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1 Abstract 

Chronic peripheral nerve compression injuries, a distinct type of neuropathies, are characterized 

by paresthesia, pain, numbness and tingling. These neuropathies are caused by the entrapment 

or the compression of a nerve or its root. Some of the common compression neuropathies include 

carpal tunnel syndrome, cubital tunnel syndrome or meralgia paraesthetica, sciatica and low back 

pain. Current treatment options include corticosteroids, muscle relaxants and non-steroidal anti-

inflammatory drugs that can be supplemented with physical and massage therapies. These 

therapeutic approaches are associated with several limitations and are regularly followed by a 

surgery to release the nerve from the compression injury. Unfortunately, these surgeries are not 

effective and moreover, surgeries often result in detrimental outcomes such as scar complication, 

muscle weakness and pillar pain. Given the facts on the growing number of nerve injuries and the 

inefficient current treatments, there is a clear need for new and innovative therapeutic strategies. 

Thus, the aim of the present research work is to develop a compression injury model with a 

defined setting (i.e., compression depth and time) and to investigate various therapeutic 

strategies that may pave the way for the novel and effective therapeutic developments.  

Due to lack of consistent nerve compression model with the established sensory and motor 

pathologies in the literature, the first objective of the present thesis work is set to establish a 

model that would mirror chronic peripheral nerve compression injury in terms of function and 

anatomy. The first manuscript is describing that attempt of a reproducible model that was 

achieved by the entrapment of the rat sciatic nerve using a modified hemostatic clip. This chronic 

injury model is giving functional and histomorphological markers for the evaluation the 

impairment caused by different levels of compression.  

Chronic peripheral nerve compression injuries, a distinct type of neuropathies, are characterized 

by paresthesia, pain, numbness and tingling. These neuropathies are caused by the entrapment 

or the compression of a nerve or its root. Some of the common compression neuropathies include 

carpal tunnel syndrome, cubital tunnel syndrome or meralgia paraesthetica, sciatica and low back 

pain. Current treatment options include corticosteroids, muscle relaxants and non-steroidal anti-

inflammatory drugs that can be supplemented with physical and massage therapies. These 
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therapeutic approaches are associated with several limitations and are regularly followed by a 

surgery to release the nerve from the compression injury. Unfortunately, these surgeries are not 

effective and moreover, surgeries often result in detrimental outcomes such as scar complication, 

muscle weakness and pillar pain. Given the facts on the growing number of nerve injuries and the 

inefficient current treatments, there is a clear need for new and innovative therapeutic strategies. 

Thus, the aim of the present research work is to develop a compression injury model with a 

defined setting (i.e., compression depth and time) and to investigate various therapeutic 

strategies that may pave the way for the novel and effective therapeutic developments.  

Due to lack of consistent nerve compression model with the established sensory and motor 

pathologies in the literature, the first objective of the present thesis work is set to establish a 

model that would mirror chronic peripheral nerve compression injury in terms of function and 

anatomy. Thus, the first manuscript describes anatomical and functional changes in response to 

the controlled chronic nerve compression that would enable pharmaceutical drug targeting and 

development. For this, we first prepared custom made surgical instrument that leaves a vascular 

clip with a predefined lumen volume (i.e., 400μm, 250μm, 100μm and 0μm). Animals were 

randomized into 4 groups (n=6) and the left sciatic nerve were exposed and compressed at 10mm 

proximal from the nerve branching resulting in controlled degree nerve damage. The titanium 

compression clip was left on the sciatic nerve over 6 weeks. Post-operatively, anatomical 

(histomorphology), sensory and motor functions (electrophysiology) were analyzed. Resulting 

data and observations revealed the compression-depth dependent sensory and motor 

pathologies. Further, quantitative measurements revealed compression depth dependent decline 

in myelin, myelin sheath thickness, axonal surface and muscle weight. Sensory and motor 

functional dynamics were evident in response to differential injury severity. In short, such 

controlled compression nerve injury model would enable the investigation of basic mechanisms 

and repair avenues. 

In the second manuscript, we explored the immunomodulation-based treatment strategy, for 

repair and regeneration of chronic nerve compression injuries. Within this context, three 

molecules, i.e., Cyclosporine, FK506 and Rapamycin, were evaluated in an in vitro model involving 

a serum-free culture of embryonic dorsal root ganglia (DRG) followed by in an in vivo model of 
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chronic sciatic nerve compression. Axonal outgrowth analysis confirmed the growth promoting 

properties of all 3 different drug molecules, which are comparable with NGF. Drug treated animals 

exhibited the ability to prevent from injury induced neuromuscular degeneration and to restore 

the function. Among all the drug molecules, cyclosporine appeared to be more effective to 

support animals as evidenced by significantly preserved structure and function. Further studies 

are required to assess the effects of sustained local release of cyclosporine for treating the chronic 

nerve injuries.  

In the search for new therapeutic strategies to treat chronic peripheral nerve compressions, two 

neuroactive synthetic molecules based on the natural paecilomycine A (PSM) have attracted 

attention. Thus, the third manuscript covers the neurotrophic and neuroprotective potential of 

PSM in vitro using embryonic dorsal root ganglia (DRG) and further translated into a rat model of 

chronic nerve compression. In vitro analysis of neuronal survival and axonal outgrowth in 

response to paecilomycine diverted synthetic molecule 1 (PSM1) and 2 (PSM2) at various 

concentrations (10µM and 100µM) suggested their neurotrophic capacity that is comparable to 

standard NGF. Furthermore, low doses of the molecules, systemically administered, appeared to 

protect the neuromuscular structures and function. PSM1 appeared to have a stronger effect than 

PSM2 in terms of neuroprotection as evidenced by significantly improved anatomy and 

behavioral recovery. Together these findings and observations indicate neurotrophic and 

neuroprotective activity for both molecules while the former is being more neurotrophic and the 

other one is being more neuroprotective.  

In conclusion, the present thesis work produced relevant new knowledge and data in the field of 

neuropathies paving the way for innovative treatment options for peripheral compression 

neuropathies. 
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2 Introduction 

2.1 Peripheral Neuropathies 

2.1.1 Anatomy and function of peripheral nerves 

The peripheral nervous system is constituted of the nerves and the ganglia outside the spinal cord 

and the brain. The peripheral nerves arise from the spinal cord, in the ventral horn, and connect 

the target structures, neuromuscular junctions and sensory receptors, to the central nervous 

system. A nerve is defined structure formed of an outer layer of connective tissue, called 

epineurium, that surrounds nerve fascicles and blood vessels (figure 1.1). The nerve fascicle is 

constituted of the perineurium, a connective tissue, which is protecting the multiple bundles of 

axons that it surrounds. The axon is a cytoplasmic protrusion of the neuron. The neuron, through 

its axons, is conducting the electrochemical impulses, called action potential, from the cell body 

to the functional connection zone, the synapse, of the target structure. The axon is surrounded 

by Schwann cells, cells that are myelinating the axons. Myelination of axons increases the 

conduction velocity of action potentials, through a mechanism called saltatory conduction. 

Following the work of Erlanger and Gasser, peripheral nerve fibers are classified into three types, 

according to their size, myelination and velocity (table 1.1) [1]. 

