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Aim of the Thesis 
 
Our work combined technologies of biology of Central Nervous System (CNS), material 

science and pharmacology for the development of novel approaches to develop new 

treatments of neurodegenerative diseases and CNS injury, based on neural tissue 

regeneration and neural stem cells.  We aimed to combine matrices (3D collagen scaffolds), 

neural stem cells (NSCs) and neurotrophic compounds for spinal cord regeneration. We thus 

cultured NSCs in 3D collagen scaffolds for the development of an ex vivo niche which 

could be transplanted in a spinal cord injury model to induce regeneration. Secondly, we 

assessed the effects of synthetic microneurotrophins on neurogenesis and neuroprotection 

aiming to their exogenous administration for the pharmacological control of the implanted 

biological device. 
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CHAPTER I 

Neural Stem Cells (NSCs) in 3D Collagen Scaffolds: 
developing pharmacologically monitored neuroimplants 
for Spinal Cord Injury (SCI). 
 

1.1. Introduction 
 

Spinal cord injury is an overwhelming neurological disorder, which affects 500.000 

people every year around the world [1]. The majority of these injuries are due to road traffic 

crashed, violence, falls and sports accidents. Most of the time the life of patient charges 

dramatically as it mainly leads to bladder and kidney infections, cardiac and respiratory 

dysfunction and major sensory and motor disabilities. The psychological and economical 

impact on families and the society is devastating. Common types of injury include the 

contusion, caused by shattered vertebral bones, and the contusion, caused by increased 

pressure of the spinal cord. Like other neurological conditions, the precise understanding of 

the spinal cord physiology under normal and diseased conditions is fundamental for targeted 

therapies.  

 

1.1.1. The Anatomy of Spinal Cord 

The spinal cord is the mean of communication between the brain and the rest of the 

body. It extents from the medulla oblongata in the basis of the brain till the first lumbar 

vertebrae. This soft and delicate tissue is protected by three layers of meninges (pia, 

arachnoid and dura matter) and the vertebral column [2]. The spinal cord is divided in 34 

spinal cord segments, which are the regions of origin of each pair of spinal nerves (8 

cervical, 13 thoracic, 6 lumbar, 4 sacral, 3 coccygeal). Due to the anisotropy occurring 

during the embryonic development, the vertebrae enclosing the spinal cord are 30 (7 
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cervical, 13 thoracic, 6 lumbar, 4 sacral) instead of 34. Transversal section of the spinal cord 

reveals its butterfly-like structure where gray matter is located centrally and surrounded by 

the white matter; main components of the gray matter are interneurons, the cell bodies and 

dendrites of efferent neurons, the entering fibers of afferent neurons and glial cells. The 

white matter is composed of myelynated axons the so-called fiber tracts that run 

longitudinally through the cord. They are divided to descending and ascending tracts where 

the former relay information from the brain to the periphery and the latter carry impulses 

towards the brain. Afferent (sensory) fibers enter from the dorsal roots and run the spinal 

cord on the dorsal part. The efferent (motor) neurons run through the ventral part of the 

spinal cord and leave via the ventral roots [3].  

 

 

Figure 1.1.1.  Anatomy of spinal cord in the thoracic level. Ascending and descending tracts run through the 

thoracic part. Modified from [4].  
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1.1.2. Neuropathology of SCI and current treatments 

Primary injury occurs after the laceration, compression or infarction of the spinal 

cord and triggers a cascade of biological events, which lead to the secondary injury after 

minutes or week from the injury. These secondary events are the major reason for the huge 

loss of neurons that finally leads to the chronic phase (lasts years), which includes 

neurological impairments in the brain as well. Targeting these secondary events might lead 

to promising therapy. These secondary events are: a) impairments of the vasculature 

including hemorrhage, blood brain barrier breakdown, infiltration of inflammatory cells and 

ischemia [5], b) free radical formation and lipid peroxidation [6], c) depolarization of cell 

membranes due to the disruption of ionic balance of K, Na, Ca [7], d) glutamate 

excitotoxicity [8], d) extended inflammatory response with rapidly infiltrated microglia and 

leukocytes [9] and e) apoptosis, the programmed cell death that is present in both 

developmental and disease states [10]. In the chronic phase of the injury, the white matter 

keeps demyelinating and the gray matter dissolutes. The reactive astrocytes secrete 

extracellular matrix molecules, especially chondroitin sulphate proteoglycans, resulting to 

the formation of the glial scar, which acts as a physical barrier preventing axons to grow 

through it [11, 12]. Finally, SCI may lead to pain syndromes and mood disorders possible 

via the activation of the hypothalamic-pituitary-adrenal (HPA) axis [13].  

As it was mentioned above, the glial scar is the major obstacle of the neuronal growth after 

injury. Infiltrating cells such as astrocytes, oligodendrocyte progenitors and meningeal cells 

robustly express proteoglycans, which are deeply involved in glial scar formation [14]. Four 

classes of proteoglycans are known including i) heparin sulphate (HSPGs), ii) dermatan 

sulphate (DSPGs), iii) keratan sulphate (KSPGs) and chondroitin sulphate proteoglycans 

(CSPGs) [15]. Although CSPGs play an inhibitory role to axonal elongation after SCI and 
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thus elimination of functional recovery, the same effect is crucial during neurogenesis and in 

neural pattern formation [16].  

 Except from proteoglycans, myelin associated molecules that are released from the 

disruption of myelinated axons and oligodendrocyte death play important inhibitory role in 

the intrinsic growth ability of injured neurons. Nogo-A protein causes growth cone collapse 

after its binding to the Nogo-A receptor on neurons [17]. Important co-receptors for this 

binding have been described to be the p75NTR [18], the TROY/TAJ [19] and the LINGO-1 

[20]. Myelin-associated glycoprotein (MAG) is another molecule produced by 

oligodendrocytes and strongly inhibits the regeneration of white matter [21]. MAG, Nogo-A 

and proteoglycans seem to share similar mechanisms of action involving the molecule Rho 

which is small GTPase known for its effects on the cytoskeleton and thus on cell motility 

[22].  

 Surgical and pharmacological interventions are available in clinic for SCI patients. 

Decompression or stabilization of the spinal cord has been shown to improve the functional 

recovery and minimize the secondary injury [23]. However, the timing and the way of 

intervention appear to be controversial thus making the outcomes of these trials not clear 

[24]. A variety of promising drugs have been tested in clinic with the most known the 

Methylprednisolone, a corticosteroid known for its inhibitory effects on lipid peroxidation 

and inflammatory response [25]. After three clinical trials [26], MP treatment became a 

common practice among physicians. However, severe adverse effects such as would 

infections, sepsis, pneumonia and even death, have raised suspiciousness [27]. Other agents 

that have been tested for SCI treatments include the monosialotetrahexosyl-ganlgioside 

(GM-1), thyrotropin-releasing hormone (TRH) and naloxone [28]. However, none of them 

demonstrated strong clinical beneficial outcomes in SCI.  
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1.1.3. Animal models in SCI research. 

A variety of animals have been used as models for the development of experimental 

therapies aiming to restore the integrity of spinal cord [29]. The most common ones are the 

rats and mice due to their low cost the easy to use and the existence of established 

experimental techniques [30]. Three types of injury are the most known in practice including 

transection, contusion and compression [31]. The transection model is mainly used for 

studies targeting axon regeneration or devise transplantation. After the laminectomy and the 

cut of the dura it is feasible either to just cut the cord or to remove a small piece to make 

space for the transplant. Total transection, Lateral hemisection and dorsal hemisection are 

the most described techniques with the last one exhibiting the most rare lethality. The 

contusion model better mimics the lesion seen in humans compared to transection. It is 

induced by hitting the spinal cord with a force obtained from specific devices named 

impactors [32]. The impulse, velocity, power and the energy of the force are mechanically 

manipulated. The compression model is the most similar to the human clinical condition as 

it begins with an early spreading hemorrhage that leads to necrosis and finally the formation 

of a central cyst. It can be induced by compressing the spinal cord with a clip or a 

compressing balloon [33]. For an accurate, reliable and reproducible evaluation of the injury 

method and the functional recovery afterwards, scientist should choose the most appropriate 

anatomical, neurophysiological and behavioral test. Depending the type, the severity and the 

place of the injury, behavioral tests are classified as sensory or motor.  

The most common motor tests are the Basso, Beattie and Bresnahan (BBB) locomotor 

scale [34] and the horizontal ladder-walking test [35]. BBB is a 21-point scale test, designed 

for rats (the respective test for mice is the Basso Mouse Scale (BMS) [36]) and assesses the 

recovery of hindlimb function after thoracic spinal cord injury. Although BBB has many 

advantages including, easy to learn, not training requires, provides a meaningful 
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measurement of recovery, its main limitation is the subjectivity [37] thus it is most used in 

severe injuries where even small differences in movement could be spotted from different 

scientists. The horizontal ladder-walking test is another well-known locomotor test and it is 

most used with milder motor deficiencies, as the animals practically need to walk through 

the horizontal ladder and the accurate placement of limps is assessed.  A variety of tests is 

available for the assessment of sensory function in SCI and as in motor tests, the type and 

place of injury play role to the selection of the most appropriate. The hot plate test and the 

Von Frey filaments test are the most common ones. The hot plate test evaluates if the injury 

or the treatment induce thermal hyperalgesia so it measures the hind paw withdrawal latency 

from radiant heat source [38]. The Von Frey filaments assess the presence or not of 

mechanical allodynuia, a type of neuropathic pain characterized by an increased sensitivity 

to innocuous stimuli (filaments) [39]. Mice and rats are assessed for the time of paw 

withdrawal after a slight bend from the filament.  

Anatomic and pathophysiological analysis usually follows the behavioral testing. 

Astrogliosis, axonal regeneration and inflammation are some of the aspects that can be 

evaluated in the spinal cord tissue using adequate biomarkers [40]. Moreover, neurite tracing 

is a very common technique for the identification of regenerative axons either retrograde or 

anterograde [41].  

Finally, a very important technique, yet high invasive, is the neurophysiological testing 

of the spinal cord [42]. This mainly works by the stimulation of a specific point, 

transmission of the evoked potential through the injured area and impulse recording on the 

other point.  
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1.1.4. Innovative molecular approaches for SCI repair 

As surgical and pharmacological approaches available for SCI patients found mostly 

ineffective and even dangerous, scientist are working intensively to understand clearly the 

pathophysiology of the tissue after injury and propose novel therapies mainly by alleviating 

the effects of secondary injury.  

New anti-inflammatory approaches have been designed in order to manipulate the 

inflammatory response in a way to keep its beneficial part and avoid the deleterious one. As 

early as in 1999, scientist have shown that systemic administration of Interleukin-1 was 

capable of reducing the lesion volume- possibly via inhibiting Tumor Necrosis Factor-a 

(TNF-α) production by astrocytes- and even partially restoring functional recovery in injured 

rats [43]. Other molecules with characterized protective effects on the injured spinal cord 

include the antibiotic minocycline [44], the non-steroid agents indomethacin [45] and 

Ibuprofen [46], the FDA-approved drug for cardiovascular diseases atorvastatin [47], the 

major hematopoietic growth factor erythropoietin [48] and the NMDA antagonists 

magnesium and riluzole [49].  

Beyond inflammation lays the fundamental issue of axonal regeneration. As it was 

mentioned previously, MAGs (e.g. Nogo) and proteoglycans (e.g CSPGs) are major 

obstacles for axonogenesis. Blocking Nogo either directly by anti-Nogo antibodies [50, 51] 

or indirectly with antagonistic peptides that bind without activating the receptor [52], found 

to be effective in promoting axon regeneration and functional recovery. Furthermore, big 

part of scientists has been focused on CSPG degradation. Chondroitinase ABC, the enzyme 

that degrades CSGPs has been used, widely, in a big number of pre-clinical studies from 

different research groups. ChABC treatment renders a more permissive environment for 

axon regeneration, restore post-synaptic activity and promote functional recovery [42, 53, 

54]. However, knowing that all these inhibitory molecules share the same signaling pathway 
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that involves RhoA activation and thus axonal growth cone collapse, inhibitors of this 

pathway have been tested for promoting neurite outgrowth [55].  

Finally, neurotrophins have been shown to exhibit major positive impact on 

sprouting of both ascending and descending fibers. Their implication in cell growth, 

guidance and survival throughout embryonic neurogenesis and even in adulthood in some 

CNS regions is widely known [56]. After spinal cord injury Nerve growth factor (NGF) 

found to promote the regeneration of cholinergic fibers [57], Brain-derived growth factor 

(BDNF) that of reticulospinal motor axons and proprioceptive sensory axons [58] whereas 

NT3 has been mostly studied for its effects on CST. Other factors linked with beneficial 

effects after SCI include Glial Cell line derived Factor (GDNF), basic Fibroblast Growth 

Factor (bFGF) and Vascular Endothelial Growth Factor (VEGF) [59].  

 

1.1.5. Cell transplantation- based strategies 

Cell transplantation has been extensively investigated in different diseases and injuries 

including SCI. Most pre-clinical data have been provided by cells such as neural stem cells 

(NSCs), mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), olfactory 

ensheathing cells (OECs), schwann cells (SCs), activated macrophages and more recently 

induces pluripotent stem cells (iPS). Due to the nature of this thesis we will focus on the 

main impacts of NSCs in SCI repair.  

 As it will be described extensively in chapter II, neural stem cells either embryonic 

or adult are multipotent cells capable of differentiation towards neurons, 

oligodendrodrocytes and asctrocytes. Their isolation and expansion in vitro stands as 

landmark for their use in numerous cell therapies and in vitro studies [60]. The rationale 

behind the use of NSCs in CNS therapeutics is that they are able-by their nature- to replace 

the lost cells after their trileanage differentiation and provide trophic support to the injured 
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tissue as they secrete neurotrophic factors including NGF, BDNF, and GDNF [61]. 

However, a big obstacle to NSCs transplantation their in vivo differentiation mainly towards 

glial phenotypes [62]. Extensive research at Gage’s lab has demonstrated that NSCs’ 

differentiation potential is highly influenced by environmental cues. Specifically, adult 

spinal cord derived NSCs differentiated in neurons when transplanted in to the granular 

layer of the hippocampus whereas in the spinal cord they gave rise to glial cells [63]. The 

use of restricted progenitors has been proposed as a promising approach [64]. Embryonic or 

adult spinal cord and brain NSCs have already been used and led to improved motor 

behavior in SCI animals. The translational studies have already started with some 

encouraging results.  

 

1.1.6. The new era of tissue engineering  

 Tissue engineering (TE) is an emerging, interdisciplinary field that combines the principles 

of physics, chemistry, material science, biology, engineering and medicine with ultimate 

goal the ‘’reconstruction’’ of diseased or injured organs (e.g. pancreas, heart valves) or 

tissues (e.g. bone and cartilage [65], nervous [66], muscular [67]) [68]. The most important 

components in TE are the biomaterials, the bioactive molecules and cells.  Given the high 

complexity of SCI, scientists are seek to investigate whether combinatorial approaches are 

more beneficial compared to just the transplantation of biomaterials in the lesion site. The 

transplantation of scaffolds encapsulated with cells is a common approach nowadays as with 

this way cells are protected in the inside of the material from potential inflammatory 

response and stay much or less stable in the site of injury providing with extra support the 

injured tissue.  A plethora of studies have already described synergistic effects of transplants 

composed of cells encapsulated in scaffolds with or without combined control by molecular 

factors such as growth factors or commercially used drugs [69-72].  Having already 
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discussed about what kind of cells (section 1.1.5.) or molecules (section 1.1.4.) can be used 

or have already been used for spinal cord regeneration, the field of biomaterials comes next. 

 

 

Figure 1.1.2.  Combinatorial approaches for spinal cord injury repair. The new era of tissue engineering 

encompass regenerative approaches including the pharmacological control and or the transplantation of 

different kind of cells encapsulated or not in matrices. The ultimate goal is the manipulation of the harness 

environment in the cysts (blue cells: microglia, green cells: astrocytes). Modified from [4]. 

 

Biomaterials are mostly 3D-scaffolds, which firstly should be able to support cell 

survival, proliferation, differentiation, adhesion and migration, and secondly, to provide 

mechanical support for tissue regeneration [73]. Thus, they should exhibit necessary 

characteristics including being biocompatible, acquiring specific physical properties, being 

biodegradable and possess appropriate surface properties. Depending upon the cell type and 

the nature of the tissue-organ they will be applicable to, they can be constructed either from 

synthetic or natural materials via a variety of techniques including phase inversion, fiber 
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bonding, high pressure based methods, freeze drying electrospinning and rapid prototyping 

technologies and acquire morphology of hydrogel, sponge, guidance tube or nanofibrous 

scaffold [74-79]. Studies on biomaterials for SCI have been started around 20 years ago. 

Synthetic origins including poly-(2-hydroxypropyl)-methacrylamine (PHPMA) [80], poly-

(2-hydroxypropyl)-methacrylamine- co-methyl metacrilate (PHPMA-MMA) [81], 

polyethylene glycol (PEG) [82], poly-lactic-co-glycolic acid (PLGA) [83] and peptide 

amphiphile (PA) [84] have already been used in mice and rats models of SCI with mostly 

positive results such as bridging of myelinated axons, decrease scar tissue formation and 

improved functional recovery. Although synthetic biomaterials seem to be reliable, several 

scientists use natural materials ones due to their bioactive behavior with beneficial affects 

after injection of these polymers at the lesion site, as well. Matrigel [85], Fibrin [86, 87], 

Agarose/ Alginate [88] and collagen are some basic natural components by which 3D-

scaffolds are mostly made from.  

Collagen, due to its biocompatibility and biodegradability has been widely used for 

scaffold-based approaches for spinal cord repair. Many studies have shown axonal growth 

within the scaffold and reduction of glial scar formation and even improved functional 

recovery. The most important of these studies are listed in Table 1. Given these very 

promising results, collagen-scaffold based strategies have already been applied to clinical 

trials where some of them are completed and other still active ([89], https://clinicaltrials.gov. 

NCT02510365). Finally, FDA approved products based on collagen type-I are already in the 

market for peripheral nerve, tendon (NeuroGenTM Nerve Guide) and periodontal 

regeneration (Geistlich BioGuide).  
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Table 1.1.1. Selective collagen scaffold- based approaches for spinal cord injury repair.  
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1.1.7. 3D- Culture systems as simulators of CNS physiology 

     Typical cell culture in tissue-culture dishes is the main in vitro model used from 

scientist for studying cell behavior in a high controlled setting. However, cellular responses 

can be mystified by non-physiological cell-cell, cell-matrix interactions and cellular 

morphology. As early as in 1951 Leighton J.A. introduced the idea of three-dimensional 

culture by manufacturing collagen-treated cellulose sponges, surrounded by plasma clots, 

which were able to support the maintenance and growth of native tissue architecture [90]. In 

later years 3D cell culture systems have been proved incredibly useful in drug screening 

programs in cancer research. Knowing that tumors have complex 3D structure it can be 

hypothesized that important signals regulating cellular processed are lost when cell are 

growing in 2D conditions. 2D cell cultures exhibit limitations that partially account for the 

increased rate of clinical trial failures as in vitro- observed excellent antitumor properties of 

new molecules turn into complete failure where applied in vivo (for review see [91]).  

