety of properties as pre-

requisites for peripheral nerve regeneration. These properties include the ability of SC to 

de-differentiate, proliferate and provide trophic support to regenerating axons as well re-

myelination of those. 

1.4 PNS injuries

There are two principle targets of peripheral nerve damage: the axon and the associated 

non-myelinating and myelinating SC. Two different principal mechanisms usually lead to 

nerve trauma: blunt or transecting injuries to the limbs. In 1943, Seddon and co-workers 

established the concept of neurapraxia, axonotmesis and neurotmesis according to the 

degree of compressing or injuring forces (Seddon et al., 1943). In neurapraxia, the 

lesions lead to a partial or total functional block of electrical conductivity due to 

degradation of myelin sheath, which can be clinically treated within 3-4 weeks. 

Axonotmesis is defined as complete interruption of axon continuity associated with 

Wallerian degeneration in the distal part of the nerve. The fibers re-sprout in this case 

and establish new functional contacts depending on the distance to their former target 

within a few weeks to months. Neurotmesis, contrary to the two former types of lesions, 

terms a complete interruption of the entire nerve trunk resulting in impaired spontaneous 

recovery, which makes operative adaptation necessary. 

1.5 Axonal degeneration and regeneration

Whereas in the CNS regeneration is impaired, peripheral nerves regenerate 

spontaneously after injury because of a permissive environment and an intrinsic growth 

capacity of peripheral axons (Chen et al., 2007).  The general events resulting after 

axonal transection are summarized in fig 1.2. Axotomy initiates a characteristic series of 

events in the distal nerve stump, collectively referred to as Wallerian degeneration

(WD). WD includes the degeneration of axons and myelin sheaths and further the 
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dedifferentiation and proliferation of SC. Macrophages invade the injury site and help in 

phagocytosing the degenerating myelin debris during the first week post injury (Stoll and 

Muller, 1999).  Regenerating neurites emerge from the nodes of Ranvier adjacent to the 

axotomized proximal nerve stump within the first few hours after axotomy and extend 

along the parent nerve (Wong and Mattox, 1991a, b). Proliferating SC migrate and form 

the so-called bands of Büngner, which guide regenerating axons towards the 

respective tissue targets. During WD several regeneration promoting proteins are 

upregulated at the lesion site where they are produced by the injury-activated SC. After 

nerve transection injury for example, the production of certain regeneration promoting 

proteins is up-regulated in SC. These proteins diffuse from the distal stump across the 

lesion site and provide a regeneration promoting environment for axon sprouts 

outgrowing from the proximal nerve stump. Examples for up-regulated proteins after 

peripheral nerve injury are members of the neurotrophin family, like nerve growth factor 

(NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-4/5 (NT-4/5). Also a 

variety of other factors contributes to the regeneration promoting environment provided 

by SC, e.g., glial cell line-derived neurotrophic factor (GDNF), ciliary neurotrophic factor 

(CNTF), transforming growth factor-β (TGF-β) or leukemia inhibitory factor (LIF) 

(reviewed in Chen et al. 2007, Stoll and Muller, 1999, Terenghi, 1999, Lykissas et al., 

2007). 

Another example of a protein that is up-regulated after peripheral nerve injury is 

fibroblast growth factor-2 (FGF-2). FGF-2 represents one of the most important 

modulators of cell growth and differentiation. It was also shown to stimulate SC mitosis 

(Davis and Stroobant 1990) and prevent forskolin-induced P0-expression (Morgan et al., 

1994). The FGF-2 system, including FGF-2 in different isoforms as well as four high 

affinity FGF receptors (FGFR1-4), is expressed in the PNS both in peripheral nerves as 

well as in DRG neurons (Grothe and Nikkhah, 2001). FGF-2 occurs in three different 

isoforms in the rat, a low molecular weight isoform, FGF-218kD, and two high molecular 

weight isoforms, FGF-221kD and FGF-223kD (Florkiewicz and Sommer, 1989, Florkiewicz 

et al., 1991). After peripheral nerve injury, the different FGF-2 isoforms are differentially 

regulated in location and time (Grothe et al., 2000a, Meisinger and Grothe, 1997). The 

injury related regulation of the FGF-2 system in DRG as well as at the lesion site, made 

it an interesting molecule to investigate FGF-2 effects on peripheral nerve regeneration. 
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Studies on mouse mutants of the FGF-2 system revealed reduced myelin thickness of 

regenerated axons in FGF-2 transgenic mice (Jungnickel et al., 2006). Furthermore, wild 

type mice showed a higher mitotic activity of SC in the proximal nerve stump after nerve 

crush as compared to FGF-2 knock out mice (Jungnickel et al., 2004a). Differential 

effects of different FGF-2 isoforms on peripheral nerve regeneration across long gaps 

have been tested by an ex vivo gene therapy approach (Haastert and Grothe, 2007). 

These studies demonstrated that the different FGF-2 isoforms, FGF-218kD or FGF-

221/23kD, do effect peripheral nerve regeneration across 15 mm sciatic nerve gaps in rats 

differentially when added via ex vivo gene therapy. Ex vivo gene therapy was performed 

by transplantation of genetically modified neonatal rat SC over-expressing either FGF-

218kD or FGF-221/23kD. Long-distance myelination of regenerating axons as well as 

sensory recovery was promoted by FGF-221/23kD gene therapy, whereas gene therapy 

with FGF-218kD impaired long-distance myelination of regenerating axons (Haastert et al. 

2006a, Grothe et al., 2006, Grothe et al., 2008). A follow-up study using FGF-221/23kD

gene therapy in combination with motor activity enriched rehabilitation showed a 

synergistic effect on regeneration of myelinated axons (Haastert et al., 2008). All these 

findings contribute to a lasting interest in FGF-218/21/23kD, for gene therapy approaches in 

peripheral nerve reconstruction and the presented study.

1.6 Strategies for peripheral nerve reconstruction

Axotomized nerves can be repaired with the help of the following approaches (fig 1.3):

1.6.1 End-to-end coaptation

The treatment of injured peripheral nerves and the success of regeneration depend on 

the gap length created between the two nerve stumps. For treatment of small nerve 

gaps, direct, tension-free suturing (end-to-end coaptation) of the two nerve stumps 

is preferred (Schlosshauer et al., 2006).

1.6.2 Autologous nerve grafting

In case of peripheral nerve injury that result in a massive tissue loss in motor nerves, the 

gold standard surgical treatment consist of transplantation of nerve autografts (usually 

a less important nerve, mostly sensory (Nikkhah et al., 1997a,b). However, this 
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treatment is limited by certain disadvantages. At first, harvesting an autograft is 

associated with denervation and functional deficits of the donor nerve and it sometimes 

results in painful neuroma formation. At second, there is a limited supply of donor nerve 

tissue, which in consequence reduces the probability to use this method. However, the 

functional recovery obtained from autografts is maximal when compared to other 

common techniques used for nerve repair (Lundborg, 2004).

. 

1.6.3 Artificial conduits

To reconstruct large nerve gaps (> 6 mm in mice, > 15 mm in rats and > 30 mm in 

primates, alternative strategies like the use of bioengineered artificial nerve grafts are 

considered (Lundborg et al., 1982a, b). Biomaterials utilized to design gap-bridging 

cylindrical or three-dimensional conduits include: acellular veins (Fansa and Keilhoff, 

2004), acellular muscle (Kerns et al., 2003), muscle-vein-combined guides (Tos et 

al., 2004), acellular nerve and epineurium tubes (Fansa and Keilhoff, 2004, Rovak et 

al., 2004) as well as conduits made out of hair keratin (Sierpinski et al., 2008), or

collagen (Faraj et al., 2007).

These conduits can also be made out of synthetic substances e.g., polyvinylchloride /

polyacrylonitrile (Guenard et al., 1992), poly-l-lactide-co-glycolic acid (Lee et al., 

2006), poly-tetrafluoroethylene (Heath and Rutkowski, 1998) or poly-L-lactide-

epsilon-caprolactone (Valero-Cabre et al., 2001). The search for an ideal material for 

synthesis of nerve guides is still going on and recent work of (Haile et al., 2007, 2008)

suggests polysialic acid as an interesting candidate for the above mentioned purpose. 

To test candidate ingredients of bioengineered nerve grafts, the use of silicone tubing is 

a well established model in rats (Lundborg et al., 1982a, Haastert et al. 2006a). The 

studies of Schroder et al. (1993) using silicone tubing for 10 mm nerve gap 

reconstruction demonstrated that at day 7 after surgery perineurial fibroblasts start to 

migrate into the tube to bridge the gap between proximal and distal nerve stumps. 

Migrating cells from both sides fuse between day 12 and 18. Using the fibroblastic tube 

within the silicone graft as guidance cue, blood vessels and regenerating axons enter to 

bridge the nerve gap. This further demonstrates the importance of a fibroblastic layer at 

the inner surface of synthetic tubing for nerve tissue regeneration.
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1.6.4 Tissue engineering of nerve grafts

To promote nerve tissue regeneration especially across long gaps, biosynthetic nerve 

grafts should be populated with cells secreting growth and regeneration promoting 

proteins. Different cell types have been reported to be suitable for tissue engineering of 

peripheral nerve grafts. These includes, (1) mesenchymal stem cells (MSC) which 

could be transdifferentiated into Schwann cell like cells. Transplantation of MSC 

promoted peripheral nerve regeneration by enhancing neo-angiogenesis (Keilhoff et al., 

2006). Furthermore, MSC transplanted into 5 mm rat sciatic nerve gaps have been 

discussed to produce neurotrophic factors themselves or to induce neurotrophic factor 

production in interacting host SC (Pan et al., 2006). (2) Transplanted mononuclear bone 

marrow cells (BMC) resulted in significantly higher blood vessel densities as compared 

to animals which received a sham operation or empty venous grafts or nerve autografts. 

However this had no effect on functional recovery after peripheral nerve reconstruction 

(Fernandes et al., 2008). (3) Olfactory ensheathing cells (OEC) expressing the green-

fluorescent protein (GFP) survived, and integrated into regenerating nerve tissue when 

transplanted after sciatic nerve crush. Furthermore, these OEC formed peripheral myelin 

and contributed to a proper formation of nodes of Ranvier (Dombrowski et al., 2006).

Apart from the cell types mentioned so far, (4) SC are the most promising candidates for 

cell-based strategies in peripheral nerve reconstruction. Continuous presence of SC 

inside the grafts, along with the presence of extracellular matrix molecules (ECM) and 

basal lamina components of SC origin at the lesion site promote peripheral nerve 

regeneration especially after massive tissue loss (Brushart, 1987, 1993, Yang et al., 

2008, Lundborg, 2004).

Guenard et al (1992) reported already that adult rat SC (arSC) seeded in 

polyvinylchloride / polyacrylonitrile guidance channels supported axonal regeneration 

across 8 mm sciatic nerve gaps. Survival and integration into regenerating nerve tissue 

after transplantation of arSC within collagen guidance channels bridging 10 mm sciatic 

nerve gaps was as well as reported as was outcome of functional recovery comparable 

to that after sural nerve autografting (Kim et al., 1994). Also Brandt et al (2005) 

demonstrated with the use of PKH-26 GL cell linking a homogenous distribution of 

acutely-dissociated arSC from pre-degenerated sciatic nerves after transplantation in 

tendon grafts to bridge 10 mm nerve grafts. Furthermore, transplantation of arSC into 
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the muscle before nerve-to-muscle neurotization induced long distance outgrowth of 

axons and significantly improved functional recovery as compared to injection of the 

muscle with culture medium alone (Fukuda et. al., 2005). Even after reconstruction of 

extra long peripheral nerve gaps (50 mm), arSC seeded in acellular muscle conduits

showed promotion of axonal regeneration (Keilhoff et al., 2005).

In a clinical context, the use of adult human SC (ahSC) in biohybrid grafts for peripheral 

nerve reconstruction is of high interest (Haastert et al., 2006b). However, not much is 

known so far, about the fate of ahSC after their transplantation into peripheral nerve 

gaps. Levi et al (1994) transplanted ahSC into 8 mm nerve gaps of immune deficient 

rats and demonstrated enhancement of axonal regeneration and myelination of 

regenerating peripheral axons. Myelination of host axons, however, was mostly done by 

host SC instead of the transplanted ahSC.  Furthermore, transplanted ahSC have been 

found to be distributed throughout the regenerated tissue as well as in the proximal 

stump, but not in distal nerve stump. In a second study, primary and in vitro expanded 

ahSC both showed to contribute to the myelination of the regenerated host nerve tissue 

when transplanted into immune deficient mice (Levi and Bunge, 1994). 

To evaluate the fate of arSC/ahSC after transplantation into nerve gaps in detail as well 

as to study their potential to contribute to regenerated peripheral nerve tissue formation

was subject of the presented study. Therefore an established model of adult rat sciatic 

nerve reconstruction by silicone tubes was used. 

1.6.4.1 Availability of Schwann cells for tissue engineering approaches

Purification and enrichment of arSC and ahSC is needed to provide them for 

transplantation experiments and for future clinical use. Fast and easy to use protocols 

have previously been established at the Institute of Neuroanatomy (Mauritz et al., 2004,

Haastert et al., 2006b). The protocols are based on the process of pre-degeneration to 

obtain high initial numbers of SC. Pre-degeneration can therefore be achieved in vivo

over two weeks after a conditioning transection of the source nerve tissue (Mauritz et al., 

2004). Alternatively, in vitro incubation of epineurium-free tissue over a period of 1-2 

weeks also allows pre-degeneration of nerve tissue (Haastert et al., 2006b). During the 

period of pre-degeneration Wallerian degeneration as well as Schwann cell activation 

and proliferation takes place. After primary seeding, fibroblasts are still present in the 
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cultures and a potential source of cellular contamination. For SC enrichment, selective 

serum-free culture conditions as well as a purification technique are used. 

Purification/enrichment of arSC/ahSC is based on differential adhesion characteristics of 

fibroblasts and arSC/ahSC so that SC can be harvested by a washing step using cold 

jets of buffer solution and medium (Mauritz et al., 2004).

1.6.4.2 Ex vivo gene therapy using genetically modified Schwann cells

Gene therapy in the context of peripheral nerve reconstruction is referring to the delivery 

of genes producing a cocktail of therapeutic proteins with specific regeneration

promoting functions to peripheral nerve cells such as neurons or SC (Haastert and 

Grothe, 2007). Therapeutic proteins induced by gene transfer should help to prevent 

motor neuron loss, enhance initial axonal sprouting, preserve motor endplate 

morphology and promote accurate reinnervation. Neonatal rat SC transfected to over-

express FGF-2 isoforms (Timmer et al., 2003, Haastert et al., 2006a) or arSC 

transduced to over-express GDNF (May et al., 2008), have been demonstrated to be 

beneficial for peripheral nerve gap regeneration.

Genetic modification of adult SC to over-express certain neurotrophic factors can be 

achieved by different methods (reviewed in Haastert and Grothe, 2007):

a. Transduction with the use of viral vectors (e.g., Mosahebi et al, 2001, May et al. 

2008). 

b. Non-viral transfection by electroporation and metafectene™ (Haastert et al., 

2006a, b, Mauritz et al., 2004).

c. Non-viral nucleofection (Haastert et al., 2007). Establishment of this method was 

part of the presented work. Like electroporation, nucleofection is based on the 

application of electric pulses to form temporary micropores in the cell membranes

of the target cell. These micropores give way to the plasmid DNA to enter the 

cells to be expressed in the nucleus.
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1.7 Aims of the study

Using in vitro and in vivo techniques as well as cell pre-labeling, immunohistochemical 

and morphometrical analysis, the following scientific questions were addressed by the 

presented study:

1. How does transplantation of arSC or ahSC influence the regeneration of adult rat 

sciatic nerves across 10 mm gaps reconstructed by silicone channels?

2. How long does transplanted adult SC survive? 

3. Where are adult SC distributed at different time points after transplantation?

4. Does the transplanted adult SC contribute to guidance and myelination of 

regenerating peripheral axons? 

5. How can nucleofection be established for genetic modification of adult SC, 

resulting in maximum survival and transfection efficiencies? Can neurotrophic 

factor over-expression be induced adult SC by nucleofection?

6. Does transplanted genetically modified adult SC continue the expression of 

therapeutic proteins in vivo? 
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2.0 Materials and methods

2.1 List of chemicals, instruments and computer programs 

2.1.1 Materials and chemicals used in in vitro studies

- Amaxa kits: basic neuron kit-cat no.VPI-1003, basic mammalian 

endothelial cell kit- cat no.VPI-1001 and rat oligodendrocyte precursor cell 

kit- cat no.VPG-1009.

-  Aqua dest (Ampuwa Fresenius Kabi GmbH, Bad Homburg, Germany)

-  Bovine pituitary extract -26 (BPE-26; Promocell GmbH, Heidelberg, 

Germany)

- Bovine serum albumin (BSA, fractionV, Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany; cat no. A-9418)

- 5-bromo-2´-deoxyuridine (BrdU, diluted 1:1000 in culture medium; Roche, 

Germany)

- Cell-culture dishes (6 wells, 24-wells or other formats; Nunclon Surface, 

Nunc GmBH & Co. KG, Wiesbaden, Germany)

- Collagenase type IV (Type IV, 160 U / mg; PAA laboratories GmbH, 

Coelbe, Germany; cat no.344273)

- DAPI (4, 6-Diamidino-2-Phenylindole; nuclear marker 1:1000 diluted in 

PBS; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)

-   Dispase I (Roche Diagnostics GmBH, Mannheim, Germany, cat 

no.1284908)

- Dulbecco´s Modified Eagle’s Medium (DMEM; high glucose with L-Gln;

PAA laboratories GmbH, Coelbe, Germany; cat no.E15-810)

-   Fibroblast growth factor-2 (FGF-2; 18 kD isoform produced in our 

laboratory)

-   Foetal calf serum (FCS; PAA laboratories GmbH, Coelbe, Germany)

-   Forskolin (7-deacetyl-7-[O-(N-methylpiperazino)-γ-butyryl]-dihidrochloride)

- Recombinant human Insulin (rhInsulin, Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany)

- Laminin (Becton Dickinson GmbH, Heidelberg, Germany, cat no.354324; 

aliquoted and stored in -80 ºC) 
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- Melanocyte growth medium (MGM; plus manufacturer’s supplements, 

PromoCell GmbH, Heidelberg, Germany; cat no.C-24010)

- Recombinant human Neuregulin1β1 / heregulin-β1epidermal growth factor 

(EGF) domain (rhHRG, Escherichia coli, R & D Systems, Wiesbaden, 

Germany; cat no.396HB)

-   RPMI 1640 (with L-Gln; Gibco; Invitrogen GmbH, Karlsruhe, Germany)

- Penicillin / streptomycin (Pen /Strep, PAA laboratories GmbH, Coelbe, 

Germany; cat no.P11-010)

-   Phosphate buffered saline (PBS; 0.1 M, pH 7.4; Biochrom AG, Germany)

- Poly-ornithine (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany; cat 

no.P-3655) Stock solution of Poly-ornithine (1 mg / ml) was prepared in 

Aqua dest. Boric acid / NaOH at 0.15 M each was added and adjusted to 

pH 8.4 using HCl (0.1N). This stock solution can be stored at 4 ºC for 

weeks and at -20 ºC for months.

-   S100 (polyclonal, rabbit anti-cow S-100 antibody; DAKO, Denmark)

-   Trypan blue solution (Gibco; Invitrogen GmbH, Karlsruhe, Germany)

- Trypsin-EDTA (0.02% / 0.05%, 1.5 ml / well of 6 well culture plate, PAA 

laboratories GmbH, Coelbe, Germany) 

-    WST-1 reagent (Roche Diagnostics GmbH, Mannheim, Germany,) 

2.1.2 Materials and chemicals used in in vivo studies

-   Sprague Dawley rats (SPRD) (Adult female), (Charles River, Wiga, 

Germany)

-   Altosol (Euro Vet, WDT, Germany)

-   Antibite spray (Alvetra GmbH, Germany)

-   Bepanthen® (Eyes and nasal ointment; Bayer, Leverkusen, Germany)

-   Carbon dioxide (CO2) (Linde, AG)

-   Chloral hydrate (Fluka, Neu-Ulm, Germany)

-   Dumont forceps (Dumont no. 5; Fine Science Tools, Heidelberg, 

Germany)

-   3 / 0 Dexon® (B. Braun-Dexon, Germany)
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-   9 / 0 Ethilion®II, Ethicon, Germany

-   4 / 0 Ethilion®II, Ethicon, Germany

-   Growth factor reduced matrigel (v/v, 70:30, Sigma, München, Germany)

-   Metzenbaum surgical scissors

-   Mirfulan® Spray (Merckle Recordati GmbH, Germany)

-   PKH26-GL Fluorescent cell linker kit (Sigma-Aldrich, USA)

- Rivanol® (0.1 % solution Ethacridium lactate monohydrate; Dermapharm 

AG, Germany)

-  Sandimmun / Optoral (composition- Ciclosporin, Novartis, Nürnberg, 

Germany)

-   Scalpel (no. 21, Medizin AG, Cologne, Germany)

-   Sodium chloride (NaCl; 0.9 % normal saline; Braun, Melsungen, 

Germany)

-   Silicone tubes (Silicon tubing)

-   Surgical forceps (Allgaier Instrumente GmbH, Frittlingen, Germany; cat 

no.08-231-130)

-   Surgical scissors (Allgaier Instrumente GmbH, Frittlingen, Germany; cat 

no. 04-124-145)

- Vannas microscissors (Fine Science Tools, Heidelberg, Germany; cat 

no.15003-08)

2.1.3 Chemicals and solutions used in paraffin, cryo and epon 

embeddings and analysis

-   Cacodylic acid sodium salt trihydrate (Merck, Germany)

-    D(+)-Saccharose (Riedel de Haen, Seelze)

-    Dimethyl aminomethyl Phenol 30 (DMP30; Serva, Heidelberg, Germany)

-    Ethanol (J.T. Baker, Germany)

-    Eukitt (Riedel de Haen, Seelze)

-   Glutaraldehyde (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)

-   Hematoxylin (Roth, Karlsruhe, Germany) (0.5 % in 25 % ethanol)

-   Isopropanol (J.T. Baker, Germany)
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-   Kaiser’s Glycerin (Merck, Darmstadt)

-   Mowiol (Sigma, Germany)

-   OsO4 (Polyscience Inc., Warrington, USA)

-   Paraformaldehyde (PFA; Fluka, Neu-Ulm, Germany) 

-   Potassium dichromate K2Cr2O7 (Merck, Darmstadt, Germany)

-   Tissue Tek OCTTM (Sakura, NL)

-   Toluidine blue (Merck, Darmstadt, Germany)

-   Toluene (Merck, Darmstadt, Germany)

-   Xylene (Merck, Darmstadt, Germany)

2.1.4 Instruments, accessory materials and computer programs

- Adobe Photoshop version 6.0

- AnalySIS Pro® Version 3.1 and 3.2 (Soft Imaging System GmbH, Münster 

Germany)

- CCD camera-color view 12, Olympus Photomicrographics System PM20 

(Soft Imaging System GmbH, Germany)

-   Cryostat (Leica CM3050, Nussloch, Bielefeld, Germany)

-   Drying incubator (40 ºC; Memmert, Germany)

- EasyjecT Optima (Equibio, Peqlab biotechnologie GmbH, Erlangen, 

Germany)

-    End Note for students (Microsoft Windows, USA)

-   15 and 50 ml Falcon tubes (Becton Dickinson GmbH, Heidelberg, 

Germany) 

-   (-20 ºC) freezer (Liebherr, Germany)

- Fluorescence microscope (Olympus BX60; Olympus optical Co. GmbH, 

Hamburg, Germany)

-   Graph pad Prism version 4

-   Graph pad Prism Instat version 3

-   Electric heating pad (Jürgens, Germany)

-   Knife maker
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- Laminar Flow work bench (Microflow; Nunc GmbH & Co. KG, Wiesbaden, 

Germany)

-    Light microscope (400 x, BX60, Leica)  

-    Microsurgical microscope (OPMI 9; Carl Zeiss AG; Oberkochen, 

Germany)

-    Microsoft office 2003

- Microtome (Ultramicrotom System 2128 Ultratom®, LK Bromma / Jung, 

Germany) 

-    Reichert Jung Ultracut (Bielefeld, Germany)

-   Nucleofector Device II (Amaxa GmbH, Cologne, Germany)

- Phase contrast microscope (Olympus CK30-F200; Olympus optical Co. 