Table 1.1 Classification of nerve fibers 

 

Group Classification Diameter Function 

A, 
myelinated 

α 12-20 µm Motor and Sensory, proprioception 
β 

5-12 µm 
Motor and Sensory, proprioception, 
mechanoreceptors 

γ Motor associated with intrafusal muscle fibers 
δ 1-15 µm Sensitive, nociception and thermoreceptors 

B, myelinated max 3 µm Preganglionic fibers, autonomic nervous system 
C, unmyelinated max 12 µm Preganglionic fibers, autonomic nervous 

system, nociception and thermoreceptors 
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Figure 1.1 Anatomy of a peripheral nerve. Tokin, The musculoskeletal system, Sambrook, Churchill Livingstone, 2010 

2.1.2 Compression neuropathies 

Compression neuropathy refers to a nerve disease arising from the entrapment or the external 

compression of this nerve that causes a direct pressure on it. Compression mononeuropathies 

are a frequent source of pain, numbness, and tingling or prickling of a limb or an area specific to 

a single nerve. Additionally, to these symptoms, compression neuropathies can also provoke 

muscle weakness. Diagnostic usually requires the use of electrophysiology, an abnormal 

conduction of the affected nerve and a combination of symptoms. The most common peripheral 

compression neuropathy is the carpal tunnel syndrome (CTS), in which the median nerve that is 

compressed at the wrist level, in the so-called carpal tunnel. The measured incidence of the CTS 

is situated between 99 and 376 per 100’000 person-year depending on the country [2], [3]. Other 

nerve compression syndromes where nerves pass through anatomical fibro-osseous bottlenecks 

include the cubital tunnel syndrome, an entrapment of the ulnar nerve at the elbow, the tarsal 

tunnel syndrome which is due to the compression of the posterior tibial nerve at the ankle or also 

meralgia paraesthetica, arising from lateral cutaneous nerve of the thigh injury. Importantly, 

entrapment of nerve roots of dorsal ganglia due to disc herniation or other sources a compression 

is a common cause of sciatica and low back pain [4]. 
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There are a range of different mechanisms that lead to compression neuropathies and in some 

cases multiple of these factors are involved. These causes can be for instance anatomic such as 

the carpal tunnel where the nerve is trapped in a bottleneck or also a posture that can arise to 

such nerve impairment when conjugated with an anatomical cause. Inflammation or swellings 

due to tumors for instance are other sources of neuropathy when the inflammated or swelling 

tissue that has grown is pressuring a nerve. Metabolic causes such as diabetes, drugs side effects 

or pregnancies are also a factor of CTS through a change in fluidic balance. Traumatic and exterior 

causes such as a fracture after an accident or wearing pants too tight that are pressuring the 

lateral cutaneous nerve of the thigh for the meralgia paraesthetica are other sources of injuries. 

After a trauma it can also happen that remodeling of a bone or a joint can change the anatomy 

and cause nerve compression. Finally, a nerve already suffering from another neuropathy such as 

diabetes will be more sensitive to the pressure. 

2.1.3 Pathophysiology of nerve compression 

The importance of the damages and impairment due to a nerve compression depends on the 

strength and the duration of the compression. A mild compression limited in time will have 

reversible consequences when an extended duration will trigger an edema within the 

endoneurium that will do permanent damages to the axons. The endoneurial space in protected 

by a blood-nerve barrier limiting osmosis of proteins to the perineural space. This is creating a 

slightly positive pressure inside the nerve fascicle that is protecting the axons and blood vessels. 

An edema of a compression inside the endoneurium is stopping anterograde and retrograde 

transport in the neurons necessary for the maintenance of the cell structures as well as for the 

transport of neurotransmitters. When referred to the classification of H. Seddon, the neurapraxia 

is determined by a transient condition that is lasting longer than the cause of compression [5]. 

The myelin sheath is damage but there is no rupture of the nerve. More severe compression can 

lead to a discontinuity of the axons where the nerve structures are intact. This lesion is classified 

as axonotmesis. The axons are able to regenerate in the preserved structures and are guided to 

the target tissues. The third class of injury is the neurotmesis. This is characterized by a disruption 

in continuity of both axons and connective tissues that might have been caused by a severe nerve 
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crush or a trauma. The outcome of a neurotmesis event can be poor and depend on the 

regeneration process of the nerve structures [6],[7]. 

2.2 Existing treatment options 

In cases of compression neuropathies, clinicians are attempting to adapt the treatment to the 

causes and the severity of the injury. Different therapies are possible for the different nerve 

compression injuries and can be conservative or invasive. When the symptoms are assimilated to 

a clear cause or a trigger, these activities or factors will be targeted first. For instance, if the cause 

is due to a sickness or a metabolic change, these aspects will be treated specifically. When these 

approaches have not produced the expected outcomes or when the cause is not clear, generic 

treatments are prescribed.  

2.2.1 Conservative treatments 

The favored strategy of treatment is usually the conservative procedures. These methods include 

securing the limb with a splint combined with massage and physical therapies, the topical 

injections of corticosteroids and the use of nonsteroidal anti-inflammatory drugs (NSAIDs) [8]–

[10]. Splinting of the limb will reduce the pressure on the nerve when it is due to an anatomical 

or postural source and have shown to be effective, especially in case of mild impairment [11]. The 

corticosteroids have an effect of reduction of edemas and inflammation of connective tissues 

such as tendons and synovial membrane and have been demonstrated to be beneficial in patients 

[12]–[15]. Nevertheless, this treatment has adverse effects: local injections are inducing traumatic 

epineural injuries and nerve degeneration, and long term therapy is also leading to tendon’s 

degeneration and reduction of its mechanical stress [16],[17]. Other methods as the use of NSAIDs 

can also be beneficial when the cause of compression is due to an inflammation, but the source 

of that one must be found to be treated permanently.  

2.2.2 Surgery 

For the cases unresponsive or unsatisfied with the conservative methods, the state of the art is 

the surgery. The surgeries consist in freeing the nerve from the entrapment or removing the 

compressing structure when it is possible. Recently, surgeries for CTS can be perform through 
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endoscopy but the surgeons cannot access the carpal tunnel as freely as during a surgery the open 

technique. In randomized controlled trials, surgical treatments have shown better outcomes than 

conservative treatments for CTS [18]–[20]. The benefits of surgeries over conservative treatment 

has not been demonstrated on other neuropathies but in very severe and long-lasting cases this 

option is preferred.  

2.3 Immunophilin ligands 

2.3.1 Description and use 

Immunophilin ligands are a class of immunosuppressive drugs acting on immunophilins which are 

chaperone proteins have a prolyl isomerase activity. The most used immunophilin ligands are 

cyclosporine, tacrolimus (also called FK506) and rapamycin. 

2.3.1.1 Cyclosporine 

Cyclosporin is an FDA approved drug to treat and prevent transplantation rejection of heart, 

kidney or liver. Its activity of immunosuppression was first reported by Sandoz Laboratories in 

Basel and its success in preventing kidney transplant rejection was achieved in 1978 [21], [22]. 