Similarly, 3D culture methods have been used in modeling the nervous system and 

having as main goal the correlation between the 2D in vitro systems and the in vivo 

conditions. Explant cultures, the growing of intact tissues in vitro, has been widely used with 

success in cases of explanted nerves and ganglia [92]. However, this type of cultures does 

not support more complex and massive tissues including brain and spinal cord where slice 

cultures are an attractive alternative 3D culture choice [93]. There are cultures that acquire a 

3D-architecture simultaneously such as neural spheroids, embryonic bodies and micro 

tissues but their inconsistency and huge growth rate makes them more popular for tumor 

studies rather that modeling neural physiology [94]. As mentioned above, scaffold-based 

strategies are very promising as regenerative approaches for the spinal cord. However, prior 

to implantation there are a plethora of 3D-in vitro studies that need to take place in order for 

the construct to be assessed as appropriate for the in vivo experiments. In vitro 3D-scaffold 
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based studies are constantly growing and have partly shown that they are able to support the 

growth of different kind of neuronal cell types or even manipulate their fate in the case of 

neural stem and progenitor cells [95-97]. Collagen, one of the most important components of 

the extracellular matrix has been widely used for 3D in vitro cultures as it can be easily 

fabricated, it can modify cellular activity via the interaction of collagen fibers and integrin 

receptors on cell membranes and it can be functionalized with the other molecules such as 

proteoglycans for differential activation of cellular cues.  

 

1.1.8. Our research proposal developing 3D-collagen scaffolds hosting 

NSC for SCI 

Spinal cord injury, a traumatic disease characterized by a massive degeneration of 

neural tissue, is recently targeted for neuroregenerative interventions. Combinatory 

approaches using scaffolds seeded with different kind of cells in the presence or not of 

pharmacological intervention have already been described in terms of tissue engineering 

field.  Our approach focuses on the development of pharmacologically pulsed 

neuroimplants, using 3D collagen scaffolds hosting Neural Stem Cells (NSCs). We are 

seeding embryonic mouse NSCs on collagen 3D scaffolds of different composition (collagen 

alone or with chondroitin-6-sulphate) testing neural stem cell behavior (survival, 

proliferation or differentiation). We evaluate specific markers of proliferation (Ki67) and 

differentiation (GFAP, Tuj1 and O4). The composition of 3D scaffolds seem to play a 

significant functional role: scaffolds with a combined composition (92% collagen/8% 

chondroitin-6-sulphate) support NSCs survival and proliferation throughout a time frame of 

10 days in vitro whereas 100% collagen scaffolds favored the differentiation of the same 

cells in functional neurons and increase electrophysiological activity after the treatment with 

GABA antagonists. Furthermore, dorsal root ganglia grow efficiently and express 
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synaptophysin in collagen scaffolds after 7days in culture. Having characterized the 

behavior of NSCs in these scaffolds we preceded with transplantation of NSCs encapsulated 

in 100% collagen scaffolds in the spinal cord of mice using the dorsal column crash model. 

The progenitors have been primarily pulsed with BrdU in order to be detectable during the 

analysis of the tissue after the termination of the experiment at 6 weeks post injury. Using 

the ladder-walking test, we show that the treated group performed better with reduced foot 

fault score during the 6 weeks of assessment compared to the crash group, however recovery 

was partial. The histological assessment of the spinal cord revealed statistically significantly 

increased regenerative capacity of neuronal axons and reduced astrogliosis in the treated 

group compared to the crash one. Finally, double positive BrdU/ tuj1and BrdU/GFAP cells 

were found inside the scaffold and in the surrounding lesion site indicating that NSCs in the 

implanted 3D scaffold differentiated towards neurons and astrocytes. In conclusion, 

collagen-based 3D scaffolds manipulate differently the NSCs physiology and behavior thus 

acting like bioactive platforms. The transplantation of the combinatorial approach of 

collagen 3D scaffolds with seeded NSCs managed to induce the regeneration of the 

damaged spinal cord and the partial functional recovery of the treated mice.  
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1.2. Materials and Methods 
 

1.2.1. Scaffold preparation 

The scaffolds are constructed by natural materials such as collagen and chondroitin-6-sulfate 

via the freeze-drying (lyophilisation) process. This technique produces a homogenous 

porous structure due to the controllable freezing rate of the suspension. Briefly, the collagen 

suspension (solution in acetic acid) is freezing in a final temperature (Tf) ranging between -

20 0C and -600C with a rate of 1oC/min. After the pressure drops down to 100mTorr the ice 

sublimates leaving a solid foam-like structure. Finally, the cross-linking between the pores 

of the scaffold is processed using de- hydro- thermal treatment  (DHT) that includes de-

hydration and heating in vacuum and is proportional to temperature and time. DHT affects 

the mean pore size.  

 

1.2.2. Animals  

C57/BL6 mice were maintained on a 12h light/dark cycle with ad libitum access to food and 

water. Animal experimentation received the approval of Veterinary Directorate of Perfecture 

of Heraklion, Crete and was carried out in compliance with Greek Government guidelines 

and the guidelines of our ethics committee. 

 

1.2.3. Embryonic NSCs harvest and culture 

Pregnant mice (gestational day 13.5) were sacrificed with cervical dislocation and yolk sacs 

were removed from the belly in to a petri dish with cold HBSS/5% P/S medium on ice. 

Carefully, all embryos are removed from the yolk sacs and wash gently with HBSS medium. 

Upon removal of the skull the cortices from both hemispheres were isolated in HBSS and 

mechanically dissociated in NSC’s Complete Medium Dulbecco’s modified Eagle’s 
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medium/F12 (SIGMA) supplemented with 1% N2-supplement (Invivogen), L-glutamine 

2mM (Gibco), D-glucose 0.6% (Gibco), primocin 100μg/ml (Invitrogen), in the presence of 

20 ng/ml FGF2 (R&D) and EGF (R&D) at a cell density of 5x104 cells per ml and allowed 

to form neurospheres in T25 flasks (sarstedt). Fresh complete- embryonic medium is added 

to the cultures every other day (1ml medium in 5ml total culture volume). Primary 

neurospheres started to form at day 3. Averagely, at day 5-7 neurospheres are ready to be 

passaged as they reached a diameter of around 200μm and before their core starts to go dark.  

 

1.2.4. Passaging of neural progenitors cultures. 

Every 3-5 days, embryonic progenitors are ready for sub-culture. Cells are transferred into a 

falcon tube and centrifuged at 100g for 5 min. After discarding the culture medium 200μl 

accutase is added to the cell pellet for each 5ml of initial culture. Cells are placed at 37C for 

about 5min with intermediate ups-downs using the 1000μl pipette. When make sure that 

neurospheres are completely dissociated DMEM/F12 medium is added in a 10x volume of 

accutase in order to dilute the enzyme and refresh the cells. Cell suspension is centrifuged 

once again in the same way and finally cells are reconstituted in 1 ml complete- embryonic 

medium and counted. 5x104 cells/ml are plated in T25 flasks for passaging or used for 

experiments.  

 

1.2.5. Culture of cortical progenitors on collagen scaffolds. 

3D cultures are maintained as floating ‘’sponges’’ in 48-well plates. The day before the cell 

seeding, culture dishes are incubated with 100μl of 0.1% agarose in H20 and placed in the 

cell culture hood O/N to dry. This steps helps to avoid cell adherence during the seeding 

procedure. Neurospheres between passages 3 to 8 are collected after dissociation into single 
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cell suspension using accutase. 5X104 cells per mm of scaffold diameter are placed as drop 

and covered with the open surface of the scaffold. After approximately one minute the 

scaffold should have absorb the total volume of cell suspension. For a scaffold of 5mm 

diameter, 15μl of drop is the highest volume for efficient absorbance. Scaffolds are placed in 

the incubator for 10min and then 300μl of complete embryonic medium are added, gently. 

For the experiments in 2D cultures, dissociated NSCs are plated in a concentration of 5x104 

cells/ml in PDL/ laminin coated coverslips and treated as in 3D cultures depending the 

experimental protocol. 

 

1.2.6. Time course experiments for accessing survival, proliferation and 

induced differentiation of E13.5 NSCs in 2D and 3D cultures.  

The survival and the proliferation were assessed at days 3, 5, 7 and 10 for 2D, 3D-C and 3D-

CG cultures. Dissociated neurospheres were cultured as mentioned above in the presence of 

growth factors and with medium change every other day. Cultures were fixed at indicated 

days and processed for immunocytochemistry. For the induced differentiation experiments 

dissociated neurospheres were seeded in 2D and 3D conditions in the presence of growth 

factors for 3 days. The 3rd day the medium is switched to the Neurocult differentiation 

medium. At day 7 cultures are fixed and further processed for immunocytochemistry.  

 

1.2.7. Primary cultures of E13.5 Dorsal root ganglia. 

As described elsewhere [98], E13.5 mouse embryos are isolated from the yolk sacs and the 

head and the inside organs of the body are removed. The remaining part of the embryo is 

placed with the dorsal part on the top so that the skin and the dorsal vertebral structures can 

be removed. What remains is the neural tube with the attached grape-like DRGs. Using 
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angled forceps ganglia are removed from the neural tube and placed in a 1.5ml tube in 

HBSS/ Pen/ Strep medium on ice. The number of ganglia harvested depends on the sample 

demands of the experiments. Once the harvesting procedure is done, ganglia left to settle at 

the bottom of the tube. Extra medium is removed and only 500μl left inside. Trypsin is 

added in a final concentration 1% (from 10% stock) and the tube is placed at 37C for 5 

minutes (this protocol is adjusted for the isolation of around 200 embryonic ganglia, if we 

can isolate at least 25 ganglia from each of 8 embryos). Continuously, trypsin is de- 

activated after wash with RPMI containing 10% Fetal Bovine Serum (FBS) and cell 

suspension is centrifuged. The dissociation of ganglia is made by fire polished Pasteur 

pippete in RPMI medium containing 10% FBS, 1% Pen/Strep supplemented and 100 ng/ml 

NGF. Approximately, 10 up- downs are enough for the dissociation of ganglia into single 

neurons. For experiments, either three dissociated ganglia are plated per well of a 24-well 

plate pre-treated with collagen (sigma) or five per 5mm diameter of scaffold. 

 

1.2.8. Immunofluorescence of 3D an 2D cultures 

2D, 3D-C and 3D-CG culture were washed twice with PBS and fixed for 15min with 4% 

PFA in PBS at 40C. Next they washed again with PBS, blocked for 1h with 5% BSA in 

0.3% Triton X-100 in PBS (PBST) at RT and then incubated with primary antibodies in 

0.3% PBST overnight at 4°C. The next day, they washed twice with PBS and incubated with 

Alexa Fluor chromophore-conjugated secondary antibody (1:1000 dilution, Invitrogen) in 

0.3% PBST for 1h at room temperature. Finally, they washed twice again with PBS and 

incubated for 5min with DAPI.  
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1.2.9. Scanning Electron Microscopy (SEM)  

The morphology of the cells growing on collagen scaffolds was analyzed by SEM. After 

culture termination, the cells were washed with 0.1 M sodium cacodylate buffer (SCB) and 

then incubated in the same solution for 15 min. After repeating this step twice, the cells were 

fixed using 2% glutaraldehyde, 2% formaldehyde in 1% SCB fixative buffer for 1 h at 4 0C. 

Scaffolds were then washed twice (for 15 min each time) with 1% SCB at 4 0C, dehydrated 

by immersion in serially graded ethanol solutions (50-100%) and incubated for 15 min in 

dry 100% ethanol. Prior to electron microscopy examination, the samples were sputter-

coated with a 10 nm gold layer (Humme Technics Inc, Alexandria, Virginia USA). SEM 

analysis used a JEOL 7000 field emission scanning electron microscope at an acceleration 

voltage of 15 kV. 

 

1.2.10. Electrophysiological recordings 

Field recordings were performed on neurospheres grown in 2D, 3D-C and 3D-CG at days 3, 

5 and 7. Artificial cerebrospinal fluid (aCSF) containing in mM: 125 NaCl, 7.5 KCl, 26 

NaHCO3, 3 CaCl2, and 10 glucose, pH=7.4, 315mOsm/l, oxygenated with 95%O2, 

continuously perfused the 3D collagen scaffold during the recordings.  

 

1.2.11. Preparation of NSC 3D-collagen Scaffold-Transplant 

Three days prior to the transplantation surgery, NSCs were seeded in collagen scaffolds 

according to the protocol described in section 1.2.5. The next day and every 12h, 3D 

cultures were pulsed with 10nM BrdU. Finally, before starting the surgery, 3D cultures were 

stained with the permeable dye calcein in order to select under the fluorescent microscope,  

the most approrpiate ones for transplantation. 3D cultures were washed for 30min with PBS 
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in order to be as free as possible of growth factors and medium supplements and part of 

them was transplant in the lesion site directly after the crush.  

 

1.2.12. Acclimation 

One week before surgeries animals are transferred to the place that they will be maintained 

during the experimental period and leave to settle down. For the spinal cord injury 

experiments, 3-4 days before take the baseline measurements animals are left to walk 

through the ladder for reducing their stress during the testing procedure.  

 

1.2.13. Ladder walking test 

The walking in the mice was assessed with the ladder rung walking test described by Metz 

and Whishaw [99]. During the test animals crossed a 1-meter long horizontal ladder 

consisted of sidewalls made of clear Plexiglas and a floor created by metal rungs inserted 

with various distances (0.2-2 cm) from each other. The ladder was elevated above the 

ground at the high of two typical cages. The animals were trained to cross the ladder from a 

neutral cage to their home cage and always in the same direction. The trial was video 

recorded and every animal was tested five times per session. Before every session, mice 

were crossing the ladder two times for habituation. The videos were analyzed frame by 

frame at 30 f/sec. The percentage of errors in each trial was calculated as the mean number 

of errors per step. As errors were defined the steps at which the limb missed a rung and the 

animal fell or the limb was placed on a rung but slipped off. The last step before and the first 

step after a stop were excluded from scoring, so only consecutive steps were counted in the 

analysis. 
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1.2.14. Spinal cord injury 

Due to the high invasive nature of the procedure much attention was paid on the sterilization 

of surfaces and instruments and to the pre-operation care of the animals. Before applying 

anesthesia one drop of metacam was introduced per os. The mouse is placed in the 

scavenger box were it inhales Isoflurane/Oxygen (2.5/1) for ~5min until breathing slows 

down. After checking for absence of paw reflexes the mouse is shaved in the level of the 

humpback and the skin is disinfected with Hibiscrub. Finally, the mouse is transferred on the 

heatpad for preventing hypothermia, ophthalmic ointment is applied on eyes to avoid eye 

dryness, the mask is introduced to the face and the Isoflurane/Oxygen ratio turns to 2/ 1 for 

maintenance of deep anesthesia. A skin incision is made from the base of the humpback and 

above until the higher point of the rib cage. Assure the visualization of the fatpad underneath 

of which lay the vertebra of interest. Carefully and by not damaging the T4 vein, which is 

nearby, the muscles are teared using the Dumont 2 forceps. After spotting the correct 

vertebra (T10), the ligaments between T9-T10 and T11-T12 are removed in order to remove 

the bone of T10 and T11. A clean laminectomy is the first step in preparing a reliable and 

reproducible spinal cord injury model. Using a needle an incision is made in the dura matter 

lying above the T13 spinal cord segment. Using a Dumont 5 fine forceps a dorsal column 

crash is being made. After inserting the forceps at 1mm depth in the white matter it remains 

closed for around 10 second to assure the damage of the region. Repeat this step. 

Continuously, forceps are removed and either the treatment is applied or we proceed directly 

to the placement of a hemostatic sponge above the spinal cord to protect the uncovered 

tissue. Both muscles and skin are sutured using sutures No 6 and 5, respectively. The skin is 

disinfected again and the mouse is left to recover on a heat pad. Generally, complete 

recovery takes around 15 minutes. Metacam was given for the next 3 days, which is enough 
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time to protect the injured skin from any infection but not too long to affect the 

inflammatory reaction normally will occur in the injured spinal cord.  

 

1.2.15. Tissue processing and sampling 

Mice were deeply anesthetized using 2.5/1 ration of Isoflurane/ Oxygen and were 

transcardially perfused with saline followed by 4% paraformaldehyde (Sigma-Aldrich, St. 

Louis, MO, USA) in phosphate buffered saline (PBS). Spinal cords were dissected and post-

fixed for 1h in the same solution at 4°C. then they were washed with PBS and immersed in 

30% sucrose solution in PB 0.1M for 24h (until sunk) at 4°C for cryoprotection. Prior to be 

frozen, each spinal cord was separated in three main pieces of 2mm length each, the A, the B 

and the C where the B contains the crush and the A (2mm) and C (2mm) are the part of the 

spinal cord rostrally and caudally of the lesion, respectively. Finally, spinal cords were 

frozen in isopentane at -70°C. Sagittal sections of 20μM were cut in the longitudinal axis of 

the spinal cord and placed in super frost slides. The sampling was made in a way that each 

sample group contains one out of every ten adjacent sections with intermediate distance of 

200μm.  

 

1.2.16. Quantification of axonal regrowth and image processing  

Parasagittal spinal cord sections immunostained for Neurofilament (NF) and L1 were used to 

analyze total fiber regrowth in a total area of 1800μm (part B of the spinal cord, see section 

1.2.14.), which incorporates the rostral part of the lesion (600μm), the lesion site (epicenter) 

(600μm) and the caudal part of the lesion (600μm). Due to the high specificity of the L1 

staining we evaluated the numbers of pixels on single stacks of confocal images of three fields 

of view from each section, acquired under the same settings in every 10th parasagittal serial 

section from the spinal cord. Image processing for quantification of % area was performed 
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using the ImageJ software, after selecting the region of interest and setting the threshold at a 

value that was kept constant throughout, by a blind observer. Measurements were performed 

on each single image of the confocal stack. The measurements from the 4 randomly selected 

fields were averaged per section and the results from 6 sections were averaged per mouse. 

 

1.2.17. Quantification of astrogliosis and image processing 

The evaluation of astrogliosis was made using GFAP immunohistochemistry followed by the 

same sample collection and image processing that described above for the L1 quantification. 

The only difference is that the regions that were used for GFAP immunohistochemistry image 

collection were the rostral and the caudal part of the B part of spinal cord as the epicenter 

contains the cyst and no reactive astrocytes was found in that region.  

 

1.2.18. Antibodies and reagents 

The following antibodies were used: ki67 (ab16667), Nestin (NB100-1604), β-tubulin (MMS-

453P), olig2 (NBP1-28667), GFAP (AB5541). The following reagents were used: DAPI 

(D1306), bicuculline methiodine (Tocris, 10mg, cat no. 2503). 
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1.3. Results 
 

1.3.1. NSCs are spread across the scaffold.   

The scaffolds tested for the experiments are the 100% Collagen I/ Tf -400C / DHT 1200C 48h 

(3D-C) and the 92% Collagen I 8% Chondroitin-6-sulphate/ Tf -400C / DHT 1200C 48h (3D-

CG). Primary experiments revealed that scaffolds with milder DHT treatment became 

degraded after 3 days in culture, most probably because neural stem cells exhibit high 

metabolic activity, producing metaloproteases which denaturate the collagen fibers. SEM 

revealed the homogenous porous structure of the scaffold. Due to the nature of the procedure 

the scaffold is produced with a closed surface (Figure 1.3.1.A and 1.3.1.C). NSCs are seeded 

on the open surface (Figure 1.3.1.B). A closer look in the inside of the scaffold shows the 

cross-linking between the collagen fibers (white arrow, figure 1.3.1.B) produced by DHT that 

plays a very important role to the stiffness and the integrity of the scaffold.  NSCs are seeded 

as single cells after passaging of the neurosphere culture with accutase. After 3 days of culture 

the presence of neurospheres throughout large part of the scaffold volume is apparent (Figure 

1.3.2.A). Using higher magnification we can observe the morphology of neurospheres which 

either acquire a more ‘’independent’’ position in the middle of the pores (figure 1.3.2.B) or is 

stack on the collagen surface and adhere via membrane bridges (figure 1.3.2.C). Orthogonal 

views of immunofluorescence image of Nestin (red) and DAPI (blue) positive NSCs (Figure 

1.3.2.D) shows the 3D nature of this culture with the cells stacking one above another in a 

depth of 36μm. 
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Figure 1.3.1: SEM picture of scaffolds. A. Cross- section of the scaffold showing the closed surface and the 

inside matrix. The white dashed line shows the limit of each region. B. Higher magnification of the inside 

matrix showing the homogenous porous size of 95μm. C. The closed surface in higher magnification. D. More 

focused picture in the pores of the scaffold reveals the cross-linking between them (white arrows).  
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Figure 1.3.2: SEM picture of E13.5 NSCs 3D- culture. A. NSCs are dispersed throughout the scaffold. Newly 

formed neurospheres are depicted with white arrows. B. Higher magnification of the neurosphere in the inside 

pore of the scaffold.  C. NSCs attach to the scaffold surfaces via the ‘’bridges’’ emerging from their 

membrane. D. Immunofluorescence staining of nestin (red) positive NSCs in the scaffold. Right and down 

pictures represent orthogonal views (zx and zy, respectively) of 40μm thickness.  
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1.3.2. 3D-CG scaffold supported the proliferative capacity of NSCs. 