GmbH, Hamburg, Germany)

-   Refrigerator (4-8 ºC; Liebherr, Germany)

-   Super frost slides (Super Frost® Plus, Menzel-Glaser, Germany)

-   Siliconized Glass slides (Silane-Prep slides®, Sigma, Germany)

-   Stereo microscope (STEMI SV 6; Carl Zeiss AG; Oberkochen, Germany)

-   (-70 ºC) Ultra low (Sanyo, Ewald innovations technique GmbH, Germany)

-   Uncoated glass slides (Menzel-Glaser, Germany)

-   Varifuge (3.0R, Heraeus Sepatech, Hanau, Germany)

-   Wallac 1420 work station program

2.1.5 Cell-culture media used for in vitro studies

2.1.5.1 Media compositions 

All media were prepared under sterile conditions and additionally sterilized using 

a 0.22 µm filter (Milipore). Media were stored at 4 ºC in the fridge for no longer 

than two weeks.

A. Medium for in vitro pre-degeneration for adult rat and human nerves:

arSC culture medium (see below) 

+ 1 % Penicillin / Streptomycin (Pen / Strep)

+ 10 % Fetal Calf Serum (FCS)
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B. Dissociation medium for rat and human nerves:

Dulbecco´s Modified Eagle’s Medium (DMEM)

+ 0.125 % Collagenase type IV 

+ 1.25 U / ml Dispase 

+ 4 % FCS

+ 1 % Pen / Strep 

C. Adult SC growth medium

 For arSC (Mauritz et al., 2004)

   Melanocyte growth medium (MGM) + manufacturer supplements

+ 10 ng / ml Fibroblast growth factor-2 (FGF-2)

+ 5 µg / ml Bovine pituitary extract (BPE-26)

+ 2 µM Forskolin (FK)

 For ahSC (Haastert et al., 2006b, 2007)

Same as for arSC

+ 10 nM recombinant human heregulin (rhHRG)

+ 2.5 nM recombinant human Insulin (rhInsulin) (freshly added following 

each medium exchange) 

2.1.5.2 Poly-l-ornithine-laminin coating of cell culture surfaces

Laminin stock was taken out of -80 ºC and thawed on ice. Poly-l-ornithine stock 

was diluted 1:10 with sterile ice cold distilled water (aqua dest) and was mixed 

with laminin to a final concentration of 6 µg laminin / ml. For coating, the cell 

culture surfaces were covered properly with the solution, e.g. 1.5 ml / well of a 6-

well plate. The plates were sealed with the lid and parafilm to avoid evaporation 

of the liquid leading to subsequent concentration change and incubated at RT for 

the next 24 h.

Finally, the wells were washed three times with DMEM. Prior to seeding, cell

surfaces were always kept covered with some DMEM to avoid drying.
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2.2 In vitro Isolation of ahSC and arSC

The patients which undergo motorbike accidents or hip prosthesis surgeries are 

usually young adults. Adult human nerve biopsies (residues of peripheral nerve 

transplants harvested during reconstructive surgeries; donor age 13-60 years; 

male or female) with no report of any kind of neuropathies were obtained from 

different hospitals (Prof. Dr. G. Penkert, Frederiken Stift, Hannover; Prof. Dr. C. 

Matthies, Universitäts Klinikum, Würzburg) from where they were transported in 

DMEM + 1 % Pen / Strep and stored at 4 ºC for less than 24 h.

With the help of two Dumont no. 5 forceps, isolated nerve fascicles (dense grey 

colored tissue in contrast to hollow yellow colored connective tissue and blood 

vessels) were pulled out of surrounding epineuria and other connective tissue 

using a stereo microscope. Wet weight of this epineurium free tissue was

determined and then tissue was kept in DMEM + 1 % Pen / Strep until culturing.

Adult female Sprague Dawley rats (SPRD) (8 weeks; approximately 180-200 g in 

weight) were sacrificed by intoxification with CO2. Hind legs were sterilized with 

70 % ethanol and shaved on the right and left thigh region. With the help of 

surgical scissors and anatomical surgical forceps the skin was cut open on the 

femur across the gluteal muscle to see the sciatic nerve. The nerve was cut-off 

approximately 2 cm in length and harvested in sterile DMEM + 1 % Pen / Strep. 

Nerves were carefully freed of epineuria and other connective tissues utilizing 

two Dumont no. 5 forceps for stripping-off nerve fascicles under the dissecting 

microscope. Wet weight of epineuria free nerves was calculated.

2.2.1  In vitro pre-degeneration

Uncoated 6 wells were used for pre-degeneration of both adult human and adult 

rat nerve fascicles.

Epineurium free peripheral nerve tissue fascicles were laid at the bottom of the 6 

well plates covered by pre-degeneration medium (section 2.1.5.1). Tissue was 

incubated at 37 ºC at 5 % CO2 for 10 days and 2 weeks, in order to allow in vitro

pre-degeneration of adult human and adult rat nerve fascicles, respectively. 
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Medium was exchanged at least two times per week (Haastert et al., 2007, 

Mauritz et al., 2004).

2.2.2 Enzymatic tissue dissociation

In vitro pre-degenerated nerve tissue was incubated for 20 h in dissociation 

medium (section 2.1.5.1) at 37 ºC and 5 % CO2. The dissociated tissue was 

collected in a 15 ml falcon tube and centrifuged at 1000 rpm (235 g) for 5 min at 

22 ºC. The clear supernatant was removed and MGM was used to re-suspend 

the cell pellet. A sterile fire-polished glass Pasteur pipette was used for 

mechanical dissociation of the remaining tissue fragments. The resulting cells 

were washed once with MGM and were cultured at a density of 1.5 x 106 living 

(trypan blue negative) cells per well of  a 6-well plate at 37 ºC and 5 % CO2 in 

growth medium for ahSC or arSC (section 2.1.5.1). For the first 24 hr after initial 

seeding, both the culture media were supplemented with 1 % BSA to improve 

surface adherence of cells.

2.2.3 Enrichment by cold jet technique

Enrichment of ahSC or arSC was done 4-5 days after first passage using cold jet. 

This technique is based on differential attachment properties of SC and 

fibroblasts. Cells were washed once with ice-cold PBS which was added slowly 

and re-aspirated quickly. Afterwards, ice pre-cold MGM was added by means of 

a 1 ml Gilson tip to the entire area of the well, pipetting in and out several times 

throughout the culture surface. Detachment was always monitored with phase 

contrast microscopy. SC growing on top of the fibroblasts preferentially detach 

from the substratum leaving behind the clusters of flat fibroblasts which still 

remain attached to the surface of the well. The cells in suspension were collected 

and centrifuged at 1000 rpm (235 g) for 5 min at 22 ºC. The pellet was collected 

and reseeded for the next passage on freshly prepared poly-l-ornithine-laminin 

coated dishes or used for further experiments. Cells were regularly monitored in 

the phase contrast microscopy to estimate viability and purity.

Immunocytochemistry with anti-human / rat p75LNGFR (section 2.3) was used to 
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check for the cell purity before and after the cold jet. For that, aliquots of 5 x 104

cells were cultured per well of 24 well plates for 24 - 48 h and further processed 

as stated below in section 2.3.

2.3  Immunocytochemistry and characterization of arSC and ahSC

To check for the purity of ahSC / arSC, cells cultured on 24 well plates were fixed 

with 4 % PFA in PBS for 20 min at RT. After washing 3 times with PBS, the cells 

were incubated with a blocking solution containing 5 % BSA in PBS for 1 h at RT. 

To identify arSC / ahSC, rat (1:3) / human (1:40, both in PBS + 1 % BSA) - anti

rat / human p75LNGFR antibodies, respectively, were incubated overnight at 4 ºC. 

After washing with PBS, both arSC and ahSC were incubated with secondary 

antibody (mouse anti-rat IgG Cy3 conjugated; 1:200 in PBS + 1 % BSA solution) 

for 1 h at RT.

FLAG epitope immunostaining was performed to detect nucleofected cells after 

transfection with a plasmid containing 3x FLAG epitope. Similarly for anti-FLAG

staining, the cells were first fixed with 4% PFA. Blocking of unspecific antibody 

binding was prevented by incubation in blocking solution (PBS + 10 % BSA + 0.3 

% Triton-X 100) for 30 min at RT. Primary antibody mouse anti-FLAG-M2 (1:500 

in blocking solution) was incubated overnight at 4 ºC. After washing with PBS,

both arSC and ahSC were incubated with secondary antibody mouse anti-rat IgG 

Cy3 conjugated; 1:200 in PBS + 1 % BSA solution) for 1 h at RT.  Further SC 

specific staining was performed with anti- human / rat p75LNGFR was performed 

after staining for FLAG, as previously mentioned. 

To finish FLAG and anti-human / rat p75LNGFR immunostaining, the cells were 

washed with PBS in the end and counterstained with 4, 6-diamidino-2-

phenylindole (nuclear marker DAPI). Immunostained cells were covered with 

PBS and observed in fluorescent microscope.

To determine proliferation rates of cultured arSC and ahSC, anti-BrdU 

immunocytochemistry was performed. 5-bromo-2´-deoxyuridine (BrdU) is a 

thymine nucleotide analogue which can be incorporated into the DNA of the 
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proliferating cells. Cells were incubated with BrdU (1:1000 diluted in the SC 

growth medium) for 24 h at 37 ºC. Cells were then fixed with 100 % methanol for 

20 min at -20 ºC followed by 3 times washing with PBS. Cells were incubated 

with 2 M HCl at 37 ºC for 1 h for permeabilization, followed by 5 min incubation 

with 0.1 % borate buffer at RT. After washing 3 times with PBS, cells were 

incubated with monoclonal mouse anti-BrdU antibody (1:100 in PBS + 1 % BSA) 

for 2 hr at RT. For detection, cells were incubated with secondary antibody goat 

anti-mouse IgG - conjugated with Cy2 (1:200 in PBS + 1 % BSA) for 45 min at 

RT. Anti-BrdU immunocytochemistry was followed by SC specific anti-p75LNGFR 

immunocytochemistry as described above. Proliferating SC (BrdU+ p75LNGFR+) 

were counted from all DAPI positive nuclei.

PKH26-GL labeled arSC or ahSC were immunocytochemically labeled with anti-

BrdU antibody and proliferating PKH26-GL labeled arSC or ahSC were counted.

After antibody staining, nuclei of the cells were counterstained with DAPI

(1:1000, 330-385 nm excitations). Wells were finally washed with PBS and filled 

up with 80 % methanol prior to observation in fluorescence microscope.

2.4 SC viability assessment (WST-1 assay)

The viability of ahSC and arSC was assessed in different experimental setups 

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. This assay was carried out according to the 

manufacturer’s instructions. The incubation period was optimized to 3 h. WST-1 

was quantified at 450 nm wave length using the Wallac 1420 work station 

program.

2.5 Transfection of ahSC and arSC 

Cells were grown for at least 3-4 days after first cold jet. Depending on the 

estimated purity in phase contrast microscopy, cultures were either trypsinized 

(see below) or further enriched by cold jet (section 2.2.3). 
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2.5.1 Trypsinization

For trypsinization, cells were washed two times with PBS to remove dead cells, 

debris or trypsin-inactivating peptides remaining from the medium. Trypsin-EDTA 

(0.02 % / 0.05 %, 1.5 ml / well of 6 well culture plate) was added and cells were 

incubated for 30 sec - 5 min depending on speed of cell detachment as 

monitored in the phase contrast microscopy. The detached cells were collected 

into a 15 ml falcon tube and centrifuged at 1000 rpm (235 g) at 21 ºC for 5 min. 

The cell pellet was re-suspended in culture medium and washed once again to 

remove traces of trypsin.

Trypan blue dye exclusion test was used to determine number of viable cells. 

Therefore, a 10 µl aliquot was removed and diluted with equal volume of trypan 

blue solution and mixed thoroughly. Viable cells / ml cell suspension were 

counted in the Neubauer´s chamber using formula: mean number of cells in one 

quadrate (4 quadrates counted in total) x dilution factor x 104. 

2.5.2 Plasmids used for transfection studies

Over expression of FGF-218 / 21 / 23 kD were achieved using plasmids which were 

constructed as follows:

The FGF-2 18 or 21 / 23 kD isoforms were cloned in pCI-neo vector resulting in clone 

pCI-FGF-218 or 21 / 23 kD. The former results in production of 18 kD isoform, but the 

latter produces only high molecular weight isoforms (21 and 23 kD).  FGF-218kD

and FGF-221 / 23kD constructs were then restriction digested and cloned in 3 

different vectors:

1. p3xFLAG-CMVTM-14 expression vector (Sigma) containing 3 times 

repeats of FLAG epitope, which facilitates optimal detection by anti-FLAG 

antibodies.

2. pEGFP-N2 vector expressing EGFP as a detection tag.

3. pFGF-218 DsRed vector expressing DsRed as a detection tag. 
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FLAG epitope can be clearly detected in the cells after immunocytochemistry

(section 2.3) and the signal does not extinct with time. Therefore, the vector FGF-

2183XFLAG was selected for transfecting ahSC prior to their implantation. The 

effect of over-expression of FGF-218 by ahSC was further analyzed in the context 

of peripheral nerve regeneration using pFGF-2183XFLAG vector. 

2.5.3  Electroporation

Two different protocols for transfection were tested: electroporation and 

nucleofection. In general, the most efficient protocol resulting in maximum 

survival and transfection rates was selected. Previously in our laboratory, Mauritz 

et al (2004) reported increased survival and transfection rates with arSC after 

electroporation. Therefore, before testing nucleofection, electroporation was 

performed as a control transfection method for both arSC and ahSC to confirm 

the same results as were previously obtained. Electroporation was done using 

pEGFP-N2. Cold jet purified SC of second passage were detached and counted 

for viability by Trypan blue test. 1 x 106 cells were suspended in electroporation 

buffer (50 mM K2HPO4, 20 mM potassium acetate, pH 7.35; sterilized by filtering) 

after which 10 µl of 1 M MgSO4 were added and the suspension was mixed with 

30 µg plasmid DNA. Electroporation was done in 4 mm electroporation cuvettes 

(EquiBio, Ashford, UK) using an electroporation device at 260 V and 1050 µF 

capacitance at RT. Cells after electroporation were counted for survival efficiency 

and plated at the density of 5 x 104 cells per well in a 24 well culture dish in arSC 

growth medium supplemented with 1 % BSA. Medium was changed next day 

and after 48 hrs the transfection rate was determined as described below. 

2.5.4 Nucleofection

To improve the transfection rates another physical method of transfection was 

tested with ahSC and arSC. This method is called nucleofection and is patented 

and commercially marketed by Amaxa Inc. 

Nucleofection was used as a method of choice over electroporation for 

transfection of arSC / ahSC (Amaxa GmbH). During optimization, 4 different 
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programs O-17, T-20, T-30 and A-33 and 3 different kits (basic neuron kit (N kit), 

primary endothelial cell kit (EC kit) and oligodendrocyte precursor cell kit (OPC 

kit) were tested. During maximising the survival as well as the transfection rates, 

pmaxEGFP (provided in the Amaxa transfection kit, pmaxGFP 0.5 µg / µl; Amaxa 

GmbH) was used. 1 x 106 trypan blue negative cells were pelleted by 

centrifugation (as above) and mixed with 1-5 µg plasmid DNA and solution from 

the Amaxa kit was added to make a final volume 100 µl. Suspension was 

carefully transferred into the Amaxa specified disposable nucleofection cuvettes. 

Using Amaxa device II and programs, the cells were transfected. 900 µl RPMI 

1640 (with L-Gln) + 10 % FCS was immediately added after nucleofection. 

Amaxa specified disposable plastic pipettes were used to transfer cell 

suspension into Eppendorf cups. Cups were stored at 37 ºC until re-seeding of 

transfected cells. In a 10 µl aliquot of cell suspension, Trypan blue dye exclusion 

test was performed to check the viability after nucleofection. Cells were re-

seeded on freshly coated poly-l-ornithine-laminin plates. 1 % BSA in culture 

medium was added for the first 24 hrs after nucleofection. 

The procedure of nucleofection was optimised using pEGFP-N2 vector (section 

2.5.2).

Survival rate after transfection was evaluated using Trypan blue survival test as 

previously described (section 2.5.1).

Aliquots of 5 x 104 transfected ahSC or arSC were seeded on a 24 well plate and 

anti-rat / human p75LNGFR immunocytochemistry was performed as described 

before (section 2.3). The transfected SC exhibited green fluorescence due to 

EGFP expression in blue filter of fluorescence microscope (480 ± 40 nm 

excitations). 

Transfection rate was evaluated as stated below:

Transfected cells stained with the nuclear stain DAPI and the SC specific stain 

p75 were seeded on 24 multi-wells. Transection rate was determined by formula: 

total no. of EGFP + / total no. of p75LNGFR + cells. DAPI+ nuclei were counted in 

all wells to determine SC purity.
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With the same approach proliferation rate (BrdU+ / total no. of p75LNGFR + cells) 

and seeding efficiency (attached cells / seeded cells in phase contrast 

microscopy 48 h after seeding) were also calculated. DAPI+ nuclei were counted 

as a measure of total cell number.

2.6 In vivo implantation of primary arSC and ahSC

2.6.1 Animal care and experimental design 

Adult female Sprague Dawley rats (SPRD) weighing approximately 180 g were 

housed under standard conditions (RT 22 ± 2 ºC; humidity 55 ± 5 %; light / dark 

cycle 12:12 h) with food and water ad libitum. Animal care housing and surgery 

followed the guidelines of the German law on the protection of animals and were 

approved by the local animal care committee (Permission no. 944 / 05). 

Animals were distributed into different experimental groups according to the type, 

treatment and number of cells transplanted as described for ahSC in tables (5a, 

5b) and for arSC in table 5d. Silicone tubes were implanted to the transected left 

sciatic nerve of each rat. The tubes were filled with different ingredients to build 

the different experimental subgroups (table 5 a, 5 b).

2.6.2 Preparation of SC for implantation

Physiological or transfected arSC or ahSC were prepared for implantation in the 

way similar to neonatal SC as described previously (Haastert et al., 2006). 

Adherent cells underwent trypsinization or cold jet enrichment (if purity was 

below 80 %). Cells in suspension were washed twice with DMEM and counted 

for number of surviving cells with trypan blue dye exclusion test. Unlabeled or 

PKH26-GL pre-labeled (see below) 5.5 x 105 (physiological arSC) or 3.5 x 105, 7 

x 105 and 14 x 105 (physiological or FGF-2183XFLAG transfected) ahSC were 

prepared and pelleted in Eppendorf cups for each animal according to the 

experimental design (table 5 a, 5 b). 
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2.6.3 Cell tracing (PKH26-GL fluorescent cell labeling)

The presence, stability, interaction of transplanted cells within the regenerated 

tissue cable and evaluation of their in vivo behavior were assessed by the use of 

a cell pre-labeling technique. For this purpose we used a cell linker fluorescent 

red dye (PKH26-GL red fluorescent cell linker kit) that stably integrates into the 

cell membrane. All steps were performed at RT according to the manufacturer’s 

protocol. Briefly, 3 x 106 cells were trypsinized, washed and centrifuged. The 

pelleted cells were kept covered with approximately 25 µl of supernatant, tapped 

and re-suspended in residual liquid. Immediately prior to staining, 2x diluted 

PKH26-GL dye (4 x 10-6 M) was prepared in a falcon tube by mixing 4 µl stock 

dye with 996 µl diluent C (both supplied with the kit) in dark. The cell pellet was 

re-suspended in 1 ml of diluent C immediately prior to staining. Cells were then 

mixed with 1 ml of 2x diluted dye, mixed rapidly and incubated for 3-4 minutes at 

RT with intermittent inverting and tapping the tube. Equal volume (2 ml) of FCS 

was added to stop the reaction. After 1 min the suspension was mixed with an 

equal volume of arSC or ahSC growth medium (4 ml) for arSC or ahSC, 

respectively. Cells were centrifuged and washed three times with respective SC 

growth medium without excessive pipetting. After washing, the pellet was re-

suspended in required volume of SC growth medium and distributed 

homogenously in different Eppendorf cups. Aliquots of labeled 5 x 104 cells were 

re-plated on fresh poly-l-ornithine-laminin coated 24 well plates to check for 

viability and labeling efficiency in vitro.