Cyclosporine is forming a complex with the cyclophilin A and then bind with the Ca2+- and 

calmodulin-dependent phosphatase calcineurin and inhibits its activity [23].  

2.3.1.2 Tacrolimus (FK506) 

Tacrolimus has been discovered in Japan in 1984 and has been soon successfully investigated as 

immunosuppressive agent for organ transplantation [24]–[26]. It is now the mainly used 

immunosuppressive drug for kidney transplantation and is also use for complex vascularized 

allotransplantations such as face or forearm [27], [28]. It is also use for atopic dermatitis [29]. 

Even If the immunophilins of the immunosuppressants cyclosporine and FK506 are different, they 

share the mechanisms of inhibition of calcineurin [23]. 

2.3.1.3 Rapamycin 

The mechanism of action is different for rapamycin than for FK506 and cyclosporine. Rapamycin 

is biding to the immunophilin FKBP and through this interaction is inhibiting IL-2 and other 

cytokine receptor-dependent signal mechanisms, via action and thereby blocks activation of T 
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cells and B cells, via the inhibition of mTOR[30], [31]. Rapamycin is used alone or in conjugation 

with a calcineurin inhibitor in prevention of rejection in different situations such as for kidney 

transplantation[30], [32]. Another use of rapamycin is to treated lymphangioleiomyomatosis, a 

rare disease of the lungs cause by the loss of TCS2 gene that activates the mTOR signaling pathway 

that can be inhibited by rapamycin[33]. By its inhibition of the mTOR pathway, rapamycin has also 

raised interest in different field of research and particularly in cancer research. 

2.3.2 Immunophilin ligands and peripheral nerve repair 

Immunophilin ligands have been appealing to another field of research when their neurotrophic 

properties have been first discovered [34]. This effect observed in FK506 and cyclosporine, 

appeared to be independent of their immunosuppressive action when some non-

immunosuppressive analogues of these drugs have been developed and showed a similar effect 

[35]. Since 1995, improved axonal regeneration in rats treated with systemic FK506 has been 

demonstrated [36]. Different immunophilin ligands have been then assessed and have shown 

great potential on different models of peripheral nerve injuries [37]–[39]. The mechanism of 

neurotrophic action of FK506 is not fully understood but is thought to involve binding to another 

immunophilin, FKBP52 [40], [41]. Additionally, immunophilin ligands have shown to exhibit 

neuroprotective effects, particularly in models of CNS ischemia [42]. 

2.4 Paecilomycine A diverted synthetic molecules 

Inspired by the natural product paecilomycine A, Mehta et al. have developed new neurotrophic 

molecules based on 2-oxa-spiro[5-5]-undecane scaffold [43]. They used a chemistry strategy 

called diverted organic synthesis to discover this new natural product-like scaffold. This strategy 

allowed them to create multiple compounds that have shown interesting neurotrophic and 

neuroprotective activities. In another publication, Chakravarty et al. assessed two of the 

developed compounds for their neurotrophic and neuroprotective potential in vitro on a model 

of neurospheres and in vitro on zebrafish and mouse models[44]. Their investigations suggested 

a strong neurotrophic effect of one of these molecules when the other one was displaying a 

neuroprotective profile. These first promising investigations on model based on central nervous 

system are encouraging and would need to be assessed on peripheral nerve injuries. 
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2.5 Research objectives 

2.5.1 Rationale for the proposed research 

 The current PhD project work was aiming at investigating new therapeutic strategies to treat 

chronic peripheral compression neuropathies. A great amount of studies have been achieved over 

time on different neuropathies, either of central nervous system such as Parkinson’s disease or 

of peripheral nervous system on crush or gap injury models, but research on chronic peripheral 

nerve compression has been left aside. For instance, immunophilin ligands which are FDA-

approved drugs that have shown a strong neurotrophic effect on different models of peripheral 

nerve injuries, have never been assessed on chronic nerve compression models. Therefore, this 

project has been designed to establish a consistent and reproducible model for the evaluation of 

therapeutic candidates that have shown promising neurotrophic effects on other types of 

neuropathies. 

2.5.2 Research objectives 

2.5.2.1 Establishment of an in vivo chronic nerve injury model 

The first objective of this PhD thesis work was to design, create and evaluate a model of chronic 

peripheral nerve compression that would mimic all the symptoms observed in patients suffering 

from compression mononeuropathies. This model would have to be reproducible and would be 

able to simulate accurately different severities of the pathology. 

2.5.2.2 Evaluation of immunophilin ligands in different models 

The second objective was to evaluate the potential of the FDA-approved immunosuppressive 

drugs Cyclosporine, FK506 and Rapamycin for their neurotrophic effects first in vitro on axonal 

outgrowth of primary neural cells and then on the newly developed model of chronic nerve 

compression. 

2.5.2.3 Evaluation of novel synthetic molecules for nerve regeneration 

The third objective was to assess the neurotrophic effects of two novel synthetic molecules 

recently designed. These molecules have shown promising outcomes on models of central 

nervous system diseases and would require to be evaluated on peripheral nerve. This project 
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aimed at investigating the neurotrophic effects of these molecules in vitro on axonal outgrowth 

of primary neural cells and in vivo on our model of chronic nerve compression. 
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3.1 Abstract 

In search of new therapeutic strategies for chronic peripheral nerve compressions, two 

neuroactive synthetic molecules based on the natural paecilomycine A have attracted attention. 

Their neurotrophic and neuroprotective potential was evaluated in vitro on embryonic dorsal root 

ganglia (DRG) and further translated into a controlled chronic sciatic nerve compression model. 

Results acquired in vitro showed an enhancement of dorsal root ganglia axonal length when 

cultured in medium containing 10µM and 100µM of the paecilomycine diverted synthetic 

molecule 2 (PSM2), suggesting a potent neurotrophic effect. The two molecules PSM1 and PSM2 

supported DRG cells survival and axonal regeneration in vitro. In a chronic nerve compression 

model in vivo, low doses of the molecules, systemically administered, appeared to protect the 

muscle tissue and the function of the sciatic nerve. PSM1 appeared to have a stronger effect than 

PSM2 on the protection of the sciatic nerve under compression. Findings of this study are 

indicating a neurotrophic and neuroprotective activity for both molecules with one more 

neurotrophic and the other more neuroprotective.  

