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ABSTRACT 

  Peripheral nerve injury (PNI) is common and despite modern microsurgical techniques of repair, 
functional restoration is always incomplete. This results in impaired sensation and reduced motor 

function alongside pain and cold intolerance. Traumatic PNI are often associated with loss of nerve 

tissue, creating a gap, and direct repair of the two damaged nerve stumps is not possible. These types of 
injuries are reconstructed using autologous nerve grafts but this is far from ideal since it necessitates the 

sacrifice of a functional nerve from elsewhere in the body. Chronic muscle atrophy because of the 

prolonged delay in nerve regeneration across gaps is a significant impediment to an optimal functional 
recovery. 

  Tissue engineering and regenerative medicine approaches to nerve repair might one day replace the need 

for autologous nerve grafts. This thesis investigates the effects of adipose derived stem cells (ASC) on 
nerve regeneration and muscle recovery by using the stem cells for intramuscular injection and combined 

with a biomaterial, poly-3-hydroxybutyrate (PHB), to create a bioengineered artificial nerve repair 

construct.  The mechanisms of interaction between the stem cells and neuromuscular system cells were 
investigated and with a view to translating this work into clinical practice, an optimal source of cells was 

investigated from human donors.  

  It was hypothesized that injecting regenerative cells into muscle would reduce nerve injury induced 
muscle atrophy. A rat sciatic nerve lesion was performed and three different types of cells were injected 

into the denervated gastrocnemius muscle; either (1) undifferentiated ASC, (2) ASC induced to a 

‘Schwann cell-like’ phenotype (dASC) or (3) primary Schwann cells. Nerves were either repaired by 
direct end-end suture or capped to prevent muscle reinnervation. One month later, functionality was 

measured using a walking track test, and muscle atrophy was assessed by examining muscle weight and 

histology. The Schwann cells and dASC groups showed significantly better scores on functional tests 
when compared with control injections of growth medium alone. Muscle weight and histology were also 

significantly improved in the cell groups in comparison with the control group. 

  PHB strips seeded with either primary Schwann cells or dASC suspended in a fibrin glue matrix were 

used to bridge a 10mm rat sciatic nerve gap. After 12 weeks, functional and morphological analysis 

(walking track test, electromyography, muscle weight and muscle and nerve histology) was performed. 

The results showed significantly better functional results for the PHB strips seeded with cells versus the 
control group with fibrin matrix only. This correlated with less muscle atrophy and greater distal axon 

myelination in the cell groups.  

  To further optimize the nerve regeneration and muscle recovery, the nerve gap lesion was repaired by 
treatment with the bioengineered constructs seeded with dASC or nerve autograft in combination with 

stem cell injection in the muscle. After 6 weeks, the best results were obtained in the nerve graft group 

combined with intramuscular dASC injection which showed significantly less atrophy than the other 
groups. The results also showed that using the stem cells in a matrix on a PHB strip in combination with 

intramuscular injections could significantly reduce muscle atrophy.  
  In vitro experiments showed that dASC expressed a wide range of neurotrophic and myogenic factors 

including BDNF, VEGF-A, IGF-1 and HGF. Stem cell conditioned medium enhanced the proliferation of 

myoblast cell lines and primary Schwann cells. Various signaling pathways (PKA, MAP kinase) were 

involved in these effects dependent on the cell type investigated. Furthermore, in direct co-culture with 

myoblast cells, a small population of the cells fused together to form myotube-like structures and 

expressed myogenic markers.  
  Human ASC were isolated from the deep and superficial layers of abdominal fat tissue obtained during 

abdominoplasty procedures.  Cells from the superficial layer proliferated significantly faster than those 

from the deep layer. Superficial layer ASC induced significantly enhanced neurite outgrowth from 
neuronal cell lines when compared with the deep layer cells.  However, RT-PCR and ELISA analysis 

showed that ASC isolated from both layers expressed similar levels of the neurotrophic factors NGF, 

BDNF and GDNF. 
  In summary, these results show that stem cell therapy at both levels (the nerve lesion site and in the 

target denervated muscle) offers a promising approach for clinical application for treatment of peripheral 

nerve lesions. The bioengineered artificial nerve construct, combining PHB strip with cells, also provides 
a beneficial environment for nerve regeneration. Many of the benefits of the ASC are likely to be 

mediated through their secretome, a rich source of neurotrophic and myogenic factors. Thus adipose 

tissue contains a pool of regenerative stem cells which have significant potential application to tissue 
engineering and regenerative medicine for nerve repair. 

Keywords: adipose stem cells, biomaterial, muscle, nerve injury, neuromuscular junction, 

regeneration
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INTRODUCTION 

Clinical background: nerve injury and muscle atrophy 

Peripheral nerve injuries (PNI) affect about 300,000 people annually in Europe and 

they therefore represent a major economic burden for society (Wiberg and Terenghi, 

2003). Most often, PNI are caused by road traffic or work accidents in adult patients 

and also obstetric brachial plexus injuries occur in 1 in 2,000 newborns (Bahm et al., 

2005; Schaakxs et al., 2009). Peripheral nerve injury is devastating to the affected 

extremity leading to reduced sensation and motor function and it has a permanent 

impact on patients’ lives and their capacity to work if they cannot recover a normal 

function. Although the peripheral nervous system, in contrast to the central nervous 

system, has a capacity for spontaneous regeneration after injury, in the clinical 

practice, chronic muscle atrophy and fibrosis are significant impediments to an 

optimal functional recovery when there is a prolonged delay in nerve regeneration 

and target reinnervation. Although the main focus is the repair of the nerve at the 

injury site, the denervated target muscle should not be overlooked in order to 

increase the chances of better functional outcomes. Peripheral nerve axotomy results 

in a rapid decline in target muscle mass, which can be reversible if there is good 

quality muscle reinnervation within approximately 2 months (Batt et al., 2005). In 

the case of sustained denervation, progressive atrophy, muscle cell death, and 

fibrosis with irreversible muscle impairment is observed (Karpati and Engel, 1968; 

Irintchev et al., 1990; Finkelstein et al., 1993; Fu and Gordon, 1995a; Fu and 

Gordon, 1995b; Kobayashi et al., 1997; Bain et al., 2001; Borisov et al., 2001). Thus 

reaching optimal functional recovery after peripheral nerve injury requires that: (1) 

the regenerating axons form functional connections with their original muscle fibres; 

and (2) there is restoration of the number and size of the motor units in these 

muscles (Kubo et al., 2009).   

In this thesis, the aim has been to use tissue engineering methods with stem cells and 

biomaterials, as a novel approach to address the problems of peripheral nerve injury 

and to treat at two levels; the nerve lesion site and at the neuromuscular interface. It 

is hypothesized that this global approach helps to optimize the functional recovery 

after a peripheral nerve lesion. In addition, the thesis explores possible mechanisms 

of action of stem cells on nerve regeneration and prevention of muscle atrophy and 

addresses translational issues for the work by characterizing human adipose stem 

cells. 

Biology of the peripheral nerve 

The peripheral nervous system is the part of the nervous system consisting of the 

nerves (and their associated affector and effector nerve endings), plexuses and 

ganglia lying outside of the brain and spinal cord. According to the function of each 

specific peripheral nerve they may contain a variable mix of nerve fibre (axon) types 

which can be either myelinated or unmyelinated. The motor axons innervate the 

skeletal muscles whereas the sensory axons receive information from the skin, 

viscera, and muscle spindle and tendon organ structures.  Autonomic nerve fibres 

innervate the blood vessels, viscera, sweat glands and arrector pilae muscles. 
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The axon is a long extension of the neuronal cytoplasm enclosed by axolemma (cell 

membrane). The axonal cytoskeleton of microtubules and neurofilaments enables 

axonal transport (Hollenbeck, 1989) carrying materials between the cell body and 

the distal end organs. Neurotransmitters synthesised in the cell body are transported 

anterogradely to the distal end of the axon, while distally uptaken extracellular 

molecules, such as growth factors, are simultaneously transported retrogradely to the 

cell body. Transport of cytoskeletal components from the cell body to the distal 

terminus occurs at a slow rate, 1-4mm/day, and this correlates with the rate of 

axonal regeneration following nerve injury (Danielsen et al., 1986). 

A collagen-rich endoneurium structure supports individual nerve axons which are 

grouped into bundles, or fascicles, which are contained within the perineurium layer. 

The fascicles thus pass within connective tissue which, at its outer layers, condenses 

to form the epineurium (or nerve sheath). A peripheral nerve may contain one or 

multiple fascicles. Each peripheral nerve has an extensive blood supply composed of 

interconnecting capillary networks which link with the extrinsic regional vessels. 

The peripheral nerve axons are closely associated with Schwann cells (SC). These 

glial cells develop from the neural crest and are present in mature nerves as two 

different phenotypes, either myelinating or non-myelinating. The myelinating SC 

produce the myelin sheath, a fatty insulating layer that facilitates saltatory 

conduction of action potentials.  Approximately 70% of myelin is formed by lipids 

and the remainder is built from different myelin specific proteins. The SC wrap 

along the entire length of the larger axons, juxtaposing one another at the nodes of 

Ranvier, highly specialized areas of naked axonal membrane where the action 

potentials are propagated. Each axon-SC unit is contained within a basal lamina 

contributing to the extracellular matrix (ECM) of the peripheral nerve. The non-

myelinating SC surround bundles of small-diameter unmyelinated axons. Each of 

these SC has many axons embedded within the grooves of its cell membrane. The 

SC provide physical support for the axons as well as biochemical and physiological 

support.  Thus peripheral nerve integrity is maintained by the close coordination and 

complex interactions of both its cellular and its extracellular components which 

become interrupted upon nerve injury. 

Peripheral nerve degeneration and regeneration 

Peripheral nerves can be damaged in different ways, commonly known as 

neurapraxia, axonotmesis and neurotmesis (Seddon et al., 1943). Neurapraxia 

involves damage to the myelin sheath, without loss of nerve continuity. It results a 

short term conduction block and spontaneous recovery normally occurs after several 

days to several weeks. Damage of the axons and their myelin sheaths without 

interruption of perineurium and epineurium is called axonotmesis. The proximal 

nerve axons degenerate retrogradely up to the nearest node of Ranvier from which 

new axon sprouts then form. During the next few days the neuronal cell changes its 

metabolism from maintenance to a phenotype supporting regeneration.  Remodeling 

of the axonal sprouts occurs as a proportion of axons reach their distal target, while 

others fail and are pruned back (Brushart, 1993). Wallerian degeneration involving 

changes in the denervated distal nerve stump is completed about 5-8 weeks after 

http://en.wikipedia.org/wiki/Myelin
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injury.  Initially, macrophages are responsible for phagocytosis of the degraded 

nerve components and promote the proliferation of the SC which form the so-called 

guiding “bands of Büngner”. The SC, together with the basal lamina scaffold, 

provide an environment for regenerating axons in the proximal nerve stump to grow 

across the lesion (Ide, 1996; Hall, 1997) into the distal end.  Thus collectively 

numerous intracellular changes regulate the subsequent regeneration of the axons 

and the reconstitution of the neuronal cytoskeleton (Schlaepfer and Bunge, 1973). 

Given that the injury often occurs at a significant distance from the target organ, 

recovery of function takes months and often remains far from ideal (Kingham and 

Terenghi, 2006). In contrast to axonotmesis, neurotmesis involves complete nerve 

division with loss of function. As mentioned previously, although the axons in the 

injured peripheral nervous system have the capacity to undergo some spontaneous 

regeneration, neurotmesis give rise to neuromas that prevent axons reaching their 

target organs. In this case, target organ reinnervation does not occur without surgical 

intervention (Lundborg, 2000; Wiberg and Terenghi, 2003). 

Nerve injuries without loss of nerve tissue or with a short gap can be treated by 

direct end-to-end epineural suture. In case of nerve lesions with a gap greater than 

20 mm, a direct nerve coaptation without tension is not possible and autologous 

nerve grafts are required to solve this problem (Millesi, 2006). Autologous nerve 

grafts are most commonly taken from patient legs and cause morbidity at the donor 

site with possible neuroma formation and neuropathic pain. The development of 

tissue engineered alternatives to replace the autologous nerve grafts, which are still 

the gold standard in reconstructive surgery, is a major challenge. Successful crossing 

of a nerve gap depends on the formation of a new extracellular matrix scaffold, over 

which blood vessels, fibroblasts and Schwann cells can migrate and progress 

towards the distal nerve stump (Rodriguez et al., 2000).  Several studies have used 

cell therapy as part of the matrix for nerve regeneration. Previously, Schwann cells 

have been used as a gold standard for nerve regeneration and can be seeded in 

tubular nerve conduits to enhance regeneration (Guenard et al. 1992; Rodriguez et 

al., 2000; Tohill et al., 2004 ; Kalbermatten et al., 2008 ; Novikova et al., 2008). 

Muscle structure and pathophysiology 

Skeletal muscle is built of multinucleated, densely packed muscle fibres. The 

myofibril structures within the muscle fibres are divided into individual contractile 

units known as the sarcomeres.  The sarcomeres consist of thick filaments composed 

of myosin and thin filaments formed from actin associated with the troponin and 

tropomyosin proteins. Collectively these structures provide for the basic mechanism 

of muscle contraction. The myosin protein determines the contractile speed of the 

muscle. Each myosin molecule consists of two myosin heavy chains (MyHC) and 

four light chains with variable amino acid sequences (Schiaffino and Reggiani, 

1994). Slow type myosin predominates in muscles with slow contracting properties 

whereas fast type myosin is found in high abundance in muscles with fast 

contracting properties. Individual muscles fibres are respectively classified into type 

I and type II fibres, with the later type have various subtypes. Hybrid fibres also 

exist containing more than one MyHC isoform.   
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The motor unit is a term used to describe a motor neuron and the group of muscle 

fibres innervated by its axon. Collectively, multiple motor units work together to 

coordinate the contractions of a muscle. The neuromuscular junction is the region 

linking the motor neuron axon to the muscle fibre. The neuromuscular junction is 

composed of the presynaptic axon terminal, covered by terminal SC, and the 

postsynaptic motor endplates and acetylcholine receptors (AChRs) residing on the 

muscle fibres (Monti et al., 2001; Lampa et al., 2004; Kumai et al., 2005). Electrical 

impulses arriving at the axon terminal result in the release of the neurotransmitter 

chemical, acetylcholine, which passes from the presynaptic side to the AChRs on 

the postsynaptic membrane of the muscle fibre. This leads to depolarization of the 

membrane, generating a cascade of events, ultimately resulting in muscle 

contraction. 

As the target organ of peripheral nerves, the functional and structural maintenance 

of skeletal muscle is dependent on intact and effective innervation, which regulates 

many important activities, including the development of the muscle, its metabolism, 

and the contractile properties. It is generally accepted that denervation-induced 

pathological changes are closely related to the regenerative potential of denervated 

skeletal muscles. This regenerative potential is largely facilitated by the presence of 

intrinsic muscle satellite cells. Named for their relative anatomical position, these 

cells reside juxtaposed between a myofibre and its surrounding extracellular matrix 

(Mauro, 1961). In response to injury, satellite cells become activated to replicate and 

then differentiate into myoblasts. The myoblasts can fuse with each other or with 

native myofibres, thus permitting muscle repair. However, long lasting denervation 

is detrimental to regenerative potential due to the progressive myofibre atrophy and 

fibrosis and eventually irreversible pathological alterations.  The time to 

reinnnervation represents one of the most influential factors affecting muscle 

functional recovery after nerve injury. Within 60 days of axotomy, muscle mass falls 

by 70%. This loss of mass is initially reversible if there is a good quality muscle 

reinnervation within an approximatively 2 month timeframe. In cases of sustained 

denervation, progressive atrophy, muscle cell death and fibrosis with irreversible 

muscle impairment is observed. By 6 months, denervated muscle can be a little as 5-

10% of its original weight, being mainly replaced by non-contractile connective 

tissue (Batt et al., 2005). Apoptosis plays a physiologically important role in 

regulating denervation-induced muscle atrophy with pro-apoptotic genes such as bax 

and caspase 3 and 9 up-regulated in denervated muscle (Siu and Always, 2005; Batt 

et al., 2005, Siu et al., 2009). Different morphological changes occur during this 

muscle remodeling process: muscle atrophy affecting preferentially the fast type 

fibres in the early phases of denervation followed by atrophy of slow type fibres. 

Initially there is a myogenic response of the satellite cells in the first 3-4 weeks of 

acute denervation followed with replacement of lost fibres but later between 7 and 

20 weeks there is a decrease of satellite cells and increase of fibrosis and fat cells 

(Dellon and Jabaley, 1982 ; Batt et al., 2005; Rodrigues et al., 2007). At the 

neuromuscular junction, different changes occur too. Studies have shown that, after 

axotomy the denervation process influences the presynaptic nerve terminals more 

than the postsynaptic acetylcholine receptors and muscle fibres causing a rapid 

degeneration of the presynaptic nerve terminals compared with relatively slow 

degeneration of the postsynaptic acetylcholine receptors and atrophy of the muscles. 
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The degeneration of the neuromuscular synapses precedes axonal degeneration; 

synaptophysin (a constituent of the presynaptic vesicle membrane) decreases after 

18h and totally disappears after 24h whereas acetylcholine receptors are quite stable 

after denervation (no significant decrease after 4 weeks, still 70% of acetylcholine 

receptor reactivity after 10 weeks) (Wiedermann et al., 1985; Monti et al., 2001; 

Lampa et al., 2004; Kumai et al., 2005). The requirements for functional recovery 

after a nerve injury are therefore that the regenerating axon growth cones make 

functional connections with their original muscle fibres and that the number and size 

of the motor units in those muscles are restored.  