Prior to implantation, the cell pellets were kept on ice covered with a few µl of 

medium supernatant.

2.6.4 Surgical Procedure

Female SPRD rats were anesthetized by intraperitoneal injection of chloral 

hydrate (370 mg / kg body weight dissolved in 0.9 % NaCl solution). To avoid a 

decrease in the body temperature during anesthesia, the animals were kept on 

an electric heating pad and body temperature was repeatedly controlled. Drying 

of the eyes was prevented by the use of Bepanthen® eye ointment. The left hind 
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limbs of animals were shaved, cleaned with 70 % ethanol and sterilized with 

Rivanol. The sciatic nerve was exposed by a skin incision along the femur 

followed by blunt separation of the biceps femoris and superficial gluteal 

muscles. The sciatic nerve was then transected at mid thigh and length of the 

gap kept between the two nerve ends was 10 mm. Immediately prior to 

implantation the silicone nerve guides (13 mm, sterilized) were filled with arSC /  

ahSC re-suspended in 20 µl of growth factor reduced Matrigel. One suture (9 / 0 

Ethilion®II) was attached to each end of the conduit and then to the lumen of the 

conduit, in order to pull the proximal end 2 mm and distal end 1 mm inside the 

lumen, creating a gap of 10 mm between the nerve endings. The muscle layers 

were sutured (4 / 0 Ethilion®II) and finally the skin was sutured with 3 / 0 Dexon®. 

To avoid immune rejection, starting from the day of surgery until the last day of 

the respective observation period, the animals were given immunosuppression 

either subcutaneously (Sandimmun; Ciclosporin, Novartis, 10 mg / kg body 

weight / day; diluted in 0.9 % sodium chloride solution) or orally (Optoral, 

Ciclosporin, Novartis, 10 mg / kg body weight / day; diluted in distilled water; 

Beckmann et al., 1998). Animals were observed for indications of automutilation. 

Altosol and Antibite sprays were used to slow down automutilation and Mirfulan®

Spray was used for rapid wound healing in case of light automutilation. Animals 

were single housed after surgery to allow recovery from anesthesia. Next day 

food intake and faeces were controlled and animals were grouped as 3 or 4 

animals according to pre-surgery housing again in Makrolon Type IV cages.

2.7 Explantation and processing of regenerated nerve cables

To qualitatively (immunohistologically) and quantitatively (morphometrically) 

analyze different parameters related to peripheral nerve regeneration, we 

processed the explanted tissue cables in different ways. For example, qualitative 

analysis of regenerated tissue by immunohistochemistry required the 

regenerated tissue cable to be embedded in paraffin. For the animals which 

received PKH26-GL pre-labeled cells the regenerated tissue cable underwent
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cryo embedding because PKH26-GL fluorescence is lost when treated with 

different concentrations of ethanol during paraffinization.

Histomorphometrical analysis was performed to evaluate the extent of 

regeneration and therefore, semi-thin (1 µm) or ultra-thin (50 nm) sections of the 

regenerated tissue cable were cut from epon embedded tissue. The detailed

procedures are described below:

2.7.1 Paraffin embedding and processing

Perfusion

Prior to perfusion the animal was deeply anaesthetized by introducing CO2 into 

the cage until the animal stopped breathing. The skin on ventral side was opened 

near the diaphragm. The ribcage was cut open and the heart was punctured on 

the bottom of the left ventricle to enable insertion of a blunt needle into the aorta. 

The needle was fixed with a clamp during perfusion. 4 % PFA was freshly 

prepared, filtered and used at RT for perfusion. Each animal was perfused by 

150-200 ml of freshly prepared and filtered 4 % PFA. The body of the animal 

stiffened due to PFA fixation. Colour change in the lobes of liver was observed 

and perfusion was continued unless all the blood came out through a puncture 

made into the right auricle. Following perfusion, the animal was washed and the 

skin on the left thigh region was cut open to dissect the tube. 

The silicone tube containing the regenerated tissue cable was immediately post-

fixed in 50 ml falcon tube filled with freshly prepared 20 ml 4 % PFA overnight at 

4 ºC. The connective tissue outside the silicone tube was removed and the tube 

was longitudinally cut to dissect out the regenerated tissue cable. The 

regenerated tissue cable was transected exactly into two halves (5 mm each) 

from the mid point. Proximal and distal halves were then subjected to increasing 

concentration gradients of ethanol (70 %, 80 %, 90 %, and 100 %, each for 2 h) 

to ensure dehydration. Tissues were then treated with isopropanol for 1 h at RT 

followed by 1 h at 60 ºC and transferred to a 1:1 mixture of isopropanol and 

paraffin overnight at 60 ºC. Next day, the tissues were transferred twice into 

paraffin to remove traces of isopropanol. Afterwards, paraffin blocks were
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moulded in which the tissues were aligned horizontally at the bottom. The blocks 

were labeled as proximal or distal with details of animal name and number and 

further prepared for sectioning.

Sectioning of paraffinized tissue

Tissues embedded in paraffin underwent transverse and longitudinal sectioning 

(7 µm). Sections were mounted on aminoalkylsilane coated glass slides (Silane-

Prep slides®) and dried overnight at 40 ºC. For immunocytochemical analysis,

sections were de-paraffinized by immersion in xylene twice for 10 min followed 

by a decreasing alcohol series starting from 100 % (twice for 10 min) over 96 % 

(twice for 10 min) over 80 %, 70 %, 50 % (each one for at least 2-3 min), finally to 

reach PBS. Slides were then ready for immunohistochemistry as described 

below.

2.7.2 Cryo-embedding and sectioning

Animals from which tissues were processed for cryo or epon embedding were 

killed by excessive CO2 influx to the cages until the animals stopped breathing 

for at least 2-3 min. 

The silicone tube was dissected from the animal described as before and 

incubated at 4 ºC in freshly prepared 4 % PFA overnight. Afterwards, the silicone 

tube was cut longitudinally and removed. The regenerated cable was divided in 

two parts from the mid point (5 mm) creating a proximal and a distal half as 

described before for paraffin embedding. Tissues were then incubated in 30 % 

saccharose (in PBS) for the next 24 h at 4 ºC. An aluminium foil was molded in 

the shape of a square or round cup of required size, labeled and partially filled 

with Tissue Tek OCTTM. Nerve tissues were kept horizontally at the bottom 

covered with Tissue Tek in each cup. These cups were placed straight on a liquid 

nitrogen pre-cooled metal block and allowed to rapidly solidify from transparent 

gel to white hard solid. These cryo-blocks were finally stored at -80 ºC until use.  

Tissues embedded in Tissue Tek underwent longitudinal cryo sectioning (10 µm). 

Sections were mounted on Super Frost® Plus slides. The slides were allowed to 
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dry at RT for 30 min. Prior to immunohistochemistry, slides were kept in PBS for 

10 min. Regenerated cables harvested from animals transplanted with PKH26-

GL pre-labeled cells were sectioned in dark to avoid bleaching of fluorescence.

2.7.3 Epon embedding and sectioning

Myelin staining: solutions and ingredients:

Sodium Cacodylate buffer (0.2 M): Cacodylic acid sodium salt trihydrate 10.7 g 

was diluted in 250 ml of autoclaved aqua dest and pH was adjusted to 7.3 by 

titration with 30 % HCl.

Sodium Cacodylate buffer (0.1 M): Sodium Cacodylate buffer (0.2 M) was mixed 

1:1 with 1.5 g saccharose in 10 ml aqua dest.

Karnovsky´s fixative (10 ml):

 1 ml               2.5 ml Glutaraldehyde in Cacodylate buffer (pH 7.3)

 + 2.5 ml         2 % PFA in PBS

 +1.5 ml          Aqua dest

 + 5 ml            0.2 M Cacodylate buffer

Potassium dichromate K2Cr2O7 (1%): 0.1 g in 5 ml Cacodylate buffer (0.2 M) + 5 

ml aqua dest.

Matured Hematoxylin: 0.5 % in 25 % ethanol

Epon: 16.7 ml epon was mixed with 0.25 ml dimethyl aminomethyl phenol 30 

(DMP30) with continuous shaking (10 min) for proper mixing and this mixture 

was kept at 60 ºC until disappearance of air bubbles.

Method

Dissected silicone tubes containing regenerated nerve tissue were fixed in 

Karnovsky´s fixative for 24 h at 4 ºC (2 ml / sample). Afterwards, tissue cables 

were freed from connective tissue and the silicone tubes were cut longitudinally 

and removed. The regenerated cables were divided into two parts from the mid 

point (5 mm) creating a proximal and a distal half. These two parts were washed 

differently for three times in 0.1 M cacodylate buffer for 10 min each. Afterwards, 

they were post-fixed with 4 % OsO4 mixed in 3:1 ratio with aqua dest (final 
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concentration 1 % OsO4) for 90 min at RT in dark. Then myelin staining was 

performed using a protocol modified from O. W. Schulze as stated below 

(Schultz, 1910).

24 hr immersion of nerve tissues in 1 % potassium dichromate K2Cr2O7 (1 %) 

followed by 24 hr incubation in matured hematoxylin was done. Myelin staining 

was finished by washing the tissue several times in 25 % ethanol.

For epon embedding, the tissue was passed through an increasing gradient of 

ethanol for dehydration. Therefore, it was immersed for 5 min each in 50 %, 75 

%, 90 % ethanol and 6 times for 5 min each in 100 % ethanol. This was followed 

by washing in 100 % toluene twice for 10 min followed by toluene: epon (1:1) for 

30 min at 40 ºC and finally with epon twice for 45 min at 40 ºC.

Epon was prepared as described above. Tissue were then placed in labeled 

rubber moulds covered with epon, kept at 40 ºC for 20 h and additionally for 40 h 

at 60 ºC. Hardened epon blocks were taken out from the mould after cooling.

Tissues embedded in epon underwent semi-thin (1 µm) transverse sectioning 

with glass knives and mounted on normal uncoated glass slides. These sections 

were additionally stained for myelin with 1% toluidine blue for 30 sec and air-

dried overnight at 40 ºC. Sections were mounted with Eukitt solution. 

For evaluating ultrastructure of regenerated cable (myelinated / non-myelinated 

axons and various other cellular components that make up the regenerated 

nerve cable), 50 nm ultra-thin sections were prepared in the ultramicrotome and 

evaluated as previously described in Haastert et al (2006a).

2.8 Analysis of the regenerated cable

2.8.1 Immunohistochemistry on cryo and paraffin sections

Cryo and paraffin sections underwent immunohistochemical analysis to reveal 

the composition of regenerated tissue cable.  After undergoing cryo and paraffin 

specific pretreatments, the following immunohistochemical protocols were 

followed according to different objectives of study:

To prevent unspecific antibody binding, blocking was performed for 1.5 h at RT 

with the following solutions:
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- 10 % NGS in PBS + 0.3 % Triton X-100 for anti-GAP-43 antibody

(Serotec, Germany)

- 3 % non-fat milk powder in PBS for anti-P0 and anti-Neurofilament 200 

(NF 200) antibodies (generous gift from Dr. Archelos, Graz)

- 3 % NGS in PBS + 0.3 % Triton X-100 for anti-ED1 antibody (Serotec, 

Germany)

Primary and secondary antibodies were diluted in their respective blocking 

solutions. Sections were incubated with primary antibodies GAP-43 (1:200), P0 

(1:750), NF-200 (1:200) and ED1 (1:100) overnight at 4 ºC in humidified 

chambers.

The next day, the sections were thoroughly washed with PBS and incubated for 1 

h at RT with Cy2-conjugated-anti-mouse or anti-rabbit IgG antibodies (both 

1:1000), respectively.

For double labeling with either of the antibodies this procedure was followed by 

extensive washing and direct applying of the second primary antibody in the 

above mentioned dilutions again overnight at 4 ºC. Washing was followed by 

incubation with a respective secondary antibody at RT for 1 hour. Extensive 

washing was done to prevent the background staining. DAPI was used to stain 

the nuclei of all cells and sections were embedded in mowiol.

Distribution and localization of PKH26-GL fluorescent cells

All longitudinal sections through the complete regenerated tissue cable) were 

analyzed with fluorescence microscopy (n = 3 regenerated tissue cables, each 

time point). The sections with PKH26-GL labeled cells were further co-

immunostained with various primary antibodies as described in section 2.8.1 to 

co-localize regenerating axons and PKH26-GL labeled cells within the 

regenerated tissue cable. 
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Photo documentation

Same fields were viewed for co-localization of either PKH26-GL positive cells or 

different antibody labeled structures using a CCD camera, and AnalySIS Pro®

software. 

Cryo-sections were checked throughout their complete length for specific areas 

with intense or diffused PKH26-GL signal to get an idea about the specific 

distribution of implanted cells in the regenerated cable. If required, all the 

consecutive pictures were individually taken and further aligned using AnalySIS 

Pro® software. 

The pictures were optimized, if required, using Adobe Photoshop 6.0.

2.8.2 Histomorphometric analysis of epon sections

Transverse epon sections were cut at various points of the regenerated nerve as 

shown in fig 2.1 and were examined for the number of myelinated axons and

their diameter. To further determine the nerve density (number of myelinated 

axons / mm2), cross sectional area (CSA) of the entire section was determined. 

The observer was blinded to the origin of the samples to avoid any bias in the 

experimental results. The transverse sections were collected every 0.5 mm 

starting from the mid point towards either stump until the point where myelinated 

axons were observed. If myelinated axons were observed at 5 mm, then the 

cable was analyzed every 0.5 mm towards the distal stump until axons were no 

longer observed. 

Photo documentation

At several distances distal to the proximal stump myelin-stained semi-thin

sections were obtained and pictured at 40x in light microscope. As the cross 

section at any point was big enough to be pictured as a single picture, all pictures 

were aligned to get a complete picture of the section with the help of multiple 

image alignment (MIA) function of AnalySIS Pro® software. Therefore, the 

complete picture of one section consisted of several small pictures aligned in a 

definite pattern.
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The aligned pictures obtained were optimized, if needed, by Adobe Photoshop 

6.0 software and then quantified with the help of AnalySIS Pro® software.

Quantification of these sections was done using a computer program Macro that 

was developed on the basis of AnalySIS Pro® as previously described (Timmer 

et al., 2003, Haastert et al., 2006a).

Statistical Analysis

Statistical analysis was done by using GraphPad Instat version 3 and graphs 

were made using Graph Pad Prism 4.0. non-parametric tests (one / two tailed; 

Mann Whitney test) were performed.
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3. Results 

3.1 In vitro studies

3.1.1 SC yield 

1. Yield of ahSC: Dissociation of pre-degenerated adult human nerve tissue resulted in 

14,400 ± 3119 cells / mg nerve tissue (wet weight, n = 3 experiments, table 1).

2. Yield of arSC: Similarly, pre-degenerated sciatic nerve tissue obtained from adult rats 

resulted in average SC yield of 16,800 ± 3940 cells / mg nerve tissue (n = 3 experiments, 

table 1). 

These results were in accordance to the previous observations in our laboratory (Haastert 

et al., 2006, Mauritz et al., 2004). 

Plating efficiency

In vitro, ahSC and arSC both survived best at plating densities of 1.5 million cells per well 

(6 well plate), but with continuous passaging the survival efficiency decreased. Generally, 

the cells survived for 5 to 6 passages (maximum for 1.5 months in vitro) under optimum in 

vitro conditions.

3.1.2 SC purity-immunocytochemistry 

1. Purity of ahSC: The purity increased by applying cold jet technique. After second cold 

jet (section 2.2.3), ahSC were purified up to 96 ± 2.08 % (n = 3 experiments, table 2), 

when evaluated by immunocytochemical detection using human anti-p75 LNGFR 

antibody and DAPI counterstaining (section 2.3) (fig 3.1 d, e). Second and third passage 

ahSC with over 90 % purity were selected for transplantation experiments (fig 3.1 d, e). 

2. Purity of arSC: Like purity of ahSC, arSC also displayed increase in purity after every 

passage, but the latter were found to be lesser pure in comparison to the former (fig 3.1 a, 

compare tables 2 and 3). The purity of arSC was evaluated by using immunocytochemical 

detection with rat anti-p75 LNGFR antibody and DAPI counterstaining (section 2.3) (fig 

3.1 b, c). After second cold jet, arSC were found to be 90 ± 1.53 % pure (n = 3
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experiments, table 3). Over 90 % pure arSC were chosen for in vivo transplantation 

studies.

3.1.3  Non-viral transfection 

Two different non-viral methods of transfection (electroporation and nucleofection) were 

tested and compared to obtain maximum transfection and survival rates after transfection 

of arSC. We did not calculate transfection and survival efficiencies after electroporation of 

ahSC because of its limited availability. The method that was found optimal for 

transfection of arSC was further used for ahSC as well.

Transfection of arSC

Electroporation resulted in about 20 % transfection of arSC (n = 2 experiments, range 19-

22 %), whereas nucleofection done by using both the program T-20 and T-30 in 

combination with primary endothelial cell kit (EC kit) resulted in 29 % and  33 % 

transfection of arSC (n = 3 experiments each, fig 3.2). Survival rates after electroporation 

(82 %, n = 2 experiments) and nucleofection (78 ± 8 %, n = 3 experiments) were found to 

be approximately similar. Further, transfection and survival rates after electroporation of 

arSC were similar to a previous report from our laboratory (Mauritz et al., 2004).

Since, nucleofection resulted in better survival and transfection rates after transfection of 

arSC, this method was selected as a preferential technique of transfection of both arSC 

and ahSC.

3.1.4 Optimization of SC-specific nucleofection program and kit 

This optimization was based on the fact that different cells have different optimal 

conditions of survival after undergoing transfection, which therefore require specific 

nucleofection kits. Depending upon the electrical properties of various cell membranes, 

specific nucleofection program have to be selected for specific primary cell types.

Therefore, a combination of a kit and program that results in maximum survival and 

transfection is specific for a particular cell type.
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The nucleofection kit was first optimized for arSC and was further used for ahSC

transfection because both cell types displayed approximately similar survival and 

proliferation rates in vitro culture (data not shown). 

Further, several programs were tried for transfection of ahSC, selecting one which 

resulted in maximum transfection and survival rates for further experimental studies.

Transfection of arSC

Transfected arSC displayed a cytoplasmic over-expression of DsRed tag (fig 3.3 a) and 

typical nuclear expression of FGF-218 / DsRed protein (fig 3.3 b, Haastert et al., 2007).

Proliferating arSC have been shown to incorporate BrdU in their dividing nuclei (fig 3.3 c), 

which was immunocytochemically demonstrated using anti-BrdU antibody (section 2.3).

In combination, arSC displayed best survival rate (78 ± 8 %, n = 3, fig 3.3 d, table 4a), 

transfection rate (33 ± 8 %, n = 3, fig 3.3 e, table 4a), proliferation rate (51 ± 14 %, n = 3, 

fig 3.3 g, table 4a) and seeding efficiency (46 ± 11 %, n = 3, fig 3.3 f) after nucleofection 

with program T-30 using EC kit.

Transfection of ahSC

Specific nucleofection kit (EC kit) optimized for arSC was then used for transfection of 

ahSC in combination with four nucleofection programs (A-33, T-20, T-30, O-17), including 

the one optimized for arSC (T-30). 

Similar to arSC, T-30 program in combination with EC kit resulted in best survival (73 ± 

11 %, n = 3, fig 3.4 d, table 4b), transfection (38 ± 11 %, n = 3, fig 3.4 e, table 4b), 

proliferation (71 ± 4 %, n = 3, fig 3.4 g, table 4b) and seeding efficiencies (78 ± 28 %, n = 

3, fig 3.4 f, table 4b) of ahSC. Transfection of ahSC using these optimized conditions of 

nucleofection and various plasmid vectors (section 2.5.2) resulted in ahSC over-

expressing EGFP (fig 3.4 a) and FGF-2183XFLAG in the cytoplasm (fig 3.4 b), and FGF-

2233XFLAG in the nucleus (excluding the nucleolus, fig 3.4 c). 

3.1.5  PKH26-GL cell labeling in vitro

To identify the cells after transplantation, they were pre-labeled with a red fluorescent dye 

PKH26-GL, prior to implantation. One aliquot of cells was cultured in vitro for up to 2 
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weeks. Both, arSC (fig 3.5 a, b) and ahSC (fig 3.5 c, d) displayed no alteration in cellular 

morphology and vitality. Both, arSC and ahSC appear to retain the fluorescent dye in the 

cell membrane 2 days after initial labeling which later (longer than 2 weeks) appear to 

have leaked into the cytoplasm.

To analyze proliferation of PKH26-GL positive ahSC, they were co-immunolabeled with 

anti-BrdU antibody. We observed dimly stained proliferating cells (PKH26-GL+ BrdU+) in 

comparison to the brightly fluorescent non-proliferative cells (BrdU negative), 2 weeks 

after in vitro labeling. These cells appear to retain regular cellular morphologies in vitro.