 

Manuscript 1 Design of the study. Two novel synthetic molecules were evaluated for their neurotrophic and 
neuroprotective effect in vitro and in vivo.  
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3.2 Introduction 

Mononeuropathies resulting from compression are a type of neuropathies that can originate from 

different causes [1]. Entrapment sources of compression, also referred to as internal sources like 

a mass of soft tissues, are mostly a type of injury that develops progressively. On the other hand, 

injuries caused by external sources such as traumas are more often characterized by an acute 

lesion. Compression neuropathies can lead to symptoms of different natures, such as sensitive 

symptoms like tingling, pain or numbness, or motor symptoms like muscle weakness for instance 

[3]. The most common compression neuropathy is the carpal tunnel syndrome (CTS). It has a 

prevalence of 5% and an incidence between 100 and 376 cases per 100 000 persons a year 

depending on the studies [2], [59], [90]. The CTS is the result of a median nerve compression at 

the wrist in the so-called carpal tunnel. Other frequent sources of compression neuropathies arise 

from injuries to the ulnar, radial and peroneal nerves. Theses nerve compressions together with 

the lateral femoral cutaneous nerve of thigh compression are responsible for the incidence of 80 

on a 100’000 persons-years [3]. All compression neuropathies cause a global reduction of the 

quality of life for its patient population and are accountable for a considerable amount of work 

incapacities. For these reasons, different treatments strategies were explored and an important 

range of conservative techniques, such as physiotherapies, and medications like corticosteroids 

and nonsteroidal anti-inflammatory drugs, are the routine treatments. Corticosteroids have be 

shown to reduce edemas and inflammation of tendons and the synovium, which is improving the 

symptoms of the CTS [12]. Nevertheless, local injections are causing traumatic epineural injuries 

and nerve degeneration, while long term treatment is leading to reduction of mechanical stress 

of the tendon and its degeneration [16],[17]. Moreover, for heavy impairments the conservative 

methods are not sufficient and a surgery to release the nerve from the compression is needed. 

Invasive techniques have shown better outcome on strong injuries compared to the conservative 

ones, but complications and detrimental effects of the surgery have been observed such as scar 

complications or muscle weakness [18], [45], [47]. This implies, that conservative and invasive 

treatments are ineffective in some cases of chronic nerve compression. Therefore, there is a need 

in investigating new therapeutic approaches for the treatment of chronic nerve compression. 
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Within the scope of investigating new treatment alternatives, two neurotrophically active small 

molecules based on 2-oxa-spiro[5.5]-undecane scaffold that have been shown to possess 

neurotrophic and neurogenic properties on different models derived from the central nervous 

system [43], [44] attracted our attention. Inspired from the paecilomycine A natural product, 

these molecules have been designed using an intramolecular Pauson-Khand reaction[43], [91], 

[92]. Two of these small molecules, synthetized by diverted organic synthesis (DOS) have shown 

a high neurotrophic potential and thus worthy being investigated on peripheral nerve injuries. 

We decided to evaluate their potential first in vitro on a model of chicken embryonic dorsal root 

ganglia (DRG) as well as on an in vivo model of chronic nerve compression. 

3.3 Materials and Methods 

3.3.1 Dorsal root ganglia in vitro study 

Fertilized chicken eggs were acquired from Gepro Geflügelzucht AG in Switzerland. Eggs were 

incubated for a duration of 11 days at 37.9°C with a relative humidity of 100%. Eggs were wiped 

with 70% ethanol and the entire procedure of explantation was executed under sterile conditions 

under a laminar flow cabinet. The dorsal root ganglia (DRG) were explanted from the lumbar 

region using a stereomicroscope following standard procedures and were kept in PBS on ice for a 

maximum duration of one hour [68]. DRG were seeded at a density of one per well on 24-well 

plates (TPP Techno Plastic Products AG, Switzerland). The plates were previously coated with 

1µg/ml laminin overnight in an incubator at 37°C. We used a DMEM/F12 medium (with L-

glutamine and phenol red, Thermo Fisher Scientific) which was complemented by 1% N2 

supplement (N2S, Thermo Fisher Scientific), 1% Streptomycin, Penicillin, Amphotericin (Thermo 

Fisher Scientific) and specific concentration of drugs. All cultures were placed in an incubator at 

37°C and 5% of CO2 for 48 hours. The two active small molecules based on 2-oxa-spiro[5.5]-

undecane scaffold, that we named PSM1 and PSM2 (for paecilomycine diverted synthetic 

molecules 1 and 2, Figure 1) were obtained from the Indian Institute of Chemical Technology, 

Hyderabad, India (Kind gift from Dr. Sreehari Pabbaraja). This study was designed with four DRG 

explants from the lumbar region for every experimental conditions and controls and was repeated 

a second time. Injured DRG spotted during the study were withdrawn and not replaced. As 
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negative control we used the basal supplemented culture medium described in the previous 

subchapter. Positive controls were supplemented with 10% FBS (FBS Good Forte, PAN Biotech) 

and 10ng/ml NGF (R&D Systems, USA), respectively. PSM1 and PSM2 were stored in DMSO at 

5mM. Treatments were evaluated individually at the following concentrations: 0.1µM, 1µM, 

10µM, 100µM and 200µM). These dilutions were complemented to the basal supplemented 

culture medium. 

3.3.2 Quantitative analysis of axonal outgrowth 

After an incubation of 48 hours, images of neurites and DRG were assessed through a digital 

camera using an inverted microscope equipped with phase-contrast lens at a magnification of 5x 

(Axio Vert.A1, Zeiss). We used ImageJ to stitch pictures when necessary and to measure the 

average neurite length [69]. Eight segments equally separated (every 45°), from the DRG edge to 

the outgrowth periphery were lined and saved using the ROI manager of ImageJ. Average of 

neurite outgrowth was assessed for each DRG separately and one-way analyses of variance 

(ANOVA) with post-hoc multiple comparison and Bonferroni correction was performed using IBM 

SPSS Statistics 22. 

3.3.3 Live and death assay for DRG cells 

Three embryonic chicken DRG per condition and per repeat were explanted as for the neurite 

outgrowth assay. DRG cells were dissociated for 30 minutes in 0.05% Trypsin at 38°C in a slow-

shaking bath. The dissociated cells were seeded in laminin-coated 24-well plates at a density of 

ca. 35’000 cells per well. Cells were then incubated in the above described culture media in five 

groups for 48 hours: Culture medium only, 10% FBS, 10ng/ml NGF, 1µM PSM1 and 10µM PSM2. 

We selected the concentrations according to results obtained on the axonal outgrowth assay. 

After incubation, all the cells were stained with the live and death cell assay (abcam) and 

fluorescent microscopy was performed. The whole wells were scanned at 20x and automatically 

stitched on red and green fluorescence channels using an inverted, automated microscope 

(Eclipse Ti2, Nikon). Cells with dead (red) and live (green) markers were automatically counted 

using ImageJ. The ratio of living cells over dead cells was calculated. 
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3.3.4 Animals 

Twelve Sprague-Dawley 8-weeks old female rats weighing approximately 250g were evaluated in 

this study (Janvier Labs, France). Rats were kept for a minimum of a week before the study for 

acclimatization. All procedures done in this study were authorized by the cantonal veterinary 

office of the canton of Basel.  

3.3.5 Surgical procedure 

The surgeries were all performed under general anesthesia using Isoflurane at 2.5%. 

Buprenorphine (Temgesic, 0.05 mg/kg; Indivior) was injected subcutaneously as analgesic one 

hour before and after the surgery. Animals were positioned ventrally, and the left sciatic nerves 

was exposed from the intermuscular space. The sciatic nerve was compressed using a titanium 

hemostatic clip (Vitalitec small clip, Péters surgical) with a defined 250µm-lumen. The clip was 

placed at 10mm proximally from the sciatic nerve branching into peroneal, tibial and sural nerves 

as described in manuscript I. The compressing clip was kept on the sciatic nerve for a chronic 

compression. The skin was stitched with a continuous subcutaneous suture (5/0 coated Vicryl 

plus, Ethicon, Belgium). The animals were divided into three groups of four animals: Untreated, 

PSM1 and PSM2.  