Peripheral nervous system repair 

Nerve grafting 

In the case of peripheral nerve injuries without defect or with a short gap, the nerve 

ends can be repaired using a simple end-to end epineural suture, resulting in 

reasonable neurological recovery. However, if there is a longer defect, as is the case 

for example in brachial plexus injuries, an autologous nerve graft is required to 

bridge the gap. Autologous nerve grafts are still the gold standard in reconstructive 

surgery but present several disadvantages caused by the requirement of a secondary 

procedure. This secondary procedure sacrifices a functional nerve and induces 

scarring, possible neuroma formation and loss of sensation at the donor site (Millesi, 

2006). Nerve autograft alternatives have been investigated such as autologous grafts 

(venous and arterial conduit grafts) but these did not show functional benefits 

compared to standard nerve grafts (Keskin et al., 2004; Battiston et al., 2005). 

Allografts have also been tried, but their usefulness is limited because they require 

an undesirable long-term immunosuppressive therapy (Evans et al.,1994). The 

present day surgical techniques can do nothing to enhance the elongation rate and 

course of regenerating axons. Therefore an active area of research is the 

development of artificially engineered grafts or conduits which it is hoped will 

provide a more suitable environment for regenerating axons and overcome the 

limitations of nerve grafting (Konofaos and Ver Halen, 2013). 

Artificial Nerve Conduits 

Typically artificial grafts are made from scaffolds formed into hollow tube 

structures which can be used to connect the injured proximal and distal nerve 

stumps. A simple silicone tube model has demonstrated the typical biological 

reactions which occur inside these tubes (Williams et al., 1983).  Firstly, within 

hours, tissue fluid from the damaged nerve stumps enters the construct. This fluid is 

rich in the neurotrophic factors and ECM molecules which can contribute to the 

process of axon regeneration. Over the next week the ECM is remodelled and an 

internal fibrin matrix connecting the proximal and distal stumps is formed. Schwann 

cells, fibroblasts and endothelial cells subsequently migrate along this matrix and 

the Schwann cells proliferate and align forming the Bands of Bungner. At the 

proximal end of the tube the axons enter, following behind the Schwann cells and 

fibroblasts. The ingrowth of blood vessels progresses with a lag to the axons. 

Ultimately, once cellular migration is complete the fibrin matrix breaks down. Using 

simple tubes it is possible for axons to cross a 10mm gap within 3 weeks and 
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preliminary evidence of remyelination within the tube is seen as early as 4 weeks 

post nerve repair.  

Various different synthetic conduits made of non-degradable materials such as the 

aforementioned silicone and other such as polyetrafluorethylene and polypyrrole 

have been tested but these showed compression syndrome due to their non-

degradable nature and their inability to adapt to the nerves’ growth and maturation 

(Mackinnon and Dellon, 1988; Merle et al., 1989; Mohanna et al., 2005). Thus 

consideration has been given to the nature of the material used to construct the 

conduit. It should be highly biocompatible, ideally biodegradable, permeable, and 

exhibit favourable biomechanical and surface properties such as flexibility and a 

predictable degradation rate.  Among the materials commonly used in nerve 

regeneration studies are the polyesters (e.g. poly-3-hydroxybutyrate [PHB], 

polycaprolactone, polyglycolide and polylactide), proteins (e.g. fibrin, collagen, silk 

and gelatin) and the polysaccharides (e.g. chitosan and hyaluronan).   

In this thesis, PHB was used as a scaffold material. PHB is one of the 

polyhydroxyalkonates, a class of biodegradable and biocompatible, synthetic, 

thermoplastic polyesters which is produced by bacteria. It can be commercially 

obtained as resorbable sheets, in particle format and as films.  PHB grafts offer 

several advantages such as soft malleable consistency, good tensile strength and 

flexibility. PHB was first used as a wrap-around in direct nerve repair (Hazari et al. 

1999a) and then used in tubular form in experimental animal models for bridging 

both short (Hazari et al., 1999b) and long (Young et al., 2002) nerve gaps. The 

fibrous composition of the PHB sheets can be orientated longitudinally to the 

conduit, thereby providing directional, contact guidance to re-growing axons 

(Young et al., 2002). PHB conduits become vascularised at an early stage in 

regeneration which is an essential requisite for the delivery of nutrients to highly 

metabolic environment of the regenerating nerve. The regenerative potential of PHB 

can be enhanced by the incorporation of growth factors, ECM molecules and cells. 

Recent clinical studies have shown that PHB yielded better results than epineurial 

suturing with no adverse effects (Åberg et al., 2009). 

Fibrin is a polypeptide formed from the plasma components fibrinogen and 

thrombin. Physiologically fibrin formation occurs as the final step in the natural 

blood coagulation cascade, producing a clot that assists wound healing. 

Commercially available fibrin glue is commonly used in various surgical techniques 

(e.g. haemostasis, nerve coaptation, vascular anastomoses enhancement) and has 

good biocompatibility (Albala and Lawson, 2006). Fibrin has also been used in the 

construction of nerve conduits (Albala and Lawson, 2006; Kalbermatten et al., 2008; 

di Summa et al., 2011). The short resorption times of fibrin glue makes it more 

adapted for shorter gaps, as it dissolves faster and supports the early nerve 

regeneration process, whereas PHB can be used for longer nerve gap lesions. 

Furthermore, a short-term study showed the beneficial effect on nerve regeneration 

of using a fibrin matrix to seed cells within/on PHB conduits or strips (an open 

construct rather than tube). PHB strips showed better results, allowing a fast nerve 

regeneration process in comparison with the PHB conduits (Kalbermatten et al., 

2008). As a cell delivery vehicle, fibrin glue facilitates cell attachment, proliferation, 
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differentiation and subsequent well organized 3D tissue formation. Therefore in this 

thesis, fibrin glue was used as a cell matrix (see below). 

The many years of research in the field of neural tissue engineering have seen seven 

nerve conduit devices receive US Food and Drug Administration/Conformit Europe 

approval (Pabari, 2014). However, these simple structures are only good for treating 

relatively small nerve defects and the goal to develop a conduit more successful than 

autologous nerve grafting is ongoing. For example, the physical structure of the 

conduit can also be manipulated. Grooved or pitted surfaces can be produced which 

variously provide topographic signals to the regenerating axons. Surface 

modification also enables incorporation of neurotrophic factors and extracellular 

matrix molecules. The inner part of the tubes has also evolved considerably.  For 

example, multi-channelled structures have been produced which mimic the 

architecture of nerve fascicles.  The lumen of the tubes can also be filled with 

filaments, fibres or gels which give additional topographical cues. Another 

possibility is to add regenerative cells which can mimic the biological components 

of the autograft. 

Cell Therapy 

The Schwann cells are responsible for the myelination of the peripheral nerve, 

which plays an important role in the nerve conduction. After a nerve injury the SC 

release neurotrophic factors and help nerve regeneration and thus are a useful 

adjunct to nerve conduits. However, the problems with using SC to help the nerve 

regeneration process are the donor morbidity (nerve biopsy which implies 

sacrificing an autologous nerve and causes neuropathic pain) and the long in vitro 

culturing time.  

Stem cells have become a popular area of research for the potential treatment of a 

wide range of clinical conditions. In the field of neural tissue engineering it has been 

suggested that they might be used to replace lost nerve tissue or stimulate 

endogenous axon regeneration.  Stem cells are cells which can both self-renew and 

generate a differentiated progeny. Pluripotent embryonic stem cells (ESC) can 

differentiate to cells of all lineages whereas adult stem cells are multi-potent and 

have a more limited differentiation potential. Although some studies have shown 

positive effects of ESC on peripheral nerve injuries (Craff et al. 2007; Cui et al. 

2008) ethical issues with the use of these cells will likely impede their widespread 

acceptance.  In the future, induced pluripotent stem cells might be able to replicate 

the clinical benefits of the ESC without the associated ethical issues (Xu et al. 

2011). 

Present day cell therapy mainly focuses on the use of adult stem cells and these can 

have a role in nerve repair.  These stem cells are able to differentiate in several 

lineages. For example, mesenchymal stem cells isolated from the bone marrow have 

been shown to differentiate into a “Schwann cell-like” type (Tohill et al., 2004; 

Caddick et al., 2006) and could thus be used to replace SC in a nerve conduit. 

Indeed, most of the early reports describing adult stem cells for nerve repair focused 

on bone marrow derived cells (reviewed in Oliveira et al. 2013). However, this 

requires a marrow punction, which is an invasive and painful procedure. For this 
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reason, alternative adult stem cell sources have been investigated. Studies show that 

adipose tissue contains stem cells (ASC), which can be isolated from the fat tissue 

after enzymatic digestion. It has been shown that adipose tissue can provide 100 to 

1000 times more progenitor stem cells than bone marrow (Strem et al., 2005). Fat 

tissue is the largest tissue in the body and is easily accessible by liposuction. The 

further development of in-operating room systems for isolation of the ASC makes 

them a very attractive possibility for treating nerve injuries. There are in principle 

two main ways in which ASC could be used in nerve repair.  They could either be 

used to build new nerve tissue directly or their secretome, rich in growth molecules, 

could be used to modulate/enhance the endogenous regeneration processes. 

In 2007, it was first shown that adipose stem cells isolated from rat could be 

differentiated into Schwann cell-like type cells (dASC), which promote neurite 

outgrowth in vitro (Kingham et al., 2007).  Subsequently, a number of different 

protocols have been used to induce Schwann cell molecule expression in the ASC 

(reviewed in Kingham et al., 2014a).  ASC differentiated into the Schwann cell 

phenotype also express specific peripheral myelin proteins (Mantovani et al., 2010) 

and they can form myelin structures with neurons in vitro (Xu et al., 2008a). A 

limited number of studies have translated the work with rodent cells to work with 

human patient’s cells (Zavan et al., 2010; Razavi et al., 2013; Tomita et al., 2013). 

The beneficial effects of the ASC has been attributed to their expression of high 

levels of growth factors such nerve growth factor (NGF) and brain derived 

neurotrophic factor (BDNF) (Kaewkhaw et al., 2011). Growth of ASC on specific 

ECM molecules or their treatment with certain drugs such as baclofen can further 

boost the neurotrophic potency of the ASC (di Summa et al., 2013; Faroni et al., 

2013a). Co-culture of Schwann cells and ASC synergistically up-regulates the 

expression of NGF, BDNF and glial cell derived neurotropic factor (GDNF) (Dai et 

al., 2013).  The ASC secretome also contains high levels of angiogenic factors 

(Kapur and Katz, 2013) which are likely to further assist the process of nerve 

regeneration. In vivo experiments have mainly focused on the use of the rat sciatic 

nerve injury model (as used in this thesis). Both undifferentiated and the Schwann 

cell-like ASC enhance the early rate of regeneration through nerve conduits (di 

Summa et al., 2010; Erba et al., 2010). The stem cells also appear to be 

neuroprotective, they down-regulate caspase expression in the dorsal root ganglia of 

nerve injured rats (Reid et al., 2011; Kingham et al., 2014b). A number of studies 

have also examined the benefits of differentiated ASC long-term and showed 

improvements in electrophysiology, sciatic functional index scores and distal 

myelination (Zhang et al., 2010; di Summa et al., 2011, Scholz et al., 2011; Hsueh et 

al., 2014).  

In addition to regenerating the nerve, cell therapy with Schwann cells or stem cells 

expressing neurotrophic factors could be used to prevent the muscle atrophy 

occurring following denervation. Schwann cells form the myelin of the peripheral 

nerve but the terminal Schwann cells are also an integral component of the 

neuromuscular junction at the presynaptic axon terminal (Lampa et al., 2004; Kumai 

et al., 2005). A previous study showed the positive effect of transplantation of 

embryonic stem cell-derived motor neurons in the prevention of muscle atrophy 

after a nerve lesion. The authors could only find a beneficial effect if the motor 
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neurons were transplanted immediately after nerve transection and no effect in case 

of an already atrophied muscle. After nerve repair, motor neuron transplantation 

improved functional recovery (Kubo et al., 2009). In this thesis, direct injections of 

ASC and SC into the muscle were tested for their effects on muscle atrophy and also 

the potential mechanisms how stem cells could modulate the myogenic response in 

denervated muscle were investigated. 
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AIMS OF THE STUDY 

The overall aim of this thesis was to investigate the potential of stem cells for nerve 

regeneration and prevention of muscle atrophy. Rat sciatic nerve injury models were 

used to test the direct injection of stem cells at the neuromuscular junction area and 

to investigate the benefits of a PHB biomaterial strip seeded with stem cells for 

nerve gap repair. 

Specific objectives were: 

 To assess the potential of stem cells on prevention of muscle atrophy after a

nerve lesion by using a model of direct stem cell injection into the

neuromuscular junction area.

 To evaluate the long term effects of stem cells seeded on a PHB strip in a nerve

lesion gap model.

 To optimize the functional regeneration after a peripheral nerve lesion by

combining the action of stem cells at two levels; at the nerve lesion level and

neuromuscular junction area level.

 To investigate the in vitro mechanisms of stem cells on nerve regeneration and

prevention of muscle atrophy.

 To investigate the properties of human adipose derived stem cells on nerve

regeneration and identify the best donor site for ASC harvesting in humans.
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MATERIALS AND METHODS 

Experimental animals 

The experiments were performed on either adult (10-12 weeks) female Sprague-

Dawley rats (Janvier, France) or adult female Fisher rats (Taconic Europe A/S, 

Denmark; Scanbur AB, Sweden). The animal care and experimental procedures 

were carried out in accordance with the standards and regulations provided by the 

National Institutes of Health Guide for Care and Use of Laboratory Animals (NIH 

Publication No. 86-23, revised 1985) and the European Communities Council 

Directive (86/609/EEC) and were also approved by the local veterinary commission 

in Lausanne (Switzerland) and the Northern Swedish Committee for Ethics in 

Animal Experiments. All surgical procedures were performed under general 

anesthesia using a mixture of ketamine (Ketalar®, Parke-Davis; 100 mg/kg i.v.) and 

xylazine (Rompun®, Bayer, 10 mg/kg i.v.). Isolation of cells from rats was 

performed following euthanasia by CO2. 

CELL CULTURE AND IN VITRO EXPERIMENTS 

Rat Schwann cells - Papers I, III, IV 

Adult rat sciatic nerve was dissected in trunks, de-sheathed, cut into 1-mm 

fragments, and placed in a petri dish for 2 weeks at 37°C with 5% CO2 in growth 

medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) containing 

10% (v/v) foetal bovine serum (FBS), 1% (v/v) penicillin/streptomycin, 14 µM 

forskolin (Sigma), and 100 ng/ml neuregulin-1 β1 (R&D Systems). Fresh medium 

was added approximately every 72 h. After a 2-week incubation, the medium was 

aspirated, and two enzymes, 0.125% (w/v) collagenase type IV (Sigma) and 117 

U/mg dispase (Invitrogen), were added to the petri dish for 24 h. The cell suspension 

was then filtered through a 70 µm cell strainer (Falcon; BD Biosciences Discovery 

Labware) and centrifuged at 900 rpm for 5 min. The cell pellet obtained was 

resuspended in SC growth medium (as above) and plated into a 25 cm2 flask pre-

coated with poly-D-lysine (Sigma). The medium was changed the next day and then 

approximately every 72 h.  

Rat adipose derived stem cells - Papers I-V 

Visceral fat tissue was removed from adult rats and minced using a sterile razor 

blade. The tissue was then enzymatically dissociated for 2 h at 37°C with 0.15% 

(w/v) collagenase type I (Invitrogen). The solution was passed through a 70 µm 

filter to remove any remaining undissociated tissue, and the enzymes were 

neutralized by adding stem cell growth medium consisting of α-Modified Eagle 

Medium (a-MEM; Invitrogen) containing 10% (v/v) FBS and 1% (v/v) 

penicillin/streptomycin and the solution centrifuged again at 800g for 5 min. The 

stromal cell pellet was resuspended in growth medium and the cells plated into 

tissue culture flasks. The flasks were washed daily with Hanks Balanced Salt 

Solution (HBSS; Invitrogen) to remove non-adherent cells. The cultures were 

maintained at sub-confluent level in a 37°C incubator with 5% CO2 and passaged 

with trypsin/ethylene-diamine tetraacetic acid (trypsin/EDTA; Invitrogen) when 

required (Kingham et al., 2007). 
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Rat stem cell differentiation - Papers I-IV 

To differentiate the cells into a Schwann cell-like phenotype (dASC), growth 

medium was removed from sub-confluent ASC cultures at passage 2 and replaced 

with medium supplemented with 1 mM β-mercaptoethanol (Sigma) for 24 h. The 

cells were then washed, and fresh medium was supplemented with 35 ng/ml all-

trans-retinoic acid (Sigma). Seventy-two hours later the cells were washed, and the 

medium was replaced with differentiation medium containing cell growth medium 

supplemented with 5 ng/ml platelet-derived growth factor-AA (PDGF-AA; Pepro 

Tech), 10 ng/ml basic fibroblast growth factor (bFGF; Pepro Tech), 14 µM 

forskolin, and 200 ng/ml neuregulin-1 (R&D Systems). The cells were incubated for 

2 weeks under these conditions with fresh medium added approximately every 72 h 

(Kingham et al., 2007). 

Labelling of rat ASC with PKH-26 - Papers I and III 

To enable identification of the cells in the in vivo models they were labeled with 

PKH-26 dye (Yiou et al., 2002). Cells (1 x 10⁶ for the muscle injection and 80 x 10⁶ 
cells/ml for the matrix of the PHB strip) were trypsinized, pelleted, and resuspended 

in 500 µl of diluent C with freshly prepared PKH-26 (according to the 

manufacturer’s recommendation; Sigma) for 3 minutes. The labeling reaction was 

then neutralized with the same volume of FBS for 1 min. Growth medium was then 

added, and the sample was centrifuged to obtain a pellet of stained cells, which were 

then washed further with growth medium and centrifugation. The final pellet of cells 

was resuspended in 150 µl of medium ready for injections in the muscle or for 

addition to fibrin matrix 80 x10⁶cells/ml were suspended in 25 µl of fibrinogen 

solution. 