3.2.  In vivo studies- ahSC transplantation

In vivo studies were performed using the adult rat model for peripheral nerve regeneration 

(Timmer et al., 2003, Haastert et al., 2006). The left sciatic nerve was transected and a 

silicone tube of 13 mm length was implanted between the proximal and distal stump 

creating a 10 mm gap between the two nerve stumps. Fifty animals were transplanted in 

total. All animals that underwent transplantation were evaluated macroscopically for the 

formation of tissue cables. A regenerated tissue cable represents a clearly distinguishable 

nerve tissue mass extending from the proximal stump of the severed sciatic nerve towards 

the distal nerve stump, bridging the entire 10 mm gap in the silicone tube, finally

reconnecting both the stumps (fig 3.6 a).

Regenerated tissue cables were obtained in animals of all experimental groups, although 

the percentage varied with conditions of treatment, number of implanted cells and time of 

sacrifice.

3.2.1  Macroscopic evaluation of tissue cable regeneration 

3.2.1.1 Transplantation of physiological (un-labeled) ahSC (table 5 b)

Animals were grossly divided into two groups according to the absence (matrigel only 

group) or presence (matrigel + ahSC group) of 7 x 105 un-labeled ahSC in the implanted 

silicone tube and were studied 3 and 7 weeks after implantation (table 5 b). The cellular 

experimental group with transplanted ahSC was further subdivided into different sub-

groups according to the different number and pre-treatment of transplanted cells, as 

discussed below.
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1. Acellular control group (Matrigel only group) (n = 5 animals, each 3 and 7 weeks, fig 

3.6 b)

The acellular experimental group with silicone tube filled with matrigel only revealed 20 % 

of the rats (rat number HSC-22, table 5c, fig 3.6 b) with regenerated tissue cables 3 weeks 

post surgery and 60 % 7 weeks post surgery (rat numbers HSC-17, 21 and 25, table 5 c, 

fig 3.6 b).

2. Cellular ahSC group (Matrigel + ahSC group) (n = 6 each, 3 and 7 weeks, fig 3.6 b)

Macroscopic tissue regeneration revealed regenerated tissue cables in 83 % of the rats 

(rat numbers HSC-28, 29, 30, 33 and 36, table 5 c, fig 3.6 b)  3 weeks and 100 %  (rat 

numbers HSC-27, 31, 32, 34, 35 and 37, table 5 c, fig 3.6 b) 7 weeks post surgery in  

animals of matrigel + ahSC group.

The regenerated tissue cabled from animals of both groups were analyzed 

morphometrically at various distances from the proximal nerve stump with regard to 

number, diameter and ultrastructure of regenerated myelinated axons, after undergoing 

epon embedding (section 2.7.3). The results of morphometrical analysis are described in 

section 3.2.2.

3.2.1.2 Transplantation of physiological, but PKH26-GL pre-labeled ahSC 

(Different sub-groups, 2, 4 and 6 weeks post surgery, table 5 a, block A, fig 3.7 f)

PKH26-GL pre-labeled cellular ahSC (section 2.6.3) group with different numbers of ahSC 

(mentioned below) were studied 2-6 weeks post implantation. 

In summary, 3 different cell numbers (3.5 x 105, 7 x 105 and 14 x 105 cells / animals) were 

studied and percentage tissue regeneration was calculated (table 5 a, block A):

Macroscopic tissue cable regeneration

Group (1) 3.5 x 105 cells / animals: 4 weeks post surgery - 75 % regenerated tissue 

cables (fig 3.7 f).
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Group (2) 7 x 105 cells / animals: 2 weeks post surgery - 67 % regenerated tissue cables, 

4 weeks post surgery - 90 % regenerated tissue cables and 6 weeks post surgery - 100 % 

regenerated tissue cables (fig 3.7 f).

Group (3) 14 x 105 cells / animals: 4 weeks post surgery - 50 % regenerated tissue 

cables (fig 3.7 f).

The regenerated tissue cables obtained from animals transplanted with different cell 

numbers of PKH26-GL pre-labeled ahSC were cryo embedded (section 2.7.2). These 

cables were further analyzed with regard to survival and distribution pattern of PKH26-GL 

pre-labeled ahSC. Also, the gross effect of transplantation of various cell numbers on 

macroscopic tissue cable regeneration was analyzed. 7 x 105 ahSC / animal were found to 

be optimal for transplantation as maximum tissue cable regeneration was observed in 

comparison to other two cell numbers 4 weeks post surgery (fig 3.7 f). Therefore, this 

number was further selected in all in vivo transplantation experiments.

Fate, in vivo behavior of implanted ahSC and further histological details of regenerated 

tissue cables would be treated individually in section 3.2.5.

3.2.1.3 Transplantation of FGF-2183XFLAG transfected ahSC (n = 3 animals, 3 weeks

post surgery and n = 2 animals, 7 weeks post surgery, table 5 a, block B)

We observed 100 % regenerated tissue cables both 3 and 7 weeks post surgery.

In an initial attempt to answer the question if over-expression of FGF-2 18 kD isoform (as 

seen after one week in western blot analysis; fig. 3.5 e) affects the regeneration of tissue 

cable and myelinated regenerated axons, animals were implanted with 7 x 105 FGF-

2183XFLAG transfected unlabeled ahSC (fig 3.4 b). Transfected ahSC were evaluated for 

over-expression of FGF-2183XFLAG and FGF-2233XFLAG one week after transfection.

Medium and cell lysate prepared from these transfected ahSC were evaluated in Western 

blot analysis using anti-FGF-2 antibody. We found representative bands at the respective

molecular weight positions, confirming over-expression of FGF-2183XFLAG and FGF-
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2233XFLAG in the cell lysates, respectively. Medium supernatants displayed no bands, 

which may be due to no or extremely diluted secretion of FGF-2 or selective binding of 

FGF-2 on the extra-cellular matrix of the cell membrane. PC12 cells over-expressing 

FGF-218 / HMW (21 / 23) were loaded as positive controls (fig. 3.5 e). The shifting in  locations 

of the bands of FGF-2183XFLAG and FGF-2233XFLAG in comparison to the PC12 control

was due to additional sequence of FLAG tag (consisting of 8 amino acids each and 

repeated three times (3X) to enhance the binding efficiency with the anti-FLAG antibody).

These transfected ahSC over-expressing FGF-218 3XFLAG were used for transplantation 

(fig. 3.4 b) and evaluation of macroscopic tissue cable regeneration (Table 5 a, block B).

However, as this was the first attempt in this direction, the number of animals included in 

the study design was not statistically significant and further work is needed to come to any 

conclusion. The regenerated tissue cables thus obtained were processed for cryo 

embedding (section 2.7.2) to further analyze immunocytochemically the presence of 

3XFLAG epitope (section 2.3), 3 and 7 weeks post surgery. The continued expression of 

FGF-218 isoform in the transfected ahSC was further needed to explore.

3.2.2  Morphometrical analysis of regenerated tissue cable

For morphometrical analysis, the regenerated tissue cables were processed for epon 

embedding and semi-thin sections were further analyzed with regard to:

Numbers of regenerated myelinated axons

The epon embedded regenerated cable were sectioned at various distances distal to the 

proximal stump and the cross sections were further stained for myelin (fig 3.9 a). 

AnalySIS Pro® software was used to mark and count regenerated myelinated axons of 

proper structural morphology and integrity as shown in fig 3.9 b. 

Three weeks post surgery, the myelinated axons could be found at 2.0 mm distal to the 

proximal stump, both in acellular and ahSC groups. As only one regenerated cable was 

obtained in acellular group, statistical analysis could not be applied for inter-group 

comparison. Except for one animal in the ahSC group that displayed higher number of 
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regenerated myelinated axons (HSC-33), we found no gross differences between the 

animals of both the groups (fig 3.9 c, table 6 a). 

I evaluated and quantified regenerated myelinated axons at various distances distal to 

proximal nerve stump (3.5 mm, 5.0 mm, 7.5 mm and 10 mm) in the animals of both 

groups, 7 weeks post implantation. Three animals of ahSC group (HSC-34, HSC-35 and 

HSC-37, table 6 b) displayed much higher number of myelinated axons at all studied 

distances as compared to animals of acellular group. These three animals also displayed

many myelinated axons at the distal stump (up to 452 myelinated axons). However, none 

of the acellular group animals showed myelinated axons reaching the distal stump (fig 3.9 

d). 

Taking into consideration the hypothesis that ahSC help in regeneration of myelinated 

axons and performing the statistical analysis, no significant differences were observed 

between the two groups at 3.5 mm and 5.0 mm distal to the proximal stump. However, at 

7.5 mm, the difference between the two groups was found significant (Mann-Whitney test 

for comparison of groups, one tailed test; p = 0.0460; p < 0.05 (*)). It was not possible to 

statistically compare the two groups at 10 mm distal to proximal stump, because we could 

not find any regenerated myelinated axons at this point in acellular matrigel only group. 

The animals of ahSC group show intra-group significance between 3.5 mm and 10 mm 

points (two tailed analysis; p = 0.0260; p < 0.05 (*), table 6 c, 3.5 mm > 10 mm).

Mean diameter of regenerated myelinated axons

Diameter was recorded for all counted myelinated regenerated axons using AnalySIS 

Pro® software. The mean of all axonal diameters and their standard deviations were 

calculated using GraphPad Instat version 3.

No statistical differences were observed in the mean axonal diameters between animals 

of acellular and ahSC group both 3 (fig 3.10 a) and 7 weeks (fig 3.10 b) post surgery. 

Three weeks post surgery no statistics can be applied to investigate any differences due 

to insufficient numbers of regenerated tissue cables in acellular control group. Seven 

weeks post surgery, statistically significant differences were not observed between the 
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two groups either at 3.5 and 5.0 mm distal to the proximal nerve stump. Statistical 

analysis could not be applied between the two groups at 7.5 and 10 mm points due to 

absence of myelinated axons in acellular control group (table 6 c). 

However, when we compared points 7.5 mm and 10 mm between the animals of ahSC 

group themselves, a statistically significant difference was observed. This depicts that 

mean axonal diameter has increased between the animals of ahSC group when axons 

travel distally (from 7.5 mm to 10.0 mm point towards the distal stump) (two tailed test; p 

= 0.0357; p < 0.05 (*), 7.5 mm > 10 mm, table 6 c).

Cross sectional area (CSA)

The toluidine blue stained cross sections were picturized using a 40 x objective with the 

computer program CellP (AnalySIS Pro®). Using the same software the whole cross 

section was marked with the marking tool and CSA (mm2) was evaluated as shown in fig 

3.11 a. 

Statistical differences between acellular and ahSC group could not be obtained in the 

CSA measured 3 weeks post surgery. Maximum value of CSA did not exceed 2 mm2 

(HSC-33, ahSC group, fig 3.11 b, table 6 a). 

Seven weeks post surgery, we could notice slight enhancement of CSA values in the 

ahSC group animals (HSC-32, 34, 35 and 37, fig 3.11 c, table 6b) in comparison to 

acellular control group animals at all studied points. Still, the maximum values achieved 

by ahSC group animals did not exceed 2 mm2 (HSC-35, 10 mm distal to proximal stump 

ahSC group, table 6 b). Towards the proximal and the distal stumps, an increase in CSA 

could also be macroscopically correlated to the morphology of regenerated tissue cable 

(fig 3.6 a). 

Nerve density

The number of myelinated axons found in 1 mm2 CSA is expressed as nerve density.

Three weeks post surgery, the animals of ahSC group showed variability in nerve density 

as 2 / 5 animals (HSC-28 and 33) showed higher densities in comparison to other 3 

animals of the same group (HSC-29, 30 and 36) (table 6 a, fig 3.12 a). The maximum 
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nerve density achieved 3 weeks post surgery by any individual animal was 700 

myelinated axons / mm2 at 2.0 mm distal to the proximal stump (HSC-28, ahSC group, fig 

3.12 a, table 6 a).

In contrast, there was an enormous increase in the nerve densities of ahSC group 

animals as compared to acellular group animals at all distances, 7 weeks post surgery. 

Individual animals HSC-34, 35 and 37 from ahSC group displayed greater nerve densities 

at all distances distal to the proximal stump (table 6 b, fig 3.12 b). Independent of the 

group status, the nerve density decreased as we moved distally. The maximum nerve 

density reached 4000 myelinated axons per mm2 at 5.0 mm point distal to the proximal 

nerve stump in ahSC group animal, (HSC-35, table 6 b, fig 3.12 b), 7 weeks post surgery.  

This density was more than five fold higher than the maximum densities achieved 3 

weeks post surgery. 

At 3.5 mm distal to the proximal stump, ahSC group displayed statistical significance over 

acellular group (two tailed non-parametric test; p = 0.0476; p < 0.05 (*) table 6 c). It 

suggests that ahSC supported the increase in nerve densities, indirectly axonal 

regeneration, at least at 3.5 mm distal to the proximal nerve stump. No significant 

differences were obtained for 5.0 mm or 7.5 mm points. Data could not be compared at 

10 mm distal to the proximal stump because of unavailability of sufficient animals for 

comparison in acellular group.

When ahSC group animals were themselves compared at different points, highly 

statistical differences were obtained between 3.5 mm and 10 mm points (two-tailed non-

parametric test, p = 0.0043, p < 0.005 (**), 3.5 mm > 10 mm, table 6 c). This significance 

could also be correlated to the significant differences obtained between same two points 

for numbers of regenerated myelinated axons (table 6 c).

Vascularization grade

Seven weeks after implantation, the numbers of properly formed blood vessels (fig 3.13 

b) were counted at the mid point of the regenerated tissue cable to determine the grade of 

angiogenesis. In the ahSC group, greater number of blood vessels were observed in 
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comparison to the animals of acellular group (fig 3.13 a, table 6 b), but these results were 

not statistically different (table 6 c). 

3.2.3  Ultrastructural evaluation

Revelation of structures that make up the regenerated tissue cable at various points (at 2 

mm point after 3 weeks and at 5.0 mm point 7 weeks post surgery), displayed a vivid 

array of structures (fig 3.14 a-i). 

1. Different sizes (as approximated by the same size bars of 2 µm in all analyzed 

ultrastructural pictures) of myelinated axonal profiles in the same regenerated 

cable with similar thickness of myelin sheaths were seen (fig 3.14 a). Myelin 

thickness seems to vary dramatically in axons of approximately similar diameters

(shown by arrows in fig 3.14 a). Myelinating SC nuclei were marked by red 

asterisks in fig 3.14 a along with surrounding layer of SC cytoplasm around the 

myelinated axonal profiles.

2. Non-myelinated axons (arrows) were found to be arranged regularly in bundles of 

various sizes (Remak bundles, fig 3.14 b). Mitochondria (blue dotted lines circling 

the mitochondrion) could be seen scattered in the axoplasm of non-myelinated 

axons. Non-myelinating SC nuclei were visualized as red asterisks in the picture 

and its cytoplasm surrounded all the bundled non myelinated axonal profiles (fig 

3.14 b).

3. Myelinating SC cytoplasm seems to be capable of properly wrapping the 

regenerated myelinated axons. However, in all regenerated myelinated profiles 7 

weeks post surgery, we could observe a thin layer of SC cytoplasm covering the 

entire perimeter of myelin sheath of a myelinated axonal profile, thus lacking 

appositions. Such appositions between the SC plasma membrane and the 

abaxonal layer of myelin sheath are commonly observed in the ultrastructure of 

healthy sciatic nerves of mice and rats as is shown in black and white asterisks in 

the in fig 3.14 c (picture with the dotted boundary line; taken with thanks from Court 

et al., 2004). This resulted in SC cytoplasm forming concentric rings around the 

myelin sheath (marked by arrowheads) around myelinated regenerated axonal 



                                                                                                                                                  Results

58

profiles (marked by #, fig 3.14 c). This lack of appositions is not commonly 

observed during development or regeneration after nerve injury.

4. During the process of axonal regeneration and re-myelination of regenerated 

axonal profiles (which is still not completed up to 7 weeks time point), some 

myelinated axonal profiles involved discontinuous or degenerated myelin sheaths 

(marked by arrows, fig 3.14 d), which falls inside the axoplasm of myelinated 

axons. This discontinuity in myelin sheath points to an impaired ability of 

myelinating SC to properly insulate the myelinated regenerated axon. In the same 

picture, we could also see the presence of a myelinated axonal profile, visibly of a 

very small diameter, that contain similar thickness of approximately accurate 

myelin sheath (red asterisk, fig 3.14 d)

5. Some myelinated axonal profiles displayed degenerated myelin sheaths and 

displayed typical onion bulb-like structures in the axoplasm (arrows, fig 3.14 e). In 

this figure, we could see the degranulation of axoplasm from one side (marked by 

red asterisk), which points towards the ill-health of this regenerated myelinated 

axon (fig 3.14 e).

6. Irregularly large non-myelinated axonal profiles (marked by red asterisks) were 

observed 7 weeks post surgery, sometimes larger than the size of myelinated 

axons (arrow) in the same animal (fig 3.14 f). Careful observation of non-

myelinated axons revealed an absence or degradation of mitochondria and 

degranulation of axoplasm as observed both 3 and 7 weeks post surgery.

Ensheathing SC nucleus is marked by # (fig 3.14 f).

7. Regular collagen deposition (marked by arrow, fig 3.14 g) was seen throughout the 

tissue sections of the regenerated tissue cable. 

8. Resident macrophages with dense nuclei (arrow) and dense granular cytoplasm 

(marked by red asterisks, fig 3.14 h) were observed in the regenerated cables, 7 

weeks post surgery. These macrophages reside in dormant form in the uninjured 

nerve and are immediate response mediators after nerve injury. However, no ED-1 

immunopositive macrophages were observed in the cryosections (see 3.2.4)

9. Invading macrophages can be seen (red asterisks) which are directed towards the 

injury site to ingest and digest the residual myelin and axonal debris, 3 weeks post 
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surgery (marked by black arrows, fig 3.14 i) during Wallerian degeneration. These 

invading macrophages can also be binucleated (marked by white #). In the same 

picture we can see SC nuclei (black dotted circle), along with the presence of thin 

elongated fibroblast nuclei (thick double red arrows, fig 3.14 i).

3.2.4  Immunohistochemical analysis of the regenerated tissue cable

Paraffin embedded tissue cables underwent sectioning and immunohistochemical 

staining using different antibodies. Myelin structures of rat were stained with rat anti-P0 

and human derived myelin was labeled using human anti-PMP-22. Regenerating fibers 

were immunolabeled with anti-GAP-43 and intact fibers were immunostained with anti-

NF-200 antibodies. 

The results of the immunohistochemical stainings are described here in detail.

Regenerated tissue cables were found to be composed of myelin structures (P0) which 

were found adjacent to the GAP-43 positive regenerating fibers (fig 3.8 a), representing 

the re-myelination of regenerating fibers. This regenerating axons sprouting from the 

mother axon in a 3-dimentional view were seen in the longitudinal paraffin sections 

throughout the regenerated tissue cable (fig 3.8 a). Counterstaining with DAPI revealed 

the positions of nuclei in the section (nuclei of SC, fibroblast or other cells in the 

regenerated tissue cable) (fig 3.8 b). GAP-43 positive regenerating fibers appear to 

increase in density with increasing time point of investigation. No ED-1 positive structures 

(macrophages) were observed throughout the length of cryo embedded regenerated 

tissue cables, 2 - 6 weeks post surgery. Although, a positive control for macrophage 

staining displayed large typically vacuolated cells stained positive for ED-1 antibody (not 

shown).

However, human anti-PMP-22 antibody did not give any positive signal after staining with 

these paraffinized sections. Therefore, at this stage we cannot comment on the re-

myelination contribution from implanted ahSC.

3.2.5 Fate and behavior of pre-labeled implanted ahSC in vivo 

Regenerated tissue cables were obtained from animals that were implanted with different 

numbers of PKH26-GL pre-labeled ahSC (groups I, II and III, table 5 a, Block A) and 
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underwent cryo embedding. Tissue cables were longitudinally sectioned and 

approximately 30 longitudinal cryo sections (10 µm thick) were obtained per tissue cable. 

These sections were individually analyzed histologically to give relevant information about 

fate and behavior of ahSC, along with the distribution pattern of implanted ahSC. In 

addition to identification of PKH26-GL implanted ahSC, some histologically relevant 

sections were immunostained either with GAP-43, human PMP-22, P0 or ED-1 

antibodies. Each group with special histological features has been described in details 

below.

Group I (3.5 x 105 cells per animal) (table 5 a, Block A)

Proximal halves of n = 3 regenerated cables from animals of group I were compared to 

animals of group II and group III. Four weeks later we found, the density of nuclei was 

lesser in animals of group I in comparison to proximal halves obtained from animals of 

group II and III after same time point. Towards the mid point, most of the PKH26-GL 

fluorescence was scattered in the centre. But, when colocalized with DAPI staining, most 

of the double positive (PKH + DAPI +; surviving implanted ahSC) cells were located in the 

peripheral region (marked by white arrows, fig 3.7 d). 

Group II (7 x 105 cells per animal) (table 5 a, Block A)

Presence of GAP-43 positive regenerating fibers even 2 weeks after implantation 

suggested the beginning and prolongation of axonal regeneration. We could observe an 

increasing density of GAP-43 positive fibers from 2 until 6 weeks. DAPI labeled all the 

nuclei (fig 3.7 c).

After sacrifice of group II animals and cryo-sectioning of regenerated cables, 2 weeks (fig 

3.7 a), 4 weeks (fig 3.7 b) and 6 weeks (fig 3.7 c) post surgery, we could observe 

surviving PKH26-GL positive implanted ahSC (PKH26-GL + DAPI +). However, four 

weeks after surgery, in addition to the PKH26-GL positive ahSC, we could also visualize 

fluorescent cellular debris (intensely fluorescent structures / crystals with abrupt shapes, 

DAPI negative) scattered throughout the longitudinal cryo-sections (fig 3.7 b).