3.3.6 Drug administration 

After 14 days of chronic compression, the two molecules were injected twice a week 

intraperitoneally in the animals of the respective groups for four weeks. The drugs were dissolved 

in saline solution (NaCl 0.9%) at a concentration of 1mg/kg to reach an injectable volume of 200µl. 

Control group animals were also injected biweekly with 200µl of saline solution. 

3.3.7 Gait analysis 

Functional gait outcomes were acquired at six weeks after surgery using a computed walking track 

(Catwalk XT, Noldus Information Technology). Two runs were assessed per animal and the gait 

parameters Swing Speed, Toe Spread and the Sciatic Functional Index (SFI) were calculated using 

Catwalk XT 10.3 [50], [51].  
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3.3.8 Nerve tissue processing 

Six weeks after surgery including four weeks of treatment, animals were euthanized in a CO2 

chamber. Gastrocnemius and tibialis anterior muscles were explanted and weighed. Left sciatic 

nerves were harvested on a length of 15mm centered on the compression site. The nerves were 

fixed in 4% paraformaldehyde for 24 hours and were embedded in paraffin.  

3.3.9 Immunohistochemistry 

5µm cross-sections of sciatic nerves were performed and placed on slides. Specimens underwent 

a deparaffinization and rehydration protocol using bathes of xylol and ethanol at different 

concentrations. Slides were rinsed and incubated 60 minutes in 1% BSA and 0,3% Triton X-100 in 

PBS. The slides were then incubated with rabbit polyclonal neurofilament 200 (NF200, Sigma-

Aldrich) and chicken polyclonal anti-myelin protein zero (MP0, abcam) antibodies for 12 hours at 

4°C. Polyclonal anti-rabbit IgG-FITC (Sigma-Aldrich) and anti-chicken IgY-Alexa Fluor 594 (Thermo 

Fisher Scientific) antibody-fluorochrome conjugates were used as secondary antibodies for 90 

minutes incubation at RT. All slides were additionally stained with Hoechst 33342 together with 

secondary antibodies (Sigma-Aldrich). Slides were covered with ProLong Gold antifade mounting 

medium (Thermo Fisher Scientific) and stored at 4°C until microscopy. 

3.3.10 Histological analysis 

Stained nerve slides were scanned under a fluorescent microscope at 40x (Eclipse Ti2, Nikon). 

Area covered by axon and nerve bundles area were quantified automatically with NIS-Elements 

Advanced Research software (Nikon). Percentage of surface covered by axons was calculated.  

3.3.11 Statistical analyses 

For all statistical analyses, we performed one-way analysis of variance (ANOVA) with Bonferroni 

correction for multiple comparisons between the groups and one-sample t tests with null 

hypothesis for single groups. For these analyses, we used IBM SPSS Statistics and GraphPad Prism 

8. All graphs are displayed with ±1 SD (Standard Deviation). The statistical difference shown in 

graphs with stars is following a standard scale (* for p≤0.05; ** for p≤0.01; *** for p≤0.001). 
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3.4 Results 

3.4.1 Neuronal survival in vitro 

After assessment of the neuritogenic effect of the molecules we performed a live and dead cell 

assay in order to investigate whether PSM1 and 2 had an effect on the cell survival. Within that 

scope we dissociated the cells of the harvested DRG before 48 hours of treatment in culture. We 

found that compared to the culture medium only, both PSM1 and PSM2 treated cells were 

improving the survival rate of DRG dissociated cells with respective rates of 1.46 and 1.49 for the 

drugs compared to 0.62 for the cells in culture medium only (Figure 3, p≤0.001). These rates were 

comparable to the survival rate observed for cells treated with NGF (1.23, n.s.) but inferior to FBS-

treated cells (2.55, p≤0.001). To complete this analysis, the cell count was compared between 

groups. The only significant difference was observed between NGF (8’790 cells) and FBS (11’388 

cells) conditions (Figure 3, p≤0.05). The total number of cells observed in the other conditions 

were 9’227 cells for the culture medium condition and 9’525 and 10’858 cells for PSM1 and PSM2, 

respectively. 

3.4.2 Axonal outgrowth in vitro 

We investigated the neurotrophic effect of the molecules on the axonal outgrowth of primary 

neural cells of chicken embryonic DRG (Figure 2). We noticed that both molecules at every tested 

concentration were displaying a longer axonal average than the culture medium only (431 to 

530µm for PSM1 and 418 to 664µm for PSM2), however, that difference appeared to be 

significant only for PSM2 treated cultures at 10 and 100µM (p=0.004 and 0.045, respectively). The 

higher effect was observed for DRG cultured with PSM2 at the 10µM concentration. We were 

interested in the difference with the control medium-only condition, but we also treated our DRG 

with 10%FBS and 10ng/ml NGF. These two positive controls showed a similar effect as the PSM2 

10µM condition with an average axonal outgrowth of 669µm for the NGF condition and 724µm 

for FBS. 

3.4.3 Immunohistochemistry of treated nerves 

After investigation of the neurogenic and survival effects of the two molecules of interest in vitro, 

we decided to observe their potential in vivo on the chronic compression model of the sciatic 
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nerve that was developed by our group. We designed the treatment with injections of PSM1 or 

PSM2 twice a week. The rats’ left sciatic nerves were compressed for six weeks in total, the 

animals received injections on the last four weeks of compression. After euthanasia of the 

animals, we observed the sciatic nerves histology using immunofluorescence techniques. We 

measured the numbers of axons per mm2 of nerve for every animal of each group (Figure 4). 

While the density of axons in untreated rats was 10’150 axons per mm2, rats that were treated 

with PSM1 and PSM2 had a respective axon density of 14’952 and 16’322 axons per mm2. The 

difference between untreated and PSM1 groups appeared to be significant (Figure 4B, p≤0.05). 

3.4.4 Muscles weight  

We explanted the full gastrocnemius and tibialis anterior muscles from both side of every animal 

and calculated the percentage of weight loss after six weeks of compression (Figure 5). Untreated 

animal group lost an average of 43% weight for the gastrocnemius muscle compared to the 

unoperated side and 52% of the tibialis anterior muscle weight. Both treatment groups showed a 

higher preservation of their muscles weight than the untreated group but there was no statistical 

significance of the differences. The weight loss measured on the gastrocnemius muscle was more 

important on the PSM2 group (40% loss vs. 32% loss in PSM1 group). The opposite was observed 

concerning the tibialis anterior muscle where the quantified loss of the PSM1 group (23%) was 

inferior to the 31% weight loss of the PSM2 treated animals. 

3.4.5 Behavioral analysis 

Important parameters of the rat gait were measured with the computed walking track (Figure 6). 

The sciatic functional index is the most used parameter to quantify an impairment on the sciatic 

nerve (Figure 6C). We witnessed a significant difference between the untreated group and the 

PSM1 group, which performed better on the SFI (p≤0.05, -11.9 for PSM1 and -32.8 for untreated). 

