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ABSTRACT 

 
Spinal cord injury (SCI) affects 6 million people worldwide, unfortunately without any available 

treatment. Despite research advances, the limited regeneration potential of the CNS remains one of 

the major obstacles. The aim of this work was to investigate the therapeutic potential of i) miRNAs, 

as inner regulatory system, and ii) biomaterials, as scaffolds for stem cells. We performed both in 

vitro (primary cell cultures) and in vivo studies (acute SCI transection mouse model). 
Among the miRNAs analyzed, miR-7b-3p was confirmed to be upregulated after SCI both in young 

and adult mice. In silico functional analysis revealed that this miRNA could be implicated in axon 

growth and/or neuroprotection, thus prompting us to understand its role in SCI condition. Studying 

its expression in primary cortical neurons, we noticed that miR-7b-3p level did not increase through 

time, according to the cell differentiation process. Moreover, its overexpression did not change axon 

length and the number of dendrites, thus suggesting that its overexpression in vivo after SCI could 

be directly related to the lesion. 

Biomimetic polyurethane and chitosan hydrogels were tested with the aim to improve stem cell 

survival/integration after graft. The most promising results were obtained with chitosan and 

polyurethane nanofibers. The chitosan hydrogel tested in vitro in presence of mesenchymal stem 

cells (MSCs) resulted highly biocompatible, as shown by different cell survival assays; moreover 

chitosan did not affect the therapeutic potential of MSCs. When injected in SCI mice, it supports 

MSC survival more effectively than in standard conditions. Similarly, the nanofiber membrane 

showed a good biocompatibility for MSC growth in vitro and when implanted in vivo they perfectly 

integrated into the host tissue without causing any immune reaction. 

These results may lead to identify innovative therapeutic targets/tools for CNS regeneration after 

SCI. 

  



2 
 

  CHAPTER 1: INTRODUCTION 

 

1.1 SPINAL CORD INJURY INCIDENCE 
 
Spinal cord injury (SCI) is the cause of over 6 million people disability in the world. The incidence 

rate of SCI is higher in middle age people (from 30 to 65 years), with prevalence for male subjects. 

The majority of spinal cord lesions are traumatic, mainly caused by motor vehicle accidents, falls 

and sporting injuries. Despite research advances, SCI remains a devastating condition often 

resulting in severe and permanent disability that leads to devastating social consequences and huge 

economic costs (Ahuja et al., 2017; Miller and Herbert, 2016). Current treatments are limited to 

surgical approaches in order to stabilize the lesion, without any available therapies to restore motor, 

sensory and autonomic functions. Depending on the injury severity the lesion can result in four 

different clinical outcomes as defined by the ASIA (American Spinal Injury Association) 

impairment scale (Figure 1): 

- Quadriplegia 

Loss of motor and sensory function 

at the cervical level (forelimb, 

hindlimb, trunk and pelvic region 

damage) 

- Paraplegia 

Thoracic, lumbar and sacral 

dysfunction with forelimb 

preservation 

- Tetraparesis 

Incomplete paralysis of limbs 

- Paraparesis 

- Incomplete paralysis of hindlimbs 

  

Figure 1: ASIA scale of spinal cord injury (Thuret et al., 
2006) 
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1.2 SCI-PATOPHISIOLOGICAL MECHANISMS 
 
The pathophysiology of SCI (Figure 2) consists of two consequent phases: primary and secondary 

injury. The primary injury is the direct consequence of the mechanical damage that can lead to 

permanent or transient neuronal deficits. It primarily affects the grey matter and is characterized by 

haemorrhage, oedema, hypoxic and ischemic damage. The nervous transmission is then 

compromised by the consequent demyelination and cell death. Only after three days the damage 

becomes irreversible also for the white matter. The time course of the secondary injury is 

characterized by an initial phase (0-2h) characterized by neuronal and glial death associated with 

hemorrhage and ischemia both rostrally and caudally to the lesion, followed by an acute phase (2h-2 

weeks) that consists of an intense inflammation process (microglia, astrocyte, neutrophil and T cell 

recruitment). In 

detail, the blood 

brain barrier (BBB) 

alteration increases 

the vessel 

permeability with 

inflammatory 

cytokine 

extravasation and 

glial cell 

recruitment.  

Glial cells, and in 

particular 

astrocytes, are the main responsible of the glial scar formation. Therefore, vascular defects and 

haemorrhage cause excitotoxicity, ionic dysregulation, free radical production and further 

inflammatory reaction that all together lead to neuron and glial cells death. 

Then an intermediate phase (2 weeks-6 months) characterized by glial scar maturation and 

inefficient attempts of axon sprouting occurs. The astrocytic glial scar has a double role: it restricts 

the damage, restores the homeostasis, re-establishes the integrity of the BBB and limits further 

immune cell infiltration. but on the other hand, it is associated with a detrimental function as it acts 

as a physical barrier for axonal regeneration. 

In the last chronic phase (> 6 months) the lesion stabilizes: glial scar continuously forms; Wallerian 

degeneration (i.e. the axonal fragmentation and degradation due to transection/crush) occurs and 

Figure 2: main events of SCI pathophysiology (Tsintou M, Dalamagkas K and Seifalian AM, 2015) 
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axon fragmentation leads to final deficits and symptoms. Even if therapeutic strategies are generally 

applied at this stage in order to enhance axon regeneration and promote the re-myelination process, 

the lesion and the glial scar stabilization generally minimize their efficacy (Vercelli and Boido, 

2015).  

 

 

1.3 MECHANISMS OF AXON REGENERATION FAILURE 

AFTER SCI 
 
After SCI, the spinal cord has a very limited capability to restore its connectivity. This is due both 

to a sequence of anatomical changes (including neuron cell death, neuroinflammatory reaction, glial 

scar formation and myelin inhibitory proteins) that create a growth inhibitory environment, and to 

the adult physiological inactivation of the growth program by oligodendrocytes (OLs) (Kwon et al., 

2004).  