In order to assess the effect of 3D scaffold constitution on the proliferation of NSCs and to 

compare it with 2D cultures we performed time course experiments at days 3, 5, 7 and 10 

using ki67 immunocytochemistry, as a marker of proliferation (Figure 1.3.3.A). As it is 

shown in figure 1.3.3.B. and described, as well, by others [100] ki67 staining exhibit 

different morphologies depending upon the cell cycle. NSCs are stained for ki67 at phases 

early S (white arrow), late S (purple arrow) and mitosis (yellow arrow). Using algorithms, 

which were developed by MATLAB, the percentage of ki67 positive cells over the total 

DAPI was counted.  The high impact of scaffolds in NSCs behavior was obvious as early as 

at 3 days of culture where the percentage of ki67+ cells was significantly higher in 2D 

culture compared to 3D-C (2D: 74.33±3.3 vs 3D-C: 42.67±8.1 *P<0.05 n=3, mean±S.E.M) 

and 3D-CG (2D: 74.33 ± 3.3 vs 3D-CG: 44.67 ± 5.9 *P<0.05 n=3, mean±S.E.M). No 

difference was observed between 3D-C and 3D-CG.  At day 5 we observed a notable 

decrease in the proliferation of all cultures compared to day 3. However no differences were 

observed between the different cultures at that time point. Although we expected a further 

decrease in cell proliferation in all cultures this was only observed in 3D-C cultures while 

2D and 3D-CG cultures manage to retain the ki67+ cell numbers at similar levels at day 5. 

Interestingly, at day 10, 3D-CG culture was found with significantly increased proliferation 

compared to 3D-C (3D-CG: 23±1.15 vs 3D-C: 8.33±0.6 **P<0.01 n=3, mean±S.E.M) and 

2D (3D-CG: 23 ± 1.15 vs 2D: 16.33 ± 0.3 **P<0.01 n=3, mean±S.E.M) (ANOVA 

***P<0.001). A significant difference was observed between 2D and 3D-C culture 

(*P<0.05), as well, where 3D-C shows the lower numbers of proliferating cells. 
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Figure 1.3.3: Effect of scaffold composition of the NSCs proliferation. A. Representative immunofluorescence 

pictures of ki67 (green) and DAPI (blue) positive NSCs in 2D, 3D-C and 3D-CG cultures in 3 and 10 days. B. 

Higher magnification of 3D-CG 3 days culture showing the 3 different types of ki67 positive staining (yellow, 

white and purple arrows). C. Quantification of proliferative assay (mean±S.E.M.; n=3; *P<0.05). 

 

1.3.3. 3D-CG scaffolds favored the survival of NSCs during a one-week 

time period. 

Using the same protocol described for the assessment of proliferation we seek to investigate 

the effect of these 3D scaffolds on the survival of NSCs during a one-week time period. At 

days 3, 5 and 7 cultures (3D-C, 3D-CG and 2D) were stained for PI which stains the 

apoptotic cells as it passes through their damaged membrane. The percentage of PI positive 

cells was counted for each condition and each time point using, again, the MATLAB 

algorithms.  At 3 days all three types of culture showed similar levels of cell apoptosis 

whereas the difference became strikingly high at 5 days, as 3D-C appeared with 
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significantly higher percentage of PI positive cells compared to 3D-CG (3D-C: 

33.40±0.925 vs 3D-CG: 10.80±1.15 **P<0.01 n=3) and 2D (3D-C: 33.40±0.925 vs 2D: 

5.995±0.02 **P<0.01 n=3) (ANOVA ***P<0.0001). At 7 days, 3D-C cultures were still the 

one with the higher apoptotic rate however with no significant difference compared to 3D-

CG and 2D cultures.  

 

 

 
 
Figure 1.3.4: Effect of scaffold composition of the NSCs survival. A. Representative 

immunofluorescence pictures of PI (red) and DAPI (blue) positive NSCs in 2D, 3D-C and 3D-CG 

cultures in 3 and 7 days. C. Quantification of proliferative assay (mean±S.E.M.; n=3; *P<0.05).  
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1.3.4. NSCs differentiated in a similar manner in all three cultures under 

induced differentiation conditions. 

For these experiments NSCs were cultured in 2D, 3D-C and 3D-CG for 3 days in complete 

medium and then it switched to Neurocult NSCs differentiation medium. This medium was 

designed to induce the differentiation of neural stem cells and progenitors into astrocytes, 

oligodendrocytes and neurons (Stem Cell Technologies, mouse differentiation supplement). 

It is known that NSCs mainly differentiate into astrocytes, then oligodendrocytes and a 

smaller number of them into neurons [101]. This was the trend we also observed in our 

experiments (Figure 1.3.5.B). However, 2D cultures were found with significantly higher 

percentage of tuj1+ neurons compared to 3D-C (2D: 9.8±0.4 vs 3D-C: 3.2±0.14 *P<0.05 

n=3, mean±S.E.M) whereas the 3D-CG seems to favor the differentiation towards 

oligodendrocyte progenitor cells (3D-CG: 36.33±2.3 vs 2D: 23±0.5 *P<0.05 n=3 and 3D-

CG vs 3D-C: 24.67±3.7 *P<0.05 n=3, mean±S.E.M).  2D and 3D-C cultures tend to show 

increased astrocyte differentiation compared to 3D-CG, however with no statistical 

significance.  
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Figure 1.3.5: Differentiation of NSCs in collagen scaffolds. A. Representative immunofluorescence pictures of 

tuj1+ neurons (green), olig2+ oligodendrocytes (grey) and GFAP+ astrocytes (red) in 2D, 3D-C and 3D-CG 

cultures at 7 days. DAPI (blue) was used for counterstain. B. Quantification of NSCs differentiation in 2D 3D-

C and 3D-CG cultures at 7 days.  

 

 

1.3.4. NSCs differentiate into highly branched neurons with elongated 

dendrites in 3D-C cultures. 

 
Tuj1+ neurons derived from the induced 7 days differentiation of NSCs were assessed for 

their capacity in neurite branching and the length of their dendrites in 2D, 3D-C and 3D-CG 

cultures (Figure 6A). As it was described in methods and elsewhere, for each neuron we 

count the dendrites (numbers 1, 2 and 3 in figure 1.3.6.A) emerging from each neuronal 

axon (white star in figure 1.3.6.A). In 3D-C scaffolds neurons exhibit significantly higher 

axonal branching compared to 2D (3D-C: 9.3± 0.8, n=27 vs 2D: 5.3±0.43, n=50; *P<0.05, 
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mean±S.E.M) and 3D-CG culture (3D-C: 9.3 ±  0.8, n=27 vs 3D-CG: 4.5 ± 0.9, n=20; 

*P<0.05, mean±S.E.M) (Figure 1.3.6.B). Subsequently, we seek to investigate the possible 

effect of scaffolds on dendrite length. As it was described in M.M, stacked images were used 

for 2D cultures whereas for the 3D ones, the measurement was performed at stack-by-stack 

following each dendrite independently. 3D-C cultures sustained significant extended 

elongation of neuronal dendrites compared to 2D (3D-C: 120.3 ±  9.2, n=27 vs 2D: 

53.33±1.2, n=50; *P<0.05, mean±S.E.M) and 3D-CG culture (3D-C: 9.3± 0.8, n=27 vs 3D-

CG: 78.33±7.2, n=20; *P<0.05, mean±S.E.M) (Figure 1.3.6.C). 

 

 

 

 

 

Figure 1.3.6 : Dendrite branching and elongation of neurons growing in 2D and 3D cultures after 7 days of 

NSC cultured in differentiation medium. A. 2D and 3D images of tuj1+ neurons growing in cultures. B. 
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Quantification of the number of dendrites growing from neurons in 2D, 3D-C and 3D-CG culture 

(mean±S.E.M.; *P<0.05, N:X). C. Mean length of dendrites in 2D, 3D-C and 3D-CG culture (mean±S.E.M.; 

*P<0.05).   

 

1.3.5. 2D and 3D-C NSCs cultures exhibit similar electrophysiological 

activity with increased number of spontaneous spikes after the treatment 

with the GABA receptor antagonist, Bicuculline.  

The spontaneous electrophysiological activity across the days 3, 5 and 7 and the bicuculline- 

induced activity at days 5 and 7 were measured from neurospheres in 2C, 3D-C and 3D-CG 

cultures (Figure 1.3.7.A). The spontaneous activity at 3 and 5 days were found at low levels 

in all cultures, whereas at day 7, 2D and 3D-C cultures exhibit a notable increase in the 

number of spikes/5sec (Figure 1.3.7.B).  Given the fact that during embryonic neurogenesis 

GABA signalling is crucial for the induction of neuronal differentiation and maturation 

[102, 103], we seek to investigate whether the GABA-A antagonist, bicuculline, could 

increase the spontaneous activity in these cultures. On day 5, neither scaffold configuration 

is responsive to bicuculline (Figure 1.3.7.C blue recording). On day 7, both 2D and 3D-C 

cultures profoundly increased their spontaneous activity in response to bicuculline 

application, the latter with significantly higher activity compared to the respective value at 

day 5 (3D-C 7 days: 6.16± 0.18, n=8 vs 3D-C 5 days: 1.6±0.3, n=8; *P<0.05, mean±S.E.M) 

(Figure 1.3.7.C black recording, Figure 1.3.7.B). The large error bars are due to the well-

described variability in the bicuculline-induced response.   
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Figure 1.3.7: Electrophysiological recordings of 2D and 3D NSCs cultures. A. Representative bright field 

images of the neurospheres whose electrophysiological activity was monitored in 3, 5 and 7 days. B. 

Quantification of spontaneous activity of NSCs in 2D, 3D-C and 3D-CG throughout time. C. Normalized 

effect of bicuculine on the spontaneous activity of NSCs in 2D, 3D-C and 3D-CG throughout days at 5 and 7 

days (mean±S.E.M.; n=6; *P<0.05).  

 

1.3.6. 3D-C scaffolds supported 3D E13.5 Dorsal Root Ganglia (DRG) 

growth and functional network formation. 

Sensory neurons from the dorsal part of the spinal cord of E13.5 mouse embryos were 

isolated and cultured in 3D-C scaffolds for 5 days. SEM pictures show in high resolution the 

neurons growing on the surface of the scaffold (light blue and light pink boxes, Figure 8).  

Due to the fact that DRG explants are highly enriched in Schwann cells, the presence of the 

latter is apparent in the culture (white arrows, Figure 1.3.8), unless an anti-mitotic reagent is 

used.  The formation of the 3D neuronal network was observed by immunocytochemistry 

for the neurofilament protein (Figure 1.3.9.A and 1.3.9.B).  As it is shown in Figure 1.3.9.A 
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neuronal axons are dispersed throughout the volume of the scaffold. Positive synaptophysin 

staining in Figure 1.3.9.B indicates functional neurons.  

 

Figure 1.3.8 : SEM image of 5 days culture of E13.5 DRGs in collagen 3D scaffolds. White dashed line 

represents the interface between the surface and the inside matrix of the scaffold. Light blue and pink boxes are 

enlarged images of the respective smaller dashed boxes showing neurons growing on the surface of the 

scaffold. Schwann cells co-cultured with DRGs are showing with white arrows.  

 

 

Figure 1.3.9: Immunofluorescence 3D image of functional DRGs in 3D-C. A.  3D reconstruction of 

neurofilament+ (red) DRGs in 3D-C. B. DRGs in 3D-C culture express synaptophysin (green).  
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1.3.7.  3D Collagen scaffold/NSCs treated mice with experimental SCI 

exhibited better performance in the ladder-walking test during the 6 

weeks. 

In order to assess and compare the motor function of treated and untreated (crush) 

mice with experimental SCI, we performed the ladder-walking test knowing that the 

dorsal column crush SCI model induces dysfunction of coordination and hind limp 

instability. After surgery, every mouse was forced- with assistant- to pass through the 

ladder in order to assess the crush-walking phenotype. Importantly, the treated group 

clearly performed better walking during these 6- weeks of assessment compare to 

crush group, with significance at 2nd week post- injury (PANOVA: 0.396). Finally, it is very 

important to note that the model of dorsal column crash normally exhibit a 

spontaneous restoration of motor function, observation clearly reproduced in our 

experiments too (1st week compared to 2nd week) and in agreement with other similar 

studies [99, 104] 

 

Figure 1.3.10: The ladder Walking test. Control (black line), crush  (blue line) and treated  (red line) 

mice were forced to walk on the ladder and a camera monitored their walking performance. (2nd week 

PANOVA: 0.396). 
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1.3.8. 3D collagen scaffolds/NSCs-treated mice with experimental SCI 

showed increased regenerative capacity of damaged axons. 

For the evaluation of the extend of axonal regeneration in the 3D collagen scaffolds/NSCs-

treated and the untreated mice with experimental SCI we stained the spinal cord tissues with 

neurofilament, which stains the axons above and below the crush site, and L1 the marker for 

regenerating axons [105] (Figure 1.3.11 A and B, respectively). The tissue was examined for 

a length of about 2mm including a rostral part, the epicenter of the lesion and a caudal part 

(Figure 1.3.11 A and B). The 3D collagen scaffolds/NSCs-treated group showed 

significantly increased regenerative capacity compared to the crush group (treated: 10.13± 

0.9068 vs crush: 4.238± 1.261 **P<0.005) indicated by the increased percentage of L1 

stained pixel area (figure 1.3.11. D). Moreover, regenerating axons were found to penetrate 

the 3D collagen scaffold in the epicenter of the lesion (Figure 1.3.11. C).   
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Figure 1.3.11: Quantification of % L1 pixel area. A. Respresentative pictures of the crush group stained for 

NF and L1 rostraly, the epicenter of the lesion and caudaly. B. Respective pictures of the 3D collagen 

scaffold/NSCs-treated group. C. Immunfluorescence picture the 3D collagen scaffold in the epicenter of the 

lesion (up) and co-stained with L1 showing that axons penetrate the scaffold. D. Quantification of L1 pixel 

area (mean±S.E.M.; CRL: Control n=3, Crush n=4, Treated n=5; **P<0.005). 

 

1.3.9. 3D collagen scaffold/NSCs-treated mice with experimental SCI 

exhibited reduced astrogliosis around the lesion area.  

As described for the L1 quantification, similarly for the evaluation of astrogliosis we stained 

the spinal cords with GFAP in order to observe the infiltration of activated astrocytes in the 

area that surrounds the lesion. Due to the fact that either in the crush or the treated group the 

epicenter area is mainly filled by the scaffold or the cyst, respectively, infiltrated astrocytes 

were present rostrally and caudally. As it is shown in the figure 1.3.12 the crush group 

appeared with significantly higher infiltration of GFAP positive astrocytes compared to the 

treated group (treated: 5.728± 0.5965 vs crush: 10.98± 1.236 **P<0.005). 
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Figure 1.3.12.:  Quantification of astrogliosis in the spinal cord. A. GFAP immunohistochemistry of the crush 

and 3D collagen scaffold/NSCs-treated groups. B. Quantification of GFAP pixel area between groups 

(mean±S.E.M.; CRL:Control n=3, Crush n=4, Treated n=5; **P<0.005). 

 

1.3.10. BrdU positive cells are present in the implanted 3D collagen 

scaffold/NSCs and in the surrounding the transplantation area.  

NSCs have been pulsed with 10nM BrdU analog for 3 days prior to their transplantation in 

the lesion site.  BrdU and collagen immunocytochemistry revealed that most of NSCs are 

alive 6 weeks after their transplantation and most of the in place (in the collagen scaffold). 

However, there are BrdU positive cells outside the edges of the 3D collagen scaffold and in 

a small distance from the lesion. This outcome strongly supports the already known 

advantage of the combinational transplantation of cells using 3D scaffolds regarding the 

integration of cells in the surrounding tissue and thus minimizing their adverse effects.  
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Figure 1.3.13: BrdU positive cells in the lesion site 6 weeks post-injury and treatment. Collagen (green) 

and BrdU (gray) immunohistochemistry in the spinal cord of 3D collagen scaffold/NSCs – treated group. 

Yellow dashed line indicates the limits of the 3D scaffold. The present of BrdU positive cells in the 

scaffold and in the surrounding area is apparent.  

 
 

1.3.11. BrdU pulsed NSCs differentiated in both neurons and astrocytes in 

the 3D collagen scaffold in vivo.  

We have already described the very effective differentiation and functionality of NSCs 

hosted in the 3D collagen scaffold ex vivo, we further investigated whether these cells were 

capable to differentiate in the 3D collagen scaffold in vivo during the 6 weeks time course of 

transplantation, given the very harsh conditions inside the damage spinal cord. Remarkably, 

BrdU positive cells were co-immunostained with Tuj1 and GFAP markers in treated SCI 

mice, indicating that NSCs differentiate towards neurons and astrocytes in vivo, within the 

damaged spinal cord (figure 1.3.14. A and B (orthogonal views)).  
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Figure 1.3.14: Differentiation of BrdU positine NSCs into neurons and astrocytes in vivo, in the transplanted 

damaged spinal cord of mice with experimental SCI. A. Picture of BrdU positive NSCs, Tuj1 positive neurons 

and neuronal axons and GFAP positive astrocytes in the inside of the scaffold in vivo 6 weeks after its 

transplantation. B. Higher magnification of the grey squared area showing the colocalization of BrdU positive 

cells with the neutonal marker Tuj1 (white arrow in the right picture of the orthogonal view) and the astroglia 

marker GFAP (yellow arrow in the down picture of the orthogonal view).  
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1.4. Discussion 

Conventional 2D cultures in tissue culture dishes have produced various and 

fundamental outcomes until nowadays, however there have been strong paradigms of 

misinterpretation. The observation that the cellular responses were more physiologically 

relevant when cancer cells were cultured in 3D dimensions provoke scientist to speculate 

that this multi-dimensional environment better simulated in vivo conditions thus cells 

behave more like being in the niche [91].  