The group of animals treated with PSM2 also performed better after six weeks (-17.7) than the 

untreated group, but no statistical difference was noticed. We also observed a significant 

improvement of the Toe Spread in rats treated with PSM1 and PSM2 compared to the control 

group (Figure 6B, p≤0.05). No other significant difference was measured, but in general we 
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observed better performances on all indices of both treated groups when compared to the 

control group.  

3.5 Discussion 

3.5.1 Evaluation of the neurotrophic effect of PSM1 and PSM2 on chicken 

embryonic DRG in vitro 

Comparison of the average axonal length of chicken embryonic DRG showed that PSM2 enhanced 

the axonal outgrowth significantly at 10 and 100µM (Figure 1B). We observed a dose-dependent 

effect with a peak at 10µM. In overall, all the investigated concentrations seemed to sensibly 

improve the average axonal length of the DRG. The average measured length was comparable to 

what was observed on DRG grown with NGF, a proven potent neurotrophic factor. We also 

observed a significantly higher survival rate of dissociated DRG cells treated with PSM2 at 10µM 

when compared to the culture medium condition. Together, the observations on the axonal 

outgrowth and the cell survival indicate a potent neurotrophic effect of PSM2 on embryonic DRG 

cells. PSM1 did not show any significant neurotrophic effect on the model of axonal outgrowth. 

We noticed that the overall axonal length measured on DRG cultured with PSM was longer than 

with the culture medium only, but this difference could not be statistically proven. When 

observed in the scope of survival, PSM1 showed a very similar effect as PSM2, an improvement 

of dissociated DRG cells survival after 48 hours of culture. This effect appeared to be higher than 

cells treated with NGF. This in vitro study is therefore suggesting that PSM1 promotes neural cells 

survival and that it might also promote axonal outgrowth but in a weaker way than PSM2. These 

observations are corresponding with what was observed on mouse neural stem cells or neural 

progenitor cells and on PC12 cells in previous studies [43], [44]. We can also dispute the role of 

PSM1 concentrations that we investigated. On the previously mentioned article [44], they 

assessed the effect of PSM1 and PSM2 at lower concentrations (0.01µM). Considering the dose-

dependent effect observed on PSM2, we cannot exclude a potential stronger effect of PSM1 at 

lower concentrations. To summarize, we successfully highlighted a potent neurotrophic effect of 

PSM2 as well as neuroprotective effect of both molecules on DRG cells. These finding encouraged 

us to perform more experiments on these molecules. 
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3.5.2 PSM1 preserves nerve histology and function under chronic compression  

We evaluated the effect of PSM1 and PSM2 on our model of chronic sciatic nerve compression 

for six weeks. We decided to evaluate the molecules at a low dose with injections covering the 

four last weeks of the compression. We revealed different markers of impairment after the 6 

weeks of the experiment and observed a consistency between functional and histological results. 

Undeniably, all the results obtained were indicating a preservation of nerve and muscle tissues as 

well as better functional outcomes for the animals treated with either PSM1 or PSM2. When 

observed in detail we witnessed that only PSM1 treated animals showed to have a significantly 

higher axonal density observed in the sciatic nerve distally from the compression. PSM2 also 

showed a higher density of axons compared to the untreated animals (Figure 4B). With the same 

tendency, injections of PSM1 and PSM2 seemed to slightly reduce the muscles atrophy, but no 

statistical difference was observed. This reduction of muscle weight loss is most likely correlated 

to the histological and functional conservation of the innervating nerve. This hypothesis is 

supported by the results of the gait analysis observed for the different groups (Figure 6). As an 

important outcome, the SFI is an accurate marker of the sciatic nerve function that compares the 

gait of the animal using data from the impaired limb as well as of the contralateral side [50]. We 

observed that the SFI of PSM1 group was significantly lower than the untreated group, meaning 

that the impairment of the function was reduced in PSM1 animals. Additionally, despite no 

statistical significance, PSM2 treated animals had in average a better SFI than the untreated 

animals. We also observed that the swing speed of both treated groups was faster than the 

untreated group, suggesting a better control of the injured paw. Equivalently, the print width 

measured on rats treated with PSM2 was larger than the other groups, indicating an innervation 

of all the tows of the chronically damaged paw. Altogether the results of the gait are pointing at 

a preservation of the sciatic nerve function under chronic compression for both treated groups. 

The difference in statistical significance between the treatment groups might arise from the 

important standard deviation and the low number of animals used for this study (n=4 per group). 
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3.5.3 Future of paecilomycine diverted synthetic molecules in peripheral nerve 

research 

The evaluation on the model of chronic peripheral nerve compression provided promising results 

for the development of these two molecules as potential therapeutic agents for peripheral 

neuropathies. Their potential would be interesting to be investigated at different concentrations 

and frequencies of administration. Since we do not know much about potential undesirable 

effects on humans, it would be also relevant to develop methods for local delivery of the 

molecules at a rate that would correspond to their neuroactive effects. Other models of 

peripheral neuropathies such as nerve gap injuries could also worth to be evaluated with the 

molecules. Ultimately, we believe that these two molecules should be considered as potential 

important therapeutic agents in the improvement of peripheral neuropathies research and would 

need to be more investigated. 

3.6 Conclusion 

In summary, paecilomycine diverted synthetic molecules 1 and 2 have appeared to be 

neurotrophic and neuroprotective in vitro as well as in vivo on a model of chronic peripheral nerve 

compression. While PSM2 showed a potent neurotrophic effect on chicken embryonic DRG, both 

molecules demonstrated a positive effect on DRG cells survival. When assessed on a chronic 

sciatic nerve compression model, both treatments presented a clear tendency of neuroprotective 

effect even if PSM1 only appeared to show statistical difference on certain markers after 6 weeks. 

Giving their neuroprotective and neurotrophic potential, these two drugs are worth to be 

evaluated on other models of peripheral neuropathies such as on nerve gaps injuries. 

Additionally, using biomaterial for a topic delivery of the molecules could enhance their effect on 

animal models and would be interesting to evaluate. 
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4 Discussion and outlook 

The present PhD thesis project was aiming at investigating new therapeutic approaches for 

compression peripheral neuropathies. This work was designed in two important steps: First the 

conception and development of a model of chronic peripheral nerve compression and then the 

assessment of the potential of selected candidate active molecules having shown promising 

results on other neural models. The first manuscript describes the methods used to create a 

model of chronic peripheral nerve compression allowing different severities of impairment that 

have been shown to be related to the level of compression applied. This manuscript was the base 

for the other studies performed during this project. It provides some functional and histological 

markers for the evaluation of therapeutic candidates. 

On the second manuscript, three broadly used immunosuppressive drugs were evaluated on two 

models, including the established compression model. This second study shows that Cyclosporine 

and FK506 allow the preservation of function and histology of muscles in rats with chronic sciatic 

nerve compression. Additionally, Rapamycin demonstrated preservation of the gait function in 

chronic compressed nerves. The study suggests that Cyclosporine and FK506 support the neurite 

outgrowth as well as the neuronal survival, while the effect of rapamycin on neuronal survival 

seems lower in comparison.  