Human ASC - Paper V 

All human studies were approved by the University of Lausanne ethics committee. 

Adipose tissue (1 g) was harvested from the two abdominal layers (deep and 

superficial) of eight patients undergoing elective abdominoplasty. The superficial 

part was taken to be the region between the skin and the superficial fibrous 

connective tissue fascia. The deep layer adipose tissue was defined as the layer 

below this fascia and above the deep muscular fascia. The majority of patients were 

women (75%) and patient ages ranged from 36–64 years (mean 45.5±3.1 years) with 

a body mass index from 24.0 to 40.7 (mean 29.2±2.0). Adipose tissue was carefully 

dissected, minced by using a sterile razor blade and placed for 2 h at 37°C in a 

phosphate-buffered saline (PBS) solution containing 0.15% (w/v) collagenase type I 

(Invitrogen) for enzymatic digestion. The subsequent protocol for obtaining the 

stromal cell pellet of human ASC was the same as described above for the rat 

adipose stem cells. Cells were plated in a 75 cm2 tissue-culture flask and incubated 

at 37°C with 5% CO2 and were maintained at sub-confluent levels with passage by 

trypsin/EDTA when required. 

Neuronal Cell Lines – Paper V 

NG108-15 and SH-SY5Y lines were purchased from American Type Culture 

Collection and maintained in DMEM containing 10% (v/v) FBS and 1% 

pencillin/streptomycin solution. 
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Myoblast cultures – Paper IV 

Mouse C2C12 cells or rat L6 myoblasts (American Type Culture Collection) were 

cultured in growth medium containing α-MEM with 10% (v/v) FBS and 1% (v/v) 

penicillin/streptomycin solution. The cultures were allowed to reach a maximum of 

approximately 70% confluence before passage.  In some experiments myoblasts 

were directly co-cultured with stem cells. Cells (1x105) were seeded alone (controls) 

or together in either 6 well plates or slide-flasks (for immunostaining) for 2 weeks 

with media changes every third day. If the cultures showed signs of detachment 

from the plastic substrate they were re-plated at a density of 75% of the original 

quantity. As a positive control for myogenic differentiation some cultures were 

treated with 2% (v/v) horse serum. 

Preparation of conditioned medium – Paper IV 

Conditioned media were collected after 3 days from either undifferentiated ASC or 

dASC plated at a density of 50000 cells/cm2 in growth medium (dASC were 

switched to medium without growth factors for treatment of myoblasts but 

maintained in differentiation medium for the treatment of Schwann cells). The 

media were centrifuged to remove detached cells and then either used immediately 

or stored at -80°C.  

Cell proliferation assays – Papers IV and V 

The Alamar Blue™ assay was used for quantification of myoblast or Schwann cell 

proliferation in the presence of conditioned media.  C2C12 cells, L6 myoblasts or rat 

primary Schwann cells were seeded at a density of 2500 cells in 500µl of medium 

per well of a 24 well plate (poly-D-lysine coated in the case of Schwann cell 

proliferation). The control media was that which had been prepared in parallel to the 

cell conditioning treatment – i.e. it was placed at 37°C in the incubator for the same 

period as the cell conditioning. Schwann cell controls were treated with either stem 

cell growth medium or stem cell differentiation medium. After a minimum of 8 

hours attachment time Alamar Blue™ (Serotec) was added to each well at a final 

concentration of 10% (v/v). Medium only, without cells, was also treated with 

Alamar Blue™. The plates were returned to the incubator for overnight incubation. 

The optical density of Alamar Blue™ is proportional to the number of cultured cells 

and obtained by measuring changes of absorbance at 570 nm and using background 

correction at 600 nm. Thus the next day the absorbance of the media were measured 

using a microplate reader (Spectra Max 190, Molecular Devices).  For the myoblast 

cultures, Alamar Blue™ was added to further wells and the above procedure 

repeated to record measurements at day 3 and day 5.  Schwann cell proliferation was 

measured at 2, 4 and 6 days. Measurements were calculated by subtracting the 

average control absorbance (medium only) from the average cell absorbance.  In 

some experiments the proliferation assay was performed in the presence of two 

inhibitors of cell signaling; the protein kinase A (PKA) inhibitor H89 and the 

mitogen activated protein kinase kinase (MEK) inhibitor U0126, both at 10µM. 

The proliferation of human ASC was assessed for 96 h by using the CellTiter 96 

Aqueous non-radioactive cell proliferation assay (Promega). At passage 2, the cells 

were plated in a 96-well plate by using 200 μl growth medium containing 2000 cells 

in each well. At regular intervals (24 h, 48 h, 72 h, 96 h), 20 μl Cell Titer 96 
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Aqueous Assay Reagents (Promega) was added and incubated for 4 h at 37°C and 

5% CO2. The absorbance was recorded at 490 nm by using a spectrophotometric 

plate reader and measurements were calculated by subtracting the average control 

absorbance (medium only) from the average cell absorbance. 

Immunocytochemistry – Papers III and V 

The rat dASC were stained for three Schwann cell markers: glial fibrillary acidic 

protein (GFAP), S100B protein and the low affinity p75 neurotrophin receptor.  

Cells were seeded at a density of 10,000 cells/well in an 8-well LabTek chamber 

slide and allowed to settle for 48 hours before they were fixed for 20 mins in 4% 

(w/v) paraformaldehyde at room temperature. The cells were then washed in 

phosphate buffered saline (PBS) before the addition of 5% (v/v) normal goat serum 

(NGS) and 5% (v/v) normal horse serum (NHS) together with 0.1% Triton X-100 

(v/v) in PBS for a further 15 mins at room temperature. The blocking serum was 

then removed and the primary antibodies, mouse monoclonal anti-GFAP (Millipore) 

and rabbit polyclonal anti-S100B (Dako) at respective dilutions of 1:500 and 1:1000 

were added and the samples incubated overnight at 4°C. The cells were then washed 

in PBS, re-blocked using NGS and NHS before addition of the secondary 

antibodies, Alexa 350 conjugated goat anti-rabbit IgG (1:50 dilution) and Alexa 488 

conjugated goat anti-mouse IgG (1:300 dilution) for 2 hours at room temperature. 

The samples were then washed 3 x 15 mins with PBS before repeating the blocking 

step with NGS and NHS. Mouse monoclonal anti-p75NTR (Abcam, dilution 1:500) 

was then added and incubated overnight at 4°C. The cells were then washed in PBS, 

3 x 15 mins, before a final blocking step in NGS and NHS. Finally the secondary 

antibody Alexa 568 conjugated goat anti-mouse IgG (1:300 dilution) was added for 

2h at room temperature before final washes with PBS and addition of ProlongGold 

anti-fade mountant. 

Cultures of deep and superficial layer human ASC were stained for general 

mesenchymal stem cell markers (CD54, β1-integrin, stro-1), for extracellular matrix 

molecules (type I collagen, fibronectin) and negative controls for hematopoietic cell 

markers CD45 and CD14. At passage 1, deep and superficial layer ASC were 

trypsinized and re-plated on Labtek 8-well chamber slides at a density of 5×103 

cells. After 24 h, the cells were fixed with 4% (w/v) paraformaldehyde and 

immunolabeling was performed with a MSC characterization kit (Millipore), using 

the protocol described above.  

Antibody staining specificities were always tested by the omission of primary 

antibodies and the inclusion of mouse or rabbit IgG.  

In vitro neurite outgrowth assay – Paper V 

In order to test the neurotrophic properties of the human ASC, an in vitro neurite 

outgrowth assay was established. Human ASC isolated from the deep or superficial 

layers at passage 2-4 were plated at 5×103 per cm2 on Lab-Tek Chamber slides 

(Nunc-Fischer Scientific, UK) for 24 h. Then, 1×103 NG108-15 cells (a 

neuroblastoma/glioma hybrid cell line used to model motor neurons (Choi et al. 

1997) were added onto the confluent monolayer of ASC and incubated for 48 h 

before fixation with 4% (w/v) paraformaldehyde for 20 min at room temperature. 



Stem cells for nerve repair and prevention of muscle atrophy 

15 

Immunocytochemistry was used to identify the NG108-15 cells and the neurite 

outgrowth. Monoclonal β-III tubulin (1:500; Sigma) was added overnight at 4°C. 

The following day, after PBS washes, the slides were incubated for 1 h in the dark 

with the Alexa-488 Fluor goat anti-mouse secondary antibody (1:100; Invitrogen, 

USA). The slides were mounted in Vectashield with 4,6-diamidino-2- phenylindole 

(DAPI; Vector Labs) and examined under a Zeiss fluorescence microscope (25× 

magnification). Images were captured by using Image ProPlus software 

(MediaCybernetics). The trace function was used to assess the following parameters: 

the percentage of NG108-15 cells expressing neurite-like processes, the average 

length of the processes (μm), and the average length of the longest process (μm). A 

minimum of 100 NG108-15 cell bodies were analyzed for each condition in each 

experiment. To confirm the origin of the neurite process outgrowth, NG108-15 cells 

in some experiments were pre-labeled with Cell Tracker Green CMFDA dye (30 

min at 37°C and then washed twice by centrifugation in PBS) and then co-cultured 

with the ASC for 48 h. The neurite outgrowth assay protocol was also repeated by 

using the human SH-SY5Y neuronal cell line. 

Enzyme linked immunosorbent assay (ELISA) – Papers III-V 

ELISA was used in order to assess the secretion level of nerve, angiogenic and 

muscle growth factors by the stem cells. For rat dASC, 1.25x105 cells were seeded 

into 96 well plates and maintained for 48h. The supernatant was then collected and 

analysed with the ChemiKine™ brain derived neurotrophic factor (BDNF) sandwich 

ELISA kit (Millipore) or vascular endothelial growth factor-A (VEGF-A), insulin 

like growth factor-1 (IGF-1) and hepatocyte growth factor (HGF) sandwich ELISA 

kits (RayBiotech Inc) according to the manufacturer's protocol. All samples were 

analysed in triplicate and the absorbance was measured at 450 nm on a 

SpectraMax190 microplate reader (Molecular Devices Inc). The quantity of factors 

(pg/ml) were calculated against standard curves produced using recombinant 

proteins provided in the kits.  In the studies exploring the interaction of ASC with 

myoblasts (paper IV) either L6 myoblasts, undifferentiated ASC or dASC were 

seeded either alone or in co-culture in 24 well plates at a density of 1x105 cells per 

250µl growth medium per well and cultured for 72h. The supernatant was then 

collected and analysed by ELISA using VEGF-A, IGF-1 or leukemia inhibitory 

factor (LIF) sandwich ELISA kits (RayBiotech, Inc.). The quantity of these 

myogenic proliferative/differentiating factors was calculated against standard curves 

that were produced using recombinant proteins provided in the kits and normalized 

to cell number after cell counting following surface detachment. For human ASC 

ELISA, the ASC were seeded onto Lab-Tek chamber slides under identical 

conditions to those used for neurite outgrowth assays (see above) and maintained for 

72 h. The supernatant was then collected and analyzed by ELISA with the 

ChemiKine BDNF kit or NGF and GDNF sandwich ELISA kits (RayBiotech, USA) 

according to the manufacturers' protocol.  

Reverse transcriptase polymerase chain reaction (RT-PCR) – Paper V 

Total RNA was isolated from human ASC (passages 2-4) by using an RNeasy kit 

(Qiagen, Sweden) and then 1 ng RNA was incorporated into the One-Step RT-PCR 

kit (Qiagen) per reaction mix. Primers were manufactured by Sigma UK (Table 1). 

A thermocycler (Biometra) was used with the following parameters: a reverse 



Dominique Schaakxs 

16 

transcription step (50°C, 30 min), a nucleic acid denaturation/reverse transcriptase 

inactivation step (95°C, 15 min) followed by 35 cycles of denaturation (95°C, 30 s), 

annealing (30 s, optimized per primer set as described in Table 1) and primer 

extension (72°C, 1 min) followed by final extension incubation (72°C, 5 min). PCR 

amplicons were electrophoresed (50 V, 90 min) through a 1.5% (w/v) agarose gel 

and the size of the PCR products was estimated by using Hyperladder IV (Bioline, 

UK). Samples were visualized under UV illumination following Gel Red nucleic 

acid stain (BioNuclear) incorporation into the agarose. 

  Table 1.  Primer sequences for RT-PCR and annealing temperatures used (˚C). 

Factor Forward Primer (5ʹ3ʹ) Reverse Primer (5ʹ3ʹ) ˚C 

oct4 GAAGCTGGAGAAGGAGAAGCT

GG 

CAAGGGCCGCAGCTTACACAT 63.0 

nanog CTCCTTCCATGGATCTGCTTATT

C 

GGTCTTCACCTGTTTGTAGCT

GAG 

61.0 

NGF ATACAGGCGGAACCACACTCAG GTCCACAGTAATGTTGCGGGT

C 

64.0 

BDNF AGAGGCTTGACATCATTGGCTG CAAAGGCACTTGACTACTGAG

CATC 

64.0 

GDNF CACCAGATAAACAAATGGCAGT

GC 

CGACAGGTCATCATCAAAGGC

G 

55.9 

NT3 GGGAGATCAAAACGGGCAAC ACAAGGCACACACACAGGAC 62.0 

GAPDH GAAGGTGAAGGTCGGAGT CAAGCTTCCCGTTCTCAGC 62.0 

IN VIVO EXPERIMENTS 

Intramuscular cell injection - Papers I, III 

Using a dorsal gluteal muscle splitting incision, the left sciatic nerve and its 

branches were exposed, and the nerve was traced to the entrance of the tibial 

branches into the gastrocnemius muscle. After a sciatic nerve lesion in the different 

experimental groups (see details below in the part experimental groups), PKH-26 

labeled cells (1 x 10⁶ of dASC in 150 µl of growth medium) were aspirated into a 

syringe and injected into the gastrocnemius muscle. The surgical procedure was 

undertaken with an operating microscope (Zeiss). The gluteus muscle was sutured, 

the skin was closed, and the rats were allowed to survive for one month (Paper I) or 

6 weeks (Paper III). 

Preparation of PHB strip - Papers II, III 

PHB (Astra Tech, Sweden) sheets were cut to create a strip (14mm x 0.5 mm) as 

previously described (Kalbermatten et al., 2008). The strip is formed from a sheet of 

compressed PHB fibres, each up to 20μm in diameter, giving a total thickness of 

approximately 0.5mm. When the strip is soaked in medium it expands to 

approximately 1mm thickness.  

Fibrin matrix for cell suspension - Papers II, III 

A fibrin cell matrix was formed from a two-compound fibrin glue (Tisseel® Kit VH 

1.0, Baxter SA, Switzerland) comprised of fibrinogen and thrombin. Fibrin was 

diluted 10-fold and thrombin was diluted 100-fold. Buffers for the dilutions of 
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fibrinogen were used according to Bensaid et al., 2003 and consisted of  10 ml de-

ionized water enriched with sodium citrate 73.5 mg, 16.9 mg sodium chloride 

glycine 249.9 mg, 30’000UIK aprotinin (Sigma, A-3428, Sigma-Aldrich, USA) and 

150 mg albumin serum (A-8763, Sigma-Aldrich). A solution of 10 ml with de-

ionized water was made to the dilution of the thrombin containing calcium chloride 

58.8 mg, sodium chloride 87.1 mg, glycine 30.3 mg and serum albumin 500 mg. 

Using this solution it was possible to dilute the two components accordingly (10 

times for fibrinogen and 100 times for thrombin component), generating the 

previously published fibrin gel to thrombin ratio 9/50 (mg/IU) (Bensaid et al., 2003). 

Schwann cells or dASC were trypsinised and 80 x 10⁶cells/ml were suspended in 25 

μl of the diluted fibrinogen solution. PHB strips were coated with 25 μl of the 

diluted thrombin (5 IU/ml) solution for 10 minutes and then the fibrinogen (control 

group) or fibrinogen plus cells solution was added. The two component thrombin 

and fibrinogen formed a clot within 5 minutes thus allowing the cells to be 

positioned in a homogenous distribution across the PHB. All the constructs were 

then incubated at 37°C for 72 hour in six-well dishes in DMEM growth medium 

(Kalbermatten et al.,  2008). 

Surgical procedures and experimental groups 

Peripheral nerve injury and intramuscular stem cell injection - Paper I 

Using a dorsal gluteal muscle splitting incision, the left sciatic nerve and it branches 

were exposed, and the nerve was traced to the entrance of the tibial branches into the 

gastrocnemius muscle. The sciatic nerve was then transected 1 cm proximal to the 

entrance of it branches into the gastrocnemius muscle. Nerves were then either 

capped to prevent muscle reinnervation or repaired with epineural suture using a 

non-absorbable 8-0 nylon monofilament. Caps were made out of polyethylene tubes. 

The nerve stumps were introduced and anchored to the bottom of the cap using 8-0 

Ethilon suture. PKH-26 labeled cells (1x106 of either undifferentiated ASC, 

Schwann cell–like ASC (dASC), or SC) were aspirated into a syringe and injected 

into the gastrocnemius muscle. Five animals were operated upon for each group, and 

the cell injections were compared with a control group in which 150 µl of growth 

medium alone was used. After the injections, the gluteus muscle was sutured, the 

skin was closed, and the rats were allowed to survive for 1 month. 