Six weeks after implantation, PKH26-GL positive cellular debris was found mostly in the 

centre of the longitudinal cryo section together with some living PKH26-GL + DAPI + 
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ahSC. After careful microscopic observations of the peripheral areas of the longitudinal 

cryo-section, many scattered PKH26-GL positive ahSC were found, which colocalized 

with DAPI. As expected, the number of living implanted ahSC were much lesser after 6 

weeks as compared to that found after 2 or 4 weeks (fig 3.7 c, data not shown). GAP-43 

positive regenerating nerve fibers were found in abundance throughout the whole gap 6 

weeks post surgery, although, they were denser in proximal half as compared to the distal 

half (fig 3.19).

The pattern of distribution of implanted ahSC and regenerating nerve fibers is further

described in section 3.2.8.

Group III (14 x 105 cells per animal) (table 5 a, Block A)

When 14 x 105 cells were implanted per animal (Group III, table 5a, block A) and studied 

4 weeks after implantation, a visible increase in density of nuclei was observed 

throughout the proximal and the distal halves. In these cryo sections, PKH26-GL positive 

cells could not be properly visualized after co-staining with DAPI, because of excessive 

number of nuclei in the plane of cutting (n = 2 regenerated cables, fig 3.7 e). 

3.2.6 Survival of 7 x 105 pre-labeled implanted ahSC

7 x 105 implanted ahSC survived at least 6 weeks post injury; later time points were not 

evaluated.  We observed the presence of PKH26-GL+ DAPI+ fluorescent structures in the 

longitudinal cryo sections 6 weeks post injury, which were considered as surviving ahSC. 

However, the density of vital surviving ahSC visibly declined with increasing time points (2 

weeks had more living ahSC than 6 weeks).

3.2.7 Distribution of 7 x 105 pre-labeled implanted ahSC

Consecutive longitudinal cryo sections through the regenerated tissue cables were 

carefully observed in the fluorescent microscope. Gap-wide distribution of ahSC could be 

clearly noticed. In spite of their gap-wide presence, we could observe a patchy, region-

specific distribution with different fluorescent intensities. 

With increasing time period, fluorescent intensities observed per section decreased, being 

highest after 2 weeks (fig 3.15 a) and lowest after 6 weeks (fig 3.15 c). A little increase in 
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fluorescence observed 4 weeks post implantation was apparently due to appearance of 

cellular debris that was asymmetrically distributed in the longitudinal cryosections (fig 3.15 

b). 

3.2.8 Pattern of distribution of 7 x 105 pre-labeled implanted ahSC in the 

regenerated cable

The pattern of distribution is depicted as cartoons showing implanted cells (and debris), 

regenerating axons and DAPI stained nuclei, each 2 weeks (fig 3.16 a), 4 weeks (fig 3.16 

b) and 6 weeks post surgery (fig 3.16 c) in the proximal half of the regenerated tissue 

cable. We obtained approximately 30 longitudinal cryo sections (10 µm thick) per 

proximal half of every regenerated nerve cable. Then, we screened all of them individually 

and compared the view obtained in approximately every 15th cryo section (which 

represents approximate centre of the regenerated cable, n = 3 proximal halves of the 

regenerated tissue cables). Observation made after every time point is described below:

Two weeks post surgery (fig 3.16 a)

Two weeks post surgery, most of the PKH26-GL generated fluorescence was limited to 

the innermost area of the cryo section. The outermost peripheral area of the section 

contained more densely packed nuclei. Most of the PKH26-GL positive cells found in the 

innermost area co-stained with DAPI and therefore were considered vital (surviving). 

There was less cellular debris found 2 weeks post surgery in comparison to other time 

points. The density of GAP-43 positive regenerating nerve fibers appeared less than that 

observed after 4 and 6 weeks, but was found to be uniformly distributed in all areas of the 

longitudinal cryo section (fig 3.16 a).

Four weeks post surgery (fig 3.16 b)

Four weeks after implantation, the fluorescence intensity seems to increase and shift 

towards one side of the longitudinal cryo section. Most of the PKH26-GL positive ahSC 

and fluorescent debris were located in this area. Densely packed nuclei were visualized in 

this area. The other side with lesser fluorescence was found to be rich in GAP-43 positive
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regenerating fibers (sprouts and collaterals of the regenerating mother axons, which 

traversed and spanned the entire area) (fig 3.16 b).

Six weeks post surgery (fig 3.16 c)

We found a dramatic re-distribution of fluorescent PKH26-GL positive ahSC towards the 

more peripheral areas of the longitudinal cryo section. 

Fig. 3.17 (a) shows PKH26-GL and DAPI co-labeled implanted ahSC (marked by white 

arrow heads) that were found in the periphery of the longitudinal cryo section, 6 weeks 

after transplantation. Graph show the preferential location of vital PKH 26-GL positive 

cells in the periphery (blue bars in box) as compared to that in the centre (red bars in box 

fig 3.17 b). Cellular debris displayed intense bright red fluorescence and was distributed 

more in the center than in the periphery (fig 3.17 b).

The centermost area of the longitudinal cryo section contained very few PKH26-GL 

fluorescent structures. Among these structures, a very few surviving PKH26-GL positive 

ahSC were found. Some of these surviving ahSC displayed a close proximity or 

associationship with GAP-43 positive regenerating fibers (marked with arrows, fig 3.18 a, 

b). This associationship was never observed at earlier time points (fig 3.16 a, b). But, 

none of PKH26-GL positive ahSC that were distributed in the peripheral-most areas of the 

longitudinal cryosections displayed any such associationship to GAP-43 positive 

regenerating fibers. 

At this stage, the potential of PKH26-GL positive ahSC to myelinate the regenerating 

nerve fibers could not be confirmed by immunostaining with human anti-PMP-22 

antibody, as already stated above in section 3.2.4 (with paraffinized sections 6 weeks

post surgery).

3.3.  In vivo studies- arSC transplantation

Regenerated tissue cable: macroscopic evaluation (fig. 3.20, table 5 d)

In vivo studies were performed using the adult rat model as described before. Sixteen 

animals were transplanted in total. All animals that underwent transplantation were 

evaluated macroscopically for the formation of tissue cables after various time points of 

investigation (2, 4, 6 and 8 weeks post implantation). 
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At all time points after implantation of 5.5 x 105 PKH26-GL pre-labeled arSC (2 weeks, 4

weeks, 6 weeks (n = 3, at least), and 8 weeks (n = 1, only), most of the animals showed 

formation of a thick regenerated cable. In contrast to only 65% tissue cable regeneration 

found 2 weeks after implantation of PKH26-GL pre-labeled ahSC (fig 3.7 f), we found 100 

% regeneration at least 2, 4 and 8 weeks after implantation of arSC (fig. 3.20).

Macroscopic tissue cable regeneration after transplantation of PKH26-GL pre-labeled arSC 

is shown in table 5 d.

Immunohistochemical demonstration of tissue structure

Paraffin embedded tissue cables underwent sectioning and immunohistochemical 

staining using different antibodies (anti-P0, anti-GAP-43, anti-NF-200).

Longitudinal sections of healthy paraffinized sciatic nerves of adult rats after co-

immunostaining with anti-P0 (myelin) and DAPI (nuclei) displayed striated but regularly 

spaced circular myelin sheaths and nuclei were sparsely distributed in a regular fashion 

(fig 3.21 a). 

Paraffinized regenerated tissue cables obtained 2 weeks after implantation displayed 

sparsely distributed GAP-43 positive regenerating nerve fibers (green) in an area 

consisting of P0 stained myelin circles (red) (fig 3.21 b).

Four (fig 3.21 c) and 6 weeks (fig 3.21 d) post implantation, an increase in density of 

GAP-43 positive regenerating nerve fibers (green) could be observed. These areas also 

showed intense myelin staining (red). DAPI stained all nuclei (blue, fig 3.21 a, c)

Fate and behavior of implanted arSC

To facilitate their identification in vivo, 5.5 x 105 PKH26-GL pre-labeled arSC were 

implanted per animal. In vivo behavior of implanted arSC was evaluated for their impact 

on quality and quantity of tissue and axonal regeneration. 

Two weeks after implantation, many vital PKH26-GL pre-labeled arSC were observed (fig 

3.22 a). A declining trend in number of surviving arSC, along with increase in density of 

fluorescent cellular debris was observed 4 weeks (fig 3.22 b) and 6 weeks (fig 3.22 c)

post surgery. But, we could visualize many surviving implanted arSC at least 6 weeks 
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after implantation (fig 3.22 c).  The nuclei and GAP-43 positive regenerating fiber density 

increased substantially until 6 weeks post surgery (fig 3.22 c). 

Myelination potential of implanted arSC could not be demonstrated. Unlike ahSC, there 

was no definite pattern observed with distribution of arSC 2 or 4 weeks post implantation. 

However, most of the arSC were found to be scattered in the centermost area of the 

longitudinal section, in contrast to that of location of ahSC, 6 weeks post surgery (fig 

3.23).
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4.  Discussion 

4.1  Goals and outcome of the thesis 

The ultimate goal of this study was to analyze the potential of ahSC to enhance 

peripheral nerve regeneration across long nerve gaps, created as a result of 

severe nerve transection injuries in human patients. In our laboratory, neonatal 

rat SC had been previously demonstrated to have potential to enhance 

peripheral nerve regeneration after a severe nerve trauma (Timmer et al., 2003, 

Haastert et al., 2006a). Therefore, in context of transplantation of autologous 

cells, we wanted to analyze if primary SC isolated from human patients still 

possess this potential after maturation and attaining a differentiation status in 

adulthood. Furthermore, the events after transplantation of ahSC, e.g. survival, 

re-myelination and differentiation were poorly understood. This study, therefore, 

attempts to enhance the understanding about in vivo impact of adult SC (ahSC / 

arSC) on peripheral nerve regeneration using an adult rat model of sciatic nerve 

transection and repair. 

In the current study, the in vivo behavior of ahSC were evaluated 

immunohistochemically and morphometrically after transplantation in an artificial 

nerve conduit bridging a 10 mm sciatic nerve gap in adult rats. In a similar 

approach, arSC were tested for their in vivo behavior after transplantation. 

Additionally, informations about optimal transfection and survival efficiencies 

using non-viral nucleofection were obtained for both ahSC and arSC. This 

facilitated the transfection and over-expression of certain growth factors of our 

interest like FGF-2, in ahSC and arSC. We further analyzed the effect of growth 

factor over-expression (FGF-2183XFLAG) on the extent of peripheral nerve 

regeneration by transplanting transfected ahSC in vivo. 

  

Literature support to this concept 

Several clinical studies had been performed using the approach of entubulation 

and bridging the proximal and distal nerve stumps of a transected human nerve. 

Published human studies of synthetic nerve guides have thus far been limited to 

the use of four different conduit materials. Two of these materials are non-
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resorbable inert polymers, silicone and expanded polytetrafluoroethylene, and 

the other two are resorbable synthetic polymers, polyglycolic acid polymer (PGA) 

and polylactide-caprolacton polymer. Most of the studies that are performed 

using silicone nerve conduits are based on median or ulnar nerve reconstruction 

bridging a gap of 3-50 mm with a positive outcome of 75% of patients who 

displayed good or very good results and were not significantly different from 

control group (Lundborg et al., 1991). Silicone is inert material which does not 

lead to immune reaction in the host and it is available commercially and found in 

various three-dimensional shapes to fit the dimensions of sciatic nerve of rats. 

Silicone tubes can be sterilized without change in length or width and these 

qualities made it a suitable candidate for this study (Schlosshauer et al., 2006). 

The clinical use of silicone tubes is however limited by the fact that a second 

surgical intervention is usually required. One publication reported intolerance of 

patients to cold temperature and hypersensitivity accompanying regeneration in 

several instances. Consequently, some implants were removed from patients 

after 2 to 3 years without disrupting the initial recovery (Dahlin et al., 2001). 

Being a tough material it impairs the movement, resulting in disconnection to the 

nerve stump. 

Resorbable tubes were used with a very high success rates in human patients 

with long lesions of hand nerves. PGA displayed a very good level of 

regeneration that was approximately equal to autologous nerve graft (Mackinnon 

and Dellon, 1990). The first approval of a nerve guide to be used in human 

patients came in 1999. All approved products these days are hollow tubes made 

either from resorbable PGA, collagen, or a non-resorbable polyvinyl alcohol-

based hydrogel (reviewed in Schlosshauer et al., 2006).  

 

Several attempts have been made to improve regeneration using various 

strategies in combination with entubulation model. These primarily include the 

use of SC as bio-factories for production of growth factors, thus stimulating nerve 

regeneration. Until now, entubulation without the use of human SC resulted in 

regeneration only across a 3 cm median nerve gap in human patients.   
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Experimental approaches using synthetic guidance channels bridging nerve 

defects in adult rats have reported some success. Studies by Sinis et al (2005) 

reported a 2 cm nerve defect which was bridged by the use of caprolactone-

derived nerve conduit resulting in approximately equal nerve regeneration and 

functional recovery to that of autologous nerve graft. Also, Nakamura et al (2004) 

reported success in axonal regeneration as well as increase in axon diameter in 

an experimental approach to bridge a 15 mm gap in dog peroneal nerves. 

Experimental approaches using SC-filled synthetic guidance channels 

demonstrated SC as promising candidates for nerve reconstruction approaches 

in several animal studies. SC isolated from neonatal (Haastert et al., 2006a, 

Timmer et al., 2003) and adult rats (Ansselin et al., 1997, Guenard et al., 1992) 

had been shown to stimulate nerve fiber regeneration using artificial nerve 

conduits across various gap lengths ranging from 8-15 mm. Aszmann et. al. 

(2008) reported the use of autologous SC derived from proximal neuroma in 

accelerating nerve regeneration in rats across a 2 cm nerve defect. This study 

reported a successful regeneration of specific sensory axons across entire gap 

length, although with no significant motor recovery.  Also it is reported by Sinis et 

al (2007) that extra long nerve gaps (40mm) are large enough to be regenerated 

even after using isogenic SC filled caprolactone conduits. Further, the use of 

immunosuppresion enables us to analyze, the contribution of allo and 

xenografted SC in adult rats. Therefore, in the current study, ahSC / arSC have 

been transplanted in entubulation repair model of adult rat sciatic nerve to further 

analyze nerve regeneration using various morphometrical and 

immunohistochemical techniques. 

 

4.2  In vitro studies 

In vitro studies were performed with the aim to expand ahSC and arSC in cell 

culture conditions. Expansion of these cells is important because higher numbers 

of these SC are needed for transplantation experiments, which can provide 

sufficient growth factors that are required to enhance nerve regeneration in vivo 

across the entire gap length. Also, for optimization of transfection-related 
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parameters (transfection, survival and proliferation rates), higher numbers of SC 

are needed. 

It is very difficult to obtain large human biopsies for research purposes and even 

more difficult to obtain a very high number of purified SC from these small nerve 

tissues samples. In vitro expansion, therefore, provides an easy way, yielding 

sufficient numbers of primary ahSC and arSC with minimal genomic alterations, 

both for in vitro and in vivo studies. 

 

In vitro SC culture 

Fibroblasts usually have higher survival and proliferation rates in vitro as well as 

in vivo. They can heavily crowd in the lumen of the conduit, leading to scar 

formation. It is already known from Nath et al., (1998) that transforming growth 

factor beta (TGF-β) secreted after peripheral nerve injury by SC and other cells 

(e.g. macrophages) have been shown to stimulate fibroblasts in the lumen of the 

conduit to produce collagen in excessive amounts and ultimately the scar tissue. 

Epineurial scarring after peripheral nerve injury is known to inhibit normal axonal 

regeneration, primarily due to deposition of type I collagen. Therefore, it is very 

important to check the cell populations for the presence and percentage of 

fibroblasts prior to transplantation. The purity of SC cultures is therefore checked 

immunocytochemically using an antibody highly specific for ahSC or arSC 

(human / rat anti-p75LNGFR antibody). Finally, only highly pure cell populations (> 

90 % ahSC or arSC) were chosen for transplantation experiments. Cold jet was 

the method of choice for SC enrichment because it is easy, cheap and moreover, 

it avoids the use of any anti-mitotic chemicals which may further decrease the 

viability of adult SC in culture. 

 

Transfection of ahSC / arSC in vitro 

There had been several reports of SC transfection by the use of viral 

transduction method to over-express a variety of growth factors or cell adhesion 

molecules, that help further in enhancing repair of peripheral nerves. Over-

expression of these substances may enhance the local delivery of neurotrophic 
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factors that may additionally enhance nerve regenerative capacity. Some of such 

recent studies are described here: 

Mosahebi et al (2001) transduced ahSC and arSC with a retroviral vector 

expressing LacZ marker and followed the labeled SC in vitro to assess their 

viability and phenotypic marker expression. Furthermore, in this study the 

transplanted lacZ-transduced SC were shown to take part in nerve regeneration 

process, enhancing it by 100 percent, across a polyhydroxybutyrate conduit, 

bridging a 10 mm nerve gap in transected sciatic nerve of adult rats.  

Also, in a study by Gravvanis et al (2007), SC transduced with retroviral vectors 

over-expressing PSA could successfully show increase in SC motility and 

promoted axonal regeneration, by virtue of the interaction of the transplanted 

cells with regenerating axonal growth cones as well as via the recruitment of 

endogenous SC.  

Recent report by May et al (2008) focused on transplantation of GDNF- 

transduced SC in the gaps of transected cavernous nerves endings. The 

combination of GDNF delivery and SC application promoted an intact erectile 

response reducing the time required to elicit functional recovery of erectile 

nerves. 

Apart from being used only in peripheral nerve repair purposes transduced SC 

have also been used in experimental approaches after CNS injuries. 

Golden et al (2007) showed that transduced SC over-expressing bifunctional 

neurotrophin molecule are able to further enhance axon number and other 

regeneration related morphometrical parameters after a spinal cord contusion 

injury.  

 

Viral vectors / plasmid DNA 

Recombinant viral vectors are commonly used in gene therapy approaches to 

shuttle genetic information into cells. Viral infection is a naturally efficient means 

for introducing nucleic acids into a cell and viral vectors developed for human 

gene therapy are designed to avoid the pathology induced by a natural infection.  

But, the engineered viral vectors nevertheless alter cellular metabolism and may 
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induce undesirable immune responses. Any metabolic alterations and immune 

responses induced by these viral vectors can be directly harmful to the host and 

can actually work against the desired therapeutic effect from the viral vector's 

genetic payload. Accordingly, the safety and usefulness of viral vectors have thus 

far been significantly impaired due to these limitations (Kay et al., 2001). 

Therefore, we preferred the use of non-viral transfection method. 

 

Non- viral transfection 

Electroporation and nucleofection were two methods of choice. Our results 

showed that nucleofection resulted in better survival and transfection rates in 

comparison to electroporation. We therefore, optimized a combination of 

nucleofection kit and program which resulted in best survival and transfection 

efficiencies, according to the specific needs of both ahSC and arSC.  

Because of the limited availability of ahSC, the information about optimal 

nucleofection kit obtained after arSC transfection was used for further 

transfecting ahSC using different nucleofection programs. However, both for 

ahSC and arSC, primary endothelial cell kit (EC kit) worked best in combination 

with T-30 program (Haastert et. al., 2007). This combination of program and kit 

was therefore, further used for nucleofection of both ahSC and ahSC in the study 

presented here. 

The transfection resulting from nucleofection is however transient and time range 

for the disappearance of expression of transfected protein tags observed was 

between 11 days until 7 weeks.  

Studies show that after over-expressing FGF-218kD isoform, PC12 cells 

differentiated towards the neuronal phenotype (Grothe et al., 1998). We were 

interested in over-expression of FGF-218kD isoform after transplantation of ahSC 

due to its ability to enhance peripheral nerve regeneration as is already reported 

from publications from our laboratory (Haastert and Grothe, 2007). In the current 

study, we wanted to enhance regeneration of peripheral axons, therefore, FGF-

218kD was chosen for over-expression in transfected ahSC. The presence of 3 

times FLAG repeat enables an intense immunocytochemical detection of FLAG 
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epitope by anti-FLAG M2 antibody. Further, the expression of FLAG epitope is 

more stable than green fluorescent protein (GFP) or discosoma red fluorescent 

protein (DsRed), both of which tend to bleach out with time. 

 

Proliferation of cells was analyzed using BrdU-anti-BrdU antibody system. In vitro  

dimming in fluorescence after PKH26-GL+ BrdU+ co-immunostaining can be 

explained by the equal division of cytoplasmic content in the daughter cells 

resulting after cell division during proliferation. In addition, PKH26-GL pre-labeled 

ahSC and arSC also displayed some dye leakage with time in the cell culture, 

also resulting in dimming of the fluorescence. The dye that is leaked can be 

identified as an intensely fluorescent, abruptly shaped structure or crystal in the 

vicinity of the adherent cell. However, with medium exchange, the leaked dye 

crystals are usually removed from the well. 

 

4.3  In vivo studies 

All in vivo studies were performed using adult rat model of sciatic nerve 

transection and repair (Kalbermatten et al., 2008). This is a widely used model 

for severe nerve transection studies and also used in several previous studies 

published from our laboratory (Timmer et al., 2003, Haastert et al., 2006a). 

Although, this model also possess certain disadvantages e.g. rats start chewing 

the last three fingers of the operated side, denervated after sciatic nerve 

transection, a process called automutilation (autotomy). We also observed 

autotomy in some of the rats of our study in their left denervated paws.  

 

A critical gap length is the minimum gap length which can prevent successful 

nerve regeneration after neuretmesis. 15 mm was reported as the critical gap 

length in the rat sciatic nerve transection model (Lundborg et al., 1982a, b). For 

our study with both ahSC and arSC, we selected a 10 mm gap length which was 

lesser than critical gap length and therefore was sufficient to obtain tissue cable 

regeneration for evaluation purposes over several time points ranging from 2-7 
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weeks.  A 10 mm gap in the sciatic nerve was bridged using a silicone tube in the 

current study.  