More in detail neuron and OL death is the first event occurring by necrosis and later by apoptosis. 

The Ca2+ influx induced by the lesion leads to calpain activation with mitochondria dysfunction and 

excitotoxicity damage (mediated by N-methyl-D-aspartate receptor). Reactive oxygen and nitrogen 

species exacerbate the damage causing OL loss that in turn leads to further neural cell death. One of 

the first apoptotic pathway activated is the JNK cascade, whose specific inhibition prevents caspase 

3 cleavage, promotes locomotor recovery and neuroprotection after SCI (Repici et al., 2012). 

Upstream caspase activation, associated protein with death domain- associated protein with death 

domain ligand (FAS-FAS-L) mediated cascade plays a critical role in axon degeneration and OL 

apoptosis: FAS deficient-mice with a SCI compression show improved locomotor recovery, axonal 

sparing and myelin preservation (Casha et al., 2005; Yu et al., 2009). 

The limited regrowth ability of CNS is probably due to the lack of a sustained upregulation of 

growth factors. However it is known that when BDNF, neurotrophin 3, 4 and ciliary neurotrophic 

factor are released at the spinal lesion level, they are able to sustain axon growth after 1-2 months 

from the injury (Bregman et al., 2002). In the same way, it has been demonstrated that the selective 

downregulation of axon growth inhibitory molecules, such as Ras homolog gene family member A 

(RhoA), GSK-3β and PTEN, strongly sustains axon regeneration. Synaptogenesis and neurite 

outgrowth are reached by a RhoA inhibitory treatment in a rat acute SCI model (Devaux et al., 

2017); GSK-3β inhibition significantly reduces secondary damage of SCI and ameliorates motor 

recovery in injured mice (Cuzzocrea et al., 2006); conditional PTEN depletion enhances the 

regenerative growth of corticospinal tract in association with motor function restoration in adult 

mice post-SCI (Danilov and Steward, 2015). Other growth inhibitors belong to 1) chemorepulsive 
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axon guidance molecules, such as the semaphorin family, ephrin, netrin and wingless-related 

integration site (wnt) known to limit axonal elongation after CNS lesion; 2) chondroitin sulfate 

proteoglycans (like neurocan, brevican, versican), a class of extracellular matrix (ECM) molecules, 

strongly upregulated after SCI, that are expressed by astrocytes in the glial scar and therefore limit 

neuronal plasticity both in vitro and in vivo; 3) myelin inhibitors such as Nogo-A, myelin-associated 

glycoprotein (MAG) and oligodendrocyte myelin glycoprotein (OMgp) that have been established 

to synergistically restrict axon growth after SCI both in vitro and in vivo (Cafferty et al., 2010).  

Neural death and axon regeneration proceed in parallel to a demyelinating process. In detail 

demyelination is accompanied by oligodendrocytes progenitor cell (OPC) proliferation as 

demonstrated by the presence of neural/glial antigen 2 positive cells 4 weeks after SCI and 

increased level of fibroblast growth factor-2 (FGF-2), a mitotic factor that maintains OPC renewal 

state (McTigue et al., 2001; Mocchetti et al., 1996). However OPC maturation and re-myelination is 

prevented by the Notch1 expression rostral and caudal to the injury (Chen et al., 2005): indeed, 

Notch signals, with “a disintegrin and metalloprotease” (ADAM) molecules as downstream 

effectors, block myelin maturation. Also neural cell adhesion molecule (NCAM), a factor that 

prevents myelination, increases in dorsal spinal cord, motor neurons and corticospinal tract after 

SCI transection (Tzeng et al., 2001).  

The apoptosis of neurons and OLs is also the result of the inflammatory response. Vessels and 

blood brain barrier breakdown cause a rapid infiltration of neutrophils and T cells, attracted by an 

initial release of TNF-α and IL-6 (Habgood et al., 2007; Pineau and Lacroix, 2007). The following 

increased production of cytokines gives rise to the secondary inflammatory response characterized 

by macrophage and microglia recruitment. The inflammation molecular mediators (as TNF-α) are 

generally described to have a dual role, neurotoxic or neuroprotective (Kim et al., 2001; Lavine et 

al., 1998). A similar function is attributed to microglia that after an injury become activated 

assuming a typical amoeboid structure: microglia depletion can be neuroprotective, but its 

controlled activation can also be beneficial. This paradox is explained by the presence of two 

different classes of cells, proinflammatory M1 and anti-inflammatory M2 microglial cells (Kigerl et 

al., 2009). 12-24h after SCI both cell types are expressed, but while M1 population persists into the 

lesion also in the chronic phase, M2 disappears after 1 week. Therefore, the increased ratio M1/M2 

assures an efficient cellular debris removal and further inflammatory cell recruitment, but it also 

prevents regeneration and probably causes the axon retraction (Horn et al., 2008).  

Also, astrocytes are activated by injury: these cells form a strong inhibitory scar that works as an 

anatomical barrier for axonal regeneration, in the ineffective attempt to limit the spread of damage 

and preserve the healthy tissue. Astrocytes are recruited to the injury site by a molecular cascade 
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that includes TGF-β, interleukin-1 (IL-1), interferon-γ and FGF-2, and become hypertrophic with an 

increased production of GFAP (Cregg et al., 2014). 

Despite the limited axon regrowth potential of CNS, some regeneration associated genes have been 

described after central lesion. For example, the transcription factor CREB is induced by SCI and is 

able to promote axon growth and regeneration when overexpressed (Qiao and Vizzard, 2005; Qiu et 

al., 2002). The transcription factor ATF3 is known to enhances c-Jun mediated sprouting in 

response to neural axotomy in vitro (Pearson et al., 2003). JAK-STAT pathway is described to 

control the reestablishment of spinal cord continuity in response to a Xenopus Leaves model of 

spinal cord injury with a differential pathway activation during regenerative and non-regenerative 

stages (Tapia et al., 2017). GAP-43 can promote axon growth when upregulated after SCI 

compression (Curtis et al., 1993; Zhang et al., 2005). The effect of these molecules is proved by the 

postsynaptic re-connections of regenerating axons and by the spontaneous neuronal plasticity 

occurring after SCI. Both these phenomena represent adaptive reorganization mechanisms 

occurring as a consequence of collateral sprouting (damaged and spared axons) to create novel 

neuronal circuits (Bradbury and McMahon, 2006).  