Peripheral nerve gap injury with PHB strip - Paper II 

Three experimental groups were included: PHB strip seeded with fibrin without 

cells (control group), and PHB strips seeded with dASC or Schwann cells (n=5 rats 

in each group). Using a dorsal gluteal muscle splitting incision, the left sciatic nerve 

and its branches were exposed. Then the sciatic nerve was transected and proximal 

and distal nerve stumps were fixed 2 mm on each end on the PHB strips, each by a 

single non-resorbable suture (9/0 Prolene, Ethicon) through the epineurium, leaving 

a 10 mm gap. Surgical implantation of the structures was undertaken with an 

operating microscope (Zeiss). The gluteus muscle was sutured, the skin was closed, 

and the rats were allowed to survive for 3 months.  
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Peripheral nerve gap injury: combined treatment of PHB strip vs reverse nerve 

graft and intramuscular stem cell injection - Paper III 

Animals were divided into five experimental groups (n=5 rats in each group): PHB 

strip seeded with fibrin without cells and injection of growth medium in the 

gastrocnemius muscle, PHB strips seeded with dASC and injection of growth 

medium or dASC in the gastrocnemius muscle, nerve grafts and injection of growth 

medium or dASC in the gastrocnemius muscle. The operation approach was the 

same as described in Paper II. In the autograft group, a 10 mm segment was excised, 

reversed and re-sutured on each side by two epineural sutures. In the PHB strip 

groups, the sciatic nerve was transected and proximal and distal nerve stumps were 

fixed 2 mm on each end on the PHB strips, each by a single non-resorbable suture 

(9/0 Prolene, Ethicon) through the epineurium, leaving a 10 mm gap. PKH-26 

labeled cells (1x10⁶ of dASC in 150µl of growth medium) were aspirated into a 

syringe and injected into the gastrocnemius muscle. The gluteus muscle was sutured, 

the skin was closed, and the rats were allowed to survive for 6 weeks. 

Functional evaluation 

Walking track test - Papers I, II 

One month (paper I) or 3 months (Paper II) after surgery was performed, hind-limb 

function was assessed using a walking track test. A horizontal ladder of clear 

plexiglass was used, into which metal rungs were inserted to create a 1-meter-long 

floor. At one end of the ladder a refuge was placed, and at the other end was the 

animal’s cage. The rats walked from the cage to the refuge end. The rungs were 

placed in 2 patterns (pattern A: alternating 1 rung and 1 space; pattern B: more 

difficult, alternating 2 rungs and 2 spaces). Experiments were videotaped for later 

analysis. The time for the animals to cross the entire ladder and the accuracy of foot 

placement (total misplacement, partial placement, and correct placement) were 

determined. For both patterns, the experiment was repeated 5 times for each rat. 

Electromyography - Paper II 

The day after walking track analysis the electrical properties of the nerve were 

assessed. Before CMAP recording, the viability of the nerves was tested by 

stimulating the tibial and peroneal branches distal to the regenerated gap and 

assessing the muscle specific movements (plantar flexion for the tibial nerve and 

foot eversion for the peroneal nerve). The contraction of the gluteal muscles and 

consequent movement of the paw also demonstrated nerve viability at the proximal 

stump (Whitlock et al., 2009). Electromyographic analysis was performed by 

stimulating 2.5 mm proximally (S1) and 2.5 mm distally (S2) to the regenerated 

nerve with a monopolar cathodic electrode. 

EX VIVO HARVESTING AND TISSUE PROCESSING 

Muscle harvest and immunohistochemistry - Papers I-III 

The gastrocnemius muscles from both operated and contralateral sides were 

harvested and weighed before freezing in isopentane cooled with liquid nitrogen. 

The ratio of the operated and contra-lateral side muscle weights were calculated as a 

measure of atrophy. 
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Fifteen-micron sections of muscle were cut in the cryostat and stained with laminin 

antibody to highlight individual muscle fibres, together with either fast or slow 

myosin heavy chain (MyHC) protein antibodies to show muscle fibre type. The 

muscle sections were fixed with 4% (w/v) paraformaldehyde solution and after 

blocking and washing as described previously the slides were stained with either 

mouse anti–fast-type MyHC (1:20; Novocastra) or mouse anti–slow-type MyHC 

(1:20; Novocastra) together with rabbit anti-laminin (1:200; Sigma) overnight at 

4°C.  For staining of the neuromuscular junction, antibody against the presynaptic 

marker SV2a was used together with alpha-bungarotoxin (a-BTX) to stain the 

postsynaptic acetylcholine receptors (AChRs). In some experiments, nerve fibres 

were also stained using a pan-neurofilament antibody. Monoclonal anti-mouse 

SV2A (1:30; Hybridoma Bank) or monoclonal anti-mouse neurofilament protein 

(1:500; Dako) antibodies were used with tetramethylrhodamine a-BTX (1:500; 

Invitrogen). The slides were examined under a Leitz fluorescence microscope (100 

magnifications with oil).  

PHB strips, reverse nerve graft harvesting and immunohistochemistry - Papers II-

III 

The PHB strips were harvested together with the proximal and distal nerve stumps. 

Nerve samples were fixed in 4% (w/v) paraformaldehyde in PBS for 2–4 h and then 

washed and stored in 0.2% (w/v) glycine in PBS prior to embedding. On the day of 

embedding, after a further PBS wash, nerves were immersed for 2 hours in 2% 

osmium tetroxide (Sigma) in the same PBS solution. The nerves were then 

dehydrated by using an increasing alcohol series starting from 30% (v/v) ethanol 

and later embedded in paraffin. For the proximal stump analysis, serial cross 

sections (5μm thick) were cut starting 1 mm proximal to the proximal suture (where 

the proximal stump had been originally sutured to the strip). To measure regenerated 

axons in the distal stumps, serial sections were cut starting 1 mm distally to the 

distal suture in the strip. Slides were stained with Masson’s trichrome according to 

an established protocol (Di Summa et al., 2008). In Paper III, 16-µm-thick sections 

of the strip were stained with either mouse anti-βIII-tubulin antibody (1:500, Sigma-

Aldrich), rabbit anti-S100B protein (1:2000, Dako) or mouse anti- RECA-1 

antibody (1:25, Abcam).  

Morphological analysis 

PHB strips - Paper II 

Proximal and distal nerve stumps were counted at x1000 final magnification using 

the fractionator probe in Stereo Investigator TM 6 software (Micro-BrightField, 

Inc). The slides were also examined under a Leitz microscope (x100 magnification 

with oil) and images were captured using Image ProPlus software 

(MediaCybernetics). The manual counting and trace outline function was used to 

assess the total number of axons per nerve and the percentage myelinated area. To 

make these calculations the total area of the nerve stump was calculated by taking 

the low power image (x10 magnification) of the entire nerve section. Axon counts 

(per unit area) from the high magnification images were then extrapolated to 

calculate the total number of axons per nerve. Using manual thresholding, the 

myelin structure was outlined and the percentage myelinated area was determined 
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using the formula: (myelinated area/total area) x 100 as previously described 

(Clavijo-Alvarez et al., 2007). For all the calculations a minimum of 5 areas for each 

transverse section and 5 sections per animal were analyzed for the different 

experimental groups. 

Muscles section stained with fast or slow MyHC protein antibodies - Paper I- III 

Fifteen-micron sections of muscle were stained with laminin antibody to highlight 

individual muscle fibres, together with either fast or slow myosin heavy chain 

(MyHC) protein antibodies to show muscle fibre type as described previously. The 

slides were examined under a Leitz fluorescence microscope (16 x magnification), 

and images were captured using Image ProPlus software (MediaCybernetics). The 

trace function was used to assess the following parameters: fibre area size (µm2) and 

fibre mean diameter (µm). A minimum of 5 areas for each slide, with a minimum of 

30 fibres per area, were analyzed for the different experimental groups. The ratios of 

sizes of the left (lesioned) side and the right (control) side were determined in order 

to assess the amount of muscle atrophy.  

Western blotting – Papers IV and V 

Muscle tissue lysates (paper IV) or human cell lysates (paper V) were prepared by 

using a buffer containing 5 mM EGTA, 100 mM PIPES, 5 mM MgCl2, 20% (v/v) 

glycerol, 0.5% (v/v) Triton X-100 and a protease inhibitor cocktail (Sigma). The DC 

protein assay (Bio-Rad) was performed to quantify sample protein levels. For each 

sample, either 10 μg (paper IV) or 40 μg (paper V) protein was denatured at 95°C 

and loaded onto 10% (v/v) SDS-polyacrylamide gels. The proteins were transferred 

to a nitrocellulose membrane, and then blots were blocked with 5% (w/v) non-fat 

milk in TRIS-buffered saline with Tween and incubated with anti-oct3/4 (1:100; 

Santa Cruz Biotechnology sc-25401), anti-nanog (1:100; Santa Cruz Biotechnology 

sc-33759, monoclonal anti-IGF1 (1:1000; Abcam), polyclonal anti-LIF (1:200; 

Santa Cruz Biotechnology), polyclonal anti-VEGF (1:200; Abcam), or monoclonal 

anti-myogenin (1:500; Abcam) antibodies overnight at 4°C. After incubation with 

the corresponding horseradish-peroxidase-conjugated secondary antibodies and then 

enhanced chemiluminescence substrate, the membranes were exposed to Kodak 

XPS films. The blots were also re-probed with anti-actin (1:20000; Millipore MAB-

1501R) as a loading control (paper V).  

Statistical analysis – all papers  

One-way analysis of variance (ANOVA) with corresponding post hoc Bonferonni 

test (Prism®, Graph-Pad Software Inc.) was used to determine statistical differences 

between experimental groups.  Significance was determined as *P0.05, **P0.01 

and ***P0.001. 
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RESULTS 

Paper I: Intramuscular injection of ASC for prevention of muscle atrophy 

Functional muscle recovery after peripheral nerve injury is far from optimal, partly 

due to atrophy of the muscle arising from prolonged denervation. It was 

hypothesized that injecting regenerative cells into denervated muscle would reduce 

this atrophy. A rat sciatic nerve lesion was performed, and Schwann cells or 

adipose-derived stem cells, untreated or induced to a ‘Schwann-cell–like’ phenotype 

(dASC), were injected into the gastrocnemius muscle. Nerves were either repaired 

immediately or capped to prevent muscle reinnervation. One month later, 

functionality was measured using a walking track test, and muscle atrophy was 

assessed by examining muscle weight and histology. Schwann cells and dASC 

groups showed significantly better scores on functional tests (walking track test; Fig 

3) when compared with injections of growth medium alone with a significantly

shorter  time  to cross the ladder and improved parameters for the foot placement 

(more correct and partial placements and less total misses) in both pattern A and B. 

Significantly better functional results were obtained in the repair vs. no-repair group. 

Muscle weight and histology were also significantly improved in these groups, 

which is a sign of reduced muscle atrophy.  For the muscle weights, the ratios of 

left-side (operated-side) to right-side muscle weights were calculated to assess the 

extent of this atrophy. There was significantly less atrophy in muscle from rats in 

which dASC (P < 0.01) or SC (P < 0.001) were injected (Fig 4). In contrast, the 

muscle weights for animals treated with undifferentiated stem cells were not 

significantly different from those with control growth medium injections. Next it 

was assessed whether these results were replicated in the animals in which the nerve 

was capped to prevent reinnervation of the muscle. Both dASC and SC had a 

significant positive effect on the prevention of muscle atrophy in this paradigm. 

Comparison of the nerve repair versus capped/no-repair groups showed significantly 

enhanced muscle weights when repair was performed, suggesting that, at 1 month, 

the muscle had evidence of early reinnervation (Fig 4). These results were 

confirmed by histology (fast and slow myosin heavy chain protein immunostaining). 

Sections of muscle were stained with laminin antibody to highlight individual 

muscle fibres together with either fast or slow myosin heavy chain protein 

antibodies to show muscle fibre type (Fig 5). The muscle contained a majority of 

fast-type fibres (92% fast type vs. 8% slow type). Computerized image analysis was 

used to quantify both muscle fibre area size (µm2) and diameter (µm). Animals 

subjected to nerve injury followed by repair and injection of growth medium in the 

muscle showed both fast and slow muscle fibres with <20% area size compared with 

the contralateral side (Fig 6). This is consistent with the >60% weight reduction of 

these muscles. However, in animals treated with injections of dASC or SC, there 

was a significant increase in muscle fibre area, but there was no effect from ASC 

(Fig 6). Similar effects were observed when muscle fibre diameter was measured. 

Interestingly, there was also an increase in muscle fibre size after injections in the 

animals in which reinnervation was prevented by capping the nerve. Furthermore, 

consistent with the muscle weight results, there were also significantly larger muscle 

fibres in the cell injected animals undergoing repair versus the animals that had 
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capped nerves. A significant number of neurofilament positive axons were observed 

in muscles from animals undergoing nerve repair (Fig 7) suggesting that some 

reinnervation occurred within 1 month post-injury.  In many cases, PKH-26 labeled 

cells were found in close proximity to these axons (Fig 7). PKH-26 positive muscle 

fibres were also detected which could indicate a direct fusion of the transplanted 

cells with the muscle fibres.  Consistent with the presence of axons, presumptive 

functional neuromuscular junctions were evidenced by co-staining of the pre-

synaptic SV2a marker and post-synaptic α-bungarotoxin labeled acetylcholine 

receptors (Fig 7). 

Paper II:  PHB strips for nerve gap injury repair 

Peripheral nerve injuries are often associated with loss of nerve tissue and require a 

graft to bridge the gap. In this study poly-3-hydroxybutyrate (PHB) strips were used 

to bridge a 10 mm rat sciatic nerve gap and their effects on long term (12 weeks) 

nerve regeneration were compared. PHB strips were seeded with different cell types, 

either primary SC or dASC suspended in a fibrin glue matrix. The control group was 

PHB and fibrin matrix without cells. Functional and morphological properties of the 

regenerated nerve were assessed by using walking track analysis, EMGs, muscle 

weight ratio and muscle and nerve histology. The animals treated with PHB strips 

seeded with SC or dASC showed significantly better functional ability in 

comparison to the control group (Fig 2). Hind-limb function was assessed using a 

walking track test (Metz & Whishaw, 2002; Irintechev et al., 2005). The time for the 

animals to cross the entire ladder and the accuracy of foot placement (evaluating 

total mis-placements, correct placements and partial placements). The time to cross 

the entire ladder was significantly shorter in the stem cells (dASC) and Schwann cell 

(SC) groups; this was the case for both rung patterns A and B. Rats in all 

experimental treatment groups took significantly longer to cross the ladder 

compared with the measurements made prior to injury. The dASC and SC groups 

showed significantly better functional results in the foot placement across both 

patterns A and B, with less total miss-placement and more correct placement in 

comparison to the control group. Analysis of the partial placements, showed that 

compared with the control animals those in the dASC and SC groups had 

significantly more partial placements in the pattern B experiment.  

The day after walking track analysis the electrical properties of the nerve were 

assessed by using electromyography (Fig 3). Before CMAP recording, the viability 

of the nerves was tested by stimulating the tibial and peroneal branches distal to the 

regenerated gap and assessing the muscle specific movements (plantar flexion for 

the tibial nerve and foot eversion for the peroneal nerve). The contraction of the 

gluteal muscles and consequent movement of the paw also demonstrated nerve 

viability at the proximal stump (Whitlock et al., 2009). Electromyographic analysis 

was performed by stimulating 2.5 mm proximally (S1) and 2.5 mm distally (S2) to 

the regenerated nerve with a monopolar cathodic electrode. Nerve conduction 

velocities were greatest in the dASC and SC groups but the values were not 

significantly different to the control group. 
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These better functional results correlated with less muscle atrophy (Fig 4) and 

greater axon myelination (Fig 5) in the cell groups. The gastrocnemius muscles were 

harvested and the wet weights measured. The ratio of the operated side and 

contralateral side weights was calculated to assess the extent of denervation induced 

atrophy as described previously. The control animals treated with PHB strips 

containing only fibrin (no cells) showed a 77.0 ± 3.62% reduction in operated side 

muscle weight compared with the contra-lateral side. In the animals treated with 

either type of cells there was significantly (p<0.001) less atrophy in comparison to 

the control no cells group. 

For the muscle histology, sections were stained with laminin antibody and fast type 

myosin heavy chain protein antibodies to show corresponding muscle morphology 

(Fig 4). The muscles taken from the operated side of animals treated with PHB strips 

containing fibrin only (no cells) showed small rounded muscle fibres whereas those 

treated with PHB strips seeded with cells had larger fibre size and the more 

characteristic mosaic morphology of healthy muscle tissue. 

For the nerve histology (Fig 5), the PHB strips were harvested together with sections 

of proximal and distal stumps. Animals in all the experimental groups showed 

morphologically healthy proximal nerves with clear fascicular structures. The distal 

stumps of the animals in the control group showed numerous vacant endoneurial 

tubes and few axons whereas the dASC and Schwann cell treated animals had many 

regenerated axons in their distal stumps. Analysis of both cell type treatment groups 

showed significantly higher total number of myelinated axons (p<0.001) and myelin 

percentage (p<0.001) in the distal stumps when compared with the control (no cells) 

group. There were no significant differences in the proximal stumps. 

Together these findings suggest that the PHB strip seeded with cells provides a 

beneficial environment for nerve regeneration.  

Paper III: Combination of PHB strip vs reverse nerve graft and intramuscular 

ASC injection 

Based on the knowledge gained from the first two studies (Papers I and II) the two 

models were combined so that nerve gap injury and intramuscular stem cell 

injections were combined as a therapy. Artificial nerve constructs made from strips 

of PHB, seeded with or without dASC, and autografts (reverse sciatic nerve grafts) 

in combination with stem cell injections in the gastrocnemius muscle were 

compared. Prior to in vivo transplantation, the dASC were characterized by 

immunostaining and ELISA. Six weeks after nerve injury, the effects of the stem 

cells on nerve regeneration and reduction of muscle atrophy were assessed.  