Finally, the third presented manuscript aimed at the evaluation of two novel synthetic molecules 

that we named PSM1 and PSM2. These molecules have been assessed on the same in vitro and 

in vivo models as the immunophilin ligands. While PSM2 has demonstrated a strong neurotrophic 

effect on DRG, both molecules have demonstrated a positive effect on DRG cells survival. When 

assessed on the model of chronic sciatic nerve compression, both treatments have presented a 

neuroprotective effect. 

4.1.1 In vitro model for evaluation of therapeutic candidates 

The design of the in vitro model we used was selected based on literature for its use in many 

publications that investigate the neurotrophic effect of therapeutic candidates. This model aims 
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at evaluating the effect of the candidate on axonal outgrowth of embryonic neural cells from 

peripheral nervous system. 

4.1.1.1 A serum-free medium 

An important aspect of a model is its reproducibility. The model used in previous publications are 

for most of them designed with the use of serum in the culture medium of the DRG [67], [93]. It 

is known that serum from fetal origins can vary in their composition depending on the provider 

as well as the batch [77]. The use of serum might avoid direct comparisons and reproducibility of 

experiments between laboratories. We decided to reduce that variability by avoiding the use 

serum in the medium we used. 

4.1.1.2 Model limitations 

This in vitro model has multiple limitations, and this is also the reason of the use of another model 

to evaluate drugs that were not successful on that model. The first point to notice is that the 

model is not mirroring a compression injury. The explantation of the DRG from its embryo is 

undoubtedly causing an injury but this is a transient and traumatic event, which is not mimicking 

the kind of injuries we are interested in this project. The second criticism that we can have on the 

present model is a drawback of its force, the serum-free medium used seem to induce an increase 

the variation inside the groups when compared to other studies [94]. Another drawback of 

removing serum from the medium is that is weakens the attachment of the DRG cells to surface. 

For that reason, the immunostaining necessary for cells characterization is becoming very 

challenging. The cells evaluated on their survival were then containing all the cell types present 

in a DRG (neural and glial cells).  

4.1.2 In vivo model of chronic peripheral compression neuropathies 

The design of the model of chronic peripheral nerve compression was driven by the objectives to 

fulfill some conditions. The model had to be reproducible and accessible to other research groups 

and as importantly, it had to mimic at best the symptoms and the pathophysiology of compression 

neuropathies. The model successfully achieved the goals that we judged important, but we can 

spot some limitations. 
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4.1.2.1 Model limitations 

The first limitation of our in vivo model that we can describe is that our model can only simulate 

a compression neuropathy with a quick onset that can be defined as a trauma. Some other 

models, mostly on bigger animals are fitting neuropathies with slower progression [95]. Another 

aspect that we have not covered on our model, by preference, is the duration of treatment and 

observation of the injury. The duration could be longer and would deserve to be observed until 

we can notice a stabilization of the injury. Another criticism that can be made is that by operating 

the animal, we create an injury of the tissues and not only of the nerve. This aspect can be 

compensated by the use of a sham group for direct comparison but on the other hand our model 

has been design to compare treatments so their effect should be compared to another group of 

animal that underwent the same surgery. The last limitation of our model is the relatively high 

variance that we observe in the Von Frey filament test. This important variance makes difficult to 

sport small differences between treatment groups.  

4.1.2.2 Drugs route of administration 

An important aspect related to the use of drugs is the route of administration of these drugs. In 

the present thesis work, the selected route was the injections, intraperitoneally, of all the 

assessed molecules. This method has drawbacks such as the time and involvement it uses as well 

as the potential risks that are specific to injections. Therefore, other methods should be 

investigated in case of long-term administration of the drugs.  

4.1.2.3 Limitations in immunophilin ligands systemic use 

Chronic use of systemic immunosuppressive drugs is causing detrimental effects that have been 

already shown in case of use for preventing graft rejections. For instance, Cyclosporin is listed as 

an IARC Group 1 carcinogen, can lead to gout and increases blood pressure [96], [97]. Therefore, 

we designed our study using the drugs at lower concentration that are not triggering 

immunosuppression, but the side effects of these drugs at such doses have not been assessed 

and would need to be investigated for the future of their use in compression neuropathies. 

Another strategy to lower the drugs concentrations needed to trigger a neurotrophic effect would 

be the local delivery of these molecules at a steady and low rate. Finally, a surgical decompression 
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followed with administration of the immunosuppressive drugs would potentially shorten the 

necessary duration of treatment and then lower the risks of side effects. These strategies are 

interesting leads and are representing the future challenge of this research. 

4.1.2.4 Limitations in knowledge about PSM 

These molecules having been recently synthetized, the knowledge gathered on their mechanism 

of action, toxicity or pharmacokinetics is still weak. These aspects are relevant for the use of these 

molecules as potential medications. The side effects and pharmacokinetics of PSM would dictate 

the fate of these molecules for treatment in humans and influence the choice of the routes of 

administration. 

4.1.2.5 Local delivery of cyclosporine and FK506 

The fate of immunophilin ligands therapies for non-life-threatening diseases will likely go through 

ways that avoid or limit detrimental effects. As discussed previously, these drugs have shown 

some important detrimental effects that would overpass the benefits of their therapeutic use. 

Therefore, the direction of the research on immunophilin ligands as potential therapeutic agents 

for peripheral neuropathies is already targeting new ways of administration that would need 

lower drug concentration such as local delivery. According to the current studies achieved, local 

delivery has proven to be efficient to regenerate nerve, but comparison studies have shown that 

systemic administration was more efficient [49], [98]. This aspect might vary with the type of 

injury and would need to be investigated on a model of compression neuropathies. Additionally, 

the effect of local delivery would be worth to be investigated on other targets. For instance, local 

delivery at the ganglia level, where the neural cells bodies are, or at the targeted tissues of the 

nerve would be interesting to be studied. 

4.1.2.6 General outlook 

As mentioned before, our model of chronic compression is limited in duration and we do not 

know if the states observed are final and steady. For that reason, the candidate drugs would 

deserve to be assessed on a longer time, to evaluate the evolution of the neuropathy. 
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A last parameter that we can modify on our studies design is the possible association of these 

treatments with a surgical decompression. Adding surgery, that have shown greater outcomes in 

patients with CTS for instance, could be assessed to evaluate the benefits of such protocol. 

Certainly, the removal of the source of pression on the nerve would be beneficial for the nerve 

and complementary treatments are necessary for heavy compression injuries.  

5 Conclusion 

In summary, the objectives of this PhD work have been successfully achieved by the 

establishment of a model for controlled and chronic peripheral nerve compression that have been 

used for the evaluation of selected therapeutical candidates which have shown promising 

outcomes on preservation of the sciatic nerve function and histology under chronic compression. 