However, the molecules/pathways involved in regeneration cannot completely revert the intrinsic 

limited axon regrowth and overcome the inhibitory environment that is created after a lesion. 

Indeed for instance, it is estimated that only 2-10% of corticospinal tracts regenerate after 

experimental intervention with a total length of 2-3 mm (Bradbury and McMahon, 2006). 

Therefore, it is evident the importance to find new strategies able to enhance spontaneous plasticity, 

in order (i) to maintain and promote axon outgrowth and elongation attempts, (ii) to properly direct 

and reconnect the regenerating axons, and (iii) to restore original neuronal circuitry. 
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1.4 ANIMAL MODELS  
 

In order to study SCI pathological mechanisms and evaluate therapeutic approaches, several 

experimental models have been developed, including transection, contusion and compression of 

spinal cord. It should be considered that all these models produce variable lesions due to a different 

relevance and anatomical location of the corticospinal tract among species (Figure 3). Indeed in 

primates the motor control is mainly 

achieved by CSMNs located in the 

ventral portion of the spinal cord. On 

the other hand, in rodents the locomotor 

behavior is preferentially mediated by 

rubro- vestibulo- and reticulospinal 

tracts rather than the corticospinal tract 

that is located in the dorsal portion of 

the spinal cord (Watson et al., 2009). 

The transection model can determine a 

complete disconnection between 

sensorimotor cortex and motoneurons under the lesion: it is generally realized at cervical or thoracic 

level with the aim to evaluate motor control and axonal regeneration. Despite the majority of data 

derives from studies on SCI cats, the murine model is the most used, whereas primates are rarely 

employed (Zhang et al., 2014). However, the incomplete lesions are much more frequent in human 

patients so that this kind of model is generally used to resemble the human pathophysiology. It can 

be experimentally obtained as the complete injury, but in this case the hemisection only involves a 

specific spinal region (lateral, ventral, dorsal) with a moderate secondary damage.  

Compared to the transection model, the contusion model better resembles what occurs in humans, in 

terms of histological features and neuropathological progression. However, the damage is very 

variable depending on the tissue areas lesioned and on the different techniques employed to 

reproduce SCI. A laminectomy followed by the fall of a weight on the spinal cord was one of the 

first methods employed (Anderson, 1982). In this case the lesion extension and the initial speed 

cannot be controlled, so that modern automated systems (impactors) have been developed to reach a 

more reproducible lesion (Gruner, 1992).  

SCI compression can be realized by the application of a weight, swelling balloons or a modified 

aneurysm clip: this kind of lesion is characterized by a severe secondary damage and a limited 

involvement of the white matter. This model is particularly suitable for the study of neuronal 

Figure 3: pyramidal and extrapyramidal tracts in mouse, human and 
cat. The corticospinal tract (CST) in mouse is located dorsally (1, top 
left in green), while in human there is a lateral and ventral CST (2-3, 
top right in green; Watson C, Paxinos G and Kayalioglu G, 2009) 
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regeneration rather than functional recovery. Despite the absence of a standardized protocol, this is 

the SCI model that better resembles the tissue damage and histopathological events occurring in 

patients (Bouyer, 2005; Kwon et al., 2002).  

 

 

1.5 SCI THERAPEUTIC INTERVENTIONS 
 
The complex nature of spinal cord injury prompted researchers to try different strategies in the 

attempt to restore the lost functions. In order to stimulate axonal regrowth, several therapeutic 

interventions have been exploited both independently and in combination. Basically, they can be 

divided in two main classes: non-cellular and cellular approaches.  

 

1.5.1 NON-CELLULAR APPROACHES 
 

Surgery and rehabilitation 
 

The traditional approach for the treatment of SCI patients consists of a prompt surgery intervention 

in the acute phase, followed by a rehabilitation period and a pharmacological treatment. Despite 

opposing data about the benefits of the surgical intervention, decompression and stabilization of the 

vertebral column improve the neurological recovery and minimize the damage especially in acute 

phase (within 24h after the lesion); (Fehlings & Perrin, 2006). Thereafter paraplegic patients may 

undergo specific treatments like functional electrical stimulation (FES) and tendon transfer surgery 

that should be employed to promote motor and sensory recovery. The first one uses an electric 

stimulus on the damaged nerve/muscle to re-establish its function: this technique allows to 

strengthen muscle mass and regain upright position. However, FES cannot be employed on 

denervated muscles and patients need to follow a rehabilitation programme to reach a good result 

(Sadowsky et al., 2002). Similarly, tendon transfer surgery is a quite safe procedure that allows 

patient to restore lost movements: it consists in repositioning a tendon of a working muscle at the 

place of the one of a paralyzed muscle, so that it takes over its functions. As for FES, a 

rehabilitation period should be associated to this procedure (Bélanger et al., 1996; Sadowsky et al., 

2002). The rehabilitation programme has the main goal to increase muscle mass and strength in 

order to allow patients to walk again independently. One of the methods employed is the partial 

weight supported walking (PWSW) that combines the use of a tapis roulant (connected to the body 

weight supported, BWS) with a suspension automatic device. This technique has been demonstrated 

to improve the life quality and motor functions of 14 patients with an incomplete chronic damage 
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(Hicks et al., 2005). However, PWSW can only be applied to C and D ASIA impairment scale 

patients (Becker et al., 2003) and in general it should be carefully considered for each single case as 

SCI people present a different response to physical exercise that could be detrimental if not properly 

considered. Moreover, the rehabilitative potential is much higher if combined with a correct 

pharmacological treatment that should be always employed to obtain the best recovery.  