Immunostaining of the PHB strips showed that a large number of βIII-tubulin 

positive axons crossed the 10mm gap and entered the distal stump (Fig 3A). These 

axons were in close proximity to areas of PKH26 staining, and filled one half of the 

width of the PHB strips. Immunostaining for RECA-1 showed a widespread 

distribution of endothelial cells with many forming large structures resembling 

mature vessels (Fig 3B). The cells were found both in the vicinity of regenerated 
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axons but also across the surface of the PHB in areas vacant of axons (Fig 3C). 

Staining for Schwann cells with S100B antibody showed that the majority of the 

Schwann cells followed the pathway of the regenerated axons. A few S100B 

positive cells co-localised with PKH-26 staining but the diffuse nature of the PKH-

26 staining makes it difficult to determine if these were surviving transplanted 

dASC. 

The gastrocnemius muscles were harvested and the wet weights measured. The ratio 

of the operated side and contralateral side weights was calculated to assess the 

extent of denervation induced atrophy. The control animals (empty strip + GM) 

treated with PHB strips containing only fibrin (no cells) combined with growth 

medium alone injection in the gastrocnemius muscle showed significantly (p<0.001) 

more atrophy then all the other groups (Fig 4). The best results were obtained in the 

graft group combined with intramuscular dASC injection. These samples showed 

significantly less atrophy than the other groups (p<0.001 in comparison to the 

control group and to dASC strip+GM; p<0.01 in comparison to the groups dASC 

strip+dASC and graft+GM).  

These results were confirmed by histology (Figs 5 and 6). Muscle tissue sections 

were stained with laminin antibody and fast type myosin heavy chain protein 

antibodies to show corresponding muscle morphology. The animals treated with 

PHB strips containing only fibrin combined with growth medium alone injection in 

the gastrocnemius muscle showed both fast and slow muscle fibres with <20% area 

size compared with the contralateral side and significantly more atrophy then all the 

other groups. The muscle fibres were small and rounded, characteristic of an 

atrophic state. The graft+dASC group showed for both fast and slow muscle fibres 

about 60% area size compared with the contralateral side with a larger fibre size and 

more mosaic morphology of healthy muscle tissue. Also dASC strip+GM and dASC 

strip +dASC groups showed significantly better results than the control group with 

less muscle fibre atrophy. 

Papers III, IV and V: Characterisation of ASC – towards an understanding of 

their mechanism of action in the injured peripheral nervous system  

Rat ASC – Paper III and IV 

Prior to in vivo transplantation, the Schwann cell-like differentiated stem cells 

(dASC) were characterized by immunostaining and ELISA (Fig 2 paper III). The 

majority of cells in the cultures co-expressed three Schwann cell markers; GFAP, 

the S100B protein and p75-NTR.The cells secreted high levels of nerve, angiogenic 

and muscle growth factors; BDNF (205 ± 23 pg/ml), VEGF-A (918 ± 105 pg/ml), 

IGF-1 (500 ± 99 pg/ml) and HGF (1208 ± 43 pg/ml) as determined by ELISA. 

Conditioned media from stem cells or Schwann cells was used to assess the effects 

on the proliferation of C2C12 and L6 myoblasts (paper IV). Compared with the 

control muscle cell cultures cultured in stem cell medium both stem cell type 

conditioned media increased the proliferation of the myoblasts as measured by 

Alamar Blue™ absorbance at days 1, 3 and 5 (Fig 1A and 1B).  The increased 

proliferation was especially pronounced in the presence of dASC conditioned 
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medium which evoked a significant increase as early as after 1 day. Undifferentiated 

cells evoked significant increases after 3 days. Both ASC and dASC conditioned 

media also significantly increased primary rat Schwann cell proliferation compared 

with the respective control groups expanded in either growth or differentiation 

media (Fig 1C).  It is interesting to note that the media from dASC used to treat 

myoblasts was devoid of differentiating factors (this was necessary to prevent direct 

effects on the muscle cells) but remained potent suggesting that proliferating factors 

continue to be produced in the absence of stimulating molecules. Next the possible 

mechanisms by which the conditioned media evoked myoblast proliferation were 

investigated Two drugs: H89 (PKA inhibitor) and U0126 (MEK inhibitor) were 

used. Neither compound directly influenced the control proliferation of myoblasts 

(Fig 2A and 2B), nor Schwann cells (Fig 2C). The number of C2C12 or L6 

myoblasts (as measured indirectly by Alamar Blue™ absorbance) at day 3 in the 

presence of either ASC or dASC conditioned media was significantly reduced in the 

presence of H89 (Fig 2A and 2B). U0126 also reduced the proliferation of 

myoblasts grown in ASC or dASC conditioned media; with significant effects on 

C2C12 cells treated with ASC conditioned media (P<0.05) and L6 myoblasts treated 

with dASC conditioned media (P<0.01). It was interesting to determine if these 

inhibitory effects were specific to the myoblast proliferation so similar experiments 

were performed on the Schwann cells.  Interestingly, only U0126 significantly 

reduced the proliferation of Schwann cells in the presence of stem cell conditioned 

media (Fig 2C) suggesting that the PKA pathway was not involved.  

Since the previous in vivo experiments (papers I and III) involved injecting stem 

cells into the muscle it is likely the stem cells could directly interact with 

proliferating myoblasts activated by denervation.  Therefore, a direct in vitro co-

culture model of L6 myoblasts and stem cells was established (paper IV).  High 

density myoblast cultures expanded for 2 weeks proliferated with minimal change in 

morphology (Fig 3A) but when co-cultured with dASC a small fraction of the 

cultures assumed an elongated morphology, suggestive of myotube formation (Fig 

3B).  These structures stained positive for fast type myosin heavy chain protein and 

myogenin (Fig 3C).   The formation of these myotube structures was rare when the 

myoblasts were grown together with undifferentiated stem cells. Quantification (Fig 

3D) showed that in the presence of undifferentiated ASC 1.0 ± 0.24 structures per 

field of view were formed whereas this was increased to 10.0 ± 1.55 in the presence 

of dASC which was significantly greater (P<0.001) than control cultures which 

showed just 0.19 ± 0.14 structures. This suggests that the stem cells enhanced 

proliferation per se was not responsible for the formation of these structures. 

Interestingly, treatment of the myoblast cultures with low percentage horse serum, a 

well characterized method for myotube induction, had minimal effect within the 

cultures (Fig 3D). 

Given the effects of the stem cells on myoblast proliferation and differentiation it 

was of interest to determine the expression levels of a range of molecules involved 

in these processes, by performing ELISA on the medium from the co-cultures (Fig 

4A).  VEGF-A levels were 1410 ± 105 pg/105 cells and 2075 ± 104 pg/105 cells in 

undifferentiated ASC and dASC co-cultures respectively which was significantly 

greater (P<0.001) than the levels of VEGF-A produced by L6 myoblasts alone.  Low 
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levels of LIF were detected in stem cell-myoblast co-cultures whereas LIF was not 

detected in myoblast alone cultures. Differentiated stem cell and myoblast co-

cultures produced IGF-1 at a quantity of 497 ± 58pg/105 cells which was 

significantly greater than control myoblast cultures.  Co-cultures of undifferentiated 

ASC and myoblasts also produced more IGF-1 but this was not significant (Fig 4A). 

Western blot analysis of the muscles (collected from experiments in paper I) with 

LIF antibody showed a 22kDa band was up-regulated in the denervated muscle. The 

immunoreactivity was moderately up-regulated in the dASC injection group and 

more apparent in the Schwann cell injection group (Fig 4B). VEGF-A 

immunoreactivity was not detected in uninjured or control denervated muscle but 

faint bands were apparent in the undifferentiated ASC and dASC injection groups. 

As with LIF, VEGF-A expression was most prevalent in the Schwann cell injection 

group (Fig 4B). Faint bands of IGF-1 immunoreactivity were detected in uninjured 

and injured muscle but these appeared to be down-regulated in the dASC and 

Schwann cell injection groups (Fig 4B). Myogenin immunoreactivity (34kDa and 

25kDa bands) was up-regulated in the control injured muscle and was down-

regulated, similar to uninjured muscle levels when the muscles were injected with 

either type of stem cells or Schwann cells (Fig 4B). 

Human ASC – Paper V 

1 g of adipose fat tissue biopsy was harvested from the two abdominal fat layers 

(superficial and deep) during the abdominoplasty procedure on 20 patients. After 

approximately 3 weeks in cultures, upon reaching confluence, cells were trypsinized 

and counted. At passage 1, the number of cells from the superficial layer was 

significantly (p<0.05) higher in comparison to the number of cells from the deep 

layer (Fig 1). 

The proliferation rates of the ASC cells isolated from both layers (superficial versus 

deep layer) were compared at passage 2 during 96 hour period using a CellTiter 96® 

Aqueous non-radioactive cell proliferation assay.  The cells from the superficial 

layers showed a trend of greater proliferation after 96 hours in comparison to the 

deep layer and a significant difference for the proliferation between 24 and 96 hours 

in culture. The population doubling (PD) times were calculated by counting the 

number of cells expanded 1 week after plating at an initial density of 5×103 cells per 

cm2. At passage 2, PD was significantly (P<0.05) lower for superficial layer cells 

versus deep layer cells (98.2±12 h and 167.0±27.7 h, respectively). PD times 

remained higher for deep layer cells through to passage 8.  

The human ASC cultures were tested for phenotypic markers of stem cells (Fig 2). 

ASC isolated from both the deep and superficial layers were positive for CD54, stro-

1 and β1 integrin proteins (general stem cell markers) produced characteristic stem 

cell extracellular matrix molecules (fibronectin and collagen type I) and were 

negative for hematopoietic cell markers (CD45 and CD14). No observable 

differences in phenotypic expression and morphology were seen between ASC from 

each layer. RT-PCR analysis showed that cultures of both deep and superficial layer 

cells expressed the pluripotent stem cell markers oct4 and nanog. Western blot 

analysis confirmed that ASC expressed these molecules at the protein level; 
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however, the expression levels were markedly lower than those found in human 

embryonic stem cells. 

To compare the ability of the cells from both deep and superficial layers to promote 

neurite-like process outgrowth, a co-culture of the ASC and the NG108-15 cell line 

was performed (Fig 3). A comparison was made with control cultures of NG108-15 

cells grown alone in the same medium used for the co-cultures. The interaction 

between the cells isolated from the superficial layer and the NG108-15 cells showed 

significantly (P<0.05) higher values for all the parameters in comparison with co-

cultures with the cells from the deep layer. The number of NG108-15 cells 

expressing neurite-like processes increased in the presence of cells from the 

superficial layer (69.96%) in comparison with the co-cultures with the cells from the 

deep layer (13.22%). The average process length (for superficial: 77.59 μm; for 

deep: 45.3 μm) and the average length of the longest process (for superficial: 348.76 

μm; for deep: 84.07 μm) of the NG108-15 cells was significantly higher for the co-

cultures with the cells from the superficial layer. Pre-labeling of NG108-15 cells 

with Cell Tracker Green CMFDA fluorescent dye confirmed that the NG108-15 

cells had extended processes indicating that any possibility for the trans-

differentiation of ASC into neurons was unlikely to contribute significantly to the 

results. Further, to confirm that the strong neurotrophic effect of the superficial layer 

ASC was not specific to NG108-15 cells, co-cultures with the SHSY5Y human 

neuronal cell line were also used. Although deep layer ASC stimulated SH-SY5Y 

neurite outgrowth, superficial layer cells still evoked significantly longer process 

lengths.  

The presence of various nerve growth factor gene transcripts was assessed by using 

semi-quantitative RT-PCR methodology. Transcripts for NGF, BDNF, GDNF and 

neurotrophin-3 (NT3) were detected in both deep and superficial layers (Fig 4). The 

RT-PCR amplification efficacy of the mRNA was confirmed by the amplification of 

the D-glyceraldehyde-3-phosphate dehydrogenase housekeeping gene. ELISA 

analysis of cell culture supernatants showed that ASC released NGF, GDNF and 

BDNF (Fig 4). No significant differences were observed in the quantities produced 

by deep versus superficial layer ASC but the amounts were higher than those 

produced by human Schwann cells. Despite the detection of NT-3 gene transcripts, 

we were unable to detect significant levels of NT-3 protein in the supernatants.  
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DISCUSSION  

Peripheral nerve injuries are devastating to the affected extremity leading to reduced 

sensation and motor function and have a permanent impact on patients’ lives and 

their capacity to work if they cannot recover normal functions. They are a major 

economic burden for society and are most often caused by road traffic or work 

accidents. Although the peripheral nervous system, in contrast to the central nervous 

system, has a capacity for spontaneous regeneration after injury, chronic muscle 

atrophy and fibrosis are significant impediments to an optimal functional recovery 

because of the prolonged delay in nerve regeneration. Furthermore, traumatic 

peripheral nerve injuries are often associated with loss of nerve tissue and require a 

graft to bridge the gap. Although autologous nerve graft is still the gold standard in 

reconstructive surgery it has the severe disadvantage of the sacrifice of a functional 

nerve and leads to loss of sensation and scarring at the donor site.  

This thesis investigates the effects of adipose derived stem cells on nerve 

regeneration and muscle recovery. It has previously been shown that ASC can be 

differentiated into a Schwann cell-like phenotype which replicates many of the 

features of the peripheral nervous system glial cell (Kingham et al., 2007). The 

results of this thesis show the beneficial effects of injecting these cells at the 

neuromuscular junction region to reduce muscle atrophy after a peripheral nerve 

lesion. A new concept in nerve repair, using a simple biomaterial strip rather than 

tubular conduit, was also investigated for the treatment of a nerve gap injury; PHB 

strips on which ASC were seeded in a fibrin matrix showed positive effects on 

functional recovery after 3 months. The next step was to optimize the repair models 

and the PHB strips (with a fibrin matrix seeded with cells or no cells) or autografts 

(reverse sciatic nerve grafts) were combined with stem cell injections in the 

gastrocnemius muscle in order to assess the effects of the dASC on nerve repair at 

two levels, both the nerve lesion site and the target muscle. Furthermore, the work in 

this thesis also begins to elucidate the possible mechanisms of action of the stem 

cells within the neuromuscular system and as a first step towards the translation of 

this work, explores the neurotrophic potential of human ASC isolated from different 

anatomical regions.   

Effect of ASC on prevention of muscle atrophy 

In paper I, the positive effects of the injection of ASC or SC into the gastrocnemius 

muscle on prevention of muscle atrophy and reinnervation after a lesion of the left 

sciatic nerve was shown. There was a reduced denervation-induced atrophy and 

better functional outcome after microsurgical nerve repair by using SC-like dASC or 

primary SC. There was no significant effect of using undifferentiated ASC when 

compared with the control groups in which growth medium alone was injected in the 

muscles. In a walking track test, the rats injected with dASC or SC were faster to 

cross the ladder and showed better foot placement. These functional results 

correlated with enhanced muscle weights and by histological analysis, which 

showed larger muscle fibres with increased area and diameter, indicating less 

atrophy for both fast- and slow-type muscle fibres. 
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SC are important for modulating signaling at the neuromuscular junction, (Talmadge 

et al., 1996 ; Son et al., 1996 ; Koirala et al., 2003 ; Personius et al., 2005 ; Feng and 

Ko, 2008 ; Suguira and Lin, 2011) and this prompted the ideal of the work to inject 

them in denervated muscles. The neuromuscular junction is composed of the 

presynaptic axon terminal, covered by terminal SC, and the postsynaptic structures 

such as motor endplate and AChRs residing on the muscle fibres (Monti et al., 2001; 

Lampa et al., 2004; Kumai et al., 2005). Studies have shown that, after axotomy, 

denervation has more profound effects on the presynaptic nerve terminals than on 

the postsynaptic AChRs and muscle fibres, resulting in rapid degeneration of the 

presynaptic nerve terminals compared with the relatively slow degeneration of the 

postsynaptic AChRs and atrophy of the muscles (Wiedenmann et al., 1985; Monti et 

al.,2001; Lampa et al., 2004, Kumai et al., 2005). Supplementation of the 

neuromuscular junctions with exogenous SC was used to act as a ‘‘babysitting’’ 

system to preserve motor unit integrity. The results suggest that SC could have an 

effect on both preserving muscle fibres and increasing their reinnervation after nerve 

repair. 

This work (paper I) was the first study to examine the effect of SC injection in 

denervated muscle. Other studies have examined the benefits of injecting satellite or 

myoblast cells into injured muscle. In a rabbit model it was shown that cell therapy 

could improve the properties of denervated muscles only when they were allowed to 

become reinnervated (Lazerges et al., 2004) which is in contrast to findings in this 

paper. Another study showed the positive effect of transplantation of embryonic 

stem cell– derived motor neurons in the prevention of muscle atrophy after a nerve 

lesion (Kubo et al., 2009). The investigators found a beneficial effect if the motor 

neurons were transplanted immediately after nerve transection, but no effect when 

treatment was delayed. In another study, myoblasts were injected into the 

thyroarytenoid muscle after recurrent laryngeal nerve injury. Two months after 

injection, the myoblasts were shown to have survived and fused with the 

thyroarytenoid muscle fibres, showed beneficial functional effect, although there 

was no statistical difference in the extent of muscle reinnervation between non-

treated and cell-treated groups (Halum et al., 2007). In paper I, it was shown that 

muscle fibres became labelled with PKH-26 suggesting that the transplanted cells 

could directly fuse with the denervated muscle fibres. However, given the ‘‘leaky’’ 

nature of this dye, caution should be applied to the interpretation of these results.  

The results using primary SC were replicated with the Schwann cell-like dASC. 