First goal of our study was to manufacture of 3D-engineered ex-vivo neural stem cell 

niche, which either can sustain stem cell identity or force the same cells to differentiate and 

mature into functional neural phenotypes. The best-described in vivo stem cells niche in the 

adult Central Nervous System (CNS) is the Sub-ependymal zone (SEZ) or Sub-ventricular 

zone (SVZ) of the lateral ventricle of the rodents [106-108]. During CNS development, the 

symmetrically dividing Neuroepithelial cells (NE) transform to radial glial cells (RG) [109] 

which in turn become specified into neuronal or glial lineage. A minority of this RG cell 

population becomes relatively quiescent adult NSC, which is a slowing dividing progeny 

directly, influenced by the surrounding niche. The ECM of both adult SVZ and embryonic 

telencephalic niche is mainly composed of laminins, collagen IV, nidogen, perlecan, 

tenascin C, CSPGs and HSPGs which all are major players in the fate decisions of the reside 

NSCs [110]. Specifically, high levels of CSPGs have been identified in the embryonic 

proliferative zones and thus regulate the migration of newly born neurons in the RMS until 

they reach their target the olfactory bulb (OB) [111, 112]. Important in vitro [16, 113-115] 

and in vivo [111, 116, 117] studies have shown that CSPGs positively regulate NSC 

proliferation and survival.  
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In our study we used 3D matrices either made of 100% bovine collagen I (3D-C) or 

in combination with 8% chondroitin sulphate proteoglycan (3D-CG). The scaffolds were 

produced via the freeze drying lyophilization process, which made them highly porous with 

homogenous structure and with the appropriate stiffness. We investigated the effects of these 

scaffolds on NSCs proliferation, differentiation and functionality. Embryonic cortical NSCs 

were chosen for the purposes of this research project as they represent a cell population 

mainly composed of stem and progenitors cells with high proliferative capacity (compared 

to adult NSCs) and trileneage differentiation potential. Moreover, their ease in isolation, 

expansion and manipulation stood as important advantages for the efficient completion of 

the study. The protocol we followed involves the culture of NSCs in 2D, 3D-C and 3D-CG 

conditions for 3, 5, 7 and 10 days in the presence of growth factors and supplements and 

monitor the alterations in cellular responses regarding the proliferation and survival. We 

used the ki67 staining for the detection of proliferating cells and the PI dye for the necrotic 

ones.  Firstly, we need to note that using SEM we observed the wide distribution of NSCs 

throughout the scaffold. NSCs were cultured as single cells and after 5 days in 3D culture 

they form neurospheres, which were either floating inside the pores of the scaffold or were 

stack on the collagen surfaces and adhere. We observed that the composition of the scaffold 

strongly manipulated the biological response of the cultured cells. Specifically, the 3D-CG 

scaffold favored the survival and the sustained proliferation of the NSCs in a time frame of 7 

and 10 days, respectively, in accordance with the studies mentioned above. Furthermore 

investigated under the same condition and in the same time frame, the spontaneous 

electrophysiological activity and pharmacological response of each type of culture. Using 

multi electrode array and an established protocol [102] we determined that the passive 

membrane potential of the 3D-C and 2D cultures tend to be higher at days 5 and 7 compared 

to 3D-CG culture. However, this difference became significant after the treatment of the 
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cultures with the GABA antagonist bicuculin. It is known that during neural precursor cell 

maturation in vivo GABAergic, neurons are the first to emerge.  The spontaneous firing after 

bicuculin treatment indicates the ongoing maturation of synapse function in 2D and 3D-C 

culture and not in the 3D-CG one. Again, these results agree with the already known 

inhibitory role of CSPGs in neuronal synapse maturation that other studies have shown as 

well [118, 119]. We further confirmed the negative regulation of CSPGs in axonal growth 

after the induced differentiation of NSCs in these three different cultures. NSCs 

differentiated towards neurons, astrocytes and oligodendrocytes in all three cultures without 

big differences in the percentages of each population. However, the neurons in 3D-CG 

scaffold found with the lowest number and length of neurites compared to 3D-C scaffold 

and similarly to 2D culture. Taken all these results into account we concluded that 3D-CG 

scaffold manage to sustain the proliferation and survival of NSCs in a long-term culture, 

however it could not support the differentiation of the same cells into functional neuronal 

phenotypes. On the other hand 3D-C scaffold supported the differentiation of the NSCs into 

functional neurons with multiple and long dendrites under induced differentiation conditions 

and most importantly it induced the upregulation in the spontaneous firing after bicuculin 

treatment indicating the presence of GABAergic positive precursors. Finally, sensory 

neurons grew efficiently in 3D-C scaffolds and express synaptophysin after 7days in culture. 

To conclude, 3D-C and 3D-CG scaffolds found to induce differential effects on NSCs, most 

of them were in agreement with the existing bibliography. Hence, we propose two 3D- 

environments for the ex vivo simulation of NSC niche with contradictory effects: 3D-CG 

makes NSCs to behave more like being in the proliferative stage of their in-vivo situation 

whereas 3D-C represents the environment where the same cells can finally differentiate into 

functional phenotypes.  
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Given the devastating results of spinal cord injury on patients’ health condition and 

quality of life, much effort has been put on the manipulation of the harsh environment in the 

injured tissue. It is known that one of the most inhibitory parameter for axonal re-growth 

after injury is the increased infiltration of microglia and activated astrocytes, which secrete 

proteins of the extracellular matrix resulting to the formation of the astroglial scar [14]. 

These proteins and molecules including MAGs and proteoglycans induce growth cone 

collapse and diminish the regenerative potential of the damaged neuronal axons. Due to the 

nature of this inhibitory environment scientist have seek to introduce therapeutic approaches 

that slow down the inflammatory response with the purpose to reduce the size and the 

stiffness of the cyst produced by the astrogliosis. All these approaches that try to 

pharmacologically control the process come with adverse effects in multiple levels 

especially when they are used for long-term treatment. The most known example is the 

prednisolone where there are few incidents of skin or lung inflammation after some days of 

the treatments [25-27]. Similarly, NMDA antagonists failed to eliminate with reproducibility 

the neurotoxicity in the site of injury in preliminary clinical trials [120]. Combinatorial 

strategies including 3D-matrices, cells and growth factors have started to emerge as 

innovative approaches to tangle a very difficult and ‘elaborous’ health condition, such as the 

spinal cord injury.  

Due to the high efficacy of the 3D-C scaffold to support the functionality of the 

differentiated NSCs we used this type of culture system for its transplantation in the spinal 

cord of mice after experimental damage and to assess any possible regenerative effect of this 

type of neuroimplants. The progenitors have been primarily pulsed with BrdU in order to be 

detectable after the sacrifice of mice and the assessment of the integration of the 3D 

neuroimplant in the damaged tissue within the spinal cord. We used the dorsal column crash 

model [121] for experimental SCI, where both sensory ascending and motor descending 
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pathways are affected. However, this type of injury induces minor motor defects to the 

animals including impaired coordination and hind limp stability. Thus, we chose the 

horizontal ladder walking test [35] in order to assess their walking performance through  

time. Our finding show that the treated group performed better with reduced foot fault score 

in each of the tests during these 6 weeks of assessment, compared to the untreated, crash 

group. However, the reversal of damaged movement was partial and was not maintained for 

the full interval of 6 weeks of our monitoring. It is of note that the transplantation of 3D 

collagen scaffold enpopulated with NSCs facilitates the development of neural tissue. More 

time beyond the 6 weeks maybe needed to have this ne novo neural tissue functionally and 

fully integrated within the damaged area. Indeed, the histological assessment of the spinal 

cord revealed significantly increased regenerative capacity as indicated from the larger L1 

positive pixeled area. For this quantification we examined an area of 1800μm surrounding 

the lesion site. Moreover, the treatment group found with significantly reduces astrogliosis 

after the quantification of GFAP intensity. These two exciting findings, the higher amount of 

regenerating L1 positive axons and the reduced astrogliosis in the treatment group might 

explain the decreased foot fault score of the same group at the beginning of the procedure. 

Furthermore we examined the fate of the transplanted NSCs. BrdU positive cells were found 

(according to the state o f the nuclear staining) and most of them inside the scaffold 

indicating the high neurobiological quality of the transplant itself. The collagen scaffold 

managed to stay in place and to protect the encapsulated cells at least for 6 weeks after the 

transplantation, despite the very unfriendly environment of the damaged tissue. Finally, 

double positive BrdU/Tubulin1 and BrdU/GFAP cells were found inside the transplanted 

scaffold and in the surrounding lesion site indicating that NSCs differentiated in vivo 

towards neurons and astrocytes. To our knowledge, very few studies have presented the 

differentiation of the transplanted stem cells to their progeny especially towards neurons, as 
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the environment does not favors their long-term survival. Here we present a combinatorial 

approach composed of functionally pre-characterized 3D-collagen scaffolds with 

encapsulated cortical NSCs, which manage to induce the regeneration capacity of the lesion 

actions and reduce the extended astrogliosis in the lesion area 6-weeks after the 

experimental spinal cord injury.  

In conclusion, collagen-based 3D scaffolds manipulate differently the NSCs 

physiology and behavior thus acting like bioactive platforms. The transplantation of the 3D-

collagen scaffolds with encapsulated cortical NSCs managed to induce the regeneration of 

the damaged spinal cord and the partial functional recovery of the treated mice.  
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CHAPTER II 

BNN237, a novel 17-steroid derivative exerts strong 
neurogenic actions, regulating survival and 
proliferation of fetal and adult neural stem cells. 
 

2.1 Introduction 

2.1.1. When the exciting research on Neurogenesis starts 

Until early 90’s, due to the lack of experimental proofs, the most eminent hypothesis was 

that CNS has not the ability to regenerate, meaning the replacement of lost or damaged cells 

including neurons and glia. However, as soon as in 1959 the [H3 ]-thymidine found to label 

dividing cells after its incorporation into the replicating DNA during the S-phase can be 

detected using autoradiography [122]. This milestone discovery pave the way for the first 

research study from Altman providing evidence of neurogenesis on the dentate gyrus (DG) 

[123], the neocortex [124] and the olfactory bulb [125] of adult rats using autoradiography. 

However, not much attention has been given to these data and only some few studies have 

been published for the next thirty years regarding the issue of adult neurogenesis. However 

emerging studies start to document the existence of neurogenesis in the postnatal and adult 

brain with milestone evidence the isolation and expansion in vitro of adult neural stem cells 

from neurogenic brain regions. In 1992 Reynolds and Weiss managed to isolate and expand 

adult neural stem cells from rodents [126] and later Kukekov et al. [127] from humans. The 

neurosphere assay became the most promising technique for the isolation and culture of 

neural stem and progenitor cells. From then, Reynolds and others have persistently focused 

on the efficiency of the neurosphere assay as several limitations were grown regarding the 

purity of this type of culture [101].  The Neurosphere assay was developed, mainly, due to 

the lack of unique cell- surface markers and distinct morphological phenotype, which could 
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favor the purification process. Therefore, functional criteria such as self-renewal and 

multipotential differentiation, defined the basis of the neurosphere assay.  

 

2.1.2. Cell Biology of Embryonic and Adult Neurogenesis 

During embryonic development, the central nervous system arises from elevated 

rearrangements of the neural plate whereas the peripheral nervous system from the neural 

crest [128]. Neural stem cells (NSC) or Neuroepithelial cells (NE) are developmentally 

emerged from the neural plate, which later on forms the neural tube [128, 129].  They are 

characterized by the capacity to perform many proliferative- symmetric cell divisions 

generating more NE cells [130]. Some of them may divide asymmetrically and give early 

neurons [131] until divide again, symmetrically, genarating one daughter cell and one 

differentiated non-stem cell progenitor [132]. With the onset of neurogenesis (in mouse at 

E9), the neuroepithelium thickens as a result of the elongation of NE cells [128, 129] and 

their conversion to Radial Glial cells (RG) [109, 133]. RG cells reside at the most apical cell 

layer of the ventricle (ventricular zone), represent more fate-restricted progenitors and they 

are the main ancestors most of neurons [134, 135]. At this stage, these cells express the 

marker nestin and astroglial markers like the astrocyte- specific glutamate transporter 

(GLAST), the Ca2+- binding protein S100, glial fibrillary acidic protein (GFAP), vimentin 

and brain-lipid-binding protein (BLBP) [108, 136-138]. They can give rise to neurons 

directly after asymmetrical division or through basal progenitors (nBP) and 

oligodendrocyets through intermediate progenitors (oBP), as well [139]. In the end of 

embryonic development and during the neonate period, a portion of RG cells detach from 

the apical side of the ventricle and convert into astrocytes, some others continue to give birth 

to nBP and oBP whereas others convert into adult SVZ type B cells that continue to function 
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as neural stem cells in the adulthood [139]. Despite the fact that in the beginning neurons 

and glia thought to have separate origins [140], studies in the last 40 years have shown that 

neurons are actually part of the glial lineage and more specifically the RG subpopulation of 

the astrocytes.  

 

 

Figure 2.1.1: Lineage tree of NSCs. Purple to blue dots represent NSCs at different stages in development 

from neuroepithelial cells through early and late RG to adult NSCs (SVZ B cells and SGZ radial astrocytes). 

The derivation of embryonic progeny is depicted in the upper half, whereas the lower half shows lineages 

derived in the postnatal and adult brain. Solid lines indicate lineage conversions for which experimental 

evidence is available; dashed arrows are hypothetical. Intermediate progenitor cells (IPCs) for neurons (nIPCs), 

for oligodendrocytes (oIPCs), and for astrocytes (aIPCs) are indicated along each lineage leading to 

differentiated progeny. NSC, neural stem cell; RG, radial glia; SGZ: subgranular zone; SVZ, subventricular 

zone. Modified from [108]. 
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In the adult mammalian brain neurogenesis persist in restricted regions where NSCs 

keep producing neurons and glial cells [107]. In the SVZ the young neurons migrate to the 

olfactory bulb to finally become interneurons [141].  Adult SVZ is highly related to the 

embryonic SVZ as it still contains RG cells, IPCs and neural progenitors [142]. RG cells 

persist postnatally retaining the same topological characteristics and the major role of 

generating neurons and glia cells and guiding them to their terminal destination [142]. These 

RG cells knowing as B cells are mainly occur in a quiescent state and under specific stimuli 

they get activated and either proliferate symmetrically or divide asymmetrically to give rise 

to give rise to transit amplifying progenitors C cells and finally to immature neurons (A 

cells) which migrate to OB [142, 143]. Type B SVZ stem cells express RG markers like 

GLAST and GFAP but also CD133, nestin and sox2 [144].  SVZ cells are associated with 

blood vessels, suggesting that factors deriving from the vasculature affect the function of 

these cells [106, 145]. Due to their long cilia that run from the VZ (basal membrane) through 

the SVZ and reach the above vasculature, they contact multiple environments and get signals 

that regulate their behavior.  

Except from SVZ, dentate gyrous of hippocampus is another major neurogenic 

region in the adult mammalian brain [60, 146, 147]. Hippocampus is implicated with 

learning and memory and is highly linked with neuroinflammation, depression and epilepsy 

[148]. Radial astrocytes in the sub-granular zone of the DG (SGZ) function as the primary 

precursors which similarly to SVZ RG cells, have long processes that cross the granule cell 

layer along the SGZ [123, 146]. These cells give rise to neurons indirectly through nIPCs 

(Immature type D or type II progenitors)[149], and express doublecortin (DCX), PSA-

NCAM, Tuc4, NeuroD, Prox1, NeuN [150, 151]. Again, the vasculature seem to play a very 

important role to the coordination of neurogenesis. Physiological and environmental signals 

including steroids, glutamate receptor activation, exercise and antidepressants play key roles 
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in adult hippocampal neurogenesis [152-154]. During both embryogenesis and adult 

neurogenesis NSCs become regionally specific for producing specific subtypes of neurons. 

This is a cell-autonomous phenomenon originated from the differential transcription factor 

expression between different regions of telencephalon or the forebrain in embryo and adult, 

respectively [155]. This regional specification of NSCs has been identified by culture and 

transplantation experiments where the cell identity was specified and was not modified by 

homotropic and heterotropic grafting [156, 157].  

 

 

Figure 2.1.2: Schematic of progenitor types and lineages in the adult brain SVZ. NSCs in the wall of the 

lateral ventricles of adult rodents correspond to type B cells (SVZ astrocytes). These cells retain epithelial 

properties, including the extension of a thin apical process that ends on the ventricle and a basal process ending 

on blood vessels. B cells give rise to C cells, which correspond to nIPCs. B cells also generate 

oligodendrocytes through oIPCs. Dashed arrows illustrate hypothetical modes of division: blue for asymmetric 

and red for symmetric divisions. nIPCs, neurogenic intermediate progenitor cells; oIPCs, oligodendrocytic 

intermediate progenitor cells; SVZ, subventricular zone. Modified from [108]. 
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2.1.3. Regulation of Neurogenesis 

Under normal conditions, neurogenesis is modulated by environmental stimuli like 

learning and physical activity and by physiological processes coordinated by trophic factors. 

A major challenge in neurogenesis research is the elucidation of the exact mechanisms of 

adult neurogenesis and the understanding of the functions of individual signaling pathways 

regulating neural stem cell fate in order to target for new effective therapies, inducing brain 

self-repair. Main mechanisms include neurotrophic factors and growth factor mimetics, 

neurogenesis-related signaling pathways such as Wnt, notch, sonic hedgehog and bone 

morphogenetic proteins, hormones, steroids, neuropeptides, neurotransmitters, transcription 

factors and epigenetic regulators.  

2.1.3.1. Developmental Regulators/ Morphogens 

• Bone morphogenetic proteins (BMPs), the largest subgroup of the transforming 

growth factor-beta (TGF-beta) superfamily [158], are multifunctional extracellular signaling 

molecules that are highly expressed in the embryonic and adult nervous system and play a 

significant role in different cellular activities including cell survival, proliferation and 

differentiation [159]. Negative regulators of these proteins are the widely known 

morphogens Noggin, Chordin and Neurogesin-1 [160]. BMPs signal through their serine–

threonine kinase receptors and activate their effector smad proteins [161] which are 

translocated to the nucleus and induce the transcription of various genes. In the adult niche 

BMPs inhibit neurogenesis and induce gliogenesis mainly by blocking the proliferation of 

type A neuroblasts in the SVZ [162]. Interestingly, in vitro and in vivo experiments show 

that noggin is able to maintain the proliferation of these precursors in both SVZ and SGZ 

either directly or indirectly via the blockage of the BMP activity [163]. Moreover, BMPs 

play an important role in the migration of neuroblast from the SVZ through the RMS until 

reach the OB [164]. 



 65 

• Notch signaling is another very important regulator of embryonic neural 

development and has a profound effect on embryonic NSCs proliferation. It appears to 

induce symmetric divisions of NSCs resulting to their expansion [165]. HES1/HES5 are 

transcription factors whose expression is upregulated via the Notch signaling. In the adult 

SVZ the Notch pathway regulates the maintenance of NSCs as knock-out experiments led to 

a decrease of neural stem cell pool and to premature cessation of neurogenesis.[166, 167]. 

Similarly, in the SGZ Notch is required for the self-renewal of the reside progenitors [168]. 

Interestingly, a study described an important interaction of the Notch and EGFR signaling 

pathways allowing modulation of cell numbers. Furthermore, Notch has been shown to have 

an important role in dendritic arborization of immature neurons in the adult brain [169]. 

• Wnt signaling possesses a significant role in embryonic development of neural 

system it is implicated in the neural tube formation and in the development of peripheral 

ganglia and midbrain [170]. CNS pathologies associated with disrupted Wnt signaling 

include schizophrenia, autism and Alzheimer [171, 172]. Wnt signaling is implicated in both 

SVZ and DG neurogenesis where it stimulates NSC proliferation/ maintenance/ self-renewal 

and neuronal differentiation [173]. 

• Shh pathway in mainly involved during patterning of embryonic nervous system 

and it is crucial factor for the proliferation and survival of telencephalic progenitors [174]. 

However there are studies showing that Shh increase the proliferation of NSCs in the mature 

brain as well [175]. 

 

2.1.3.2. Neurotransmitters 

 Neurotransmitters are the basic molecules for the efficient chemical communication 

between neurons. However, electrophysiological and immunohistochemical studies revealed 

the presence of these chemicals on neural progenitor cells in the adult SVZ and SGZ. 
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• Glutamate, the most abundant excitatory neurotransmitter is mainly produced by 

specialized astrocyte-like cells in the SVZ and bind in its NMDA or AMPA receptor on the 

membrane of SVZ neuroblasts promoting their survival and migration to the OB [176]. 