 

Pharmacological approaches 
 

The pharmacological interventions can be classified in neuroprotective and neuroregenerative 

drugs.  

Methylprednisolone was the first neuroprotective agent and one of the most common drug used for 

SCI treatment (Bracken et al., 1992). It is described as an anti-inflammatory steroid that inhibits 

lipid peroxidation and cytokine release, improves vascular perfusion and prevents Ca2+ 

accumulation. Although at least three clinical trials have been performed since 1984, its beneficial 

effect seems to be inconsistent if compared to the poor neurological improvements and side effects. 

Therefore, methylprednisolone administration is not recommended anymore for SCI acute 

treatment.  

Other pharmacological agents used in SCI treatment include minocycline, riluzole [both already 

employed for the treatment of amyotrophic lateral sclerosis (ALS)] and erythropoietin. Minocycline 

is known to have anti-inflammatory, anti-apoptotic and anti-excitotoxic effect. Moreover, it seems 

to reduce OL death and lesion volume in a rat SCI model (Stirling et al., 2004). A randomized 

clinical trial to assess its safety and dose optimization, showed significant ASIA score 

improvements in patients 1 year after SCI (Casha et al., 2012). Instead, riluzole is a chlorine 

channel inhibitor, whose action in preclinical SCI animal models reduced damage extension and 

glutamate release. Its neuroprotective effect is demonstrated by the induced white and grey matter 

sparing and by the functional locomotor recovery achieved after SCI compression (Azbill et al., 

2000; Nógrádi et al., 2007). Finally,  since the erythropoietin receptor is known to be upregulated 

after trauma conditions, the ligand administration has been proposed to have anti-inflammatory and 

anti-oxidant effect, and to induce neurotrophic factor release after SCI (Okutan et al., 2007; 

Yazihan et al., 2008).  

Nowadays, the list of molecules under investigation is long and includes a variety of modifiers and 

monoclonal antibodies against ECM components, cyclooxygenase inhibitors, ionic channels 

inhibitors and neural electrical stimulators. 
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Moreover, molecules physiologically present in our organism, such as growth factors and 

microRNAs (miRNAs) can be included in this category as modulators of neural survival, plasticity 

and regrowth. Growth factors such as BDNF and GDNF have been investigated for their 

regenerative and re-myelinating capacities (Koda et al., 2004; Namiki et al., 2000; Zhou et al., 

2003). A particular efficient approach is the combination of different factors as demonstrated by the 

axon regrowth and re-myelination induced by BDNF and GDNF administration after thoracic SCI 

(Blesch and Tuszynski, 2003). 

However, the limits of this 

technique are the low 

efficiency rate and the side 

effects. Indeed, high amount 

of growth factors should be 

administered in order to 

achieve the correct effect with 

a site-specific distribution. 

microRNAs (miRNAs) 

emerged as new players in SCI 

condition. Several microarray 

analyses revealed specific and 

aberrant miRNA expression 

patterns depending on the duration and severity of lesion, at different time points (Yunta et al., 

2012; Ziu et al., 2014). Consistent with their widespread involvement, many studies described 

alterations of miRNAs and of their potential target genes correlated with different processes like  

axon growth, inflammation, oxidation and apoptosis [Figure 4 (Bhalala et al., 2012; Jee et al., 2012; 

Liu et al., 2009; Nakanishi et al., 2010)]. Therefore, new repairing strategies exploiting miRNAs as 

powerful inner regulatory system have been proposed trying to re-express downregulated small 

RNAs or to downregulate detrimental miRNAs activated after SCI.  

  

Figure 4: miRNAs involved in the pathophysiological mechanisms of SCI (Nieto Diaz 
M et al., 2014) 
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Biomaterials 
 

One of the major limitations of “pharmacological strategies” (including drug, stem cell, growth 

factor delivery) still remains the administration route, that is often inefficient and highly invasive. 

Thus, biomaterial scaffolds emerged as valid tools i) to simplify and control the delivery of these 

agents, but also ii) to promote spinal cord repair exploiting their intrinsic properties. Indeed 

biomaterials can act both as efficient delivery systems, and as “bridge” to fill the gap created by the 

lesion. 

Different systems are available, each one with its specific advantage. Channels, guidance conduits, 

macro and nanofibers offer the big potential to mimic the organization and orientation of axons, 

thus promoting their regrowth in the correct direction. In particular nanofibers present highly 

porosity and plasticity with the big advantage to be modified in different shapes and topography, a 

feature that is essential to accurately guide axon elongation through the lesion site (Guo et al., 

2014a). On the other hand, hydrogels present the great advantage to be mechanically similar to 

spinal cord tissue and easily implantable by a simple injection.  

Many biomaterials have been already tested in vitro and in vivo to promote axon regeneration after 

SCI, in the continue effort to find out both new materials (such as graphene) and new formulations 

(such as different types of polyurethanes, PUs), in order to improve and increase biomimetic 

properties (Kim et al., 2014).  

Despite biomaterial properties basically depend on the material composition, they should ideally 

present a variety of features: high porosity to allow an adequate cell density; biocompatibility; 

biodegradability; non-toxicity; minimal host inflammatory response; elastic properties to well 

resemble the normal spinal cord minimizing the mechanical damage between the scaffold and the 

tissue; low manufacturing cost; ease handling at various conformations and modifications. 

Moreover, besides representing a structural support, they are rarely used alone as some beneficial 

effects can also depend by their intrinsic properties. Therefore, the most common employment of 

biomaterials is in association with cells, neurotrophic factors or other materials, in order to enhance 

the regenerative and neuroprotective effects. 
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1.5.2 CELLULAR APPROACHES 
 

Regenerative medicine focused the attention on cell therapy as it is suitable for the multifactorial 

damage that characterizes SCI. Encouraging results have been obtained with stem cell 

transplantation both in neurodegenerative disorders, in which one type of cell is involved, and 

traumatic events such as SCI, in which different cellular population are damaged. It has been 

hypothesized that the reconstruction of a small portion of neural circuits could be sufficient to 

promote functional recovery (at least in murine models): therefore the stem cell potential can be 

exploited also in case of SCI, representing a promising tool also for injured people (Garbossa et al., 

2012).  