Both improved functional recovery and enhanced muscle fibre morphology were 

evoked by using dASC but there was no significant beneficial effect with 

undifferentiated cells. It is possible that the differentiated stem cells survive 

transplantation better than untreated cells. It has been shown that pre-differentiation 

of skin stem cells to an SC phenotype markedly improved cell survival. This may be 

due to the fact that mature SC survive denervation processes by secreting autocrine 

factors such as IGF and neurotrophin-3 which help in self-preservation and supply 

of the injured nerve (Jessen and Mirsky, 1999). Another study also showed no 

benefit of transplanting undifferentiated adipose stem cells (Cesar et al., 2008). In 

contrast to results in paper I, Cesar et al. performed nerve transection followed by 

immediate repair and cell injection after a 2-month delay, with a muscle biopsy 
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follow-up 2 months later. They concluded that there was insufficient muscle 

degeneration to achieve a muscle environment amenable to cell therapy. 

In the groups in which muscle reinnervation was prevented by capping the nerves 

there was also a reduction of muscle atrophy, as evidenced by greater muscle mass 

and larger fibre morphology. ASC have been shown to differentiate toward a 

skeletal muscle phenotype in vitro (Di Rocco et al., 2006) but more needs to be 

understood about their trans-differentiation in vivo. Di Rocco et al. injected ASC 

intravenously or directly into muscles after ischemic injury. The transplanted cells 

showed high regenerative capacity in vivo, because they could be incorporated into 

the muscle fibres and significantly restored dystrophin expression in mdx mice. 

However, it is still unclear whether ASC directly differentiate into myogenic lineage 

cells or whether they become incorporated into muscle fibres via cell fusion. PKH-

26 positive muscle fibres were observed after cell transplantation. It is therefore 

possible that the transplanted cells could differentiate into muscle fibres within the 

muscle microenvironment. Interestingly, it was previously shown that bone marrow 

stem cells treated with the same differentiating factors as used in this thesis can be 

converted to muscle cells when the notch1 intracellular domain is overexpressed by 

gene transfer (Dezawa et al., 2005). It is therefore conceivable that signaling 

molecules in muscle could mimic this effect. 

The results from paper I indicated that injection of differentiated adipose stem cells 

or SC into denervated muscles is an innovative approach to preventing muscle 

atrophy, and might act by preserving neuromuscular junctions, and helping the nerve 

regeneration and muscle reinnervation processes.   

Adipose stem cells and PHB strips for treatment of nerve gap lesion 

Paper II looked for a new concept for enhancing peripheral nerve regeneration, 

utilizing a simple PHB nerve strip seeded with two different cell types in a 3 month 

long term project. The results showed that nerve injured rats treated with PHB strips 

seeded with either dASC or primary SC showed significantly better functional 

ability in comparison with the control animals treated without cells. This correlated 

with less muscle atrophy and greater axon regeneration and myelination in the cell 

treatment groups.  

Several research groups have shown beneficial effects on nerve regeneration when 

seeding Schwann cells (Guenard et al., 1992; Rodriguez et al., 2000; Tohill et al., 

2004; Kalbermatten et al., 2008a; Novikova et al., 2008) into tubular nerve conduits. 

Schwann cells could be considered as the current “gold standard” cell type for 

treating peripheral nerve injuries since they provide significant endogenous support 

during Wallerian degeneration and regeneration (Frostick et al., 1998; Kim et al, 

2013). For this reason in paper II Schwann cells were used as a positive control 

experimental group for testing the concept of the PHB strip. Nevertheless, there are 

disadvantages to using Schwann cells since there is a requirement for harvesting a 

healthy nerve. ASC have also been used in various studies of nerve repair. A long 

term study showed survival of undifferentiated human adipose precursor cells in a 

polycaprolactone conduit up to 12 weeks after transplantation (Santiago et al., 
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2009). However, addition of the cells to the conduit did not give significantly 

improved long-term functional benefits (Santiago et al., 2009). In contrast, two more 

recent studies using rat undifferentiated adipose stem cells showed that these cells 

could enhance the sciatic functional index and this was correlated with improved 

nerve and muscle histology (Shen et al., 2012; Mohammadi et al., 2013). In paper II, 

dASC were used rather than undifferentiated cells. These cells have previously been 

shown to have beneficial effects when transplanted in a fibrin nerve conduit, and 

show similar results to Schwann cells in enhancing short term nerve regeneration in 

vivo (di Summa et al., 2011) which was translated into improved long term axon 

myelination and better electrophysiological activity in the gastrocnemius muscles (di 

Summa et al., 2012). Furthermore, transplantation of dASC in a poly ε- caprolactone 

conduit significantly increases the anti-apoptotic bcl-2 mRNA expression in the 

dorsal root ganglia (DRG) while significantly decreasing the pro-apoptotic Bax and 

caspase-3 mRNA expressions which suggests that dASC can promote DRG neuron 

survival (Reid et al., 2011). Other research groups have also shown the benefits of 

dASC using various methods of transplantation for the treatment of nerve injuries 

(Orbay et al., 2012; Tomita et al., 2012). 

Many studies have examined the interactions of stem cells and Schwann cells with 

numerous types of biomaterials to investigate optimization of biocompatibility. In 

paper II poly-3-hydroxybutyrate (PHB) strips were used. Hazari et al first reported 

the use of this material as a wraparound nerve implant (Hazari et al., 1999a) and 

then it was developed into a nerve tube conduit for treatment of nerve gap defects 

(Hazari et al., 1999b;Young et al., 2002). The PHB strips were cut from 

manufactured sheets consisting of longitudinally aligned PHB fibres which help to 

provide axon guidance. In a previous study the beneficial early effects on nerve 

regeneration when using the PHB strip in comparison to a PHB tube conduit, both of 

which were seeded with Schwann cells attached using a fibrin glue (Kalbermatten et 

al., 2008a) was shown. In paper II a long term study was performed assessing the 

PHB strips for the repair of a 1 cm nerve gap and determined the effect of seeded 

cells on functional recovery. dASC were attached to the PHB strips using fibrin glue 

(Tisseel®), which is a clinically relevant substrate widely used in reconstructive 

surgery. The PHB strips seeded with dASC or Schwann cells reduced denervation 

atrophy and improved functional outcome in comparison with the control (no cells) 

group. The dASC and Schwann cells groups showed significantly better functional 

ability in the walking track test. There was a trend towards improved nerve 

conduction velocities recorded from the animals treated with cells but this was not 

significant, which is perhaps surprising in light of the walking track results and 

increased myelinated axon counts. A recent study showed that nerve conduction 

velocities show improvements after repair of sciatic transection but this cannot be 

directly related to the number of axons, many of which might be non-conducting 

(Ikeda and Oka, 2012). Other studies have shown that regenerated axons can 

reinnervate as many as 4-5 times the normal number of muscle fibres to compensate 

for reduced numbers of axons that succeed in reaching the denervated muscle 

(Rafuse and Gordon, 1996). Thus electrophysiology does not always resolve the 

extent of muscle reinnervation. With respect to how the measurements compare with 

the literature, normal rat nerves show typical velocities in the region 60-70m/s 

(Ikeda and Oka, 2012) whereas the animals treated with Schwann cell seeded 
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constructs showed velocities of 49.76 ± 25.9 m/s. These results also suggest that the 

cell seeded open strip concept is conducive to allowing a significant proportion of 

axons to cross the gap from proximal to distal stumps. The number of axons was 

74% and 71% of the proximal stump values for dASC and Schwann cells 

respectively. Since after injury axons sprout, the axon counts in the distal stump do 

not always reflect the number of neurons which regenerate axons and therefore 

without retrograde labelling experiments it is not possible to compare how effective 

the repair in paper II is in relation to a normal nerve which typically exhibits around 

6000-8000 axons (Kaplan et al., 2010). 

The results of paper II extend the earlier results which showed that simple PHB 

strips seeded with Schwann cells could support early stage axon regeneration 

(Kalbermatten et al., 2008a). These structures provide longer term benefits, with 

improvements in functional recovery which correlates with an enhanced quantity of 

axons penetrating the distal stump and reduction in muscle atrophy. Furthermore, 

this concept is not specific to Schwann cells but can be applied to therapeutically 

relevant cell types.  

Combining muscle injections and PHB graft repair 

In paper III, both treatment rationales from papers I and II were combined in order 

to offer an optimal tool to help nerve regeneration and prevent muscle atrophy. 

Artificial nerve constructs made from strips of PHB, seeded with or without dASC 

were compared with gold standard autografts (reverse sciatic nerve grafts) in 

combination with stem cell injections in the gastrocnemius muscle in order to assess 

any positive effects on nerve regeneration and reduction of muscle atrophy. The 

combination of using dASC at both the nerve lesion level and in the denervated 

muscle gave optimal results, comparable to nerve graft alone. Immunostaining of the 

PHB strips showed that a large number of βIII-tubulin positive axons crossing the 

nerve gap and entering the distal stump and immunostaining for RECA-1 showed a 

widespread distribution of endothelial cells with many forming large structures 

resembling mature vessels. 

In paper I, it was shown that injection of dASC or SC into denervated muscles 

represents an innovative approach to preventing muscle atrophy, preserving 

neuromuscular junctions, and helping the nerve regeneration and re-innervation 

processes.  In that study the nerve injury model used was of moderate severity and 

we performed direct end to end repair. However, in nerve injuries with a gap, a 

direct nerve co-aptation without tension is not possible and autologous nerve grafts 

are required to solve this problem (Millesi, 2006). Gaps present challenges for nerve 

regeneration and increased the likelihood of prolonged muscle denervation. 

Autologous nerve grafts are most commonly taken from patient legs and cause 

morbidity at the donor site with neuroma formation and neuropathic pains. The 

development of tissue engineered alternatives to replace the autologous nerve grafts, 

which are still the gold standard in reconstructive surgery, remains a major 

challenge. Therefore in paper III the artificial nerve construct (PHB strip with cells), 

was tested in comparison with the nerve graft, in combination with intramuscular 

injections of stem cells. There was significantly less atrophy (muscle weight ratio 
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lesion side vs contralateral side) in the graft or strip seeded with dASC combined 

with cell or growth media intramuscular injection in comparison to the control 

group, empty strip with growth medium only muscular injections. The best results 

were obtained in the graft group combined with intramuscular dASC injection.  

Traumatic nerve injuries and the resulting nerve degeneration and functional deficit 

remain a major problem and looking for solutions to treat the patients at the correct 

time and act on nerve lesion and target muscle level to allow an optimal recovery 

represent a clinical challenge. These studies showed the benefits of using dASC as 

useful clinically applicable cells source for nerve regeneration in a PHB matrix in a 

nerve gap lesion model and the benefits of a direct injection of dASC into the 

neuromuscular junction area to prevent muscle atrophy. Using a PHB strip with a 

fibrin matrix seeded with stem cells provides the following advantages: PHB has a 

good tensile strength and flexibility and is resorbed over a period of 2 years, fibrin 

glue is biocompatible, is approved for clinical applications and is an open system 

which allows the direct interaction between the regenerating nerve, the stem cells 

and the surrounded tissue and the secreted neurotrophic and vascular growth factors, 

which play a crucial role in the nerve regeneration process.  

Intramuscular injections of dASC showed benefits for nerve regeneration and 

prevention of muscle atrophy after a peripheral nerve lesion. Combining these two 

techniques helps to act at two levels (nerve lesion and the target muscle) and offers a 

promising strategy for clinical applications in the nerve regenerative medicine. The 

time of nerve reconstruction and intramuscular stem cell injection should be 

considered to offer an optimal clinical result. Depending of the nerve lesion type, the 

nerve should be repaired directly or a few months after the lesion. The intramuscular 

cell injection could be started directly after the nerve lesion and could be repeated 

several times in order to optimize the functional results.  

How do dASC promote nerve repair and reduce muscle atrophy? 

Adipose stem cells are more likely to promote nervous system regeneration through 

their secretion  of neurotrophic and angiogenic molecules (Erba et al., 2010; Salgado 

et al., 2010) rather than physical engraftment to create new tissue. dASC secreted 

high levels of nerve, angiogenic and muscle growth factors; BDNF, VEGF-A, IGF-1 

and HGF, which play a key role in nerve regeneration process and preservation of 

the motor unit. BDNF is expressed by skeletal muscle and is an important trophic 

factor for motor neurons, influencing the expression of cholinergic genes and 

promoting cell survival in culture (Henderson et al., 1993). In vivo studies showed 

the role of BDNF in nerve regeneration process, and found up-regulated levels of 

BDNF in denervated Schwann cells (Meyer et al., 1992). Also DRG showed 

increased levels of BDNF after axotomy. This may act locally to induce sprouting, 

as in the case of NGF (Deng et al., 2000), or it may be transported anterogradely 

leading to increased expression at the proximal stump (Tonra et al., 1998). VEGF-A 

is well known to play an important role in blood vessel growth. However, it was 

demonstrated that VEGF-A also promotes a wide range of neuronal functions, both 

in vitro and in vivo, including neurogenesis, neuronal migration, neuronal survival 

and axon guidance (Mackenzie and Ruhrber, 2012). VEGF-A could be used for the 
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treatment of neurodegenerative and neuropathic conditions by simultaneously 

enhancing blood vessel growth, neurogenesis and neuroprotection. A study showed 

that VEGF-A promotes midline crossing of axons in the spinal cord (Ruiz de 

Almodovar et al., 2011). An in vivo study showed in a sciatic nerve lesion model 

that combination of acid hyaluronic film sheath and VEGF gene may synergistically 

promote peripheral nerve regeneration (Zor et al., 2014). IGF-1 is a potent 

neurotrophic factor that is known to decline with increasing age. A 3 month long 

term study showed that IGF-1 significantly increased myelination and Schwann cell 

activity and preserved the morphology of the postsynaptic neuromuscular junction 

in both young and aged animals (Apel et al., 2010). Hepatocyte growth factor (HGF) 

promotes regeneration of the central nervous system. A study demonstrated the role 

of hepatocyte growth factor (HGF) in peripheral nerve regeneration. HGF was 

incorporated into herpes simplex virus vector and accelerated the murine facial 

nerve facial regeneration after a crush injury (Esaki et al., 2011).  

The benefits of intramuscular injections of dASC might also be attributed to their 

expression of expression of various growth factors. It was shown that intramuscular 

injection of a mixture of growth factors [NGF, GDNF, and ciliary neurotrophic 

factor (CNTF)] could synergistically enhance functional recovery after sciatic nerve 

injury in rats (Chen et al., 2010). Other molecules, such as VEGF-A and IGF, have 

shown significant benefits when injected in injured muscles (Takahashi et al., 2003; 

Arsic et al., 2004). Both of these growth factors are expressed by adipose stem cells. 

Furthermore, ASC express receptors for injury-induced molecule such as bFGF, IGF 

and transforming growth factor beta, which in turn can influence the differentiation 

state of the stem cells (Ning et al., 2009).  

Other mechanisms could account for the positive effects of dASC including the 

direct interactions between the transplanted cells and myofibres, myoblasts, and 

satellite cells, and in vivo differentiation could be responsible for maintaining bulk 

and rebuilding muscle.  The ability of adult skeletal muscle to generate new fibres 

resides in a reserve population of mononucleated precursors termed satellite cells, 

which are situated underneath the basal lamina. In healthy adult muscles, most 

satellite cells are in a quiescent, non-proliferative state. In response to environmental 

signals such as injury, satellite cells become activated and proliferate. After division, 

the satellite cell progeny, termed myoblasts, undergo terminal differentiation and 

ultimately fuse to each other to form new myotubes or become incorporated into 

pre-existing muscle fibres (Di Rocco et al., 2006). It is quite conceivable that 

transplantation of dASC could influence these processes. Various studies have 

shown that transplantation of stem cells in animal models of myopathies, including 

the ischemic, atrophic and dystrophic muscle, improve the functional recovery of the 

injured tissue (Dezawa et al., 2005; Hoffmann et al., 2010; Stemberger et al., 2011).  

ASC can be directed towards a myogenic phenotype in vitro by the addition of 

specific inductive media. However, the ability of these or other adipose-tissue-

associated cells to respond to ‘natural’ myogenic cues such as a myogenic 

environment is not well researched. One study showed that a restricted 

subpopulation of freshly harvested adipose-tissue-derived cells possesses an 

intrinsic myogenic potential and can spontaneously differentiate into skeletal 

muscle. Conversion of adipose tissue-derived cells to a myogenic phenotype was 
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enhanced by co-culture with primary myoblasts in the absence of cell contact and 

was maximal when the two cell types are co-cultured in the same plate. Conversely, 

in vitro expanded adipose-tissue-derived mesenchymal stem cells required direct 

contact with muscle cells to generate skeletal myotubes. Finally, the authors showed 

that uncultured adipose-tissue-associated cells have a high regenerative capacity in 

vivo since they could be incorporated into muscle fibres following ischemia and 

could restore significantly dystrophin expression in mdx mice (Di Rocco et al., 

2006).  The results in paper IV showed that co-culture of dASC and myoblasts leads 

to formation of myotube-like structures suggesting that direct cell-cell interaction 

could modulate the injured muscle environment.  

Towards clinical use 

Stem and progenitor cells can be harvested from many adult tissues including bone 

marrow, skin, muscle and fat (Barrilleaux et al., 2006). In particular, human 

subcutaneous adipose tissue is an abundant and accessible source of multi-potent 

adult stem cells (Gimble et al., 2007). Adipose tissue is mainly obtained during 

liposuction or abdominoplasty and with the increased incidence of obesity in our 

society, these operations are becoming more common, resulting in the increased 

availability of adipose tissue.  