However there are some studies indicating the decrease of the speed at migrating neuroblasts 

due to the binding of glutamate to the kianate receptor. These contradictory effects reveal a 

differential effect of this neurotransmitter on neuroblast migration, possibly depending on 

the differentiation state of these cells or their ultimate fate and position in the OB [177]. 

• GABA, the main inhibitory neurotransmitter in the adult brain, has a regulatory role 

as it is produced in the SVZ by neuroblasts in order to control the proliferation of neural 

progenitors and from and astrocyte like cells to decrease the migration of neuroblasts to the 

OB [178, 179]. It also plays an important role in the final maturation of neurons and in 

regulating the quiescent state of reside neural progenitor cells [103]. 

• Dopamine is highly implicated in both embryonic and adult neurogenesis. In the 

adult SVZ and DG, dopamine induces the proliferation of neural precursors after the 

stimulation of D2- receptors on these cells [180]. 

• NO is produced by neurons in the sub-ependymal zone and it has differential effect 

on neural precursors depending on its concentration. It has been shown that it stimulates the 

proliferation of SVZ and DG NSCs in vivo, however in vitro studies present the opposite 

effect when NO was applied in culture in higher concentrations [181, 182]. 

• 5HT has mainly described for its anti-depressant properties. 5HT- receptor agonists 

were found to modulate neural precursor cell proliferation hence neurogenesis [183]. 

Fluoxetine is a widely known antidepressant, and it works as serotonin reuptake inhibitor. 

Fluoxetine affects symmetric divisions and survival of adult progenitors in DG, thus 

increasing neurogenesis [184].  
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Other neurotransmitters that have been studies in term of their neurogenic effects include D-

serine [185] and Histamine [186]  

 

2.1.3.3. Growth Factors 

 Growth factors via their receptor tyrosine kinases (RTK) receptors elicit important 

developmental responses in neural stem and progenitor cells including cell growth, self- 

renewal, maintenance of tripotentiality, migration and cell lineage commitment [187]. There 

are four RTK families: 1) alternatively splices isoforms of three fibroblast growth factor 

receptors FGF receptor (FGFR1-3), the epidermal growth factor receptors (EGFR) which is 

also known as the erythroblastic leukemia viral oncogene homologue (ErbB), The platelet- 

derived growth factor (PDGFRα and PDGFRβ), Insulin growth factor receptor (IGFR), 

Tropomyosin-like receptors (Trk) and VEGF [188]. All members in this family of receptors 

share multiple components and are often co- activated in the progenitors.  FGF-1 and EGF 

are the two most essential factors for the in vitro isolation and expansion of embryonic and 

adult NSCs from the SVZ and SGZ [189, 190]. FGF-responsive embryonic NSCs emerge at 

embryonic day 8 [191]. For that reason embryonic NSCs are more dependent on FGF 

exogenous administration. In vivo data demonstrate that the absence of bFGF during 

development results in much fewer proliferating cells within the cortical neuroepithelium 

[192]. In the adult SVZ, intraventricular injection of bFGF increase the number of reside 

progenitors indicating the importance of this growth factor in the adult brain as well. Both 

EGF and bFGF seem to be intimate part for the survival and proliferation of these cells in 

vivo and in vitro [193]. However, few studies suggest that EGF acts as mitogen for adult 

quiescent SVZ progenitors turning them into constitutive proliferating cells [194-196]. Other 

growth factors that were reported to promote survival of adult NSCs either in vitro or in vivo 
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is the Hepatocyte growth factor (HGF) [196, 197] and the pigment-epithelium derived factor 

(PEDF) [198] 

 Neurotrophin factors are large extracellular proteins with prominent role in both 

embryonic and adult neurogenesis [199-202]. Four neurotrophins have been identified 

including NGF, BDNF, Neurotrophin-3 (NT3) and Neurotrophin-4/5 (NT4/5) [201, 202]. 

They interact with a family of tyrosine kinase receptors, the Trk (tropomyosin kinase) 

receptors. NGF preferentially binds to TrkA, BDNF and NT4/5 to TrkB and NT3 to TrkC 

[203, 204]. All four neurotrophins bind to the death receptor p75NTR, with lower affinity 

[205]. In the presence of adjacent Trks, p75 facilitates the binding of neurotrophins with the 

appropriate receptor. The interaction of the neurotrophins with the Trk receptors induces 

their dimerization and subsequent auto phosphorylation at specific tyrosine residues in the 

cytoplasmic domain, recruiting downstream effectors [206, 207]. BDNF possess a 

prominent role in neurogenesis and has been studied more extensively than any other 

neurotrophin. Most data present the in vivo neurogenic effects of BDNF for both DG [208-

210] and SVZ [211], including the survival of progenitors and the increase of newly formed 

neurons. In parallel, NT3 was shown to positively regulate neurogenesis in adult 

hippocampus and in the involvement in spatial learning and memory [212]. In vitro studies 

using adult neural progenitors revealed that neurotrophins act through the pI3K/ AKT and 

MAPK pathway, mainly protecting progenitors from apoptotic death and promoting their 

further differentiation [213, 214]. 

 

2.1.3.4. Other factors 

Proteoglycans (CSPGs, HSPGs [113, 115, 116]), Cytokines (LIF, CNTF [215, 216]), 

Hormones (EPO, Insulin, leptin [217, 218]) and transcription factors (CREB, Pax6 [219, 

220]) have a prominent role in the coordination of both embryonic and adult neurogenesis.  
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Figure 2.1.3: Regulation of adult neurogenesis in the SVZ. NSCs Self-renew, differentiate, maturate and 

migrate along the RMS. The expression of cell-specific markers during the various stages of development is 

shown in the upper side of the picture. Intrinsic factors regulating neurogenesis are presented in the lower part 

of the picture. RMS, rostral migratory stream; SVZ, subventricular zone. Modified from [221]. 

 

 

 

2.1.4. Small molecules as pharmacological modulators of CNS 

regeneration capacity 

 Extensive research is being conducted for the identification or the design and 

development of small molecules for use in neurodegenerative diseases and CNS injuries, 

both estimated to affect over 1 billion of individuals worldwide [222]. These molecules 

mainly target the induction of proliferation, survival, differentiation and maturation of the 

precursors that are already present in the neurogenic brain regions of dentate gyrus or 
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subventricular zone or the migration of these progenitors to the lesion areas outside 

neurogenic regions. Pharmacological approaches for impaired neurogenesis include 

antidepressant drugs (inhibitors of serotonin/ norepinephrine reuptake, of monoamine 

oxidase and phosphodiesterase) [184, 223-225] where studies suggest that their preliminary 

effect is the up regulation of the precursor proliferation and survival in a large part by 

boosting BDNF levels or by activating cAMP/CREB pathway [226, 227]. Other signaling 

pathways that are modulating by other drug categories and play pivotal role to precursor 

state are GSK3 PI3/AKT and ERK [228, 229]. Due to the important role of NTs and their 

receptors in stem cell self-renewal, differentiation, plasticity and homeostasis [61, 230, 231] 

[232, 233] they have become the platforms for the design of new, small in size and thus 

more applicable molecules for application in neurodegenerative diseases and CNS injuries.  

Small mimetics for TrkA [233-235], TrkB [236, 237] and p75 [238] receptors have been 

developed and found to be able to activate downstream signaling pathways inducing 

beneficial effects regarding the system they have been introduced.  

  

2.1.5. Our research proposal to develop blood-brain-barrier (BBB) 

permeable neurogenic small molecules 

Research on small molecules is currently increasing due to their multiple advantages 

and applications in the field of regenerative medicine. Focusing in neurodegenerative 

diseases and Central Nervous System (CNS) injury, different types of molecules have been 

tested for possible similarities with basic neurotrophins in terms of neuroprotection and 

neuroregeneration. We screened a large library of small BBB-permeable C17-spiroepoxy 

steroid derivatives and we now evaluate their efficacy in rescuing from Epidermal Growth 

Factor (EGF)-withdrawal-induced apoptosis of Neural Stem/ Progenitor Cells (NS/PCs) 

isolated from the Sub- Ventricular Zone (SVZ) of adult mice. Using flow cytometry we 



 71 

discriminate the synthetic analog, BNN237, which managed to rescue NS/PCs from 

apoptosis and significantly induce their proliferation under EGF-deprived conditions in 

vitro. Moreover, BNN237 was found to activate intracellular signaling pathways including 

ERK1/2 phosphorylation and the transcription of major regulatory genes that favor 

stemness. In vivo experiments show that BNN237 was able to increase the number of BrdU 

positive cells in the SVZ after single stereotactic intra-ventricular injection. These robust 

effects of BNN237 on NS/NPs biology were totally suppressed in the presence of EGFR 

inhibitor in vitro. Parallel research in our lab has revealed the specific binding and activation 

of TrkA receptor by BNN237. Taken all these findings together we seek to investigate the 

exact mechanism of neurogenic actions of BNN237, which seems to include a crosstalk 

between the two-tyrosine kinase receptors (RTKs), TrkA and EGFR. BNN237, a small 

synthetic molecule, may be a novel lead compound for the stimulation of endogenous 

NS/NPs and thus neuroregeneration, inducing brain self-repair, in vivo. 

 

2.2. Materials and Methods 
 

2.2.1. Primary SVZ NS/ NPs cultures 

Isolation of SVZ progenitors was performed as described by Fischer et al. (Fisher J. et al. 

2011), excluding the step of FACS separation. Briefly, animals were sacrificed by cervical 

dislocation and decapitated. Brains were placed in cold HBSS/5% P/S medium on ice and 

the lateral wall of the ventricles was isolated, excluding the striatal parenchyma and the 

corpus callosum. Dissected tissue was chopped and placed in accutase solution at 37˚C for 

20 min. After dissociation the tissue washed with DMEM/F12, centrifuged at 200g for 5 

minutes and reconstituted in complete adult NSC medium DMEM/12 (SIGMA D6421) 

containing 2% B27 supplement without Vitamin A (Invitrogen 12587-01), 0.6% D-glucose 
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(SIGMA), 2mM L-glutamine (GIBCO 25030-024), 100μg/ml Primocin (ant-pm Invivogen), 

20ng/ml EGF (236-EGF R@D), 20ng/ml FGF (233-FGF R@D) and 2μg/ml heparin 

(SIGMA H3149) as cofactor of FGF. Tissue from 4 brains is plated in a 6mm bacterial dish 

and allowed to form neurospheres. Fresh complete adult medium is added to culture in a 

ratio of 1ml per 5ml culture every other day. Primary neurospheres can be observed after 

around 5 days of culture. Typically, neurospheres are ready for sub-culture at day 8 to 10. 

Cells between passage 4 and 7 were used for the experiments.  

 

2.2.2. Cell lines 

PC12 cells were obtained from LGC Promochem (LGC Standards GmbH, Germany) and 

PC12nnr5 cells from Dr. Marçal Vilar (Instituto de Salud Carlos III-ISCII, Madrid, Spain). 

Both were grown in RPMI 1640 containing 10% horse serum, 5% fetal calf serum, 2 mM L-

glutamine, 15 mM HEPES, 100 units/ml penicillin and 0.1 mg/ml streptomycin, at 5% CO2 

and 37oC. 

2.2.3. Cell preparation for flow cytometry analysis. 

SVZ NS/NPs were seeded at 5x104 cells/ml on pre-treated poly-D-Lysine (SIGMA, P6407) 

and Laminin (SIGMA, L2020) 6-well plates in complete- adult medium. After 15h growth 

factors were withdrawn, cells were washed twice with DMEM/F12 and treated with EGF 

(20ng/ml) or BNN237 (100nM) or vehicle (10-7 DMSO) in growth factor-deprived 

complete- adult medium for 48h. For the experiments with the EGFR inhibitor, cultures 

were incubated with of 200nM AG1478 for 2h prior the pulse with EGF, BNN237 or 

vehicle. The anti-apoptotic effect of BNN237 on adult SVZ NS/NPs under -growth factor- 

deprived conditions was investigated using the TUNEL assay (in situ cell death detection kit 

TMR red, Roche) and analyzed by flow cytometry. The BrdU APC Flow Kit (BD) was used 
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for the assessment of proliferation of adult SVZ NS/NPs after treatment with BNN237 in the 

present of ranging concentrations of EGF (20ng/ml- 5ng/ml) or its total absence. BrdU 

analog (10nM) was added to the cultures 4h before the termination of treatments. At the end 

of the treatments cells were detached from the plate using accutase, centrifuged at 500g for 

5min and were stained as indicated for FACS analysis in a Beckton-Dickinson FACSArray 

apparatus. The analysis of FACS data was done with the CELL-Quest software (Beckton-

Dickinson, Franklin Lakes, NJ), and depicted as ratio to control (growth factor- free 

condition).  

 

2.2.5. Western blot analysis 

For western blot analysis either SVZ NS/NPs or PC12 and PC12nnr5 cell lines were 

harvested in lysis buffer (50 mM Tris-HCl, 0.15 M NaCl, 1% Triton X-100, pH 7.4) and 

supplemented with cocktail of protease (sigma) and phosphatase (sigma) inhibitors. Protein 

was loaded and run on sodium dodecyl sulfate–PAGE. The proteins were then transferred to 

a nitrocellulose membrane and blocked in a solution of 5% BSA and 0.1% Tween-20 in 

TBS (TBS-T) for 1h followed by incubation with the primary antibody in blocking solution 

overnight at 4
o
C. The next day, the membranes were washed three times in TBS-T and 

incubated with anti-rabbit secondary antibody conjugated to horseradish peroxidase (1:5000) 

in blocking solution for 1h at room temperature (RT). Finally, the membranes were washed 

again in TBS-T and were developed using the ECL Western Blotting Kit (Thermo 

Scientific). Image-lab (Biorad) system was used for the acquisition of the immunoblot and 

the quantification of band intensities was done with ImageJ.  
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2.2.6. Stereotactic surgery 

Intra-ventricular injections of BNN237 or Saline were performed using a stereotax (WPI, 

502610). Deep anesthesia was performed by 2/1 ratio of Isoflurane/Oxygen inhalation. 

Referring to mouse brain atlas (Paxinos) and to other research protocols [239, 240], 

coordinates from Bregma in all axes for intraventricular injection are dorsoventrally (D/V) -

2.1mm, mediolaterally (M/L) +1mm and anteroposteriorly (A/P) +0.02mm After checking 

for deep anesthesia indicated by the absence of paw reflexes, mouse head is placed in 

between the head holders of the stereotax as not to compress the slides of the skull inward. 

An incision is made with a blade from the area in between the eyes throughout the skull until 

almost its basis. We make sure that the head is placed straight by taking coordinates for both 

bregma and lambda. After calculating the injection site an opening is created using the drill. 

The niddle was lowered down according to the D/V coordinate and hold for 1 min. 3.5μl of 

BNN237 or Vehicle (10-3 DMSO) were injected in a ratio of 1μl/sec. BNN237 concentration 

injected was10-4 M thus final concentration in the ventricle was 10-5 M as the approximate 

volume of cerebrospinal fluid in the mouse brain ventricular system is 35μl. We wait again 

1min before taking out the niddle from the brain. Finally, the mouse is being unplugged 

from the stereotax; sutures are made to the skin and leave on the heat pad for recovery with 

sustained supply of oxygen. 

 

2.2.7. Tissue processing 

Mice were deeply anesthetized using 2.5/1 ration of Isoflurane/ Oxygen and were 

transcardially perfused with saline followed by 4% paraformaldehyde (Sigma-Aldrich, St. 

Louis, MO, USA) in phosphate buffered saline (PBS). The brains were dissected and post-

fixed overnight in the same solution at 4°C. The next day, brains were washed with PBS and 

immersed in 30% sucrose solution in PB 0.1M for 24h (until sunk) at 4°C for 
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cryoprotection. Finally, they were frozen in isopentane at -70°C. Coronal sections of 40 μM 

were cut in the dorsoventral axis of the ventricle (from bregma 1.42mm to -0.1mm) and 

stored in cryoprotective medium (30% glycerol/30% ethylene glycol in 50mM phosphate 

buffer) at -20 °C until they processed for immunofluoresence. The sampling was made in a 

way that each sample group contains one out of every six adjacent sections with 

intermediate distance of 240μm.  

 

2.2.8. Immunofluorescence  

For detection of BrdU-labeled nuclei, free-floating sections were washed with 0.1 M PB pH 

7.4 and incubated in 2N HCl at 37°C, followed by a 10min rinse in 0.1M sodium tetraborate 

pH 8.5 and two rinses with PBS. After 1h blocking with 5% BSA in 0.3% Triton X-100 in 

PBS (PBST) at RT sections were incubated with primary antibodies in 0.3% PBST 

overnight at 4°C. The next day, sections were washed twice with PB and incubated with 

Alexa Fluor chromophore-conjugated secondary antibody (1:1000 dilution, Invitrogen) in 

0.3% PBST for 1h at room temperature. Finally, they were washed twice again with PB and 

mounted onto slides using antifade reagent with DAPI (4ʹ,6-diamidino-2-phenylindole, 

Dilactate; Invitrogen).  

 

2.2.9. Cell counts and quantification  

For the quantification of the BrdU positive cells all cells including in the SVZ and the 

anterior horn (the start of the pathway from the SVZ to the Rostral Migratory Stream) were 

counted from every section in each sampling group (see tissue processing). The number of 

BrdU+ cells was counted under ×40 magnification under a confocal SP8 microscope for a 

total of 6 sections and the average number of cells was estimated. The mean was then 
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multiplied with the total number of sections (36) to estimate the total number of cells per 

ventricle. 

 

2.2.10. Activation and Immunoprecipitation studies in the PC12 and 

PC12nnr5 cell lines. 

PC12 and PC12nnr5 cells were starved from serum for 4-6 h and stimulated with BNN237 

(100 nM) or EGF (20ng/ml) for 15 min. Cells were suspended in lysis buffer (50 mM Tris-

HCl, 0.15 M NaCl, 1% Triton-X100, pH 7.4) supplemented with protease inhibitors (1 mM 

PMSF and 1 g/ml aprotinin). Lysates were pre-cleared for 1h with protein G-plus Agarose 

beads (Cat No. sc-2002; Santa Cruz) and immunoprecipitated with the appropriate antibody 

overnight at 4oC. Protein G-plus agarose beads were incubated with the lysates for 4h at 4oC 

with gentle shaking. Beads were collected by centrifugation, washed four times with lysis 

buffer and re-suspended in SDS loading buffer. For activation studies PC12 and PC12nnr5 

cells were starved from serum for 12 h and stimulated with BNN237 (100 nM) or EGF 

(20ng/ml) for 15min. Cells were then rinsed with ice-cold PBS and solubilized in SDS lysis 

buffer. Immunoblots were developed using the ECL Western Blotting Kit (Thermo 

Scientific) and exposed to Kodak X-Omat AR films. Image analysis and quantification of 

band intensities were done with ImageQuant (GE Healthcare). 

 

2.2.11. Antibodies, reagents and plasmids 

The following antibodies and reagents were used: rat anti-BrdU (1:300, Abcam, Cambridge, 

UK), rabbit polyclonal anti-p-p44/42 and p44/42 MAPK (1:1000, Cell Signaling, Danvers, 

MA, USA), pTrkA-490 (Cat. No. 9141; Cell Signaling, Danvers, MA, USA), TrkA (Cat. 