The main sources and cell types used in SCI preclinical and clinical studies are numerous:  neural 

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

pluripotent stem cells (iPSCs) and olfactory ensheating cells (OECs). Also Schwann cells have been 

extensively used even if they cannot be properly considered stem cells. Each cell type carries its 

own pros and cons, in terms of safety security, functional recovery and clinical viability 

applicability. To 

be classified as 

stem cells, they 

should self-renew 

(i.e., originate 

other 

undifferentiated 

cells) and 

differentiate into 

mature committed 

cells. On the basis 

of this last 

feature, stem cells 

are divided in 

totipotent, pluripotent, multipotent and unipotent (Figure 5). Totipotent cells are the only ones that 

can originate all the cells of the organism, while pluripotent cells have the limitation that placental 

cells cannot be obtained from them. Multipotent and unipotent stem cells are found in adult in 

specific cell niches and present a restricted differentiative potential: multipotent cells (such as 

Figure 5: hierarchy of stem cells modified from http://www.smartbank.it/cellule-staminali/staminali-
cosa-sono/ 
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MSCs) can originate ectodermic, endodermic and mesodermic lineage cells, while unipotent cells, 

despite the self-renewal ability, can only differentiate in one cell type. 

The exact mechanisms of action of stem cells are still not completely clear, but depending on the 

cell type may include: replacement of damaged neurons, reorganization of neuronal networks, axon 

remyelination, neuroprotection, angiogenesis induction and inflammation reduction. 

Despite their extraordinary potential, there are also some risks connected to tumorigenesis (in 

particular for ESCs), possible rejection and unclear mechanisms of action. 

Therefore, stem cells present advantages and limits that need to be considered and further 

investigated before a therapeutic employment. 

 

 

1.6 AIM OF THE THESIS 

 
In order to test and develop innovative treatments to promote axonal regeneration after SCI, we 

decided to focus our attention on miRNAs and biomaterials associated with stem cells, since both 

approaches should assure enormous potential benefits.  

miRNAs are still a quite unexplored and unclear field in the panorama of SCI. It is already known 

that spinal cord trauma can alter miRNA expression thus affecting different pathophysiological 

processes and influencing the axon regeneration. Despite every year new miRNAs are described to 

influence axonal regrowth after SCI, we still lack a complete overview of the miRNA network 

acting after trauma. Moreover, the majority of miRNA studies in the SCI field are generally focused 

only on the spinal cord, disregarding the cerebral cortex where corticospinal motor neurons 

(CSMNs, the main cells disconnected after SCI) reside. Studying CSMN miRNA expression after 

SCI can contribute 1) in better understanding the molecular cascades occurring after trauma, and 2) 

in identifying new therapeutic targets. 

Similarly, the available biomaterials represent an interesting and promising tool in case of SCI, 

since their structural and chemico-physical properties can efficiently support the axon regeneration. 

The additional contribution of stem cells (able to replace damaged neurons, reorganize neuronal 

networks, induce remyelination, promote neuroprotection, reduce neuroinflammation…) can be 

combined with biomaterials that have not only the great advantage to exert beneficial effects by 

themselves, but also to protect stem cells from the SCI inhibitory environment.  

In a context in which axon regeneration represents the big challenge for SCI repair, we decided to 

investigate the potentialities offered both by miRNAs and new biomaterial formulations associated 

with stem cells as suitable and innovative approaches to induce axon regrowth and circuitry 

reorganization. In particular, the second chapter of the thesis is dedicated to the analysis of miRNA 
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networks (with specific relevance on axon regeneration pathways) and to the study of CSMN 

miRNA alterations and functions in an experimental model of SCI. Instead, in the third chapter, we 

propose an overview of the main biomaterials and stem cells employed in SCI conditions, followed 

by the description of an experimental approach (in vitro and in vivo) with polyurethanes or chitosan 

in association with MSCs and NPs. 
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  CHAPTER 2: miRNAs IN SCI 

 

2.1 miRNA BIOGENESIS AND NOMENCLATURE 
 
MiRNAs are small non-coding RNAs about 20-22 nucleotides-long, which negatively regulate gene 

expression at post-transcriptional level. They were discovered by Lee and co-workers (1993), who 

demonstrated that lin-4 “gene” is able to repress the lin-14 gene (Lee et al., 1993). Since then, 

research on miRNAs expanded rapidly, demonstrating not only how many different physiological 

roles they play, but also revealing how their aberrant expression is implicated in several diseases. 

MiRNAs are highly conserved across species: they appeared first in invertebrates as a defense 

mechanism against infection, then were conserved through evolution to refine gene expression in 

more complex organisms (Lee and Ambros, 2001). At present, over 2000 miRNAs have been 

involved in the regulation of one third of the human genes (Hammond, 2015). The miRNA 

maturation process (Figure 6) can be divided in two steps (Bartel, 2004). The first one consists of 

miRNA transcription by the RNA polymerase II into the primary miRNA (pri-miRNA) (Lee et al., 

2004): this hairpin loop structure undergoes a process of capping (at 5’end), polyadenylation with 

Figure 6: miRNA maturation process (Ghibaudi M et al., 2017) 
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multiple adenosine (poly-A tail) and splicing. Then, DiGeorge Syndrome critical region 8 

(DGCR8)-Drosha  association (Filippov et al., 2000; Han et al., 2004) is required for the cleavage 

of the double-stranded pri-miRNA, thus releasing the hairpin and allowing the formation of the 

precursor miRNA (pre-miRNA) (Ketting et al., 2001; Knight and Bass, 2001).  