In paper V, ASC were isolated from the two subcutaneous abdominal fat layers 

(deep and superficial) during abdominoplasty procedures and subsequently assessed 

the cells capacity to proliferate and their respective neurotrophic profiles. Cells 

cultured from the superficial layer were found to be a better source of ASC for 

potential use in nerve repair and other regenerative therapies. The superficial layer of 

fat yielded the greatest number of cells and they proliferated significantly faster than 

ASC isolated from the deep layer.  A recent study showed that there are significant 

differences in the concentration of cells which can be isolated from various body 

regions and that the lower abdominal region is the best source (Padoin et al., 2008). 

In contrast, another study showed no difference in viable cell number isolated from 

abdomen versus hip or mamma regions but did show that liposuction extracted cells 

proliferated at a slower rate than those obtained by resection (Oedayrajsingh-Varma 

et al., 2006).  The ability of cells to differentiate into multiple lineages is determined 

by their expression of various “stemness” related transcription factors. Both deep 

and superficial layer cells expressed oct4 and nanog, consistent with previous studies 

of human ASC (Baglioni et al., 2009; Riekstina et al., 2009).  Although the 

functional role for these molecules in adult stem cells is controversial, studies in 

embryonic stem cells show that these factors act together to maintain pluripotency 

(Rodda et al., 2005).  Furthermore, recent studies in ASC show that addition of 

exogenous oct4 improves cell proliferation and differentiation potency through 

epigenetic reprogramming of endogenous Oct-4 and nanog genes (Kim et al., 2009). 

There were no detectable phenotypic differences for general stem cell markers 

(CD54, β1-inetgrin, collagen type I and fibronectin) expression between the deep 

and superficial layer cells. Having determined that cells isolated from the deep and 

superficial layers of fat showed a similar stem cell phenotype next their neurotrophic 

potential was determined. ASC isolated from the superficial layer of fat significantly 

enhanced neurite outgrowth compared with deep layer cells.  The cells did not 
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require any stimulation to elicit this response in contrast to studies with rat cells 

(Jiang, Zhu et al. 2008; Liu et al. 2008).  Analysis of neurotrophic factor RNA 

transcripts showed similar levels of NGF, BDNF, GDNF, and NT3 expression in 

both deep and superficial layer ASC.  Although a factor which might account for the 

differences in neurite outgrowth could not be identified, it is an important 

observation that human abdominal ASC express multiple growth factors which could 

be of benefit for neural repair.   

The studies in this thesis using rat ASC showed the best results when applying 

differentiated ASC which showed similar results to those using primary SC.  Using 

similar protocols it has been shown that stimulation of human ASC increases the 

secretion of NGF, BDNF and GDNF (Tomita et al., 2013; Kingham et al., 2014b). 

Human ASC induced towards the Schwann cell-like phenotype survive 

transplantation in the peripheral nerve of athymic nude rats and take part in 

supporting and myelinating the regenerating axons (Tomita et al., 2013). In a similar 

study, using a rat facial nerve lesion model trans-differentiated ASC were combined 

with decellularised artery grafts (Sun et al., 2011). After 8 weeks, functional 

evaluations showed that these cells performed significantly better than 

undifferentiated stem cells in a number of morphological and functional parameters. 

The transplanted cells maintained their differentiated phenotype and myelin forming 

capabilities (Sun et al., 2011). 

ASC may thus be a promising tool for future clinical treatment of traumatic nerve 

injuries. These injuries represent a serious clinical challenge, especially when they 

are accompanied by a loss of neural tissue which results in poor functional recovery. 

Despite improvements in surgical techniques, surgeons still use autologous nerve 

grafts to bridge the nerve defects, resulting in donor site morbidities and suboptimal 

functional recovery. Tissue engineering using a combination of PHB strip and dASC 

cell therapy may represent a promising tool to treat nerve gap lesions. The idea to 

combine the treatment of the nerve lesion and to treat the target muscle by injecting 

stem cell into the muscle at the same time represents a new approach.  

The results of this thesis and many other recent studies have shown that ASC have 

significant positive effects in experimental peripheral nerve injury models but their 

mechanism of action is still to be completely elucidated. ASC are multi-potent cells 

which can be differentiated into cells with properties resembling Schwann cells. The 

ASC secrete a large number of growth factors which can modulate activity in the 

peripheral nervous system.  From a clinical translation point of view it would be 

optimal to isolate ASC from the nerve injured patient, minimally manipulate these 

cells (perhaps with a shorter-term stimulation protocol) and either transplant as 

quickly as possible or in some way harness the cell secretome which is rich in 

growth factors. 
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CONCLUSIONS 

This thesis has shown the efficacy of regenerative stem cells used for intramuscular 

injection and used on a fibrin matrix to help nerve regeneration and prevent muscle 

atrophy as well as investigated the mechanism of action of these cells and the 

neurotrophic potential of human ASC. 

On the basis of the experimental data, the following conclusions can be made: 

 Injection of differentiated adipose stem cells or SC into denervated muscles 

prevent muscle atrophy and helps the nerve regeneration and reinnervation 

processes.  

 A PHB strip seeded with regenerative cells promotes in the long-term (3 

months) axon regeneration, with improvements in functional recovery which 

correlates with an enhanced quantity of axons penetrating the distal stump and 

reduction in muscle atrophy. This concept is not specific to Schwann cells but 

can also be applied to other therapeutically relevant cell types such as dASC. 

 Treating, at the same time, the nerve gap lesion and the target denervated 

muscle is a key to obtain an optimal functional motor recovery. dASC 

expressing Schwann cell markers can be seeded on a biocompatible matrix to 

help nerve regeneration process and also used for intramuscular injection. 

Autologous nerve grafts combined with intramuscular dASC injection give the 

best results. To optimize the results, the time of the treatment and repeated 

intramuscular cell injections should be considered.  

 dASC stimulate the proliferation of myoblasts and Schwann cells. 

 The beneficial effects of stem cells in reducing muscle atrophy might be 

attributable the expression of a wide range of growth factors or direct 

interaction with the myoblasts. 

        The human superficial abdominal fat layer provides an ideal source of cells 

with neurotrophic properties which could benefit nerve repair and allow later 

clinical applications. 



Dominique Schaakxs 

38 

ACKNOWLEDGEMENTS 

During the years of research quite a few people have crossed my way and I would 

like to thank all members of the teams in Umeå and Lausanne for contributing to 

this research.  

Especially I would like to thank: 

P.J. Kingham, M. Wiberg, and D. Kalbermatten for being superb supervisors. 

Without all your help this work would not have been possible. Thank you for 

everything. 

L. Novikov., L. Novikova, A. McGrath, M. Brohlin, D. Wehlin, F. Tse, S. Leroux, 

S. Jonsson, A.L. Tallander, W. Raffoul for their constant support, suggestions and 

inspiration. 

The work in this thesis was supported by the Swedish Research Council, European 

Union, Umeå University, County of Västerbotten, Åke Wibergs Stiftelse, Clas 

Groschinskys Minnesfond, the Swiss National Foundation (Fonds National Suisse 

de la Recherche Scientifique), SUVA and University of Lausanne FBM.  



Stem cells for nerve repair and prevention of muscle atrophy 

39 

REFERENCES 

Åberg M, Ljungberg, C, Edin E, Millqvist H, Nordh E, Theorin A, Terenghi G 

and Wiberg M (2009). “Clinical evaluation of a resorbable wrap-around implant as 

an alternative to nerve repair: a prospective, assessor-blinded, randomised clinical 

study of sensory, motor and functional recovery after peripheral nerve repair”. J 

Plast Reconstr Aesthet Surg, 62, 1503-1509. 

Albala DM, Lawson JH (2006) “Recent clinical and investigational applications 

of fibrin sealant in selected surgical specialities.” J Am Coll Surg 202(4):685-97. 

Apel PJ, Jun J, Callahan M, Northam CN, Alton TB, Sonntag WE, Zhongyu L 

(2010).” Effect of locally delivered IGF-1 on nerve regeneration during aging: an 

experimental study in rats.” Muscle & Nerve. 41(3) : 335-341. 

Arsic N, Zacchigna S, Zentilin L, Ramirez-Correa G, Salvi A, Sinagra G, et al. 

(2004). “Delivery of VEGF using AAV vectors stimulates skeletal muscle 

regeneration in vivo.” Mol Ther 9(suppl) : 91. 

Baglioni S, Franclanci M, Squecco R, Lombardi A, Cantini G et al. (2009). 

"Characterization of human adult stem-cell populations isolated from visceral and 

subcutaneous adipose tissue”. FASEB J. 23(10):3494-505. 

Bahm J, Noaman H, Becker M (2005). "The Dorsal Approach to the 

Suprascapular Nerve in Neuromuscular Reanimation for Obstetric Brachial Plexus 

Lesions”. Plastic and reconstructive surgery 15. 

Bain JR, Veltri KL, Chamberlan D, Fahnestock M (2001). ”Improved functional 

recovery of denervated skeletal muscle after temporary sensory nerve innervation.” 

Neuroscience 103, 503-510. 

Barrilleaux B, Phinney DG, Prockop DJ, O’Connor KC (2006). “Review: ex vivo 

engineering of living tissues with adult stem cells.” Tissue Eng 12(11):3007-19. 

Batt J, Bain J, Goncalves J, Michalski B, Plant P, Fahnestock M, Woodgett J 

(2005). "Differential gene expression profiling of short and long term denervated 

muscle." The FASEB Journal express 10(1096). 

Battiston B, Geuna S et al. (2005). "Nerve repair by means of tubulization: 

litterature review and personal clinical experience comparing biological and 

synthetic conduits for sensory nerve repair." Microsurgery 25(4): 258-267. 

Borisov AB, Dedkov EI, Carlson BM (2001). ”Interrelations of myogenic 

response, progressive atrophy of muscle fibers, and cell death in denervated skeletal 

muscle.” Anat. Rec. 264, 203–218. 

Brushart TME (1993). “Motor axons preferentially reinnervate motor pathways.” 

J Neurosci, 13, 2730-2738. 

Caddick J, Kingham PJ, Gardiner NJ, Wiberg M, Terenghi G (2006). "Phenotypic 

and functional characteristics of mesenchymal stem cells differentiated along a 

Schwann cell lineage." Glia. 54(8). 

Chen J, Chu YF, Chen JM, Li BC (2010).“ Synergistic effects of NGF, CNTF 

and GDNF on functional recovery following sciatic nerve injury in rats.” Advances 

in Medical Sciences 55(1) :32-42. 

Cesar M, Roussanne-Domergue S, Coulet B, Gay S, Micallef JP, Chammas M, et 

al. (2008). "Transplantation of adult myoblasts or adipose tissue precursor cells by 

high-density injection failed to improve reinnervated skeletal muscles." Muscle 

Nerve 37: 219–230. 



Dominique Schaakxs 

40 

Choi RC et al. (1997). “NG108-15 cells induce the expression of muscular 

acetilcholinesterase when co-cultured with myotubes. Neuroscience Lett. 

Clavijo-Alvarez JA et al., (2007). “Comparison of biodegradable conduits within 

aged rat sciatic nerve defects. Plast. Reconstr Surg. 119(6):1839-51. 

Craff MN, et al. (2007). “Embryonic stem cell-derived motor neurons preserve 

muscle after peripheral nerve injury.” Plast. Reconstr Surg. 119(1):235-45. 

Cui L, Jiang J, Wei L, Zhou X, Fraser JL, Snider BJ, Yu SP (2008). 

“Transplantation of embryonic stem cells improve nerve repair and functional 

recovery after severe sciatic nerve axotomy in rats.” Stem cells 26:1356-1365. 

Dai LG, Huang GS, Hsu SH (2013). “Sciatic nerve regeneration by cocultured 

Schwann cells and stem cells on microporous nerve conduits.” Cell Transplant 22: 

2029-2039. 

Danielsen N, Lundborg G, Frizell M (1986). ”Nerve repair and axonal transport: 

outgrowth delay and regeneration rate after transection and repair of rabbit 

hypoglossal nerve”. Brain Res, 376,125-132. 

Dellon AL and Jabaley ME (1982). “Reeducation of sensation in the hand 

following nerve suture.” Clinical Orthopaedics and Related Research 163, 75-79. 

Deng YS, Zhong JH, Zhou XF (2000). “Effects of endogenous neurotrophins on 

sympathetic sprouting in the dorsal root ganglia and allodynia following spinal 

nerve injury.” Exp Neurol. 164(2):344-50.  

Dezawa M, Ishikawa H, Itokazu Y, Yoshihara T, Hoshino M, Takeda S, et al. 

(2005). "Bone marrow stromal cells generate muscle cells and repair muscle 

degeneration." Science 309: 314–317. 

Di Rocco G., Iachininoto MG, Tritarelli A, Straino S, Zacheo A, Germani A, 

Crea F , Capogrossi MC. (2006). "Myogenic potential of adipose-tissue-derived 

cells." Journal of Cell Science 119: 2945-2952. 

di Summa PG, Kingham PJ, Raffoul W, Wiberg M, Terenghi G, Kalbermatten 

DF (2010). “Adipose-derived stem cells enhance peripheral nerve regeneration.” J 

Plast Reconstr Aesthet Surg 63 : 1544-1552. 

di Summa, PG, Kalbermatten D, Pralong E, Raffoul W, Kingham PJ, Terenghi G 

(2011). “Long-term in vivo regeneration of peripheral nerves through bioengineered 

nerve grafts.” Neuroscience 181, 278–291. 

di Summa PG, Kalbermatten DF, Raffoul W, Terenghi G, Kingham PJ (2013). 

“Extracellular matrix molecules enhance the neurotrophic effect of Schwann cell-

like differentiated adipose-derived stem cells and increase cell survival under stress 

conditions.” Tissue Eng Part A 19: 368-379. 

Erba P, Mantovani C, Kalbermatten DF, Pierer G, Terenghi G, Kingham PJ 

(2010). „Regeneration potential and survival of transplanted undifferentiated 

adipose tissue-derived stem cells in peripheral nerve conduits.” J. Plast. Reconstr. 

Aesthet. Surg. 63: e811-e817 

Esaki S, Kitoh J, Katsumi S, Goshima F,Kimura H, Safwat M, Yamano K, 

Watanabe N, Nonoguchi N, Nakamura T, Coffin RS, Miyatake S-I , Nishiyama Y, 

Murakami S (2011). “Hepatocyte growth factor incorporated into herpes simplex 

virus vector accelerates facial nerve regeneration after crush injury.” Gene Rherapy 

18 : 1063-1069. 

Evans PJ, Midha R, et al. (1994). “The peripheral nerve allograft: a 

comprehensive review of regeneration and neuroimmunology” Prog. Neurobiology 

43 (3) : 187-233. 



Stem cells for nerve repair and prevention of muscle atrophy 

41 

Finkelstein DI, Dooley PC, Luff AR (1993). „Recovery of muscle after different 

periods of denervation and treatments”. Muscle Nerve 16, 769–777. 

Faroni A, Calabrese F, Riva MA, Terenghi G, Magnaghi V (2013a). “Baclofen 

modulates the expression and release of neurotrophins in schwann-like adipose stem 

cells.” J. Mol. Neurosci. 49: 233-243. 

Feng Z, Ko CP (2008). "The Role of Glial Cells in the Formation and 

Maintenance of the Neuromuscular Junction." Ann. N.Y. Acad. Sci. 1132: 19–28. 

Frostick SP, Yin Q, Kemp GJ (1998). “Schwann cells, neurotrophic factors and 

peripheral nerve regeneration.” Microsurgery; 18(7):397-405. 

Fu SY, Gorton T (1995a). “Contributing factors to poor functional recovery after 

delayed nerve repair: prolonged axotomy.” J. Neurosci. 15, 3876–3885. 

Fu SY, Gorton T (1995b). “Contributing factors to poor functional recovery after 

delayed nerve repair: prolonged denervation.” J. Neurosciences 15, 3886–3895. 

Gimble JM, Katz AJ, Bunnel BA (2007). “Adipose-derived stem cells for 

regenerative medicine.” Circulation Research 100. 

Guenard V, Kleitman N, Morrissey TK, Bunge RP, Aebischer P (1992). 

"Syngeneic Schwann cells derived from adult nerves seeded in semipermeable 

guidance channels enhance peripheral nerve regeneration." J Neurosci 12: 3310-

3320. 

Hall S (1997). "Axonal regeneration through acellular muscle grafts." J. Anat 

190: 57-71. 

Halum SL, Naidu M, Delo DM, Atala A, Hingtgen CM (2007). "Injection of 

autologous muscle stem cells (myoblasts) for the treatment of voca fold paralysis: a 

pilot study." Laryngoscope 117: 917–922. 

Hazari A, Johansson-Ruden G, Junemo-Bostrom K, Ljungberg C, Terenghi G, 

Green C and Wiberg M (1999a). “A new resorbable wrap-around implant as an 

alternative nerve repair technique” J Hand Surg, 24B, 291-295. 

Hazari A, Wiberg M, Johansson-Ruden G, Green C and Terenghi G (1999b). “A 

resorbable nerve conduit as an alternative to nerve autograft in nerve gap repair”. Br 

J Plast Surg, 52, 653-657. 

Henderson CE, Bloch-Gallego E, Camu W, Gouin A, Mettling C (1993). 

“Neurotrophic factors in development and plasticity of spinal neurons.” Restor 

Neurol Neurosci. 5(1) : 15-28. 

Hoffmann J, Glassford AJ, Doyle TC, Robbins RC, Schrepfer S, et al. (2010). 

“Angiogenic effects despite limited cell survival of bone marrow-derived 

mesenchymal stem cells under ischemia.” Thorac Cardiovasc Surg 58 : 136–142. 

Hollenbeck PJ (1989). “The transport and assembly of the axonal cytoskeleton”. J 

Cell Biol, 108, 223-227. 

Hsueh YY, Chang YJ, Huang TC, Fan SC, Wang DH, Chen JJ, Wu CC, Lin SC 

(2014). “Functional recoveries of sciatic nerve regeneration by combining chitosan-

coated conduit and neurosphere cells induced from adipose-derived stem cells.” 