 

To prevent the rejection of the allograft (arSC in rat) or xenograft (ahSC in rat), 

immunosuppression was important. Cyclosporine and FK506 (Tacrolimus) are 

two drugs frequently used for immunosuppression studies in rat, but FK506 was 

reported to promote peripheral nerve regeneration in rats (Chen et al., 2008). 

Therefore, cyclosporine was selected in a minimum required dose, which does 

not affect peripheral nerve regeneration in the dose of 10 mg / kg body weight / 

day without any associated side effects (Novartis guidelines). Subcutaneous or 

oral ways of administration were preferred using the drugs Sandimmun or 

Optoral (both cyclosporine), respectively. Both these drugs are known to exert 

the immunosuppressive effect by inactivating T and B-cells of the immune 

system (Novartis guidelines).  

 

Optimal cell seeding in a nerve conduit is a core problem in tissue engineering. 

An ideal nerve gap substitute would have to present an equally distributed 

number of cells that can activate the regrowing axons (Kalbermatten et al., 

2008). It is therefore important to use optimal cell numbers in context of 

transplantation of adult human-derived primary cells (e.g. ahSC) because of 

three main reasons: 

1. Limited availability. 

2. Limited survival / proliferation capacities of these cells in vitro conditions. 

3. Inappropriate and insufficient supplies of oxygen and other nutrients may 

lead to formation of toxic end products, which in turn inhibit peripheral 

nerve regeneration, in case of transplantation of excessive cell numbers in 

the lumen of the conduit. 

 

In a previous study by Levi et al (1994), the number of ahSC used for 

transplantation in the sciatic nerve of rat was 16 x 105 ahSC / animal, which was 

more than double the number we used in the study presented here (7 x 105 ahSC 
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/ animal). Hence, total number of ahSC that are needed for a huge statistically 

relevant experiment would be usually very difficult to obtain from the limited 

supplies of human nerve biopsies. Moreover, in the light of results obtained in the 

current study, 7 x 105 ahSC promoted peripheral nerve regeneration to the 

similar extent as reported in the mentioned study of Levi et al (1994). Therefore, 

7 x 105 ahSC were selected for all further in vivo transplantation experiments. 

 

With reference to ahSC, two publications principally describe the identification 

and fate of these implanted ahSC after transplantation. Initial information about 

asymmetrical, but peripheral location of implanted LacZ-transduced ahSC 

(retroviral transduction) in the conduit was provided by Mosahebi et al (2001). In 

this report, transplanted SC nuclei were identified using LacZ staining. 

Longitudinal tissue sections were used for quantifying axonal regeneration 

distance while transverse sections were primarily used for examining the 

association of transplanted SC and regenerating axons using LacZ-PanNF 

antibody co-staining, which demonstrated active axonal regeneration contributed 

by ahSC, 3 weeks post implantation.  

Another report by Levi et al (1994) demonstrated by HNK-1 immunostaining 

(specific for human myelin) that implanted ahSC were capable of surviving, 

ensheathing and myelinating (to a very less extent) the rat axons when 

transplanted in a small gap of 8 mm in an immune deficient rat until 4 weeks post 

surgery. Later time points and longer gap lengths were not investigated in this 

study.  

Detailed informations about the long time survival, myelination, distribution and in 

vivo behavior of implanted ahSC were needed over a longer time frame and 

across a larger gap length respectively, in order to get a clear picture of the 

cellular events occurring during axonal regeneration over different time points. 

 

In this direction, the first step was to identify and locate the implanted ahSC. 

Therefore, in the current study to track the implanted ahSC, they were labeled 

prior to implantation with PKH26-GL fluorescent membrane cell linker dye. With a 
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half life of more than 100 days, it has been reported to be effective in in vitro as 

well as in vivo cell tracking studies (Hugo et al., 1992). 

In the current study, ahSC showed no altered survival after labeling in vitro when 

observed for 2 weeks post labeling. Accumulation of PKH26-GL not only in cell 

membrane but also in the cytoplasm of labeled cells is likely due to a previously 

described internalization of membrane areas and some dye leakage (Hugo et al., 

1992). In the current study, we could also observe similar in vitro PKH26-GL dye 

leakage 2 weeks post labeling.  

 

In contrast to Levi et al (1994), for transplanting ahSC / arSC in adult rats we 

focused on using a comparatively longer gap length of 10 mm over various time 

points (2-7 weeks). These experimental rats were immunosuppressed for the 

entire period of study (rather than being immunodeficient) for receiving allo and 

xenografts of arSC and ahSC, respectively. Further, nerve regeneration was 

analyzed with regard to immunohistochemistry (survival, myelination and in vivo 

behavior) and morphometry (tissue cable regeneration, axon number, diameter, 

cross sectional area, nerve fiber density, vascularization and ultrastructural 

demonstration). 

 

4.4  Morphometrical evaluation of nerve regeneration 

To estimate the contribution of ahSC on axonal regeneration, animals were 

transplanted with ahSC after nerve transection. At the same time, to subtract the 

effect of all treatments, a negative control was incorporated in the current study 

design (acellular matrigel only group). Three weeks post surgery, the axons 

regenerated only until 2.0 mm from the proximal stump, both in ahSC and 

acellular matrigel only groups. Regeneration of only one tissue cable in acellular 

matrigel only group, however, preventing the possibility of statistical evaluation of 

any regeneration-related parameters, 3 weeks post surgery. Statistical analysis 

was performed between the two groups (ahSC versus acellular matrigel only 

groups) or within single groups across various points from the proximal nerve 
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stump, 7 weeks post surgery (2.0, 3.5, 5.0, 7.5 and 10 mm) using computer 

program GraphPad Instat version 3.  

Levi et al (1994) also relied on morphometrical analysis to understand the effect 

of ahSC on peripheral nerve regeneration. However, another important study of 

Mosahebi et al (2001) focused on immunohistochemical ways to understand the 

same. 

Morphometrical and statistical evaluation was performed with regard to following 

parameters: 

 

Numbers of regenerated myelinated axons  

During regeneration after severe nerve injury, axons send off several collaterals 

that grow into the target tissue. They sprout from the nodes of Ranvier, extending 

through their own basal lamina tubes in the proximal segment, traverse the 

narrow gap of connective tissue between the proximal and distal stumps, and 

finally enter the distal nerve segment (Lundborg et al., 1982 a, b). Also, it has 

been suggested that one axon can regenerate and maintain up to three or four 

collaterals in regenerating rat peripheral nerve (Jiang et al., 2007).  

 

Twenty percent tissue cable regeneration resulting under acellular conditions 

might be due to a short time frame of 3 weeks, thus not allowing host cells to 

form the tissue connection between the two nerve stumps. However, 7 weeks 

time point proves good enough for animals of both groups to regenerate the 

tissue cable connection.   

 

No statistical significance was observed between the two groups 7 weeks post 

surgery because of high standard deviation associated with the number of 

regenerated myelinated axons of individual animals. However, intra-group 

statistical significance observed between 3.5 mm and 10 mm within animals of 

ahSC group (3.5 mm > 10 mm) seems to arise due to the fact that mother axons 

grow and start myelination from the proximal stump towards the distal stump 

(Lundborg et al., 1982 b).  
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Even when ahSC were present in the nerve conduit, 7 weeks time point proved 

to be insufficient for all regenerating axons to reach the distal nerve stump, which 

however, was never a case with any animal of acellular matrigel only group. 

 

The number of myelinated axons found in healthy untreated sciatic nerves of rats 

range from 7905 - 8500 (Schmalbruch, 1986a, Jenq and Coggeshall, 1987, 

Maeda et al., 1993). A lower number of nerve fibers than in a healthy nerve seem 

not to be favorable, because this indicates that not all fibers from the proximal 

nerve stump had regenerated. However, even regeneration of fewer nerve fibers 

with a larger diameter and excellent electrophysiological properties are reported 

to be favorable in comparison to a larger number of small-diameter nerve fibers 

with poor electrophysiological properties (Vleggeert-Lankamp, 2007).  

 

In the study by Levi et al (1994) at the end of 4 weeks, the midpoint of cables (8 

mm) containing ahSC seeded at a density of 16 x 105 ahSC / animal contained 

approximately 3000 myelinated axons. This number was significantly better than 

those obtained in our study after 3 weeks post surgery, but approximately similar 

to that observed in animals 7 weeks post surgery. This can be explained by a 

longer gap length in our study (10 mm) in comparison to this study mentioned 

here.  

In the similar study by Guenard et al (1992), the number of myelinated axons 3 

weeks post surgery at the midpoint of regenerated cables seen after implantation 

of 16 x 105 syngeneic SC in Fisher rats was 2500.  

 

Mean diameter of regenerated myelinated axons 

The nerve fiber diameters are reported to vary from 2 - 12 µm in untreated 

healthy sciatic nerves of adult rats (Schmalbruch, 1986a, Sierpinski et al., 2008, 

Vleggeert-Lankamp, 2007). 

In the current study, axonal diameters obtained in both the groups ranged 

between 2-8 µm, which appears normal during regeneration. Significant 

differences were not observed due to high standard deviations obtained as a 
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result of emergence of collaterals from the regenerating mother axons. These 

three dimensional collaterals were also confirmed in the longitudinal paraffin and 

cryo sections as circular myelin sheaths, when immunostained for P0 antibody. 

 

Cross sectional area (CSA) of the semi-thin sections 

CSA was measured to determine the nerve fiber density. The CSA reported in 

untreated healthy nerve is 0.014 square millimeters (Sierpinski et al., 2008). In 

the current study, a higher CSA observed in animals of ahSC group can be 

correlated to the presence of transplanted ahSC in the lumen of the nerve 

conduit. 

Similarly, in the study of Levi et al (1994), the cross-sectional area of the cables 

throughout their entire length was also significantly greater in channels that 

received the ahSC as compared to the acellular matrigel only group channels. 

However, they did not evaluate mean axonal diameter or nerve fiber density in 

any of the groups in this study. 

 

Nerve fiber density 

The nerve fiber density was calculated as the number of myelinated axons per 

square millimeter of CSA. Nerve fiber density of untreated healthy control nerves 

is reported to be 20,000 myelinated axons / mm2 (Robinson et al., 1991). Eight 

weeks after surgery, a three-dimensional scaffold presenting laminin-1 and NGF 

in a 10 mm sciatic nerve graft reported the nerve density of 5,000-17,425 

myelinated axons / mm2 at the mid point of regenerated cable (Yu and 

Bellamkonda, 2003).  

In the current study, we could not obtain nerve densities equal to or greater than 

those observed in untreated healthy nerve or the published report of Yu and 

Bellamkonda (2003). Due to significant decrease in number of myelinated 

regenerated axons between points 3.5 mm and 10 mm in the animals of ahSC 

group, nerve density also displayed a highly significant decrease between the 

same two points (3.5 mm > 10 mm). 
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Blood vessel count 

Vascularization of the graft is a pre-requisite for the survival of grafted cells due 

to supply of oxygen and other survival factors. Blood vessels enter the graft, both 

from proximal and distal nerve stumps. The onset of vascularization during nerve 

regeneration is reported to coincide with onset of axonal regeneration (Brandt et 

al., 2005). Previous report from our laboratory (Haastert et al., 2006) calculated 

blood vessel area (>10 µm2) at the mid point as a measure of vascularization of 

the regenerated nerve cable. In the regenerated cables obtained from animals in 

the current study, we found scattered and dispersed arrangement of erythrocytes 

enclosed with or without a proper endothelial membrane. Therefore, it was 

impossible in the current study to estimate the blood vessel area. Alternatively, 

we counted the blood vessel number at the mid point which was found to be not 

significantly different in both the groups. 

 

4.5  Ultrastructural evaluation 

The composition of the regenerated tissue cables including the detailed 

structures of myelinated and non-myelinated axonal profiles could not be 

visualized in semi-thin sections. Therefore, ultrastructural evaluation was 

necessary.  

 

Analysis of ultra-thin sections revealed regular myelinated profiles indicating 

proper myelination of regenerating axons. Myelin thickness usually depends on 

axonal diameter due to expression of some neurotrophic factors and ligands on 

the basal lamina of the axons to be myelinated (Simons and Trotter, 2007). In the 

ultrastructure of the regenerated cable, we observed axonal sizes ranging from 

very small to very large, all thickly myelinated. This discrepancy in myelination of 

axons of various sizes might arise due to short time frame used in this 

experiment, where SC are still in process of recognizing specific ligands and 

further myelinating these axons. Also, there is a possibility of irregular and 

inadequate expression of these myelination-associated ligands on axons of 
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various sizes (Simons and Trotter, 2007), which may, in turn, confuse the 

myelinating SC.  

There is yet another possibility that might be responsible for this discrepancy. 

The basal lamina of the axon during regeneration serves an important function of 

initiating cellular asymmetry and establishes an axis of polarity which helps SC 

recognize it and myelinate. During regeneration, however, this axis of polarity 

may significantly change, allowing the SC to myelinate the axons of various sizes 

(Simons and Trotter, 2007). 

 

In the current study, regenerated myelinated axons in ahSC group were found to 

be encircled by thin SC cytoplasms, allowing SC cytoplasm to form a concentric 

ring around the myelin sheath. This is in contrast to the healthy untreated nerves, 

where SC cytoplasm is restricted to regions delimited by appositions, created 

between abaxonal layers of myelin sheath and SC cytoplasm. The absence of 

appositions might be related to insufficient / inadequate levels of expression of 

certain cell-adhesion molecules during regeneration (e.g. periaxin) (Court et al., 

2004). Periaxin (prx) is one of the most important genes involved in the proper 

myelination of neuromuscular junctions (Kursula, 2008). The mutations in prx 

gene give rise to demyelinating Charcot Marie Tooth disease (CMT) in human 

beings. Periaxin-null mice and rats have been also shown to lack such 

appositions in the ultrastructure of myelinated axons (Court et al., 2004) . 

 

Disrupted myelin sheaths and residual myelin (onion bulbs) might arise in the 

axoplasm 4-5 weeks post surgery due to improper maintenance of myelin sheath 

during regeneration of peripheral nerve (Kuwamura et al., 2004). The alteration in 

signaling and expression of certain protein transcription factors and cell-adhesion 

molecules during regeneration might also affect maintenance of proper myelin 

sheath during regeneration (Court et al., 2004, Raivich and Makwana, 2007).  

The short time frame of 7 weeks used in the current study could also be one of 

the reasons for the formation and maintenance of improper myelinated profiles.  
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Irregularities such as cellular deposits and axoplasmic and mitochondrial 

degeneration observed in non-myelinated axons could be attributed to sciatic 

nerve block due to inappropriate levels of oxygen and growth factors during the 

initial weeks of regeneration. Inappropriate levels of oxygen might decrease the 

efficiency of mitochondrial enzymes, thus contributing to mitochondrial 

degeneration in the axoplasm.  

The large sizes of non-myelinated axons could be attributed to short time frame 

not yet allowing their myelination. 

The invading macrophages enter the injury site within 2-3 hours after injury and 

start ingesting the cellular and myelin debris, hence, clearing the way for 

successful Wallerian degeneration (Stoll and Müller, 1999). 

The ultrastructure of regenerated cables did additionally revealed the presence of 

a few invading macrophages as well as some resident macrophages. The latter 

did not contain phagocytosed material or secondary lysosomes, showed 

numerous cytoplasmic processes and were located outside the basal lamina as 

also described by Fry et al (2007). Furthermore, we observed some 

macrophages associated with large diameter non-myelinated axons, suggesting 

delayed onset of re-myelination. However, we could not visualize ED-1 positive 

macrophages in the immunohistological analysis 3 or 7 weeks after surgery. 

 

Regenerated tissue cables have been demonstrated to contain large deposits of 

collagen and fibroblastic processes which might have contributed towards the 

formation of tissue cable connection between the two nerve stumps.  

 

4.6  Immunohistochemical evaluation of regenerated cable 

Levi et al (1994) reported that transplanted ahSC also contributed in host fiber re-

myelination, although, the extent was very less. However, in the current study, 

we could not observe any human-derived myelin after staining with human 

specific anti-PMP-22 antibody. Therefore, we can conclude that tissue cables 

contained myelin mostly contributed by host rat SC.  
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The density of GAP-43 positive regenerative fibers increased with increasing 

time point, allowing successful regeneration, which was evident in 

morphometrical analysis as greater numbers of myelinated regenerated axons 

were found after 7 weeks in comparison to the 3 weeks time point. 

 

4.7  Fate and function of implanted ahSC 

4.7.1 Survival of implanted ahSC 

The regenerated cable was cut throughout and observations were made from 

mid of the cable. This prevented bias in the observations in understanding a 3-

dimensional distribution of implanted ahSC. 

In vivo, PKH26-GL labeled fluorescent ahSC could be successfully identified, 

therefore, providing another viable method of ahSC labeling, which, according to 

our knowledge, is not yet published. 

It is likely that the implanted cells die progressively with time due to the absence 

of sufficient survival signals, growth factors and oxygen levels in the lumen of the 

conduit. This might give an answer to the question why a high density of living 

PKH+DAPI+ ahSC was observed two weeks post surgery in comparison to that 

after 4 or 6 weeks. 

 

4.7.2 Distribution pattern of PKH26-GL pre-labeled implanted ahSC  

(2, 4 and 6 weeks post surgery) 

Fluorescent PKH26-GL positive cellular debris indicated dead pre-labeled cells in 

the lumen of the conduit that progressively got incorporated into the regenerated 

tissue.  

An increase in density of GAP-43 positive regenerating axons suggested ongoing 

axonal regeneration.  

Four weeks post surgery, PKH26-GL positive ahSC and debris appear to shift 

asymmetrically, towards one side of regenerated cable, which is likely due to 

force or push generated by the proliferating cells of host forming many Büngner 

bands in the lumen of nerve conduit. 
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It is already reported that Initial proliferation of perineurial cells and fibroblasts 

originating from host starts 3-4 days after injury and continues until some weeks 

depending upon the gap (Schröder et al., 1993). 

Fluorescent debris appears to cause problem in the movement of the 

regenerating nerve fibers, 4 weeks post surgery. The surviving implanted ahSC, 

however, seem to support and promote the outgrowths from the mother axons 

originating from the proximal nerve stump (Jiang et al., 2007).   

Until now there is no convincing literature to support the fate of cellular debris 

originating after transplantation of adult SC. Therefore, we can only speculate 

certain possibilities taking into account hints provided by some related reviews. It 

is likely that the release of growth factors from host and implanted SC together 

repel the debris to finally clear the way for the growing axons. There is another 

possibility that implanted ahSC together with host SC push the debris together to 

be digested by the secondary lysosomes so that this phagocytosis does not 

affect the surviving SC in the lumen of the conduit. 

 

We found asymmetrical peripheral distribution of most living (PKH26-GL+ DAPI+) 

ahSC 6 weeks post surgery. Mosahebi et al (2001) also previously reported the 

peripheral distribution of nuclei of implanted ahSC which were transduced with 

LacZ. But, they investigated only 3 weeks after surgery. In this study, the rate of 

axonal regeneration into the PHB conduits graft was calculated from the proximal 

anastomosis and using immunostaining with PanNF. Additionally, the current 

study focused on details like survival and distribution of PKH26-GL pre-labeled 

implanted ahSC, number and type of nuclei present, arrangement and density of 

GAP-43+ fibers and fluorescent cellular debris present in the regenerated tissue 

cables after three different time points (2, 4 and 6 weeks post surgery). 

 

There are several clinical reports in hematology regarding a possibility of immune 

incompatibility between xeno-transplanted and host cells in the graft (Holgersson, 

2007, Ide et al., 2007).  Therefore, we can also speculate that such an 

incompatibility also can exist between the transplanted ahSC and host arSC. 
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Six weeks after surgery enough host SC generated myelin could help in 

excluding surviving ahSC towards the peripheral areas. This possibility is 

confirmed from the observations made after transplantation of PKH26-GL labeled 

arSC in the same experimental setup. In this case, most of the surviving PKH26-

GL positive arSC were found in the centre, unlike ahSC, which were found in 

most peripheral areas 6 weeks after implantation. This gives indication that in 

case of arSC, the host SC recognizes the implanted arSC as their `own´ (due to 

specific immune factors, MHC, expressed on their surface). There existed a 

possibility that they can also re-myelinate the axons. We could, however, not 

observe such remyelination as early as 6 weeks after surgery. Therefore, the 

probability of inter-species repulsion can not be excluded in context of the 

observations made in the current study.  

 

After extensive microscopic observations, a close associationship was observed 

between surviving implanted ahSC and the regenerating nerve fibers in the 

centre most area of the regenerated tissue cable. However, only a few PKH26-

GL positive ahSC displayed this associationship in the current study 6 weeks 

post surgery. Mosahebi et al (2001) also discussed such an associationship. 

However, they could only demonstrate the associationship between the 

regenerating fibers and the transduced nuclei of transplanted ahSC, but not with 

the transplanted cell body.  

 

This kind of associationship reflects several probable interactions between 

implanted ahSC and regenerating fibers, even when they did not display any 

remyelination capabilities. These might be: 

 

1. Myelination may not be the principle function performed by implanted 

ahSC, but they might be involved in secretion of factors responsible for 

affecting growth of peripheral axons. Remyelination is rather performed 

mainly by the host arSC. The study by Levi et al. (1994) also supports this 

view and they demonstrated that ahSC isolated from peripheral nerves 
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are capable of myelination, but the myelin contribution of ahSC was much 

lesser in comparison of host arSC.  

 

2. The close association between ahSC and regenerating nerve fibers can 

arise as a result from secretion of certain survival and growth factors from 

surviving ahSC, allowing the growing axons to successfully move towards 

the distal targets. 

 

3. Cell-adhesion molecules expressed by the implanted ahSC (Dezawa and 

Nagano, 1996) could facilitate the growth, survival and target achievement 

of the regenerating fibers. 