Both pri- and pre-miRNAs can be modified by RNA-editing, which entails important functional 

implications related to maturation and target specificity (Blow et al., 2006; Kawahara et al., 2008; 

Yang et al., 2006). Then the enzyme exportin 5 translocates the generated pre-miRNA from the 

nucleus to the cytoplasm, where the second step occurs (Kim, 2004). Here, the endonuclease Dicer, 

in association with trans-activation response RNA-binding protein (TRBP), removes the loop from 

the 5’ and 3’ ends producing a double RNA of 21-22 nucleotides. Usually only one strand becomes 

the real mature miRNA, while the other is degraded (Khvorova et al., 2003). However, recently 

next generation sequencing experiments demonstrated that occasionally both strands could be 

expressed. Therefore i) the standard nomenclature system named “5p” the microRNAs derived from 

the 5’ arm, and “3p” those derived from the 3’ arm of the hairpin stem loop; ii) they are loaded at 

the same frequency in the RNA-induced silencing complex (RISC). Additionally, when distinct 

precursor sequences and genomic loci express identical mature sequences, they are named “1” and 

“2”, as for example miR-121-1 and miR-121-2. However it is also possible to find “miR-121a” and 

“miR-121b”, in which letter suffixes denote closely related mature sequences deriving from two 

different precursors (Kozomara and Griffiths-Jones, 2014). The selected single strand/double 

strand(s) is/are incorporated in the RISC that, among many other components, contains the 

Argonaute (AGO) proteins (Vaucheret et al., 2004) essential for the miRNA orientation and 

interaction with their targets occurring between 6-8 nucleotides (seed region) at the 5’ UTR of the 

miRNA and the mRNA 3’ UTR.  

The maturation process described above is the most frequent, but alternative pathways may occur 

for some miRNA families (Ha and Kim, 2014). Drosha-independent (but still Dicer dependent) 

pathways have been described for mirtrons (miRNA located in mRNA introns) and miRNAs 

derived from short hairpin RNAs (Okamura et al., 2007; Xie et al., 2013): in the first case pre-

miRNA is generated by splicing, debranching and trimming processes, while in the second the 

miRNA (for example miR-320) is directly transcribed and transported by exportin 1. Also Dicer-

independent biogenesis is possible as in the case of miR-451, that is directly loaded to AGO2 

protein to produce the miRNA mature transcript (Cifuentes et al., 2010; Yang et al., 2010b). Finally 

some miRNAs, like let-7 and miR-105, present a short 3’ overhang from Drosha processing that 

requires terminal uridylyl transferases mono-uridylation in order to be processed by Dicer (Heo et 

al., 2012).  
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At the same time, miRNA cleavage/translational repression of the target represents their traditional 

mechanism of action, but not the only one. Indeed, some miRNAs, during cell quiescence, may 

directly mediate the upregulation of their targets (Rusk, 2008). The miRNA role in controlling 

specific target expression can also be extended to a regulation at the nuclear level. Several lines of 

evidence demonstrated a specific interaction between transcription factors (TFs) such as CREB, 

REST, FOXO and KLFs, and miRNAs. For instance,  STAT3, one of the best known TF, has been 

demonstrated to regulate axon growth both in PNS and CNS by a strict interplay with miR-14 and 

miR-15 (Ghibaudi et al., 2017).  

The apparently intricated miRNA panorama starts from their biogenesis, reflecting how wide is 

their role in a great variety of biological processes both in physiological and pathological 

conditions.  

 

 

2.2 miRNAs IN CENTRAL AXON REGENERATION 
 

In the last ten years the increasing interest in miRNAs in the nervous system revealed their specific 

involvement in many aspects of neuronal function and disease, such as neurite growth and 

neurodegeneration. To underline the potentially big impact of non-coding RNAs in 

neurodegenerative diseases, the latter ones are often defined as RNA disorders (Johnson et al., 

2012). Moreover, taking into account miRNA intrinsic properties to regulate several biological 

functions, it is not surprising that they are considered one of the major players in the pathogenesis 

of CNS/PNS injury.  

In the CNS context in which sprouting is limited and axon regeneration almost absent, miRNAs 

represent major players in the maladaptive changes occurring after SCI. As for the PNS, several 

studies analyzed the global profiling of miRNA expression after SCI obtaining differential 

expression for a great number of small RNAs (Liu et al., 2009). Indeed they can play either a 

protective or a detrimental role (Nieto-Diaz et al., 2014; Ning et al., 2014). Some miRNAs acting 

on different pathways promote functional recovery. For instance, an increased axon density within 

the lesion site was shown after miR-21 inhibition in astrocytes in a SCI mouse model (Bhalala et 

al., 2012). Even better, miR-133b is an important determinant for axon regrowth and functional 

recovery by reducing RhoA protein in an adult zebrafish SCI model (Yu et al., 2011). Considering 

that some miRNAs are evolutionarily conserved, the ability of let-7 to turn back the clock on 

regeneration in adult C. Elegans neurons suggests that its potential could also be applied for 

mammalian axon regrowth (Nix and Bastiani, 2013; Zou et al., 2013). Moreover further evidence 
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for the regenerative potential of some miRNAs comes from in vitro studies, such as the role exerted 

on embryonic cortical neurons when the miR-17-92 cluster is overexpressed: indeed this cluster acts 

on PTEN pathway as many other small RNAs, included the miR-29 family (Zhang et al., 2013a; 

Zou et al., 2015a). It is noteworthy that miR-17-92 and STAT3 are linked in a positive feedback 

loop in which STAT3 activation is related to an overexpression of this miRNA cluster in 

retinoblastoma cells in vitro (Jo et al., 2014): although such connection has been only confirmed in 

cancer pathways so far, it could affect also the axon growth pathways, since STAT3 is a crucial TF 

in neurite outgrowth (Jo et al., 2014). Somewhere in between peripheral and central nervous 

damage, miR-142-3p seems to be a potential target to enhance central regeneration of primary 

sensory neurons by inhibiting the adenylyl cyclase 9 molecule (Wang et al., 2015a).  