No. 06-574; Millipore), p-EGFR (Cat. No. 40815; abcam) and EGFR (Cat. No. SC-03, 
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Santa Cruz), EGF (Cat. No. 236-EGF; R@D), FGF (233-FGF; R@D), heparin (SIGMA 

H3149), actin, GAPDH, EGFR Inhibitor (Cat. No. 1276, AG 1478 hydrochliride; Tocris). 

 

2.2.12. Statistical analysis  

Statistical analysis was performed using Graphpad Prism software (La Jolla, CA, USA). 

Statistical significance was assessed by column analysis, no parametric t-test with Welch’s 

correction and was established at P ⩽ 0.05. 

 

2.3. RESULTS 
 

2.3.1. BNN237 rescued adult SVZ NS/NPs from 48h EGF deprivation- 

induced apoptosis. 

After screening a library of C17-spiroepoxy steroid derivatives for protecting E13.5 cortical 

NPCs from EGF deprivation- induced apoptosis using FACS analysis (Figure 2.3.1) we 

discriminate the one synthetic analog, named BNN237, which was the most potent to rescue 

NPCs in a comparable manner to NGF or BDNF supplementation (Figure 2.3.2). Knowing 

that adult cells represent a more clinically relevant system for testing the neuroprotective 

properties of novel molecules we access the neuroprotective effects of BNN237 in SVZ-

derived NS/ NPs from 2-month-old male mice. NS/NPs were cultured for 15h in complete 

medium and then were deprived of EGF for 48h either in the presence or not of 100nM 

BNN237 or 20ng/ml EGF as positive control. FACS analysis to access the TUNEL staining 

(Figure 2.3.3.A), has shown that BNN237 significantly decreased the number of TUNEL 

positive cells (28.00± 3 *P<0.05 n=3 vs control) compared to control (48.75± 5.452 n=3) 

(Figure 2.3.3.B). 
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Figure 2.3.1: Screening of small, Blood Brain Barrier (BBB)-permeable, C17-spiroepoxy steroid 

derivatives for protecting E13.5 cortical NPCs from EGF deprivation- induced apoptosis. BNN237 

treatment for 24h and 48h rescued 71% and 46% of total cells in culture, respectively.  

 
 

 
Figure 2.3.2: Effect of neurotrophins, DHEA and BNN27 and BNN237 compounds against 48h EGF deprivation- 

induced apoptosis of adult SVZ neural stem cells (mean±SEM; n=3; *P< 0.05, **P<0.01 vs control).. 
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Figure 2.3.3: Anti- apoptotic effect of BNN237 on SVZ NS/NPs. A. Flow cytometry analysis of TUNEL 

staining of SVZ NS/NPs treated for 48h as indicated. B. Percentage of TUNEL+/DAPI+ (mean±SEM; n=3; 

*P< 0.05, **P<0.01 vs control). 

 

2.3.2. BNN237 boosted the proliferation of SVZ NS/NPs under 48h 

complete deprivation of EGF. 

Subsequently we seek to investigate the potential effects of BNN237 on NPCs proliferation, 

one of the main features that characterize these cells. Mitogens like EGF and/ or FGF were 

used in high or low concentrations together with the molecule of interest. This is possibly 

because proliferation is a very fine procedure requiring the cells to be at least in basal levels 

of proliferation in order to be able to react to the treatment. For this reason we cultured the 

cells for 15h in the presence of EGF and then they were treated with 100nM of BNN237 

together with ranging concentrations of EGF (20, 10, and 5ng/ml) until the total withdrwal 

of EGF. BrdU analog (10nM) was added to the cultures 4h before the termination of 

treatments. As it was expected, the lower the EGF concentration the lower the percentage of 
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BrdU positive cells are found, until the complete absence of EGF (control) where BrdU 

positive cells dropped dramatically (4.5 ± 1.5, n=3). Surprisingly, 48h treatment with 

BNN237 managed to increase the percentage of BrdU positive cells in all EGF 

concentrations, however, with significance in the EGF-deprived condition (29.0 ±  0.5, 

**P<0.01, n=3 vs control).  

 

 

Figure 2.3.4: Effect of BNN237 on the proliferation of SVZ NS/NPs. A. Flow cytometry analysis of BrdU-

APC staining of SVZ NS/NPs treated for 48h as indicated. B. Percentage of BrdU-APC+/7-AAD after 

treatment with BNN237 in the present of different EGF concentrations or in its total absence (mean±SEM; 

n=3; **P<0.01 vs control). 
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2.3.3. BNN237 induced the proliferation of SVZ NS/NPs in vivo.  

This notable effect of BNN237 on the proliferation of SVZ NS/NPs in vitro, prompted us to 

investigate its impact on the progenitors laying the sub-ependymal zone of the ventricle. To 

achieve this, we performed single stereotactic intra-ventricular injection of BNN237 or 

vehicle (1:100 DMSO in saline) in the right ventricle of young adult, 2-month old, male B6 

mice and 5 days afterwards they were intraperitoneal injected with 100mg/ml BrdU 6 hours 

prior to transcardial perfusion (Figure 2.3.5.A). The volume injected in both cases was 3.5 

μl. The concentration of BNN237 injected was 10-4 M thus the final concentration in the 

ventricle was about 10-5 M, as the approximate volume of cerebrospinal fluid in the mouse 

brain ventricular system is 35μl. Prior to starting with the actual experimental groups, 3.5 μl 

of fast green dye at coordinates from bregma Medio-Lateral +1mm, Anterior-Posterior 

+0.02mm and Dorso-Ventral-2.1mm were injected in order to test that coordinates from 

bregma, for intraventricular injections are working properly with our instruments. The 

presence of the dye was apparent in the right ventricle (injected ventricle), however it was 

slightly distributed to the left ventricle as well (data not shown). Brains were cut coronal and 

stained with BrdU (green) and DAPI (blue) according to the protocols described in Material 

and Methods. BrdU positive cells were counted including those in lateral sub- ependymal 

zone and the anterior horn (the start of the pathway from the ventricle to the olfactory bulb 

through the rostral migratory stream) for both ventricles. BrdU positive cells found to be 

significantly higher in numbers in the RSVZ of BNN237 treated mice compared to Vehicle 

treatment (5268±90, vs 3953±115, n=6, P<0.05) (Figure 2.3.5.D). However, no difference 

was observed between the treatments groups regarding the LSVZ (4220±130 n=2 vs 

3852±216 n=2, respectively). This results probably makes clear that the effect of the 

molecule is local and although cerebrospinal fluid is circulating between the two ventricles, 

RSVZ (injected ventricle) has significantly increased BrdU positive cells compared to the 
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LSVZ (5268±90 n=2 vs 4220±130 n=2, P<0.05) of BNN237 treated mice (Figure 2.3.5.D). 

Moreover, BrdU positive cells co-expressed GFAP indicating their Radial Gial- B cell 

phenotype (Figure 2.3.5.B).  

 

 

 

Figure 2.3.5: In vivo effect of BNN237 on the proliferation of endogenous SVZ NS/NPs that reside in the 

ventricle. A. Illustrative graph showing the exact time of administration of BNN237 and BrdU in animals for 

the assessment of proliferation. B. Coronal sections of SVZ (anterior horn:up, lateral wall:down) from 2 

month-old mice injected once either with BNN237 or Vehicle and immunostained with BrdU (green) and 

DAPI (blue) as counterstain. C. Higher magnification of a confocal image of BrdU/ DAPI-stained cells in the 

SVZ of the lateral wall. D. Quantification of BrdU positive cells in RSVZ and LSVZ for both groups. 

(mean±S.E.M.; n=6; *P<0.05 vs vehicle) 

RV: Right Ventricle, LV: Left Ventricle, SVZ: Subventricular zone, LSVZ: Left SVZ, RSVZ: Right SVZ 
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2.3.4. AG1478, a selective inhibitor of EGF receptor, totally abolished the 

proliferative effect of BNN237 on NSCs. 

AG1478 was used in a concentration of 2ng/ml for blocking the EGF receptor two hours 

prior to indicated treatments. The efficient blocking concentration of the AG1478 was 

optimized previously in dose response experiments (data not shown). As it was previously 

shown, both EGF and BNN237 induced a significant increase in the number of BrdU 

positive cells (EGF (32.53±1.4 n=3 vs 6±0.57 n=3, P<0.001) and BNN237 (29±0.57 n=3 vs 

6±0.57 n=3, P<0.0001), effects which were totally abolished in the presence of the AG1478 

(7±0.57 n=3 vs EGF, P<0.001 and 6.66±1.2 n=3, P< 0.0006 vs BNN237) (Figure 2.3.6.A).  

This effect of AG1478 on this significant action of BNN237 on proliferation of NSCs drove 

us to hypothesize the possible implication of the EGFR receptor in the signaling 

transduction triggered by BNN237. Moreover, we tested if this molecule could induce the 

phosphorylation of ERK1/2, a down-stream pro-survival kinase. Both EGF and BNN237 

treatment activated this kinase with a same pattern after 5, 15 and 30 minutes treatment 

(Figure 2.3.6.B). The presence of AG1478 abolished the effects of both EGF and BNN237. 

These findings taken together are very exciting, suggesting that BNN237 probably activates 

TrkA receptors, inducing its cross talk with EGF Receptors. The transactivation and 

interaction of EGF receptors with many other membrane receptors is a very interesting and 

dynamic field of research.  
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Figure 2.3.6: Abolishment of the neurogenic effect of BNN237 effect on SVZ NS/NPs proliferation by the 

EGFR inhibitor. A. Percentage of BrdU+/DAPI+ (mean ± sem.; n = 3; *P <0.05 vs vehicle- treated cells). B. 

Phosphorylation of ERK1/2 after 5, 15 and 30 -min treatment of SVZ NS/PCs culture as indicated. Western 

blot analysis was performed and relative optical density (OD) of phosphorylated ERK1/2 (pERK) to actin was 

estimated and normalized to control values (mean± sem; n=3; *P<0.05 vs control). 

 

2.3.5. BNN237 activates the EGF Receptor, in a TrkA receptor-dependent 

mechanism.  

For the elucidation of the mechanisms of actions of BNN237 on neurogenesis we proceeded 

activation and immunoprecipitation studies using PC12 and PC12-nnr5 cells. . Knowing that 

BNN237 specifically binds to and activates TrkA receptor (Figure 2.3.7) and that 

SVZ/NSCs express both TrkA (Figure 2.3.8.A) and EGFR we seek to investigate the 

possible interaction of these pathways. It is known that PC12 cells express both includes 

EGFR and TrkA receptors and poses functional post-receptor signaling pathways. It is also 

of note that clone PC12-nnr5 of the PC12 cell line is TrkA-deficient. After stimulation of 

PC12-nnr5 with 100nM BNN237 or 20ng/ml EGF for 15min, EGF induce the 

phosphorylation of ERK in an EGFR-dependent manner. Indeed, this effects was blocked in 

the presence of EGFR inhibitor, AG1478. However, BNN237 did not manage to activate 

EGFR phosphorylation in the TrkA-negative PC12-nnr5 cells, suggesting that this molecule 

cannot directly activate EGFR receptor (Figure 2.3.8.B). Furthermore, PC12-nnr5 and PC12 

cells were exposed to EGF and BNN237 as described above and cell lysates were 

immunoprecipitated with anti-tyrosine antibodies and analyzed by Western blotting, using 

specific antibodies against EGFR receptor. BNN237 did not activate EGFR phosphorylation 

in PC12-nnr5 cells (Figure 2.3.8.C). EGFR activation by BNN237 requires the presence of 

TrkA receptor. 
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Figure 2.3.7.: BNN237 specifically interacts with and activates neurotrophin receptor TrkA..   

A. Competitive binding assay of [3H]-DHEA in the presence of increasing concentrations of BNN237 

using membranes isolated from HEK293 cells transfected with the cDNA of TrkA receptor [Ki: 

0.19±00.6 nM n=5. B. BNN237 induces TrkA tyrosine phosphorylation. CHO cells were transfected 

with the plasmid cDNA of TrkA. Transfectants were then exposed for 15 min to NGF (100 ng/ml) or to 

BNN237 (100 nM), and lysates were immunoprecipitated with TrkA-specific antibodies, and then 

immunoblotted with p-Trk490. Total lysates were analysed for TrkA expression by immunobloting.   
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Figure 2.3.8: Possible mechanism of BNN237 action. A. TrkA expression in adult 2-month old SVZ 

progenitors throughout passages 4-7. Phosphorylation of EGFR after 5-min treatment of SVZ NS/PCs culture 

as indicated in PC12 –nnr5 (B), and PC12 cells transfected or not with shRNA TrkA (C). 
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Discussion 
 
 

The beginning of neuroregeneration research stood as a landmark in a world where 

neurodegenerative diseases such as Alzheimer’s (AD), Parkinson’s (PD) and Huntington’s 

disease (HD) and amyotrophic lateral sclerosis (ALS) affect approximately 30 million 

individuals worldwide. The pathophysiological basis of each disorder is multifactorial and 

includes abnormal protein folding [241-243], oxidative stress [244-246], mitochondrial 

dysfunction [247] or even environmental reasons such as exposure to metal toxicity and 

pesticides [248, 249] and all these neurotoxic might occur in parallel. Fundamental 

experiments gave light to the molecular basis of neuroregeneration enabling scientist to target 

neuroregeneration of adult brain as a potential therapeutic approach for neurodegenerative 

conditions and brain trauma and aging. Major players of CNS homeostasis through 

neuroregeneration include morphogenetic proteins, developmental regulators, 

neurotransmitters, ECM proteins, cytokines, hormones and growth factors with final effectors 

intracellular proteins, enzymes and transcription factors. Numerous innovative approaches 

have been applied for induced regeneration including stem cell therapy [250-252], gene 

transfer [253], nanotechnology [254] and pharmacological control (drug therapy) [154, 184, 

227, 255-260] each one coming with advantages and pitfalls. Stem cell therapy has been 

widely used as neuroregenerative strategy where either the cells are introduced in the area or 

the reside neural precursors of the tissue as manipulated in situ. Obviously, the endogenous 

manipulation of stem cell pools has tremendous advantaged over their transplantation, as there 

is no need for external cell source which most of the time are xenogenic, posing problems of 

tumorigenicity and rejection of the transplant. Indeed, microglia within the brain is never 

inactive, showing high sensitivity to even minimal abnormal changes of brain function. 

Combinatorial approaches seem to gain more interest especially when stem cell therapy 
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engages the neuropreotective effect of neurotrophins. Indeed, neurotrophins (NT) regulate 

various aspects of CNS, including cell survival and proliferation, differentiation, axonal 

elongation, synaptic plasticity synaptogenesis and myelination and apoptosis. Some of these 

effects are contradictory and that is because NTs participate in the well-orchestrated 

procedure of brain homeostasis. NTs, through their specific Trk receptors and the p75NTR pan-

neurotrophin receptors hold key roles in the regulation of the neural stem cell physiology. 

Adult and embryonic NSCs have been demonstrated to express NT receptors TrkA, TrkB, 

TrkC and p75NTR [261, 262] and produce NGF, BDNF and NT3 [263]. Numerous in vitro and 

in vivo studies (see section 2.1.3.3) have described the effects of neurotrophins on 

proliferation (via ERK kinase activation), survival (via PI3K/Akt kinases activation) and 

differentiation of NSCs. Due to their large size, NTs have been stereotactically introduced in 

clinical trials in AD and PD patients either as polypeptidic molecules, or via in vivo gene 

delivery using viral vectors and ex vivo gene delivery using autologous fibroblasts. Because 

from the high invasive nature of these procedures very important adverse effects have been 

reported post-treatment, including the activation of oncogenes [264] or immune reactions to 

the transplanted cells [265]. Given that the main reason that NTs cannot be given systemically 

is their large size, scientists have now focus on the development of novel, BBB-permeable 

synthetic compounds that mimic the actions of NTs after their interaction with Trk or p75NTR 

receptors in various neuronal and neural stem cells (see section 2.1.4).  

Our group has previously reported the neurogenic effects of Dehydroepiadronsterone 

(DHEA) after its binding to all Trk and p75NTR receptors at nanomollar concentrations [266-

269]. However, this molecule metabolizes into androgens and estrogen and their metabolites, 

activating various steroid receptors [270]. Novel, highly lipophilic CNS bioavailable C17-

spiroepoxy analogs of o DHEA (Microneurotrophins, MNT) have been synthesized by our group 

and are tested for their neurogenic effects in different neuronal populations [271]. We have shown that 
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and of them, BNN27 is able to penetrate the BBB [272] and specifically interact with TrkA and 

p75NTR receptors, but not TrkA and TrkB receptors, activating specific signalling pathways controlling 

neuronal cell survival and neurogenesis [233, 273].  Furthermore, we screened this large library of 

MNT compounds to test their anti-apoptotic effects on cortical E13.5 NSCs and adult- SVZ- NSCs.  

In this study, we describe a novel synthetic MNT, BNN237, with robust effects on adult- 

SVZ- NSCs survival and proliferation in vitro and in vivo. Specifically, using the Tunel assay we 

identified the high anti-apoptotic effect of BNN237 in SVZ/ NSCs under 48h EGF deprivation in a 

comparable manner to NGF and BDNF. Given that one of the most important characteristic of NSCs 

is their continuous proliferative capacity we investigated the effects of this molecule on the 

proliferation rate of these cells. We found that BNN237 robustly increased the numbers of BrdU 

positive cells not only in high, medium and low concentrations of EGF but also even in the total 

absence of the later. Previous studies described the effects of various molecules on NSCs proliferation 

only in the presence of higher or lower concentrations of growth factors indicating a synergistic effect 

[258, 274]. To our knowledge, no other study has reported so far such a robust effect of a molecule by 

itself on this fine-tune procedure of neural stem cell proliferation. These exciting results on NSCs 

proliferation encouraged us to investigate the effect of this compound on the cell proliferation of NSCs 

within the brain ventricles, in vivo. We thus performed single stereotactic intraventricular injection of 

BNN237 in the right brain ventricle of adult male mice. The animals were sacrificed after 4 days of 

treatment. Surprisingly, BNN237-treated mice appeared with significantly higher numbers of BrdU 

positive cells in the lateral wall and the anterior horn of the right (injected) brain ventricle, compared 

to the left ventricle within the same animal. Although the CSF is circulating through ventricles, we did 

not observe the same effect on the left brain ventricle. These findings depict the local, sustain and 

robust effect of the molecule on the neural progenitors in vivo. Moreover, the BrdU positive cells 

found to be co-localised with the marker GFAP possibly indicating that BNN237 acts on quiescent 

progenitors and turns them to activated B cells [142]. This impressive effect of BNN237 on the 

proliferation of SVZ/NSCs in vitro and in vivo urged us to test the possible implication of the key 

factor of NSC proliferation, EGF receptors. Thus, we used the highly specific EGFR inhibitor 

AG1478 to pre-treat the cells and define whether the effect of BNN237 is affected by EGFR blockade. 
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To our surprise, AG1478 totally abolished the effect of both EGF and BNN237 on NSCs proliferation 

by lowering the number of BrdU positive cells to the control levels. Similarly, the inhibitor blocked 

the stimulating effects of both agents on the activation-phosphorylation of ERK1/2 kinase. Indeed, 

BNN237 induced the phosphorylation of this kinase in a similar manner to this of EGF at all three 

time points tested and both effects were totally blocked in the presence of the AG1478 inhibitor.   

Based on the above findings we sought to define the exact mechanism of action of BNN237 

on neurogenesis. Parallel studies in our lab have shown that similarly to microneurotrophin BNN27, 

BNN237 specifically interacts and activates the TrkA receptor but not the TrkB and TrkC. Adult 

SVZ/NSCs express TrkA and EGF receptors,. We used PC12 and PC12-nnr5 cell lines, where both 

express EGFR but only the first one TrkA receptors. We performed immunoprecipitation studies and 

we found that BNN237 induced the phosphorylation of EGFR only when TrkA was present in PC2 

cells. Specifically, BNN237 was unable to induce phosphorylation of EGF receptors in   PC12-nnr5 

TrkA-negative cells or in shRNA-TrkA transfected PC12 cells The compound was effective in 

increasing phosphorylation of EGF receptors only in endogenously TrkA-expressing PC12 cells.  