Biomaterials 35: 2234-2244. 

Ide C (1996). "Peripheral nerve regeneration." Neurosci Res 25(2): 101-121. 

Ikeda and Oka (2012). “The relationship between nerve conduction velocity and 

fiber morphology during peripheral nerve regeneration.” Brain Behav 2(4):382-90. 

Irintchev A, Draguhn A, Wernig A, (1990). “Reinnervation and recovery of 

mouse soleus muscle after long-term denervation”. Neuroscience 39, 231–243. 



Dominique Schaakxs 

42 

Jessen KR, Mirsky R (1999). "Why do Schwann cells survive in the absence of 

axons?" Ann N Y Acad Sci 883 109–115. 

Kaplan E, Naeser MA, Martin PI, Ho M, Wang Y, Baker E, Pascual-Leone A 

(2010). „Horizontal portion of arcuate fasciculus fibers track to pars opercularis, not 

pars triangularis, in right and left hemispheres: a DTI study.” Neuroimage 15; 

52(2):436-44.  

Kalbermatten DF, P. J., Kingham PJ, Pierer G, Wiberg M,Terenghi G (2008). 

"New fibrin conduit for peripheral nerve repair." Journal of reconstructive 

microsurgery. 

Kapur SK, Katz AJ (2013). “Review of the adipose derived stem cell secretome.” 

Biochimie 95: 2222-2228. 

Karpati G, Engel WK, (1968). ”Correlative histochemical study of skeletal 

muscle after suprasegmental denervation, peripheral nerve section, and skeletal 

fixation”. Neurology, 681–692. 

Kaewkhaw R, Scutt AM, Haycock JW (2011).“Anatomical site influences the 

differentiation of adipose-derived stem cells for Schwann-cell phenotype and 

function. “ Glia 59: 734-749 

Keskin M, Akbas H, et al. (2004). "Enhancement of nerve regeneration and 

orientation across a gap with a nerve graft within a vein conduit graft: a functionalm 

stereological, and electrophysiological study." Plast. Reconstr. Surg. 113(5): 1372-

1379. 

Kim, JH et al. (2009). "Regulation of adipose tissue stromal cells behaviors by 

endogenic Oct4 expression control." PLoS.One. 4(9): e7166. 

Kingham PJ and Terenghi G (2006). "Bioengineered nerve regeneration and 

muscle reinnervation." J. Anat. 209: 511–526. 

Kingham PJ, Kalbermatten DF, Mahay D, Armstrong SJ, Wiberg M, Terenghi 

GP.J. (2007). "Adipose derived-stem cells differenciate into a Schwann cell 

phenotype and promote neurite outgrowth in vitro." Experimental Neurology 207. 

Kingham PJ, Reid AJ, Wiberg M. (2014a). Cells Tissues Organs.200(1):23-30. 

Kingham PJ, Kolar MK, Novikova LN, Novikov LN, Wiberg M (2014b). 

“Stimulating the neurotrophic and angiogenic properties of human adipose-derived 

stem cells enhances nerve repair.” Stem Cells Dev. 23: 741-754. 

Kobayashi J, M.S., Watanabe O, Ball DJ, Gu XM, Hunter DA, Kuzon WM 

(1997). “The effect of duration of muscle denervation on functional recovery in the 

rat model.” Muscle Nerve 20, 858–866. 

Koirala S, Reddy LV, Ko CP (2003). "Roles of glial cells in the formation, 

function and maintenance of the neuromuscular junction." J. of  Neurocytology 32: 

987-1002. 

Konofaos P and Ver Halen JP (2013). “Nerve repair by means of tubulization: 

past, present, future.” J Reconstr Microsurg. 29:149-64 

Kubo T, Randolph MA, Gröger A, Winograd JM (2009). "Embryonic stem cell-

derived motor neurons form neuromuscular junctions in vitro and enhance motor 

functional recovery in vivo." Plast. Reconstr. Surg. 123. 

Kumai Y, Ito T, Matsukawa A, Yumoto E (2005). ”Effects of denervation on 

neuromuscular junctions in the thyroarytenoid muscle.” Laryngoscope 115:1869–

1872. 



Stem cells for nerve repair and prevention of muscle atrophy 

43 

Lampa SJ, Potluri S, Norton AS, Laskowski MB (2004). “A morphological 

technique for exploring neuromuscular topography expressed in the mouse gluteus 

maximus muscle. ”  J Neurosci Meth; 138:51–56. 

Lazerges C, Daussin PA, Coulet B, El Andalousi RB, Micallef JP, Chammas M, 

et al. (2004). "Transplantation of primary satellite cells improves properties of 

reinnervated skeletal muscles." Muscle Nerve 29: 218–226. 

Liu G, Zhou H, Li Y, Li G, Cui L, Liu W, Cao Y (2008). “Evaluation of the 

viability and osteogenic differenciation of cryopreserved human adiposed-derived 

stem cells”. Cryobiology. 57. 

Lundborg G (2000). "A 25-year perspective of peripheral nerve surgery: evolving 

neuroscientic concepts and clinical significance." J Hand Surg. (Am.) 25: 391-414. 

Mackenzie F, Ruhrber C (2012). “Diverse roles for VEGF-A in the nervous 

system” . Development 139 : 1371-1380. 

Mackinnon SE, Dellon AL (1988). "A comparison of nerve regeneration across a 

sural nerve graft and a vascularized pseudosheath." Journal of Hand Surgery 13(6): 

935-942. 

Mantovani,C., D.Mahay, M.Kingham, G.Terenghi, S.G.Shawcross, M.Wiberg 

(2010) “Bone marrow- and adipose-derived stem cells show expression of myelin 

mRNAs and proteins.” Regen. Med. 5: 403-410 

Mauro A (1961). “Satellite cell of skeletal muscle fibers.” J Biophys Biochem 

Cytol. Feb;9:493-5. 

Merle M, Dellon AL, et al. (1989). "Complications from silicon-polymer 

intubulation of nerves." Microsurgery 10(2): 130-133. 

Meyer M, Matsuoka I, Wetmore C, Olson L, Thoenen H (1992). “Enhanced 

synthesis of brain-derived neurotrophic factor in the lesioned peripheral nerve: 

different mechanisms are responsible for the regulation of BDNF and NGF mRNA.” 

J Cell Biol. 199(1) : 45-54. 

Millesi H (2006). "Factors affecting the outcome of peropheral nerve surgery.” 

Microsurgery 26(4). 

Mohanna PN, Terrenghi G, et al. (2005). "Composite PHB-GGF conduit for long 

nerve gap repair: a long term evaluation." Scand J. Plast Reconstr Surg Hand Surg 

39(3): 129-137. 

Mohammadi R, Ahsan S, Masoumi M, Amini K (2013). “Vascular endothelial 

growth factor promotes peripheral nerve regeneration after sciatic nerve transection 

in rat.” Chin J Traumatol.; 16(6):323-9. 

Monti RJ, Edgerton RR. (2001). “Role of motor unit structure in defining 

function.” Muscle Nerve;24:848–866. 

Ning H, Huang YC, Banie L, Hung S, Lin G, Li LC, et al.  (2009). “MicroRNA 

regulation of neuron-like differentiation of adipose tissue-derived stem cells.” 

Differentiation 78 : 253–259. 

Novikova LN, Pettersson J, Brohlin M, Wiberg M, Novikov (2008). 

"Biodegradable poly-beta-hydroxybutyrate scaffold seeded with schwann cells to 

promote spinal cord repair." Biomaterials 29: 1198-1206. 

Oedayrajsingh-Varma et al. (2006). “Adipose tissue-derived mesenchymal stem 

cell yield and growth characteristics are affected by the tissue-harvesting 

procedure.” Cytotherapy 8(2):166-77. 



Dominique Schaakxs 

44 

Oliveira JT, Mostacada K, de Lima S, Martinez AM (2013) Bone marrow 

mesenchymal stem cell transplantation for improving nerve regeneration. Int. Rev. 

Neurobiol. 108: 59-77. 

Orbay H, Uysal AC, Hyakusoku H, Mizuno H (2012). “ Differenciated and 

undifferenciated adipose-derived stem cells improve function in rats with peripheral 

nerve gaps.” J Plast Reconstr Aesthet Surg 65(5): 657-64. 

Pabari A, Lloyd-Hughes H, Seifalian AM, Mosahebi A (2014). “Nerve conduits 

for peripheral nerve surgery.” Plast Reconstr Surg. Jun;133(6):1420-30. 

Padoin AV, Braga-Silva J, Martins P, Rezende K, da Rosa Rezende AR, Grechi 

B, Gehlen D, Machado DC. (2008). “Sources of processed lipoaspirate cells: 

influence of donor site on cell concentration”. Plastic and Reconstructive Surgery 

122(2). 

Personius KE, Sawyer  RP (2005). "Terminal Schwann cell structure is altered in 

diaphragm of mdx mice." Muscle Nerve 32: 656–663. 

Rafuse and Gordon, (1996). “Self-reinnervated cat medial gastrocnemius 

muscles. I. comparisons of the capacity for regenerating nerves to form enlarged 

motor units after extensive peripheral nerve injuries.” J. Neurophysiol. 75(1):268-

81. 

Razavi S, Mardani M, Kazemi M, Esfandiari E, Narimani M, Esmaeili A, 

Ahmadi N (2013). “Effect of leukemia inhibitory factor on the myelinogenic ability 

of Schwann-like cells induced from human adipose-derived stem cells.” Cell Mol. 

Neurobiol. 33: 283-289. 

Reid AJ, Sun M, Wiberg M, Downes S, Terenghi G, Kingham P (2011). “Nerve 

repair with adipose.derived stem cells protects dorsal root ganglia neurons form 

apoptosis.” Neuroscience 199: 515–522. 

Riekstina U, Cakstina I, Parfejevs V, Hoodujn M, et al. (2009). “Embryonic stem 

cell marker expression pattern in human mesenchymal stem cells derived from bone 

marrow adipose tissue, heart and dermis.” Stem cell Rev 5(4):378-86. 

Rodda DJ, Chew JL, Lim LH, Loh YH, Wang B, Ng HH; Robson P (2005). J 

Biol Chem 280(26): 2431-7. 

Rodrigues A de C, Andreo JC, Junior GMR, dos Santos NB, Rapucci Moraes LH, 

Lauris JRP (2007). "Fat cell invasion in long-term denervated skeletal muscle." 

Microsurgery 27: 664-667. 

Rodriguez FJ ,Verdu JE, Ceballos D, Navarro X (2000). "Nerve guides seeded 

with autologous Schwann cells improve nerve regeneration." Exp Neurol 161: 571-

584. 

Ruiz de Almodovar C, Fabre PJ, Knevels E., Coulon C, Segura I, Haddick PC, 

Aerts L, Delattin N,  Strasser G, Oh WJ et al. (2011). “VEGF mediates commissural 

axon chemoattraction through its receptor Flk1.” Neuron 70: 966-978. 

Santiago LY, Clavijo-Alvarez J, Brayfield C, Rubin JP, Marra KG (2009). 

“Delivery of Adipose-Derived Precursor Cells for Peripheral Nerve Repair.” Cell 

Transplantation 18 : 145-158.  

Salgado AJ, Reis RL, Sousa NJ, Gimble JM (2010). “Adipose tissue derived stem 

cells secretome: soluble factors and their roles in regenerative medicine”. Curr Stem 

Cell Ther. 5(2): 103-10. 

Schaakxs D, Bahm J, Sellhaus B, Weis J (2009). ”Clinical and neuropathological 

study about the neurotization of the suprascapular nerve in obstetric brachial plexus 

lesions.” Journal of Brachial Plexus and Peripheral Nerve Injury 4(15). 



Stem cells for nerve repair and prevention of muscle atrophy 

45 

Schiaffino S, Reggiani C. (1985). “Myosin isoforms in mammalian skeletal 

muscle.” J Appl Physiol. 1994 Aug;77(2):493-501. Review. 

Schlaepfer WW and Bunge RP (1973). "Effects of calcium ion concentration on 

the degeneration of amputed axons in the tissue culture." J Cell Bio 59(2): 456-470. 

Scholz T, Sumarto A, Krichevsky A, Evans GR (2011). “Neuronal differentiation 

of human adipose tissue-derived stem cells for peripheral nerve regeneration in 

vivo.” Arch. Surg. 146: 666-674. 

Seddon HJ, Medawar PB, Smith H (1943). ”Rate of regeneration of peripheral 

nerves in man.” J. Physiol. 102 : 191-215. 

Shen et al. (2012) “Upregulation of mesencephalic astrocyte-derived neurotrophic 

factor in glial cells is associated with ischemia-induced glial activation.” J 

Neuroinflammation 9:254. 

Siu PM and Alway SE (2005). "Mitochondria-associated apoptotic signalling in 

denervated rat skeletal muscle." J. Physiol. 565(1): 309-323. 

Siu PM, Always SE, (2009). “Response and adaptation of skeletal muscle to 

denervation stress: the role of apoptosis in muscle loss.” Frontiers in Bioscience 14, 

432-452. 

Son YJ, Trachtenberg JT, Thompson W (1996). "Schwann cells induce and guide 

sprouting and reinnervation of neuromuscular junctions. ." Trends in Neurosciences 

19: 280–285. 

Stemberger S, Jamnig A, Stefanova N, Lepperdinger G, Reindl M, et al. (2011).“ 

Mesenchymal stem cells in a transgenic mouse model of multiple system atrophy: 

immunomodulation and neuroprotection.” Plos One 6: e19808. doi: 

10.1371/journal.pone.0019808. 

Suguira Y, Lin W (2011). "Neuron-glia interactions: the roles of Schwann cells in 

neuromuscular synapse formation and function." Biosci Rep. 31(5): 295-302. 

Sun F, Zhou K, Mi WJ, Qiu JH (2011). “Combined use of decellularized 

allogeneic artery conduits with autologous transdifferentiated adipose-derived stem 

cells for facial nerve regeneration in rats.” Biomaterials 32: 8118-8128. 

Takahashi T, Ishida K, Itoh K, Konishi Y, Yagyu KI, Tominaga A, et al. (2003). 

"IGF-I gene transfer by electroporation promotes regenerationin a muscle injury 

model.” Gene Ther 10 :612-20. 

Talmadge RJ, Roy RR, Edgerton VR (1996). "Dynamic roles at the 

neuromuscular junction. Schwann cells." Current Biology 6: 1054–1056. 

Tohill M, Mantovani C, Wiberg M, Terenghi G (2004). "Rat bone marrow 

mesenchymal stem cells express glial markers and stimulate nerve regeneration." 

Neurosci Lett 362: 200-203. 

Tomita K, Madura T, Sakai Y, Yano K, Terenghi G, Hosokawa K (2013). “Glial 

differentiation of human adipose-derived stem cells: implications for cell-based 

transplantation therapy.” Neuroscience 236: 55-65 

Tonra JR, Curtis R, Wong V, Cliffer KD, Park JS, Timmes A, Nguyen T, 

Lindsay RM, Acheson A, DiStefano PS (1998). “Axotomy upregulates the 

anterograde transport and expression of brain-derived neurotrophic factor by sensory 

neurons.” J Neurosci.18(11) : 4374-83. 

Wiberg M, Terenghi G (2003)."Will it be possible to produce peripheral nerves?" 

Surg Technol Int 11:303-310. 



Dominique Schaakxs 

46 

Wiedenmann B, Franke WW (1985). “Identification and localization of 

synaptophysin, an integral membrane glycoprotein of Mr 38,000 characteristic of 

presynaptic vesicles.“ Cell 41:1017–1028. 

Williams LR, Longo FM, Powell HC, Lundborg G and Varon S. (1983). “Spatial-

temporal progress of peripheral nerve regeneration within a silicone chamber: 

parameters for a bioassay.” J Comp Neurol. 218:460-70. 

Whitlock et al., 2009 “Processed allografts and type I collagen conduits for repair 

of peripheral nerve gaps.” Muscle Nerve 39:787-799. 

Xu Y, Liu L, Li Y, Zhou C, Xiong F, Liu Z, Gu R, Hou X, Zhang C (2008a). 

“Myelin-forming ability of Schwann cell-like cells induced from rat adipose-derived 

stem cells in vitro.” Brain Res. 1239: 49-55. 

Xu,W., C.S.Cox, Y.Li (2011). “Induced pluripotent stem cells for peripheral 

nerve regeneration.” J. Stem Cells 6: 39-49. 

Yiou R, Dreyfus P, Chopin DK, Abbou CC, Lefaucheur JP (2002).” Muscle 

precursor cell autografting in a murine model of urethral sphincter injury.” BJU 

International 89. 

Young R C, Wiberg M and Terenghi G (2002), “Poly-3-hydroxybutyrate (PHB): 

a resorbable conduit for long-gap repair in peripheral nerves”. Br J Plast Surg, 55, 

235-240. 

Zhang Y, Luo H, Zhang Z, Lu Y, Huang X, Yang L, Xu J, Yang W, Fan X, Du 

B, Gao P, Hu G, Jin Y (2010). “A nerve graft constructed with xenogeneic acellular 

nerve matrix and autologous adipose-derived mesenchymal stem cells.” 

Biomaterials 31: 5312-5324. 

Zavan B, Michelotto L, Lancerotto L, Della PA, D'Avella D, Abatangelo G, 

Vindigni V, Cortivo R. (2010) “Neural potential of a stem cell population in the 

adipose and cutaneous tissues.” Neurol. Res. 32: 47-54. 

Zor F, Deveci M, Kilic A, Ozdag MF, Kurt B, Sengezer M, Sönmez TT (2014). 

“Effect of VEGF gene therapy and hyaluronic acid film sheath on peripheral nerve 

regeneration.” Microsurgery 34(3) : 209-16. 