The list of miRNAs with regrowth potential is long in the literature and, despite the encouraging 

results achieved, we are still far from a full understanding of their mechanisms. The main reason 

lies in the difficulty to connect every single element to reconstruct a broken system. This is 

particularly true for miRNAs, since each of them is only a piece of a complex and perfectly 

functioning puzzle. For this reason it is necessary to re-think of miRNAs not as acting singularly, 

but as coordinated members of different groups. Indeed miRNA action demonstrates their 

synergistic role in well-known molecular pathways related to different processes such as axonal 

growth and regeneration, making possible to identify specific functional miRNA networks. We are 

going to summarize the main axonal growth networks in which miRNAs are pivotal players 

(Ghibaudi et al., 2017). 

 

 

2.3 miRNAs IN AXONAL GROWTH NETWORK: PTEN 

PATHWAY 
 
miRNAs participate in one of the main molecular cascades regulating axon growth, i.e. the PTEN 

pathway. Indeed, acting as an inner regulatory system, they represent a promising tool still quite 

mostly unexplored. As shown in Figure 7, axonal growth is under the control of different growth 

factors, such as nerve growth factor, that stimulate the conversion of lipid second messenger 

phosphatidylinositol (4,5) bisphosphate (PIP2) into phosphatidylinositol (3,4,5) trisphosphate (PIP3) 

by PI3K. Then PIP3 activates AKT through phosphatidylinositol-dependent kinase 1/2 (PDK1/2) 

recruitment. AKT in turn switches on a large spectrum of downstream effectors. Among them, the 

mechanistic target of rapamycin (mTOR) synthetizes raw material for axon extension and GSK-3β 

promotes cytoskeleton reorganization (as shown further in Figure 8). Unfortunately, after an injury, 

this pathway is inhibited by PTEN that antagonizes PI3K activity, thus resulting in the failure of 
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axon regeneration (Chadborn et al., 2006; Park et al., 2010; Rodgers and Theibert, 2002). To 

promote neuronal regeneration, several strategies (molecular deletion, shRNA, antagonists or 

inhibitors) have been applied at different levels of this cascade. However, until now, none of them 

can be completely restored the pre-injury condition, due to the complex network of cooperating 

molecules that orchestrate the different steps of the process. Based on the literature (Li and Sun, 

2013; Zhang et al., 2013a; Zou et al., 2015a; Zou et al., 2015b), we identified a miRNA network 

acting on the PTEN pathway (Figure 7). miR-17-92 cluster and miR-26a directly repress PTEN 

expression in primary cortical neurons during development, whereas miR-29a and miR-29c have 

the same effect on PC12 neural differentiating cell lines. When these miRNAs are overexpressed, 

PTEN protein levels decrease to 41% (miR-17-92 cluster), 38.3% (miR-26a) 44% (miR-29a), and 

54% (miR-29c), validating this molecule as one of their main targets. Further evidence of the effect 

Figure 7: miRNAs in axonal growth network-1, focused on PTEN-AKT-mTOR; continuous lines 
indicate validated interactions and dotted line identifies a hypothesized interaction; miRNAs 
in green, red and black colors refer respectively 
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of these miRNAs on PTEN is the upregulation of some downstream effectors, such as mTOR and 

AKT: the downregulation of PTEN is thus associated with the enhancement of axonal outgrowth for 

miR-17-92 and of neurite outgrowth for miR-29a miR-29c and miR-26a. Indeed the inhibition of 

miR-17-92 cluster revealed a suppressed axonal growth by 50% during 60 min of in vitro 

observation. miR-21 is involved in decreased expression of PTEN as well. It contributes to explain 

the mechanism underlying the benefits of docosahexaenoic acid (DHA), a fatty acid promoting 

functional recovery after SCI. In fact, DHA in vivo administration significantly upregulates miR-21 

that in turn downregulates PTEN in corticospinal neurons. The decreased PTEN levels are 

accompanied by an increase in neurite outgrowth of primary cortical neurons in vitro, supporting a 

key role for miR-21 in the enhancement of neuroplasticity after SCI. Similarly in vivo a single acute 

(1-2 days), but not delayed, administration of DHA induces a significant sensorimotor and 

functional recovery after rat cervical hemisection (Liu et al., 2015). miR-26a and miR-222 have 

been described to repress PTEN respectively in bupivacaine DRG induced nerve injury, and in adult 

DRG after sciatic nerve transection models, thus promoting nerve regeneration (Cui et al., 2015; 

Zhou et al., 2012). Some small RNAs indirectly influence mTOR or AKT in order to reach the same 

goal. For example, miR-222 has been studied both in vitro (PC12 cell line) and in vivo (laryngeal 

nerve injury in rabbit): when activated by BDNF administration, miR-222 acts as a promoter of 

mTOR upregulation (probably by inhibiting PTEN, dotted line in Figure 7), significantly inducing 

neurite outgrowth, increasing the number of regenerating fibers, decreasing fibrous connective 

tissue and restoring nerve conduction velocity. Similarly, when SCI rats undergo cycling exercise to 

stimulate neuron regenerative potential, the expression of miR-199-3p is reduced and mTOR 

expression results increased: the raised regenerative neuronal potential observed should be 

attributed to the synergistic effects of miR-199-3p and miR-21, that are responsible for PTEN 

mRNA decrease (Liu et al., 2012a; Xie et al., 2015). Moreover, also miR-124 indirectly targets 

AKT through the repression of rho-associated coiled-coil-containing protein kinase 1 (ROCK1), a 

protein serine/threonine kinase and the major downstream effector of RhoA GTPase. Gu and coll. 

determined that the PI3K/AKT signalling acts downstream ROCK1 whose repression by miR-124 

can activate AKT. The activated AKT is then able to induce neurite outgrowth and elongation 

during neural development of neuroblastoma cell line [BE (2) M17] and mouse P19 cells (Gu et al., 

2014).  