These exciting finding suggest that BNN237 activates EGFR through TrkA. Previous studies 

demonstrated the transactivation of Trk receptors by EGFR or GPCRs [275, 276]. Indeed, Puehringer 

et al. have shown that the EGF transactivation of TrkB and TrkC receptors regulates the migration of 

neuborn cortical neurons [277]. However, this crosstalk can occur bidirectionally between EGFR and 

TrkB [278], IGF1 and TrkA [276] receptors and vice versa. The scenario of bidirectional 

transactivation might explain the higher proliferation in the presence of both EGF and BNN237 

compared to EGF alone. Finally, a very interesting study published by Valdez et al, propose a novel 

difference in the signalling pathways of Trk and EGF receptors further defining the mechanism of 

action of there RTKs. These researchers reported that Trk endocytosis can be distinguished from the 

one of EGFR as the former induces macroendocytosis through Rab5 whereas the latter shows a rapid 

exchange of endocytosis factors Rab5 to Rab7, thereby transiting into late endosomes for degradation. 

These differences reflect to ERK-kinase activation, which is sustained up to 30 min after treatment 

with NGF, while it fades 10 minutes after exposure to EGF [279]. In our experiments both EGF and 

BNN237 show similar pattern of ERK activation with the phosphorylation reaching a peak at 30 min 
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post-treatment. These findings suggest that both EGF or BNN237 induce the bidirectional 

transactivation of their receptors,  thus  maintaining  the long-term activation of ERK. 

In conclusion, BNN237 effectively rescues SVZ/NSCs from apoptotic death, inducing their 

robust proliferation, even in the total absence of EGF.. Moreover, intraventricular injections of 

BNN237 increased the number of BrdU/GFAP positive B cells. The in vitro effect of BNN237 on 

SVZ/NSC proliferation was totally abolished in the presence of the EGFR inhibitor AG1478 which 

blunted as well the activation of ERK. The specific interaction of BNN237 with TrkA receptors and 

the total blockage of the neurogenic action of BNN237 in the presence of AG1478 indicate the 

possible crosstalk of these RTKs. BNN237, a small synthetic BBB-permeable molecule, may 

represent a novel lead compound for the development of strong neurogenic compounds which 

can effectively stimulate endogenous NS/NPs, neuroregeneration and brain self-repair in 

neurodegenerative diseases, brain trauma and aging. 
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CHAPTER III  

BNN27, a 17-spiroepoxy steroid derivative, interacts with 
and activates p75 neurotrophin receptor, rescuing 
Cerebellar Granule Neurons from apoptosis. 
 

3.1. Introduction 
  
Neurotrophic factors (NGF, BDNF and NT3/4) are large polypeptidic, secreted molecules that 

exert potent neuroprotective and neurogenic effects [200, 280]. Mature neurotrophins 

preferentially and selectively bind and activate the Tropomyosin Related Kinase (Trk) 

receptors [281] while all members of neurotrophin family can also -albeit with lower affinity- 

bind to pan-neurotrophin p75 receptor. It is of note that neurotrophin immature isoforms (pro-

neurotrophins) show high selectivity for p75NTR [282-285]. The p75NTR receptor is a member 

of the Tumor Necrosis Family Receptors (TNFR) superfamily and is mainly expressed during 

nervous system development but also after injury or degeneration of neuronal and glial cells 

(for a review, see Ibáñez and Simi [286]. Despite the pro-apoptotic role of p75NTR, there is 

growing evidence that this receptor can also promote survival in specific types of neurons and 

other cells [287-289]. The pro-survival effects of p75NTR are largely dependent upon the 

operative ligands and the co-expression of other receptors that interact with p75NTR, like Trks 

or Sortilin [280, 282, 287]. More specifically, activation of the transcription factor NFkappaB 

upon the recruitment of RIP2 protein to p75NTR, leads to survival signals on specific neurons 

[290, 291], while it simultaneously induces the release of RhoGDI from the receptor and the 

subsequent RhoA inactivation [292]. These p75NTR-mediated survival-signaling cascades are 

largely dependent upon mature neurotrophin binding to the receptor. On the contrary, the 

p75NTR-dependent regulation of cJun/JNK phosphorylation effectively induces cell death, 

although not as effectively as Caspase-3 [293]. Cell death signals that originate from p75NTR 
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have been recently associated to other co-receptors, like sortilin, SorCS2 and SorL1 (members 

of the Vps10 family) [282, 294], and they are selectively activated upon binding of pro-

neurotrophins to p75NTR. Furthermore, a plethora of other ligands can directly interact with 

p75NTR receptors, such as Aβ-amyloid, myelin associated glycoprotein (MAG) or Nogo, 

leading to differential signaling in a cell-context manner [18, 295-297] 

 We have previously reported that neurosteroid Dehydroepiandrosterone (DHEA), produced 

by neurons, glia and the adrenals, binds to all Trk and p75NTR receptors with Ki at nanomolar 

concentrations [266, 267] inducing cell survival [268, 269]. DHEA can also activate classical 

steroid receptors, such as Androgen Receptor (AR) or Estrogen Receptors (ERα and ERβ), 

as well as a number of neurotransmitter receptors [270]. We have recently developed a novel 

C17-spiroepoxy analog of DHEA, BNN27, which selectively binds to and activates the NGF 

receptor TrkA, but not TrkB or TrkC [233]. Modifications on C17 of BNN27 abolish its 

susceptibility to metabolic enzymes that convert DHEA to androgens or estrogens. 

Additionally, BNN27 has been shown to penetrate blood-brain-barrier [272] and to not 

interact with AR or ERs in in vitro studies [233, 271]. 

 

3.1.1 Our research project to develop neurotrophic BBB-permeable small 

molecules interacting with pan-neurotrophin p75NTR receptors. 

 The aim of the present study was to explore the ability of BNN27 to interact and activate 

the pan-neurotrophin p75NTR receptors.  We tested its biological effects in Cerebellar Granule 

Neurons (CGNs) of wild type and p75NTR null mice, an established cell model for the study of 

p75NTR signaling. Indeed, CGNs express p75NTR receptors and not the high affinity receptor 

for the NGF, TrkA [298]. They also express TrkB and TrkC receptors, providing the optimal 

substrate for evaluating the effects of other neurotrophins (BDNF and NT-3) compared to 
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NGF. Cultured in the presence of serum, CGNs survive and show mature neuronal phenotype 

[299, 300] Upon neurotrophin stimulation in serum-deprivation conditions, CGNs respond to 

survival signals: BDNF and NT-3 seem to rescue the cells through their specific Trk 

receptors, while NGF is inducing anti-apoptotic signals through the activation of p75NTR [298, 

301]. We also evaluated the ability of BNN27 to interact with and activate p75NTR receptors, 

focusing on the exact post-receptor cellular mechanisms by which it affects NGF-sensitive 

cell signaling, related to neuronal cell fate. Several physicochemical methods (NMR and pull-

down assays with recombinant p75NTR) were also used to clarify the molecular interactions of 

BNN27 with p75NTR receptors. Based on our findings we propose BNN27 as an effective lead 

molecule for the development of novel p75NTR ligands, controlling specific p75NTR-mediated 

signaling of neuronal cell fate, with potential applications in therapeutics of 

neurodegenerative diseases and brain trauma. 

 

3.2. Materials and Methods 

3.2.1. Animals 

p75NTR knockout mouse strain was obtained from Jacksons Laboratory [302] and maintained 

on a 12h light/dark cycle with ad libitum access to food and water. Adult het mice were 

crossed and postnatal day 6 WT and KO pups were used for the isolation of cerebella after 

euthanasia in a CO2 chamber. Animal experimentation received the approval of Veterinary 

Directorate of Prefecture of Heraklion, Crete and was carried out in compliance with Greek 

Government guidelines and the guidelines of our ethics committee. 
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3.2.2. Primary Cerebellar Granule Neurons culture. 

CGN cultures were prepared as described previously with some modifications [303]. Briefly, 

the cerebella of postnatal day 6 (P6) wild type and p75NTR-knockout mice (Jackson Labs) 

were isolated and digested with 0.25% trypsin (Sigma) for 15min at 37˚C. The enzyme was 

deactivated by adding DMEM/F12 (Sigma) medium containing 10% FBS (Gibco). The 

excess medium was removed and the remaining tissue was dissociated with 1 ml of culturing 

medium using the 1000μl pipette until cloudy. The cell suspension was filtered through a 

nylon mesh (pore size 70μm) to remove any remaining big chunk of tissue. To obtain a 

culture enriched in CGNs the cell suspension was loaded onto a step gradient of 35% and 

60% Percoll (GE Healthcare) and centrifuged at 1800g for 20 min at room temperature. The 

upper interface was removed (containing astroglia, Purkinje cells and interneurons) and the 

interface, which contains the CGNs, was transferred to a 15ml falcon tube. For extra 

enrichment the collected cell suspension was plated on poly-D-lysine coated petri dish for 20 

minutes in a 5% CO2 37°C incubator. Remaining astroglia adhere to the plate whereas granule 

neurons float. The supernatant was collected from the plate, centrifuged and re-suspended in 

the desire volume of the culturing DMEM/F12 medium supplemented with 2% B27 

Supplement (Gibco), 0.6% D-glucose (Sigma), 1% GlutaMax (Gibco), 1% Penicillin/ 

Streptomycin (Gibco) and 250μM KCl. Either half or ¼ cerebellum was plated per well of a 

12-well plate and 24-well plate, respectively.  

 

3.2.3. Cell death assay  

BNN27 (100nM), NGF (100ng/ml), or BDNF (100ng/ml) were added to cultures after 6 

days CGNs in vitro and kept for an additional 16h. During this period, CGNs were switched 

to KCl-free and serum-free medium. Finally, the culture was fixed with 4% 
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Paraformaldehyde (PFA), permeabilised with 0.3% triton and blocked for non- specific 

epitopes with 5% Horse Serum (HS). Staining for β- tubulin+ was performed prior to 

TUNEL staining. The primary antibody (1:1000 BioLegend, 801201) was incubated 

overnight at 4°C and the secondary anti-rabbit Alexa Fluor 488 (1:1000 Invitrogen, A21206) 

for 1h at RT. Subsequently, TUNEL was assessed using a kit from Roche following the 

manufacturer’s instructions and cultures were analyzed using a fluorescent Zeiss 

microscope. The number of TUNEL- positive cells co- localized with b-tubulin staining 

(yellowish nucleus) in each culture was counted using an objective (x40) from 10 visual 

fields for every condition. The percentage of TUNEL+ β- tubulin+ / β- tubulin+ was 

calculated and the mean number was estimated for each condition from three independent 

experiments. 

 

3.2.4. Statistical Analysis 

All results are reported as the mean ± SEM. Comparison of 2 groups was performed using 

an unpaired t test. Statistical analyses were performed using GraphPrism, version 6 

(GraphPad Software Inc.). A P value of less than 0.05 was considered significant. 
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3.3. RESULTS 
 

3.3.1. BNN27 directly binds to p75NTR receptors  

 
Firstly, we examined the ability of BNN27 to bind to p75NTR receptor, performing 

heterologous competition binding assays, using tritiated DHEA. BNN27 effectively 

displaced the bound [3H]-DHEA on membranes isolated from HEK293p75NTR transfectants 

(Ki: 3.9±1.2 nM; figure 3.3.1). To evaluate the exact domains of p75NTR required for 

BNN27 binding, we performed competition assays using membranes from HEK293 cells 

transfected with the p75NTR mutant, lacking the entire extracellular domain (ECD) (with a 

smaller size as shown by immunoblot assays, figure 3.3.1, right panel), necessary for NGF 

binding [304]. Our results showed that BNN27 was unable to bind to membranes isolated 

from HEK293p75NTRΔECD mutants (figure 3.3.1), suggesting that the presence of the 

extracellular domain is necessary for its binding to the receptor (Figure 3.3.1).    

 
 

Figure 3.3.1: BNN27 interacts with p75NTR receptor.  

Competition binding assays of [3H]-DHEA in the presence of increasing conceNTRations of BNN27, using 

membranes isolated from HEK293 cells transfected with the cDNAs of full-length p75NTR or extracellular 

domain-truncated p75NTRΔECD receptors (Ki: mean ± SEM of five independent experiments). Right panel 

depict efficacy of transfection as assessed by Western blots.  
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We next assessed whether BNN27, covalently immobilized on NovaPEG resin, is able to bind 

directly to recombinant p75NTR, performing pull-down assays. Precipitation experiments and 

western blot analysis of precipitates with specific antibody against p75NTR showed that 

immobilized BNN27 (BNN27-NovaPEG) effectively precipitated recombinant p75NTR 

proteins, found in the pellet (Figure 3.3.2). In contrast, there was no precipitation of 

recombinant p75NTR in the absence of BNN27 (using only NovaPEG) (Figure 3.3.2; the trace 

amount of p75NTR seen in the pellet is due to residual supernatant). We also monitored the 

binding of BNN27 to p75NTR by 1H STD-NMR spectroscopy. The presence of BNN27 

resonance peaks (19Me and 18Me) in the STD spectrum [Fig. 3.3.2 (ii) clearly reveals that 

BNN27 interacts with the recombinant p75NTR receptor. On the other hand, the lack of the 

corresponding resonances in the NGF solution [Fig. 3.3.2.C (iii)] indicates that BNN27 does 

not interact with the neurotrophin alone. The addition of NGF to the p75NTR solutions induced 

an increase of the BNN27 STD amplification in a concentration dependent manner [Fig. 

3.3.2.(i)]. This behavior prompts to the assumption of p75NTR/NGF gradual complexes 

formation in solution and evidences an enhancement of BNN27 binding at the heteromeric 

complex. 
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Figure 3.3.2: BNN27 binds directly to p75NTR receptor. 

A. Immobilized BNN27 pulls down p75NTR receptor. Covalently linked BNN27-7-O-(carboxymethyl) 

oxime (DHEA- 7-CMO) to polyethylene glycol amino resin (NovaPEG amino resin) was incubated 

with recombinant p75NTR proteins, then ceNTRifuged. Precipitation experiments show Western blot 

analysis of pellets and supernatants with specific antibodies against p75NTR proteins, as described in 

Materials and Methods. B. STD-NMR studies revealed a specific interaction of BNN27 with the ECDs 

of p75NTR receptors. The addition of NGF to the p75NTR solutions induces an increase of the BNN27 

STD amplification factor indicating an enhancement of BNN27 binding at the corresponding 

neurotrophin receptors: NGF complexes. The null STD amplification factor indicates that BNN27 does 

not interact with NGF in the absence of p75NTR. STD-NMR and the corresponding STD-reference 

spectra illustrating the binding of BNN27 at the p75NTR. 
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3.3.2. BNN27 binding to p75NTR receptors activates downstream signaling 

in MEF cells. 

 
We tested the effectiveness of BNN27 to promote the interaction of p75NTR with its 

effector proteins RhoGDI and RIP2, the two major signaling pathways activated by 

neurotrophin binding to p75NTR [301, 305-307]. It is well documented that NGF induces the 

release of the intracellularly-attached to the receptor, RhoGDI protein, which in its turn 

interacts with RhoA, blocking the activity of the latter (Yamashita and Tohyama, 2003). 

Moreover, the release of RhoGDI upon NGF-induced activation of p75NTR was recently 

shown to be facilitated by the recruitment of another intracellular interactor, the RIP2 

protein (Charalampopoulos et al., 2012).  To investigate the effects of BNN27 on these 

specific signaling properties of p75NTR receptor, we used primary mouse embryonic 

fibroblasts (MEFs), endogenously expressing RhoGDI and RIP2 but lacking p75NTR. 

 Transiently transfected with p75NTR plasmid MEF cell cultures were either untreated 

or incubated with 1-100 nM BNN27 for 30 min, then cell extracts were immunoprecipitated 

with an anti-p75NTR antibody and the immunoprecipitates were analyzed by immunoblotting 

using an anti-RhoGDI antibody. As expected, endogenous RhoGDI was found to be 

associated with p75NTR in transfected MEF cells and this interaction was decreased by NGF 

(Figure 3.3.3). BNN27 similarly to DHEA and NGF induced the release of RhoGDI from 

p75NTR (Figure 3.3.3) and the subsequent significant decline of RhoA activity (Figure 3.3.3). 

This effect of BNN27 on RhoGDI release was clearly observed at the concentrations of 10 

nM and 100 nM, and less at 1 nM (Figure 3.3.3). Interestingly, the steroid Estradiol (E2) 

was found to be ineffective (Figure 3.3.3), indicating a steroid structure-specific effect. 

Activation of p75NTR signaling also involves the ligand dependent recruitment to the 

receptor cytoplasmic domain of specific cytoplasmic signaling molecules, such as RIP2. 
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Thus, we examined whether p75NTR in transfected MEF cells could interact with RIP2 in 

response to BNN27. Binding of the compound to p75NTR elicited the recruitment of RIP2 to 

the receptor (Figure 3.3.3.D), effect not shown with E2. NGF and DHEA treatment also 

induced the interaction between p75NTR and RIP2 in transfected MEF cells (Figure 3.3.3.D).  

To further identify the domains of p75NTR receptor interacting with BNN27, we 

examined the efficacy of BNN27 in recruiting the effector protein RIP2 on two p75NTR 

mutants, p75NTRΔECD lacking the entire extracellular domain, and p75NTRC257A lacking the 

ability to mediate RIP2 recruitment due to its low dimerization capacity [308]. Our findings 

show that the extracellular domain of p75NTR and its dimerized conformation are necessary 

for BNN27 to facilitate recruitment of RIP2 on p75NTR receptors (Figure 3.3.3.E), 

supporting our findings from the competition binding assays (Figure 3.3.1.A). 
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Figure 3.3.3:  BNN27 activates p75NTR signaling. 
A. BNN27 augmented the release of RhoGDI from p75NTR in mouse embryonic fibroblasts (MEF 
cells). MEF cells were transfected with the plasmid cDNA of p75NTR. Transfectants were exposed for 
30 min to no ligand (CoNTRol) or BNN27 (100 nM) or DHEA (100 nM) or NGF (100 ng/ml) or or E2 
(100 nM), and lysates were immunoprecipitated with p75NTR-specific antibodies, and then 
immunoblotted with antibodies against RhoGDI. Total lysates were analysed for p75NTR expression by 
immunobloting. Results are representative of three experiments. B. Regulation of RhoA activity by 
BNN27 in MEF cells. Constitutively active RhoA protein (provided by the kit manufacturer) was used 
as positive coNTRol. Results are expressed as average of triplicate measurements ± SEM normalized to 
coNTRol condition. Similar results were obtained in three independent experiments. C. BNN27 induced 
the association of p75NTR with its effectors RIP2 in MEF cells. MEF cells were transfected with the 
plasmid cDNA of p75NTR. Transfectants were exposed for 30 min to no ligand (CoNTRol) or BNN27 
(100 nM) or DHEA (100 nM) or NGF (100 ng/ml) or or E2 (100 nM), and lysates were 
immunoprecipitated with p75NTR-specific antibodies, and then immunoblotted with antibodies against 
RIP2. Total lysates were analysed for p75NTR expression by immunobloting. Results are representative 
of three experiments. C. Structure-function relationships in the interaction between BNN27 
p75NTR. MEF cells were transfected with the plasmid cDNAs of p75NTR wild type (wt) or p75NTR 
mutants that lack the entire Extracellular Domain (ΔECD) or p75C257A and interactor RIP2. 
Transfectants were exposed for 30 min to no ligand (CoNTRol) or BNN27 (100 nM) or DHEA (100 nM) 
or NGF (100 ng/ml) or or E2 (100 nM), and lysates were immunoprecipitated with p75NTR-specific 
antibodies, and then immunoblotted with antibodies against RIP2. Total lysates were analysed for 
p75NTR expression by immunobloting. Results are representative of three experiments.  
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3.3.3. BNN27 prevents cerebellar granule neurons from death in a p75NTR-

dependent manner. 