 

The latter two possibilities were evident also in the results of morphometrical 

analysis, where we found regenerated myelinated axons reaching the distal 

target in 50 % of the ahSC group animals, in comparison to acellular control 

group. Therefore, the associationship between regenerating nerve fibers and 

the surviving ahSC point towards a more supportive, nutritive and growth 

promoting function of the latter.  

 

 

4.8  Correlation between morphometrical and histological data- potential 

use of ahSC 

To understand the overall influence of ahSC on axonal regeneration, 

morphometrical and histological data were correlated and significant correlations 

were found between them. 

In general, we compared the epon embedded regenerated cables obtained 3 

weeks post surgery (morphometrical analysis) could be compared to cryo 

embedded regenerated cables obtained 2 and 4 weeks post surgery 

(immunohistochemical analysis). Likewise, epon embedded regenerated cables 

obtained 7 weeks after surgery (morphometrical analysis) could be compared to 



                                                                                                                               Discussion 

 86 

cryo embedded regenerated cables obtained 6 weeks after surgery 

(immunohistochemical analysis). We could discuss that: 

 

1. Morphometrical and Immunohistochemical analysis both show much 

lesser number of myelinated regenerated axons 2-4 weeks post surgery in 

comparison to that after 6-7 weeks. It confirms the hypothesis that ahSC 

present in the conduit lumen help building up a permissive environment 

which progressively attracts the mother axons to grow from the proximal 

stump into the conduit lumen.  

2. By observing the morphologies of regenerated cables obtained 3 and 7 

weeks after surgery, we could say that the regenerated tissue cables were 

formed until 3 weeks (2 / 4 weeks post surgery in immunohistochemical 

evaluation). But, extensive axonal regeneration seems to take place from 

3 until 7 weeks. Evidently, in morphometrical analysis we found that CSA 

attained its maximum value 3 weeks after surgery, which did not change 

progressively after 7 weeks. 

3. Extremely high nerve fiber densities were observed 7 weeks after surgery 

which correlated with immunohistochemical studies showing, extensive 

GAP-43 signal throughout the longitudinal cryo section.  

4. A normal 3-dimensional sprouting phenomenon observed in the 

longitudinal paraffin sections could be correlated to regular axonal 

diameter observed in the animals of ahSC group. This confirms that there 

was no unusual branching of regenerating nerve fibers and mean axonal 

diameters were in normal range.   

 

The current study demonstrated that presence of ahSC in the lumen of the nerve 

conduit helped in promoting peripheral nerve regeneration and reduced the time 

needed for sufficient axonal regeneration to reach the distal targets across the 

long nerve gaps. 
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5. Conclusions 
 

The aim of this study was to evaluate the potential of ahSC and arSC as 

cell-based strategies to enhance peripheral nerve regeneration across 

long nerve gaps and gaining insight into the fate and behavior of these 

cells when they were implanted in transected sciatic nerves of adult 

rats; as well as understanding the contribution of these cells in 

extending tissue and axonal regeneration in vivo.  

 

Nucleofection proved to be a promising tool to transfect ahSC and arSC 

providing optimal transfected surviving cells. Over-expression of gene 

of interest (FGF-2183XFLAG used in the current study) could be 

demonstrated in ahSC for at least one week after nucleofection. 

Transfected ahSC displayed 100 % tissue cable regeneration in 

comparison to 20 % displayed by physiological ahSC after the short time 

frame of 3 weeks. 

 

The results clearly demonstrated the positive influence of physiological 

ahSC on the formation of tissue cables as well as regeneration of 

myelinated axons up to greater distances in lesser time period. PKH26-

GL fluorescent linker can effectively used for identification of pre-

labeled ahSC / arSC after implantation and this dye does not 

significantly alter the vitality or proliferation capacity of ahSC.  

Adult SC (both ahSC and arSC) survived in the lumen of the silicone 

tube at least 7 weeks after implantation and progressively displayed a 

preferential location 2, 4 and 6 weeks after implantation. We could 

demonstrate that ahSC could associate with the regenerating fibers 6 

weeks after surgery.  However, the potential contribution of this 

associationship towards remyelination could not be demonstrated in 

this study.  

 

Therefore, these results infer that ahSC are promising tools to be used 

in biohybrid nerve grafts. Further experiments are needed to evaluate 

functional recovery (motor / sensory) after longer time points. 
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Additionally, the use of ahSC along with an ideal nerve scaffold will help 

in bridging the gap between successful outcome after autografting and 

artificial nerve grafting in therapeutic reconstruction approaches to 

repair peripheral nerve injuries.   
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6. Tables 
 

Table 1. SC yield (cells / mg) after dissociation of epineurium-free 
tissues obtained from sciatic nerves of rats and human peripheral nerve 
biopsies (wet weight in mg)  
 

Number of experiments  Time 
of pre-
degen
eration 
 

 
1 

 
2 

 
3 

Mean ± SD  

Rat 
nerve 
tissue 
 

14 
days 

18,000 
cells / mg 

12,400 
cells / mg 

20,000 
cells / mg 

16,800 ± 3940 
cells / mg 

Human 
nerve 
tissue 

10 
days 

12,500 
cells / mg 

12,700 
cells / mg 

18, 000 
cells / mg 

14,400 ± 3119 
cells / mg 

 
 
 
 
 
Table  2. Purity of ahSC determined after two cold jet enrichment steps 

 
 
 
 
 
 

 
 
 
 
 
Table  3. Purity of arSC determined after two cold jet enrichment steps 

 
 
 
 
 
 

 
 
 
 
 
 
 

Passage 1 Passage 2 Passage 3 

89 % 90 % 94 % 

80 % 95 % 95 % 

ahSC 

78 % 91 % 98 % 
Mean ± SD 82 ± 5.86 % 92 ± 2.65 % 96 ± 2.08 % 

 Passage 1 Passage 2 Passage 3 

75 % 89 % 92 % 

80 % 85 % 90 % 

arSC 

67 % 83 % 89 % 

Mean ± SD 74 ± 6.56 % 86 ± 3.06 % 90 ± 1.53 % 
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Table 4a. Transfection, survival, proliferation rates and seeding 
efficiencies of arSC using different nucleofection kits and programs 
 

Nucleofection program +  kit 

Mean  ± SD 

 

A-33 
OPC 
kit 

T-20 
OPC 
kit 

T-30 
OPC 
kit 

O-17 
OPC 
kit 

T-20  
N-kit 

T-30  
N- kit 

T-30  
EC kit 

Survival rate 68 ± 3 
% 

70 ± 3 
% 

65  ± 
12 % 

64 ± 19 
% 

59 ± 9 
% 

66 ± 29 
% 

78  ± 8 % 

Transfection 
rate 

8 ± 4 % 22 ± 7 
% 

22  ± 7 
% 

19 ± 6 
% 

29 ± 8 
% 

40 ± 3 
% 

33 ± 8 % 

Proliferation 
rate 

56 ± 15 
% 

55 ± 
17 % 

47  ± 
11 % 

46 ± 12 
% 

- 41 ± 11 
% 

51 ± 14 % 

Seeding 
efficiency 

81 ± 15 
% 

49 ± 
13 % 

56  ± 
13 % 

59 ± 15 
% 

57 ± 
11 % 

58 ± 13 
% 

46 ± 11 % 

OPC kit: Oligodendrocyte precursor cell kit, N kit: primary neuron kit, EC kit: primary 
endothelial cell kit 
 
 
 
 
 
 
 

Table  4b.  Transfection, survival, proliferation rates and seeding 
efficiencies of ahSC using EC kit and different nucleofection programs 

EC kit: primary endothelial cell kit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EC kit 

Mean  ± SD 

 

A-33 T-20 T-30 O-17 

Survival rate 82  ± 10 % 60  ± 8 % 73  ± 11 % 80  ± 15 % 

Transfection rate 26  ± 10 % 37  ± 9 % 38  ± 11 % 18  ± 4 % 

Proliferation rate 57  ± 16 % 69  ± 17 % 71  ± 4 % 71  ± 9 % 

Seeding efficiency 91  ± 7 % 89  ± 12 % 78  ± 28 % 83  ± 16 % 
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Table  5a Experimental design and results in terms of percentage tissue 
cable regeneration after implantation of different numbers of PKH26-GL 
pre-labeled physiological ahSC and 7 x 105 transfected un-labeled ahSC. 
Regenerated tissue cables were cryo embedded and further analyzed 
histologically for fate and function of implanted ahSC. 
 

Gro
up 
No. 

 Time period of study 

 
Block (A)     Physiological ahSC 

 

No. 
 

Cell 
no. 

2 weeks 4 weeks 6 weeks 

 
PKH 26 GL 

Pre-
treatment 

 

No. of 
animals 

No. of 
regenerated 

cables 

No.  
of 

animals 

No. of 
regenerated 

cables 

No.  
of 

animals 

No. of 
regenerated 

cables 

I 3.5 x 
105 

- - 4 3 - - 

II 7 x 
105 

3 2 5 4 3 3 

III 14 x 
105 

- - 2 1 - - 

 
   Block (B)  Transfected ahSC (FGF-218 3XFLAG) 

 

3 weeks 7 weeks  
 

Unlabeled 
  

 
No. of 

animals 

 
No. of 

regenerated 
cables 

 

 
No. of 

animals 

 
No. of 

regenerated 
cables 

IV 7 x 
105 

3 3 2 2 

 

 
Table  5b Experimental design for morphometrical analysis of 
regeneration. 
 
Group no. Transplanted 

ingredients 
Number of 
animals 

Time 
period 

(weeks) 
 

1 Matrigel only 
 

5 3 and 7 

2 Matrigel + ahSC 
 

6 3 and 7 
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Table  5c. Macroscopic tissue cable regeneration obtained 3 
and 7 weeks after implantation of 7 x 105 physiological un-
labeled ahSC / animal. Further, regenerated cables were epon 
embedded and analyzed morphometrically.  
 

Group I Group II 

Matrigel only group 
n = 5 animals / time point 

Matrigel + ahSC group 
n = 6 animals / time point 

Regenerated 
cables  

obtained after 
3 weeks 

 
n = 1 

(20 %) 

Regenerated 
cables  

obtained after 
7 weeks 

 
n = 3  

(60 %) 

Regenerated 
cables  

obtained after 
3 weeks 

 
n = 5  

(83.3 %) 

Regenerated 
cables  

obtained after 
7 weeks 

 
n = 6  

(100 %) 
 

HSC-17 HSC-28 HSC-27 
HSC-21 HSC-29 HSC-31 

HSC-30 HSC-32 
HSC-33 HSC-34 

HSC-35 

HSC-22 

HSC-25 

HSC-36 
HSC-37 

 
 
 
Table  5d.  Percentage tissue cable regeneration 2, 4, 6 and 8 weeks after 
implantation of physiological PKH26-GL pre-labeled arSC 
 

  
2 weeks 

 
4 weeks 

 
6 weeks 

 
8 weeks 

 

  
No.  
of 

anima
ls 
 
 

 
No. 
 of 

regenerat
ed cables 

 
No. 
 of 

anima
ls 

 
No. 
 of 

regenerat
ed cables 

 
No. 
 of 

anima
ls 

 
No.  
of 

regenerat
ed cables 

 
No.  
of 

anima
ls 

 
No.  
of 

regenerat
ed cables 

 

5.5 x 
105 

PKH26-
GL pre-
labeled 

arSC 
 

 
3 
 

 
3 

 
3 

 
3 

 
9 

 
5 

 
1 

 
1 

 

%  tissue 
cable 
regenerati
on 
 

 
100 % 

 
100 % 

 
56 % 

 
100 % 
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Table  6a. Quantification of various regeneration-related parameters 
3 weeks post surgery counted at 2.0 mm distal to the proximal nerve 
stump. 
 
 
3 weeks 

 
Matrigel 

only 
group 

 
Matrigel + ahSC group 

  
HSC-22 

 
HSC-28 

 
HSC-29 

 
HSC-30 

 
HSC-33 

 
HSC-36 
 

 
No. of MA 
 

 
307 

 
161 

 
326 

 
79 

 
1184 

 
67 

 
Mean 
diameter of 
MA ± SD (µm) 
 

 
2.9 ± 
0.93 

 
2.95 ± 
 1.02 

 
3.23 ± 
1.11 

 
3.76 ± 
1.06 

 
3.32 ± 
1.03 

 
3.04 ± 
0.95 

Cross 
sectional area 
(mm

2
) 

 

 
1.343 

 
0.233 

 
1.536 

 
1.370 

 
1.726 

 
0.731 

Nerve fiber 
density 
(MA / mm

2
) 

 

 
228 

 
690 

 
212 

 
58 

 
685 

 
91 

   MA = myelinated axons 
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Table  6b. Quantification of various regeneration related parameters, 7 
weeks post surgery 
 

 
Matrigel only group 

 
Matrigel + ahSC group 

 
7 weeks 

Dista
nce 
from 
the 
prox. 
stump  

HSC-
17 

HSC-
21 

HSC 
-25 

HSC- 
27 

HSC- 
31 

HSC-
32 

HSC-
34 

HSC-
35 

HSC- 
37 

No. of MA 218 743 18 93 180 2088 3007 1538 2011 

Mean 
diameter of 
MA ± SD 
(µm) 

2.4 ± 
0.9 

2.42 ± 
0.93 

2.49 ± 
1.03 

2.91 
± 
1.40 

2.99 
± 
1.56 

3.17 ± 
1.24 

2.99 ± 
1.27 

2.47 ± 
1.12 

2.37 ± 
1.07 

CSA (mm
2
) 0.428 0.333 0.112 0.229 0.246 1.692 1.221 0.483 0.691 

Nerve fiber 
density 
(MA / mm

2
) 

3.5 
mm 

509 223.1 161 406 732 1234 2463 3184 2910 

o. of MA 104 12 11 32 5 221 1066 1303 1782 

Mean 
diameter of 
MA ± SD 
(µm) 

2.49 ± 
0.9 

0.69 ± 
0.5 

2.7 ± 
1.08 

2.3 ± 
0.72 

2.0± 
0.81 

8.16 ± 
3.72 

2.57 ± 
1.21 

4.52 ± 
2.1 

1.74 ± 
0.83 

CSA (mm
2
) 0.374 0.124 0.167 0.244 0.364 0.715 0.446 0.357 0.589 

Nerve fiber 
density 
(MA / mm

2
) 

278 
 

97 66 131 14 309 2390 3650 3025 

No. of blood 
vessels 

5.0 
mm 

69 
 

24 
 

9 60 37 137 62 121 115 

No. of MA 0 0 4 6 0 10 660 614 1230 

Mean 
diameter of 
MA ± SD 
(µm) 

n.a. n.a. 3.54 ± 
0.48 

2.51 
± 
0.85 

n.a. 3.14 ± 
1.35 

2.45 ± 
0.91 

2.52 ± 
1.17 

2.47 ± 
1.02 

CSA (mm
2
) n.d. n.d. 0.115 0.262 n.d. 0.380 0.203 0.479 0.348 

Nerve fiber 
density 
(MA / mm

2
) 

7.5 
mm 

n.d. n.d. 35 23 n.d. 26 3251 1282 3534 

No. of MA 0 0 0 0 0 0 51 452 327 

Mean 
diameter of 
MA ± SD 
(µm) 

n.a. n.a. n.a. n.a. n.a. n.a. 2.37 ± 
0.71 

2.35 ± 
0.92 

2.24 ± 
0.74 

CSA (mm
2
) n.d. n.d. n.d. n.d. n.d. n.d. 0.345 1.815 0.786 

Nerve fiber 
density 
(MA / mm

2
) 

10 
mm 
 
 
 

n.d. n.d. n.d. n.d. n.d. n.d. 148 249 416 

n.d. = not determined; n.a. = not available for calculation; MA = myelinated axons 
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Table  6c. inter- and intra-group statistical significance, 7 weeks post 
surgery 
 

 
7 

weeks 

Distan
ce 
from 
the 
prox. 
stump  

Matrigel only 
group 

 
Animal numbers: 

HSC-17 
HSC-21 
HSC-25 

Matrigel + ahSC group 
 

Animal numbers: 
HSC-27 
HSC-31 
HSC-32 
HSC-34 
HSC-35 
HSC-37 

No. of MA Between two groups: n.s 
 
Remark: 
Intra-group significance: Significant;  3.5 mm  > 10 mm  
(two tailed test;  p = 0.026;  p < 0.05)  

(*) 
Mean 
diameter of 
MA ± SD 
(µm) 

Between two groups: n.s 

Nerve fiber 
density 
(MA / mm

2
) 

3.5 mm 

Between two groups: Significant  
(two tailed test; p = 0.0476; p < 0.05) 

(*) 
Remark: 
Intra-group significance: Significant;  3.5 mm  > 10 mm  
(two tailed test; p = 0.0043; p < 0.005)  

(**) 
No. of MA Between two groups: n.s 

Mean 
diameter of 
MA ± SD 
(µm) 

Between two groups: n.s 

Nerve fiber 
density 
(MA / mm

2
) 

Between two groups: n.s 

No. of blood 
vessels 

5.0 
mm 

Between two groups: n.s 

No. of MA Between two groups: Significant  
(one tailed test; p = 0.0460; p < 0.05)  

 (*) 
Mean 
diameter of 
MA ± SD 
(µm) 

Between two groups: n.s 
Remark: 
Intra-group significance: Significant; 7.5 mm  > 10 mm  
(two tailed test; p = 0.0357; p < 0.05) 

(*) 
Nerve fiber 
density 
(MA / mm

2
) 

7.5 
mm 

Between two groups: n.s 

No. of MA Between two groups: n.a.  

Mean 
diameter of 
MA ± SD 
(µm) 

Between two groups: n.s 
 

Nerve fiber 
density 
(MA / mm

2
) 

10 mm 
 
 
 

Between two groups: n.s 

n.s not found statistically significant, n.a not available for calculations 
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Fig 1.1. Gross structure of peripheral nerves arising from the spinal cord.

Sensory axons from the periphery are connected to the dorsal horn in the spinal 

cord. Close to the spinal cord radicular sensory nerves contain the dorsal root 

ganglia where the sensory neuron cell bodies are located. Sensory axons are 

accompanied and eventually myelinated by sensory SC.

Ventral motor roots emerge from the ventral horn of the spinal cord and lead axons 

to peripheral target tissue (skeletal muscle). Motor axons are myelinated by motor 

SC. In a typical peripheral nerve sensory and motor axons are bundle and 

ensheathed by different layers of connective tissue (insat picture).

(Modified from universe-review.ca/I10-13-nerves2.jpg and Junqueira et al. 1996).
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Fig.1. 2. Cartoon depicting the events seen after an intact motor axon (a) 

did undergo complete transection injury (b). Immediately after injury, 

myelinating SC de-differentiate and start proliferation. Wallerian 

degeneration takes place and SC and invading macrophages remove 

axonal and myelin debris by phagocytosis. Furthermore, SC line up to form 

bands of Büngner for axon guidance. Retrograde transport towards the cell 

body is affected and as a result the motor neuron cell body undergoes 

chromatolysis and degranulation (b). The process is orchestrated by up-

regulation (green arrow) and down-regulation (red arrow) of several 

proteins and transcription factors. Axon sprouts regenerate from the 

proximal nerve stump and directed to peripheral targets (c). New functional 

contacts to the target tissue can be established where the gap between 

proximal and distal nerve stump are short enough. Axonal sprouts without 

functional contact show dying-back but, sprouts that reach the distal target 

survives and helps in functional recovery (d). Figure legends:
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Fig 1.3. Common (A-C) and 

experimental (D-E) strategies 

for peripheral nerve 

reconstruction: End-to-end 

coaptation which is only 

possibel for short gap repair (A). 

Autologous nerve grafting 

representing the Gold standard 

in large gap repair (B). Insertion 

of cell-free synthetic nerve 

grafts or collagen tubing (C). 

Insertion of biohybrid grafts, 

combining synthetic tubing plus 

cell grafting (D). Ex vivo gene 

therapy via transplantation of 

genetically modified cells 

eventually over-expressing 

neurotrophic factors (E). 

Figure legends:

P: Proximal nerve stump

D: Distal nerve stump
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Fig 2.1. Black arrow represents the regenerated nerve cable starting from 

the proximal stump (P) of regenerated cable towards the distal stump (D) 

bridging a 10 mm nerve gap. Solid green thick line divides the 

regenerated nerve cable into two equal parts enabling semi-thin (1µm) 

sectioning.  Dotted red lines show 0.5 mm in addition to previous distance 

(red thick lines).  Finally, semi-thin sections were analyzed with Analysis 

software and histomorphometry was done.

To study ultrastructural details, ultra-thin (50 nm) sections were obtained 

from various points and electron microscopy was performed. 
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Fig 3.1 Graph shows enhancement in purity of ahSC and arSC 

cultures after first, second and third passages where more 

than 90% pure ahSC and arSC were obtained after third 

passage (a). Highly pure second passage cultures of ahSC (d) 

and arSC (b) shown in phase contrast were further 

immunostained using anti-human (e) or anti-rat (c) p75LNGFR

antibody, respectively. Counterstaining was done with DAPI 

(c,e).
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Fig 3.2 Transfection rates for arSC were compared using 

different methods of non-viral transfection (electroporation and 

nucleofection). Electroporation was performed according to the 

method previously published (Mauritz et al., 2004). Nucleofection 

was performed using two programs T-20 and T-30 in 

combination with primary endothelial cell kit (Haastert et  al.,

2007). Survival rates after transfection were found to be 

approximately similar.
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Fig 3.3 After transfection, arSC demonstrated  expression of vehicle 

(dsRed, cytoplasmic, a) or FGF-218 dsRed (nuclear, b). All arSC displayed 

anti-rat p75 positive membrane immunostaining (a, b, c) and proliferating  

arSC incorporated BrdU in the nuclei (c). DAPI was used for nuclear 

counter staining (blue, a, b).