The work achieved has allowed to develop the advances in the research field by demonstrated 

the cited effects and by giving proofs and hints leading to a better understanding of the action 

mechanisms of the investigated drugs and pathologies. 
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6 Other published original articles 

6.1 First shared authorship: Nerve Repair With Fibrin Nerve Conduit and 

Modified Suture Placement 

WENJIN WANG,1,2 LUCAS DEGRUGILLIER,1 MATHIAS TREMP,1 KATHARINA PRAUTSCH,1 LIMA 

SOTTAZ,1 DIRK J. SCHAEFER,1 SRINIVAS MADDURI ,1,3,4* AND DANIEL KALBERMATTEN1 

1 Department of Plastic, Reconstructive and Aesthetic Surgery, University Hospital Basel, CH-
4031, Basel, Switzerland 
2 Department of Plastic and Reconstructive Surgery, Shanghai Ninth People’s Hospital, 
Shanghai, 200011, China 
3 Department of Biomedicine, University of Basel, CH-4031, Basel, Switzerland  
4 Department of Biomedical Engineering, University of Basel, CH-4123, Allschwil, Switzerland 
 
Published in “THE ANATOMICAL RECORD” the 23rd of October 2018 
 

6.1.1 ABSTRACT 

Sutureless nerve repair has been regarded as a promising technique for nerve repair as the suture 

materials often results in neuroma formation and scar tissue that impede nerve regeneration. 

The aim of this study was to analyze the mechanical stability and morphological outcome of 

sutureless repair using fibrin glue conduit and an alternative approach of modified suture 

placement. Using rat sciatic nerve, we tested the following experimental conditions: conventional 

suture repair; single suture combined with fibrin glue repair, and fibrin conduit reinforced with 

modified suture or fibrin glue. Nerve detachment anatomical measures such as axon density, 

myelin, and fiber caliber were analyzed for evaluation of nerve regeneration. Muscle atrophy 

were evaluated by muscle wet weight and H&E staining. All animals in sutureless repair group 

exhibited complete detachment or elongation by two or four weeks after repair. No detachment 

was found in any other groups. Animals treated with fibrin conduit reinforced with modified 

suture showed better axonal regeneration with good alignment. There were no significant 

differences in axon caliber among the groups. Muscle atrophy was found in all groups and there 

was no significant difference in muscle wet-weight among the groups. In summary, sutureless 

nerve repair with fibrin glue was mechanically unstable for resistance of mechanical stretches, 
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fibrin glue conduit with modified suture placement is mechanically stable and resulted in better 

morphological outcome. 

6.2 Second authorship: REGENERATION OF NERVE CRUSH INJURY USING 

ADIPOSE-DERIVED STEM CELLS: A MULTIMODAL COMPARISON 

MATHIAS TREMP, MD ,1,2 LIMA SPRENGER, MD,1,2 LUCAS DEGRUGILLIER, MSC,1,2 DIRK 

JOHANNES SCHAEFER, MD,1,3,4 SRINIVAS MADDURI, PHD,1,3,4 STEFAN SCHAEREN, MD5 and 

DANIEL FELIX KALBERMATTEN, MD, PHD1,2 

1 Department of Plastic, Reconstructive, Aesthetic, and Hand Surgery, University Hospital Basel, 
Basel, Switzerland 
2 Department of Neuropathology, Institute of Pathology, University Hospital Basel, Basel, 
Switzerland 
3 Department of Biomedicine, University of Basel, Basel, Switzerland 
4 Department of Biomedical Engineering, Center for Bioengineering and Regenerative Medicine, 
University of Basel, Gewerbestrasse 14, 4123, Allschwil, Switzerland 
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6.2.1 Abstract 

Introduction: To restore full function following nerve crush injuries is critical but challenging. In 

an attempt to develop a viable therapy, we evaluated the effect of rat adipose-derived stem cells 

(rASC) in 2 different settings of a sciatic crush injury model. Methods: In the first group, after 14 

days of nerve crush injury, rASCs were injected distal to the lesion under ultrasound guidance. In 

the other group, alleviation of compression through clip removal (CR) was combined with 

epineural injection of rASCs. Gait analyses, MRI, gastrocnemius muscle weight ratio (MWR), and 

histomorphometry were performed for outcome analysis. Results: CR combined with rASC 

injection resulted in less muscle atrophy, as evidenced by MWR. These findings are further 

supported by better functional and anatomical outcomes. Discussion: Animals treated with CR 

and epineural stem cell injection showed enhanced anatomical and functional recovery. 



- 69 - 
 

6.3 Second authorship: Ex-Vivo Stimulation of Adipose Stem Cells by 

Growth Factors and Fibrin-Hydrogel Assisted Delivery Strategies for 

Treating Nerve Gap-Injuries 

Katharina M. Prautsch 1,2,3, Lucas Degrugillier 1,2,3, Dirk J. Schaefer 1,4, Raphael Guzman 4,5, 

Daniel F. Kalbermatten 1,2,3, and Srinivas Madduri 1,2,3,4,* 

1 Department of Plastic, Reconstructive, Aesthetic and Hand Surgery, University Hospital Basel, 
University of Basel, Spitalstrasse 21, 4021 Basel, Switzerland; katharina.prautsch@unibas.ch 
(K.M.P.); LucasMichelJean.Degrugillier@usb.ch (L.D.); Dirk.Schaefer@usb.ch (D.J.S.); 
Daniel.Kalbermatten@usb.ch (D.F.K.) 
2 Department of Pathology, University Hospital Basel, Hebelstrasse 20, 4021 Basel, Switzerland 
3 Department of Biomedical Engineering, University of Basel, Gewerbestrasse 14, 4123 
Allschwil, Switzerland 
4 Department of Biomedicine, University Hospital Basel, Hebelstrasse 20, 4021 Basel, 
Switzerland 
5 Department of Neurosurgery, University Hospital Basel, Spitalstrasse 21, 4021 Basel, 
Switzerland; Raphael.Guzman@usb.ch 
* Correspondence: srinivas.madduri@usb.ch 
Daniel F. Kalbermatten and Srinivas Madduri share the senior authorship. 
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6.3.1 Abstract 

Peripheral nerve injuries often result in lifelong disabilities despite advanced surgical 

interventions, indicating the urgent clinical need for effective therapies. In order to improve the 

potency of adipose-derived stem cells (ASC) for nerve regeneration, the present study focused 

primarily on ex-vivo stimulation of ASC by using growth factors, i.e., nerve growth factor (NGF) or 

vascular endothelial growth factor (VEGF) and secondly on fibrin-hydrogel nerve conduits (FNC) 

assisted ASC delivery strategies, i.e., intramural vs. intraluminal loading. ASC were stimulated by 

NGF or VEGF for 3 days and the resulting secretome was subsequently evaluated in an in vitro 

axonal outgrowth assay. For the animal study, a 10 mm sciatic nerve gap-injury was created in 

rats and reconstructed using FNC loaded with ASC. Secretome derived from NGF-stimulated ASC 

promoted significant axonal outgrowth from the DRG-explants in comparison to all other 
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conditions. Thus, NGF-stimulated ASC were further investigated in animals and found to enhance 

early nerve regeneration as evidenced by the increased number of Tubulin III+ axons. Notably, 

FNC assisted intramural delivery enabled the improvement of ASC’s therapeutic efficacy in 

comparison to the intraluminal delivery system. Thus, ex-vivo stimulation of ASC by NGF and FNC 

assisted intramural delivery may offer new options for developing effective therapies. 
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