The exact factors that enable p75NTR to switch between its two opposite roles, mediator of 

pro-survival or apoptotic signaling has not been identified with certainty. Indeed, p75NTR 

receptor can trigger variant cellular effects due to its multiple signaling properties in a cell-

context specific manner, tempospatial differences in ligand availability or co-receptors 

expression [290, 309]. We tested the p75NTR-mediated effects of BNN27 in apoptotic 

signaling using the p75NTR-positive cerebellar granule neurons (CGNs), lacking the 

expression of NGF high-affinity TrkA receptors. Consistent with previous reports [298, 310, 

311] we confirmed that our CGNs cultures express p75NTR, TrkB, the selective receptor for 

BDNF, but not TrkA (Figure 3.3.4.A). Furthermore, a weak but specific TrkC-positive 

immunoreactivity was also shown in CGNs (data not shown). BNN27 is activating both TrkA 

and p75NTR but not TrkB or TrkC receptors [233]. Thus, CGNs represent a suitable model of 

neuronal cells to investigate the actions of BNN27 specifically through p75NTR receptors. 

We examined the ability of BNN27 to control apoptotic cell death, of primary cultures of 

CGNs induced by serum deprivation, and assessed by TUNEL assay. Pilot time-course 

experiments revealed that the maximum apoptotic cell death upon serum deprivation was 

occurring at 24 h (data not shown). Thus, CGNs cultures isolated from wild type (wt) and 

p75NTR-KO mice were exposed to 100 nM BNN27 for 24 h, fixed and stained for TUNEL 

assay (indicator of late-apoptotis) and the neuronal marker b-III tubulin (Figure 3.3.4.B). 

BNN27 effectively protected wt-CGNs from apoptosis. Interestingly, the protective effects of 

both NGF and of BNN27 were completely abolished in p75NTR –KO-CGNs (Figure 3.3.1.C). 

On the contrary, the anti-apoptotic effect of BDNF was still present in p75NTR –KO-CGNs, 

most probably mediated by the TrkB receptors. These findings suggest that the 
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neuroprotective actions of BNN27 in CGNs are exclusively mediated by p75NTR, mimicking 

the well-described pro-survival effects of NGF in this neuronal type.  
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Figure 3.3.4: BNN27 protects from death cultured cerebellar granule neurons. 
A. Neurotrophin receptors in cerebellar granule neuron cultures. Cerebellar granule neurons at 1 DIV express 
the pan- neurotropic receptor p75NTR. Although cerebellar granule neurons express TrkB, the selective receptor 
for BDNF, they do not express TrkA. HEK293 cells transfected with the appropriate cDNA of neurotrophin 
receptors were used as positive control. B. Cell death in response to BNN27 treatment was assessed in p75NTR 
wild type (WT) (up-right) and p75NTR knockout (KO) (down-right) cerebellar granule neurons (CGNs), 
identified by b-III tubulin immunostaining (green), using the TUNEL method (red). White arrows indicate 
TUNEL positive cells that do not express β-III tubulin (red nucleus) and thus represent a non- specific cell 
population whereas yellow arrows represent TUNEL and β-III tubulin double-positive cells, which is the cell 
population that was count. Scale bar: 50 μm. C. Quantification of TUNEL positive neurons CGN cultures 
(p75NTR WT, left and p75NTR KO, right) after 16 h serum withdraw treatment with BNN27 or NGF or BDNF. 
Results are expressed as the mean ± SEM. (relative to control) of three independent experiments each 
performed in triplicate. *P<0.05 versus control (Student’s t-test). 
 

 

3.3.4. BNN27 propagates pro-survival signaling through RhoGDI and 

RIP2 signaling and diminishes the levels of pro-apoptotic phosphorylated 

c-jun kinase (pJNK) and the Caspase-3 activity in cerebellar granule 

neurons via a p75NTR-dependent mechanism. 

The p75NTR receptor has been shown to engage multiple signaling pathways, including the 

cell death-related JNK and Caspase-3 [293], as well as the pro-survival NFκΒ, in association 

with its upstream TRAF6 and RIP2 effector proteins [291, 307].  

Thus, we performed co-immunoprecipitation studies to assess the effects of BNN27 in the 

above p75NTR related signaling pathways in primary CGNs, starting with the recruitment of 

RIP2 to p75NTR, an important condition for the activation of pro-survival NFκB pathway. 

BNN27 rapidly and in an NGF/DHEA-similar manner, induced RIP2 recruitment to p75NTR in 

CGNs (Figure 3.3.5.A). In previous studies we have shown that ligand-dependent RIP2 

recruitment is structurally linked to the release of RhoGDI protein, since they both compete 

for the same amino acid residues in the Death Domain (DD) of p75NTR receptor [312]. Based 

on this observation, we tested the ability of BNN27 to mimic NGF and DHEA in releasing 
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RhoGDI from p75NTR receptor. As suggested by the RIP2 recruitment experiments, BNN27 

was also effective to release RhoGDI from the DD of p75NTR receptor (Figure 3.3.2.B).  

 

We finally investigated the ability of BNN27 to induce phosphorylation of pro-death c-jun 

kinase (JNK) in cultured CGNs, isolated from wt and p75NTR-KO mice. As expected, levels of 

active JNK were elevated in CGNs cultured under serum-deprived conditions. Incubation 

with 100 nM BNN27 for 30 min decreased the activity of JNK by 80% in the aforementioned 

conditions (Figure 3.3.5.C). The response to BNN27 was p75NTR-dependent, since it was fully 

abolished in CGNs, isolated from p75NTR-KO mice (Figure 3.3.5.C). Furthermore, BNN27 

attenuated the activation/cleavage of pro-apoptotic Caspase-3 in CGNs isolated from wt mice, 

(in agreement with the TUNEL assay results, Figure 3.3.4.B and 3.3.4.C), an effect which was 

also absent in CGNs from p75NTRKO-mice (Figure 3.3.5.D). In addition, DHEA, similarly to 

BNN27, is not affecting JNK or Capsase-3 activity in p75KO-derived CGNs, clearly 

indicating that it also acts exclusively via p75NTR. These results confirm our previous 

observations that BNN27 and DHEA selectively activate the p75NTR receptor but not TrkB 

[233, 267]. 
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Figure 3.3.5: BNN27 attenuates cell death signaling in cultured cerebellar granule neurons. 
A. Co-immunoprecipitation of RhoGDI with p75NTR in CGNs isolated from p75NTR WT mice. BNN27, DHEA 
and NGF induce the release of RhoGDI from WT p75NTR after 30 min of treatment. Fold change was 
calculated by densitometric scanning of RhoGDI (beads) signals normalized to RhoGDI (lysates) levels. 
Similar results were obtained in three independent experiments. Β. Co-immunoprecipitation of RIP2 with 
p75NTR in CGNs isolated from p75NTR WT mice. BNN27, DHEA and NGF induce the recruitment of RIP2 
from WT p75NTR after 20 min of treatment. Fold change was calculated by densitometric scanning of RIP2 
(beads) signals normalized to RIP2 (lysates) levels. Similar results were obtained in three independent 
experiments. C. Levels of phosphorylated c-jun kinase (P-JNK) in wild-type (WT) and p75NTR knockout (KO) 
CGNs in response to no ligand (Control), BNN27, DHEA or NGF after 30 min serum withdraw treatment. 
Fold change was calculated by densitometric scanning of phospho-JNK signals normalized to total JNK levels. 
Results are representative of three experiments. D. Activated Caspase-3 in wild-type (WT) and 
p75NTR knockout (KO) CGNs in response to no ligand (Control), BNN27, DHEA or NGF after 16 h serum 
withdraw treatment. Fold change was calculated by densitometric scanning of cleaved-Caspase-3 signals 
normalized to actin levels. Similar results were obtained in three independent experiments. 
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3.4. Discussion 
 

The low-affinity receptor of NGF, p75NTR, was firstly identified in 1986 [313, 314], as 

a member of the TNF receptors superfamily. It bears a death domain, affording its function as 

a death receptor. Many neuronal cells during nervous system development or after injury are 

undergoing apoptosis through activation of p75NTR in a cell-autonomous or non-autonomous 

manner with elevation of its expression (reviewed in [286, 289]). Interestingly, p75 exon-3 

knockout mice, showed reduced cell death in the retina [302]. The pro-death functions of 

p75NTR are mainly activated by immature forms of neurotrophins (pro-neurotrophins) and 

parallel cross-talk with another membrane co-receptor, sortilin [282]. Mature neurotrophins 

can also induce p75NTR-dependent cell death, but these actions oppose their effects through 

their high-affinity specific receptors, the pro-survival Trk receptors. It thus appears that 

neurotrophin signaling properties are rather complicated and each neurotrophin receptor 

presents a context-dependent activity profile. Indeed, even if the knowledge on the diverse 

functions of this receptor is still weak, p75NTR-mediated actions include cell survival or death, 

regulation of neuronal precursor proliferation and inhibition of neurite outgrowth, synaptic 

pruning and long-term depression, depending upon the co-expression of Trk receptors, co-

receptors like sortilin or Nogo, various intracellular signaling adaptor proteins like RIP2, 

TRAF6 or RhoGDI, and finally a plethora of potential ligands, like immature and mature 

neurotrophins, Aβ peptide, or myelin derivatives (reviewed by [200, 289, 315]. The tempo-

spatial expression of p75NTR receptors in many CNS structures as the basal forebrain, striatum 

and cerebellum in normal and pathological conditions, has highlighted the importance of this 

receptor in neurodegenerative conditions. During the last decade p75NTR has emerged as a 

potential therapeutic target for many neurodegenerative disorders (reviewed in [316]). 

Various pharmacological strategies were specifically targeting p75NTR, aiming to constrain its 
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multiple responses in a cell-context manner. Endogenous neurotrophins are lacking a 

favorable pharmacokinetic profile, because of their polypeptidic nature and their inability to 

penetrate the BBB. Therefore efforts for developing small molecules have been recently 

undertaken (reviewed in [317]). In the present study we propose a highly lipophilic, BBB-

permeable synthetic steroid as a potential lead molecule to develop p75NTR receptor ligands.  

Our findings provide biochemical and biophysical evidence that the synthetic 17-

spiroepoxy derivative of neurosteroid DHEA, BNN27, effectively interacts with p75NTR 

receptors. BNN27 aims at surpassing the limited clinical value of DHEA and its profile as a 

non-specific multi-receptor activator and a precursor for the biosynthesis of androgens and 

estrogens [271]. Indeed, neurosteroids DHEA and DHEA-S, produced within the brain, 

effectively protect neurons against apoptosis [268]. Surprisingly, DHEA was shown to bind 

and activate all invertebrate and vertebrate Trk neurotrophin receptors as well as the p75NTR 

pan-neurotrophin receptor in various neuronal cell types, representing most probably an 

ancestral in evolution neurotrophic factor [266, 267]. However, the potential clinical use of 

DHEA, as a long-term neuroprotective therapeutic is compromised by its multiple secondary 

effects via its binding to various steroid (estrogen receptors alpha and beta, androgen 

receptors) and neurotransmitter receptors (GABAA, NMDA, and sigma1 receptors) [269]. 

Last but not least, DHEA holds a central role in steroidogenesis, as a precursor steroid in the 

biosynthesis of androgens and estrogens [269]. It is of note that recent studies associate 

DHEA to an increased prevalence of hormone-dependent tumors, particularly to genetically 

predisposed patients [318]. Thus, BNN27 represents a more specific, with potentially less 

secondary effects neuroprotective agent, showing specific binding to only TrkA and 

p75NTR receptors, and being deprived of estrogenic and androgenic actions, unable to bind to 

and activate steroid receptors [233, 271]. 
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We have recently shown that in neuronal populations expressing both TrkA and p75NTR, 

BNN27 is exhibiting TrkA-mediated, pro-survival effects, acting as a NGF mimetic, without 

affecting TrkB or TrkC receptors [233]. However, the study of the effects of BNN27 through 

the p75NTR receptor was challenging in these neuronal cell types, since p75NTR may act 

synergistically, antagonistically or independently of TrkA receptors. In the present study, we 

sought to explore the decoupling of the effects of BNN27 through TrkA and p75NTR receptors, 

using neuronal cells expressing only one of these receptors, p75NTR. 

Competition binding assays in cells transfected with p75NTR and lacking Trk receptors 

pull-down experiments with recombinant p75NTR and PEG-immobilized BNN27 as well as 

STD-NMR studies and in silico studies clearly show that BNN27 is capable to physically 

interact with p75NTR, and this interaction requires the extracellular domain of the receptor. 

Furthermore, STD-NMR revealed that the presence of NGF at the p75NTR/BNN27 solution 

induces an enhancement of BNN27 interactions with the formed p75NTR/NGF complex. 

Molecular dynamic simulations confirmed the interaction of BNN27 with the p75NTR receptor 

as a monomer probing the juxtamembrane CRD4 region as the most accessible for BNN27 

(data not shown). Moreover, in silico studies revealed that BNN27 interacts fruitfully with the 

complexes p75NTR/NGF 1:2 and p75NTR/proNGF 2:2 mutated to model NGF homodimer. 

Specifically, BNN27 was spontaneously inserted at the interfacial region of p75NTR/NGF 

asymmetric complex close to the juxtamembrane region while in the case of the symmetric 

p75NTR/mutated proNGF complex the ligand was accommodated at a hydrophobic pocket (site 

I, patch 2 region) located at p75 CRD1-CRD2 junction (data not shown).   Thus, molecular 

modeling studies confirmed the interaction of BNN27 with p75NTR:NGF complex as was 

evidenced by STD-NMR data. The proposed hot spots are not conclusive given the limitations 

imposed by the flexibility of the NGF loops L2 and L3, however in the absence of additional 

crystallographic data they could assist the efforts towards optimised ligands. 
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As a cellular system to assess the p75NTR-dependent effects of BNN27, we have 

chosen the primary neuronal cultures of mouse CGNs. These neurons express p75NTR, TrkB 

and TrkC, but not TrkA. It is well described by many studies [298, 310], that BDNF and NT-

3, ligands for TrkB and TrkC respectively, protect CGNs against toxic stimuli. Additionally, 

proBDNF acts as a p75NTR- mediated apoptotic signal in this type of neurons [311]. 

Surprisingly, in addition to promoting apoptosis, p75NTR is known to also favor 

neuronal survival. Indeed, the ability of p75NTR to enhance neuronal or glial survival is shown 

by multiple studies ([287, 319, 320], been associated to the activation of pro-survival 

transcription factor NFκB. Interestingly, binding of RIP2 to p75NTR leads to NFκB 

activation [305]. Recent studies have also indicated that RIP2 recruitment facilitates the 

release of RhoGDI by p75NTR, competing for common residues at the death domain of the 

receptor [292]. The release of RhoGDI blocks the down-stream RhoA protein. The Rho 

family of GTPases belongs to the Ras superfamily of low molecular weight (21 kDa) guanine 

nucleotide binding proteins, and is associated to pro-apoptotic processes [321, 322].  

Genetic and pharmacological studies have documented the different signaling properties of 

the p75NTR receptor, depending upon differences in proteolytic cleavage of the receptor [290] 

in intracellular machinery [200] and in co-expression of various co-receptors ([18, 285, 296]. 

More specifically in the CGNs neuronal population, ligand-dependent activation of 

p75NTR was unable to induce cell death, due to a strong activation of pro-survival NFκB that 

prevailed the apoptosis signal. On the contrary, hippocampal neurons exhibited increased 

apoptosis upon p75NTR activation because of their inability to adequately activate NFκB 

[290]. In the present study, we describe the efficacy of BNN27 to prevent apoptosis of CGN 

neurons, in a p75NTR-mediated manner. These neuroprotective effects of BNN27 are afforded 

by the activation of RIP2 (Figure S.6.A and 6.B) and the concomitant release from p75NTR 
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receptor of RhoGDI, the blockade of down-stream pro-apoptotic RhoA (Figure S.6.C and 

6.D) and the activation of pro-survival transcription factor NFκB.  

In addition to the pro-survival signals that BNN27 induces through p75NTR receptors, 

it inhibits in parallel specific pro-apoptotic signals. Previous studies have reported that 

overexpression of p75NTR in primary cortical neurons, PC12 cells, or glioma cells leads to the 

activation of both JNK kinase and apoptotic Caspase-3 [293, 323-325]. We now report that 

BNN27 is effective in attenuating both the phosphorylation/activation of the pro-apoptotic 

JNK and the cleavage of apoptotic executor Caspase-3, thus enhancing CGNs survival in 

parallel with its beneficial effects on pro-survival signaling. The inhibitory effect of BNN27 

on pro-apoptotic JNK and Caspase-3 is mediated by p75NTR receptors since it is totally 

abolished in CGNs, isolated from p75NTR-KO mice. These findings strongly suggest that 

specific neurons that express p75NTR but not TrkA, respond to BNN27 by enhancing their pro-

survival signaling upon growth factors derivation, and this effect is dependent on p75NTR 

expression. On the other hand, BDNF induces survival in the same p75NTR-lacking neurons, 

supporting our interpretation that BDNF, presumably acts via the TrkB receptor. 

The p75NTR receptor emerged recently as a new therapeutic target for various conditions, 

including neurodegenerative diseases, brain trauma and neuronflammation. Indeed, 

identification through in silico screening of the first non-peptide small-molecule ligands 

modulating p75NTR signaling, generated several alternative strategies, mainly elucidated from 

other receptors studies (reviewed in [317]). These new synthetic ligands target the induction 

or inhibition of dimerization/activation of p75NTR, affecting its membrane conformation. It is 

worth noticing that p75NTR is a multidomain, multifunctional receptor, interacting with a 

plethora of ligands, most probably through different domains, some of which may principally 

mediate binding, whereas others recognize specific ligand domains, differentially affecting 

receptor conformation. The limited size of small molecules restrain their ability to fully 
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emulate the multiple set of multi-domain receptor interactions of polypeptidic, native 

neurotrophins. Our synthetic compound, BNN27, represents a new class of potential ligands 

for p75NTR receptor, with agonist actions, depending upon the cell context. Its lipophilic 

structure offers important pharmacological advantages, conferring BBB penetration [272]. 

Additionally, it easily integrates into the membrane lipophilic environment, reaching very 

important trans-membrane residues of the receptor, including the Cysteine-257, known as the 

residue with a pivotal role for the dimerization of the receptor [308]. The presence of cell-

specific membrane co-receptors (TrkA and others) may locally modify the functions of 

BNN27 through p75NTR and, consequently, the effects of p75NTR-mediated signaling, allowing 

a broad range of actions, potentially distinct from these of native neurotrophins. The 

knowledge emerging from studies on the interaction of BNN27 with p75NTR may facilitate the 

design of molecules with tailored therapeutic properties, developing drugable disease-specific 

compounds. 
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Conclusions 
 
 To conclude, we focus to develop a biological device, which support and sustain NSCs 

survival, self-renewal, differentiation and functionalization. The implantation of this device 

after experimental spinal cord injury in mice induced the regenerative capacity of the 

damaged neural tissue. In the future, we aim the pharmacological control of this implant by 

the exogenous administration of microneurotrophins, since these synthetic compounds have 

strong neuroprotective and neurogenic properties. 
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