Survival (d), transfection (e), seeding (f) and proliferation rates (g) were 

compared for optimization of specific nucleofection conditions using 

different kits and programs (n ≥ 3; *statistical significance by Tukey-

Kramer´s test, p<0.05). 

OPC kit: oligodendrocyte precursor cell kit, N kit: primary neuron kit, EC kit: 

primary endothelial cell kit.
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Fig 3.4 After nucleofection, ahSC demonstrated over-expression of EGFP 

(cytoplasmic, a), FGF-2183XFLAG (cytoplasmic, b) and FGF-2233XFLAG 

(nuclear, c). All ahSC displayed anti-human p75LNGFR positive membrane 

immunostaining (a, b, c). DAPI was used for nuclear counter staining (blue, a, 

b, c).

Survival (d), transfection (e), seeding (f) and proliferation rates (g) were 

compared for optimization of specific nucleofection conditions in combination 

with EC kit. (n  ≥ 3; *statistical significance by Tukey-Kramer´s test, p<0.05).

EC kit: primary endothelial cell kit.
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a b

dc

Fig 3.5 (a-d) Demonstration of red fluorescent PKH26-GL 

labeling of arSC (a, b) or ahSC (c, d), 2 days (a, c) and 2 

weeks (b, d) after in vitro labeling. Anti-rat p75LNGFR

immunopositive arSC are demonstrated (a, b, green). 

Presence of fluorescent debris appear 2 weeks after initial 

in vitro labeling culturing both in arSC (b) and ahSC (d) 

cultures. Nuclei were counterstained with DAPI (blue, a, 

b). 
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Description of lanes:

1: Rainbow (marker)

2: PC12 cells overexpressing FGF-218

3: PC12 cells overexpressing FGF-2 21/23 (HMW)

4: Cell lysate from ahSC untreated (Control)

5: Cell lysate from ahSC transfected with FGF-218 3XFLAG

6: Cell lysate from ahSC transfected with FGF-223 3XFLAG

7: Medium from ahSC untreated (Control)

8: Medium from ahSC transfected with FGF-218 3XFLAG

9: Medium from ahSC transfected with FGF-223 3XFLAG

Fig 3.5 (e) Over-expression of FGF-218/233XFLAG in the  cell 

lysates and medium supernatent of ahSC cultures, 6 days after 

transfection. Immunoblot was performed using anti-FGF antibody. 

Note the shift of prominent bands of 18 kD FGF-2 and HMW 

FGF-2 in the lanes 5 and 6 (red boxes), resulting due to 

additional 2.5 kD added by 3X FLAG construct.
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Fig.3.6 Macroscopically visible regenerated 

tissue cable with proximal and distal nerve 

stump (a). Tissue cable regeneration was 

compared between animals of the two 

groups (table 5 b, c) both after 3 (blue bars) 

and 7 weeks time point (red bars) (b). 

Matrigel + ahSC group resulted in better 

tissue cable regeneration after both time 

points.
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Fig 3.7 Different numbers of PKH26-GL pre-labeled ahSC were 

implanted and compared 4 weeks post surgery (f). 7 x 105 ahSC 

resulted in most successful macroscopic nerve tissue regeneration (80 

%, grey bars, f) after 4 weeks in comparison to the other two cell 

numbers taken into consideration (3.5 x 105 ahSC, pink bar and 14 x 

105 ahSC, black bar, f). Therefore, 7 x 105 ahSC were taken as a 

optimal cell number for transplantation in all in vivo experiments. 

Further, 7 x 105 ahSC resulted in about 70 % tissue regeneration after 2 

weeks and 100 % regeneration 6 weeks post surgery (f). 

The regenerated tissue cables thus obtained were cryo embedded and 

checked for cellular distribution pattern of PKH26-GL labeled 7 x 105

ahSC, 2 (a), 4 (b) and 6 weeks (c) after implantation. Animals 

transplanted with 3.5 x 105 ahSC show very sparse nuclei at the 

midpoint and arrow show the surviving ahSC (PKH26-GL+ DAPI+) (d). 

After transplanting 14 x 105 pre-labeled ahSC (e) a sea of nuclei could 

be seen with lot of fluorescent debris. In this case it was very difficult to 

locate an isolated PKH26-GL+ DAPI+ ahSC.

Nuclei were counterstained with DAPI (blue, c, d, e).
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a b

Fig 3.8 The three-dimensional orientation of 

regenerating nerve fibers (collaterals) could be visualized 

as circular myelin sheaths in longitudinal paraffin 

sections of regenerated tissue cable co-stained for anti-

P0 (myelin, red, a, b) and anti-GAP-43 (regenerating 

nerve fibers, green, a, b). Nuclei were counterstained 

with DAPI (blue, b). 

108



Fig. 3.9 Complete cross section of the regenerated tissue cable stained for 

myelin (a) showing scattered or fasciculated regenerated myelinated axons 

(magnified picture, red arrows, b). Numbers of regenerated myelinated 

axons could be found only until 2mm from the proximal stump 3 weeks post 

surgery in animals of both ahSC and acellular group (c). Myelinated axons 

obtained at various points from the proximal stump (3.5, 5.0, 7.5 and 10 

mm) were compared 7 weeks post implantation (d).
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Fig. 3.10 Mean diameters of the counted regenerated myelinated 

axons in the animals of both the studied groups was calculated 3

weeks after implantation at 2.0 mm point from the proximal nerve

stump (a), and 7 weeks after implantation at 3.5, 5.0, 7.5 and 10 

mm distal to the proxmal nerve stump (b). Standard deviation from 

the mean was calculated from the calculated mean values of 

diameters of all myelinated axons.
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Fig. 3.11 Cross sectional area (CSA, mm2) was calculated by marking 

the total area of the cross section (black dotted line) by the markin tool in 

AnalySIS Pro® software (a). CSA was compared in cross sections of 

animals of both groups 3 weeks (at 2.0 mm) (b) and 7 weeks after

implantation (at 3.5, 5.0, 7.5 and 10 mm) (c). 
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Fig. 3.12 Nerve density  (number of myelinated axons 

counted in mm2 CSA), evaluated 3 weeks after 

implantation at 2.0 mm (a) and 7 weeks post implantation 

at 3.5, 5.0, 7.5 and 10 mm (b). 
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Fig. 3.13 Numbers of properly formed blood vessels with 

erythrocytes (asterisks) enclosed in an endothelial membrane 

boundary (red arrow, b) were counted at the mid point (at 5.0 

mm) and compared between animals of both the studied 

groups, 7 weeks after implantation (a).
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Fig 3.14 (a-i) Ultrastructural evaluation of regenerated cable at 2 mm point after 

3 weeks and at 5.0 mm point 7 weeks post surgery shows: 

a) Different sizes of myelinated axonal profiles in the same regenerated cable 

with nearly similar thickness of myelin rings (arrows). Red asterisks show 

myelinating SC nuclei.

b) Regular structural arrangement of non-myelinated axons in Remak 

bundles (arrows). Ensheathing SC nuclei can be viewed as red asterisks 

and large mitochondrion are labeled within blue dotted circles.

c) Proper ensheathment of myelinated axons (marked with #) by SC nuclei 

(red asterisks). Arrow heads indicate the presence of SC cytoplasm as a 

ring sorrounding the entire perimeter of myelinated axons (that indictates 

the absence of appositions between the SC plasma membrane and 

abaxonal layer of myelin sheath. This is not usually the case with the 

ultrastructure of myleinated axons of healthy sciatic nerve of mice, which 

usually have cytoplasm of SC divided between apositions (black asterisks) 

of SC membrane and myelin sheath layer. Picture in thick black dotted line 

represents ultrastructure of myelinated axon from sciatic nerve of wild type 

mice taken for reference (with thanks from Court et al., 2004).

d) Irregular myelinated profiles were observed with interuption in myelin 

sheath continuity (arrows). Also, very small, but myelinated axons could be 

seen in the same view (red asterisks).

e) Deformation in myelin sheath with typical onion bulb formation (arrows) 

could be seen. Axoplasm seem to be degenerating with degranulation and 

clumping (red asterisks). 

f) Some non-myelinated axons (red asterisks) were found in comparitively 

equal or larger sizes (when the equal scale bars were visibly compared) to 

the regenerated myelinated axons (arrows) of the same animal. SC nuclei 

ensheathing the non-myelinated axon is marked by #.

g) Regular collagen deposition supporting the regeneration of tissue cable 

was observed in the animals with implanted ahSC (arrow). 

h) Resident macrophages with dense nuclei (arrow) and granular cytoplasm 

(red asterisks) are visible. These macrophages reside in dormant form in 

the uninjured nerve and are immediate response mediators after nerve 

injury. 

i) Invading macrophages could be seen (red asterisks), directed towards the 

injury site to ingest and digest the residual myelin and axonal debris (black 

arrows) during wallerian degeneration. These invading macrophages can 

be binucleated (marked by white #). In the same picture, we could see SC 

nuclei (white dotted circle), along with the presence of thin elongated 

fibroblast nuclei (thick double red arrows).

Scale bar in all pictures represents 2 µm.
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Fig. 3.15 Distribution of PKH26-GL pre-labeled ahSC throughout the regenerated 

cable 2 weeks (a), 4 weeks (b) and 6 weeks (c) post surgery. Many individual 

pictures were taken and further aligned with the help of the computer program 

AnalySIS Pro®.
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a b c

P    R    O    X    I    M    A    L          S    T    U    M  P

Fig 3.16 Cartoon depicting the distribution pattern of PKH26-GL pre-labeled 

implanted ahSC, 2 weeks (a), 4 weeks (b) and  6 weeks (c) after implantation. 

The proximal halves of regenerated tissue cables are depicted. White dotted 

line marks 5mm distance from the proximal nerve stump until the mid point. n =  

3 proximal halves were studied for every time point and compared for the 

presence and arrangement of PKH26-GL postive ahSC and debris, GAP-43 

positive regenerated fibers, DAPI stained nuclei and neurofilament-200 positive 

intact fibers.

5 mm

PKH26GL cells

DAPI stained nuclei

Intact fibers (NF-200+) 

Regenerating fibers 

(GAP-43+)
Debris / Dead cells

Figure legends:
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Fig. 3.17 PKH26-GL pre-labeled ahSC were costained with DAPI 

(white arrow heads) to show surviving implanted ahSC in peripheral 

areas of the regenerated tissue cable, 6 weeks post surgery (a).

Graph show the preferential location of vital PKH26-GL positive 

ahSC in the periphery (blue bars in box) as compared to that in the 

centre (red bars in box, b). Debris was found uniformly distributed 

in the centre and the periphery (b).
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Fig 3.18 Close associationship between PKH26-GL pre-labeled 

implanted  ahSC (white arrows) and GAP-43 positive regenerating 

nerve fibers observed 6 weeks after implantation (a, b). Nuclear

staining was performed using DAPI showing that these double 

labeled ahSC are vital.

a b
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Fig 3.19 Homogenous distribution of GAP-43 positive 

regenerating axons in the regenerated tissue cable, 6 weeks after 

implantation of ahSC. Many individual images were aligned and 

joined with the help of computer program AnalySIS Pro®.
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Fig 3.20. Animals transplanted with 5.5 x 105 

arSC (grey bars) displayed 100 % tissue 

regeneration after 2, 4 and 8 weeks (n = 3 

animals 2 weeks and 4 weeks post surgery. 

However, only 56 % tissue cable regeneration 

was observed 6 weeks post surgery (n = 3 

animals)
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Fig 3.21 Longitudinal paraffinized sections of healthy sciatic nerve 

of rat served as a positive control for regular myelin structure

(anti-P0, green, white arrows, a). Paraffinized regenerated cables 

obtained after 2 weeks (b), 4 weeks (c) and 6 weeks (d) after 

implantation of arSC were analyzed for myelination (anti-P0, red, 

white arrows,  b, c and d) and regeneration (anti-GAP-43, green, 

b, c and  d). Counterstaining was done with DAPI (blue, a, b, c). 
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Fig 3.22 PKH26-GL positive implanted arSC could survive 

after 2 weeks (a), 4 weeks (b) and 6 weeks (c) after 

transplantation. DAPI counterstained all nuclei showing vital 

arSC (blue, b). GAP-43 antibody (green, c) labeled 

regenerating nerve fibers and many arSC show proximity to 

the regenerating fibers only 6 weeks after implantation, 

although myelination potential could not be demonstrated (c). 
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Fig 3.23 Cartoon showing the distribution pattern of implanted 

arSC, 6 weeks after implantation. The proximal halves of n = 3 

regenerated tissue cable were studied and compared for the 

presence and arrangement of PKH26-GL postive cells and 

debris, GAP-43 positive regenerated fibers, DAPI stained nuclei 

and neurofilament-200 positive intact fibers.
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Figure legends:
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8. Summary

Within the current PhD-Thesis, the potential of transplanted adult human 

Schwann cells (ahSC) and adult rat Schwann cells (arSC) to improve peripheral 

nerve regeneration across long gaps was investigated and analyzed regarding 

cell fate and function in an adult rat model of sciatic nerve repair.

Primary ahSC and arSC were isolated, enriched and proliferated in vitro. Non-

viral transfection of adult Schwann cells by the nucleofection technique 

(Amaxa) was established to finally induce over-expression of fibroblast growth 

factor-2 (FGF-2). The use of primary endothelial cell nucleofection kit in 

combination with the T-30 nucleofection program (Amaxa device II) proved to 

result in optimal survival and transfection rates, both for ahSC and arSC. 

To identify and localize adult Schwann cells after transplantation into peripheral 

nerve gaps (10 mm) bridged by silicone tubes, the cells were prior to 

transplantation labeled using a fluorescent linker (PKH26-GL). Fate and 

survival of naïve ahSC and arSC were analyzed 2, 4, and 6 weeks after 

transplantation into adult rat sciatic nerve gaps. 

After the end of the observation periods, longitudinal frozen sections of the 

regenerated nerve tissue were analyzed using immunohistological techniques 

to detect regenerating nerve fibers (Growth Associated Protein-43, GAP-43), 

myelin (Protein Zero), human-specific myelin (Peripheral Myelin Protein-22, 

PMP-22) and macrophages (surface protein, ED-1).

The results demonstrate that ahSC and arSC survive and can be localized by 

their PKH26-GL pre-labeling up to 6 weeks after transplantation. Additionally, 

pre-labeled ahSC displayed: (1) heterogeneous distribution and close 

association with regenerating axons (anti-GAP-43 staining), 6 weeks post 

surgery, (2) a preferential peripheral localization in the longitudinal section of 

regenerated tissue cable. However, a contribution of transplanted ahSC to the 

myelination of regenerated axons could not be demonstrated (anti-PMP-22 

staining).

To detect effects of ahSC transplantation on peripheral nerve regeneration 

across nerve gaps, this attempt was compared to acellular transplantation 



126

conditions (n = 5 animals, 3 and 7 weeks post surgery). Regenerated 

peripheral nerve tissue samples were stained for myelin, epon embedded and 

semi-thin (1 µm) and ultra-thin (50 nm) cross sections morph metrically 

analyzed. Transplantation of ahSC significantly increased peripheral nerve gap 

repair in comparison to acellular transplantation conditions. 

Morphometrical analysis revealed: (1) higher cross sectional area of 

regenerated nerve tissue, (2) higher numbers of regenerated myelinated axons, 

(3) higher nerve densities and (4) higher grade of vascularization at the mid 

point of gap-bridging nerve tissue regenerated after ahSC transplantation. 

Analysis of the ultrastructure of regenerated axons displayed regular as well as 

irregular myelin profiles, along with the presence of some invading 

macrophages which were not detected by immunohistochemical analysis of 

frozen sections as described above.

In an initial attempt to transplant ahSC over-expressing FGF-2, cells were 

nucleofected and over-expression of FLAG-tagged FGF-218kD was induced prior 

to transplantation into 10 mm nerve gaps reconstructed by silicone tubes.  

Three and seven weeks after surgery all animals (n=3 each) demonstrated 

regenerated nerve tissue which has to be evaluated for the presence of FGF-

218kD-3XFLAG over-expressing ahSC in the future. However, successful tissue 

regeneration indicates that the transfected ahSC survived transplantation and 

supported the regeneration process.

The current study contributes to a better understanding of cellular events 

occurring after transplantation of ahSC into peripheral nerve gaps, which is of 

clinical interest. Furthermore, for the first time a nucleofection protocol was 

established allowing non-viral transfection of ahSC paving the way for ex vivo

gene therapy approaches in peripheral nerve reconstruction in humans.  
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Zusammenfassung

Im Rahmen der vorliegenden PhD-These wurde das Potential transplantierter 

adulter humaner Schwann-Zellen (ahSZ) und adulter Ratten-Schwann-Zellen 

(arSZ) zur Verbesserung der peripheren Nervenregeneration über große 

Nervenlücken untersucht. Dabei wurde das Schwann-Zell-Schicksal und die 

Funktion der Schwann-Zellen im einem Rattenmodel mit Rekonstruktion des 

Nervus ischiadicus untersucht.

Primäre ahSZ und arSZ wurden isoliert, in vitro angereichert und vermehrt. Die 

nicht-virale Transfektion adulter Schwann-Zellen mittels der “Nucleofection” 

Technik (Amaxa) wurde mit dem Endziel der Induktion der Überexpression von 

Fibroblasten-Wachstums-Faktor-2 (FGF-2) etabliert. Die Nutzung des “primary 

endothelial cell nucleofection kit” in Kombination mit dem Nuclefection-

Programm T-30 (Amaxa-Gerät II) bewies sich als am besten geeignet um 

optimale Überlebens- und Transfektionraten in sowohl ahSZ als auch arSZ zu 

erzielen.

Adulte Schwann-Zellen sollten nach ihrer Transplantation in periphere 

Nervenlücken (10 mm), die mit Silikonröhrchen überbrückt wurden, identifiziert 

und lokalisiert werden.  Deshalb wurden diese Zellen vor der Transplantation 

mit einem fluoreszierenden Zelllinker (PKH26-GL) an ihrer Oberfläche markiert. 

Schicksal und Überleben naiver ahSZ und arSZ wurden 2, 4 und 6 Wochen 

nach ihrer Transplantation in Nervus ischiadicus-Lücken adulter Ratten 

evaluiert. 

Nach Ende der Beobachtungsräume wurden an Längs-Gefrierschnitten durch 

das regenerierte Nervengewebe immunhistologische Techniken angewandt um 

regenerierende Nervenfasern (Growth associated protein-43, GAP-43), Myelin 

(Protein Zero) und Myelin menschlichen Ursprungs (Peripheral Myelin Protein-

22, PMP-22) sowie eingewanderte Makrophagen (ED-1 Oberflächen-Molekül) 

detektieren zu können.

Die Ergebnisse zeigten, dass ahSZ und arSZ nach PKH-26GL-Markierung eine 

Transplantation überlebten und bis zu 6 Wochen später lokalisiert werden 

können. Außerdem zeigten die zuvor markierten ahSZ 6 Wochen nach 
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Transplantation (1) eine heterogene Verteilung und eine enge Assoziation mit 

regenerierenden Axonen (anti-GAP-43-Markierung)  und (2) eine bevorzugte 

periphere Lokalisation in der regenerierten Gewebebrücke. Eine Beteiligung 

transplantierter ahSZ an der  Myelinisierung regenerierter Axone konnte aber

nicht nachgewiesen werden (anti-PMP-22-Markierung.

Zur Evaluation der Effekte der Transplantation von ahSZ auf die Regeneration 

peripherer Nervenlücken, wurde dies Maßnahme mit der zellfreien 

Rekonstruktion der Nervenlücken verglichen (n = 5 Tiere, 3 und 7 Wochen 

nach Transplantation). Das regenerierte periphere Nervengewebe wurde nach 

einer Myelinfärbung in Epon eingebettet und semidünne (1 µm) und ultradünne 

(50 nm) Querschnitte morphometrisch analysiert.  

Die Transplantation von ahSZ erhöhte gegenüber der zellfreien 

Nervenrekonstruktion signifikant die Wiederherstellung der Gewebekontinuität. 

Die morphometrische Analyse zeigte: (1) Größere Querschnittsflächen des 

regenerierten Gewebes, (2) eine größere Anzahl regenerierter myelinisierter 

Axone, (3) höhere Nervendichten und (4) einen höhere Vaskularisierungsgrad 

in der Mitte der regenerierten Gewebebrücken nach Transplantation von ahSZ. 

Die ultrastrukturelle Analyse zeigte sowohl reguläre als irreguläre 

Myelinformierung und die Anwesenheit weniger eingewanderter Makrophagen, 

welche mit den oben erwähnten immunhistologischen Methoden nicht detektiert 

wurden.     

In einem  ersten Versuch ahSZ zu transplantieren, die FGF-2 überexprimieren, 

wurde in diesen Zellen mittels Nucleofection die Überexpression von mit Flag-

verknüpften FGF-218kD induziert. Die Zellen wurden dann in mit Silikonröhrchen 

rekonstruierte 10 mm große Nervenlücken der Ratte transplantiert. Drei und 7 

Wochen später war in allen Tieren (n = 3 pro Zeitpunkt) die Kontinuität der 

Nerven wiederhergestellt. Das Gewebe muss zukünftig auf die Anwesenheit 

von FGF-218kD-flag exprimierenden ahSZ untersucht werden. Dennoch weist die 

erfolgreiche Gewebewiederherstellung darauf hin, dass die transfizierten ahSC 

die Transplantation überlebten und den Regenerationsprozess unterstützt 

haben. 
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Die vorliegende Studie trägt zu einem besseren Verständnis zellulärer 

Prozesse nach Transplantation on ahSZ in periphere Nervenlücken bei, was 

von klinischem Interesse ist. Darüber hinaus wurde zum ersten Mal ein 

Protokoll zur Anwendnung der Nucelofection zur nicht-viralen Transfektion von 

ahSZ etabliert. Dieses eröffnet  den Weg für die ex vivo-Gentherapie als 

Maßnahme in der Rekonstruktion menschlicher peripherer Nerven.   
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