Recently another miRNA emerged as a new regulator of PTEN pathway: indeed the overexpression 

of miR-182 in cultured murine cortical neurons increases the complexity of the dendritic branches 

and promote axon outgrowth by inhibiting PTEN and activating AKT signal through a decreased 

https://en.wikipedia.org/wiki/Serine/threonine_kinase
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expression of branched-chain aminotransferase (BCAT2) (Wang et al., 2017b) (orange line Figure 

7).  

 

 

2.4  miRNAs IN AXONAL GROWTH NETWORK: GSK-3β 

PATHWAY 

 
During development, axon growth is mediated by several pathways that can be reactivated and/or 

inhibited in the mature nervous system as a consequence of a lesion. Moreover, one single molecule 

can participate in different pathways and/or be the target of different miRNAs. A paradigmatic 

example of these intersections is represented by miR-124, previously involved in neurite elongation 

of M17 cells (neuroblastoma cell line) in vitro through ROCK1-PI3K/AKT regulation (Gu et al., 

2014). As shown in Figure 8, PI3K/AKT signaling is also linked to axonal microtubule assembly. 

The inhibition of GSK-3β leads to the dephosphorylation of GSK-3β substrates that regulate the 

dynamics and stability of axon microtubules (Zhou and Snider, 2006). PI3K-GSK-3β signal 

represents a key step in the axon specification and growth of hippocampal neurons (Jiang et al., 

Figure 8: miRNAs in axonal growth network-2 (2.1-2.2), whose core molecules are represented by GSK-3β, Rac1, RhoA and 
PI3k/AKT; miRNAs in green and red colors refer respectively to CNS and PNS. Continuous lines indicate validated 
interactions, whereas dotted line hypothesized interactions. TFs are written in italic (Ghibaudi M et al., 2017) 
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2005; Yoshimura et al., 2005), making possible to establish a connection between miR-124 and 

GSK-3β through PI3K-AKT signal (blue dotted line). Recently, it has been shown that miR-124 

operates synergistically with miR-9 to promote neuronal differentiation and dendritic branching of 

neural stem cells: these miRNAs, repressing their common target (Rap2a protein), elicit the 

inhibition of Rap2a protein on AKT. AKT in its active form phosphorylates and suppresses GSK-3β 

thus leading to neuronal development and maturation (Hur and Zhou, 2010). GSK-3β could be also 

a downstream effector of the wnt-β-catenin cascade, which is activated after SCI and promotes 

several biological functions including axon remodeling. In the classical pathway, wnt binds to its 

receptors (Low-density lipoprotein receptor-related protein 5 and frizzled) to signal to the GSK-

3β/adenomatous polyposis coli (APC) complex and finally to β-catenin that translocates to the 

nucleus to elicit a change in the cytoskeleton components. However, wnt inhibitors (like Dickkopf-

related protein 1 (Dkk-1) and Kremen 1) are overexpressed early after a SCI or nerve crush, thus 

inhibiting the cellular processes activated by β-catenin (Fernández-Martos et al., 2011). As 

illustrated in Figure 8, GSK-3β could be the converging point of two molecular cascades (PI3K-

AKT- GSK-3β/APC and wnt-β-catenin-GSK-3β) that probably reach the same effect, i.e. the 

reorganization of microtubules. Moreover as reported in subsection 4, miR-9 and TLX are involved 

in a feedback regulatory loop that control neurogenesis: also GSK-3β downregulates TLX together 

with high IL-1β upregulation thus inhibiting hippocampal neurogenesis. Indeed both GSK-3β, TLX 

and IL-1β are dysregulated in neurodegenerative and psychiatric disorders suggesting that a 

complex interaction among all these factors could result in a complete regulation of neurogenesis 

and axon growth (Green and Nolan, 2012).  

Another miRNA can be inserted in the wnt-β-catenin-GSK-3β molecular cascade as a regulatory 

molecule of the cytoskeleton dynamics. Indeed miR-431 is induced after sciatic nerve crush and is 

able to stimulate the regeneration of cultured DRG axons silencing Kremen-1, an antagonist of wnt- 

β-catenin signaling (Wu and Murashov, 2013): Kremen 1 was identified as one of the main targets 

of miR-431; moreover, the in vivo mRNA and protein expression in DRG neurons is reduced in 

presence of miR-431. The effect of this miRNA consists in a significant increase in axon length 

(about 30%) after its overexpression, whereas cells treated with a miR-431 inhibitor display a 

reduction in axon branching by 35%. Similarly, evidence of miRNA action on GSK-3β has been 

demonstrated by the administration of miR-26a inhibitor after a nerve crush that can impair in vivo 

axon regeneration. The endogenous regulatory effect of miR-26a is mediated again by GSK-3β as 

demonstrated by in vitro and in vivo experiments in DRG neurons. However, in this case, GSK-3β 

has a direct effect on gene expression controlling the TF SMAD1, a TF known to promote axon 

outgrowth after axotomy (Saijilafu et al., 2013; Zou et al., 2009). GSK-3β regulation of axon 
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growth is mediated both via controlling microtubules dynamics, at the growth cone level, or via 

controlling gene expression at the soma level (Jiang et al., 2015). We can finally conclude that a 

low level of GSK-3β needs to be endogenously maintained by miRNAs in order to support an 

efficient regeneration process. 

 

 

2.5 MiRNAs IN AXONAL GROWTH NETWORK: MAP1B-

Rac1 PATHWAY 

 
The mitogen-activated protein kinase (MAPK) system is found upstream GSK-3β activation and 

makes it phosphorylate MAP1B stimulating axon growth (Goold and Gordon-Weeks, 2005): this 

link has been proved in a context in which NGF partially contributes to axon elongation through 

MAPK- GSK-3β-MAP1B cascade (Figure 8). MAP1B is also the target of miR-9, a highly 

conserved miRNA detected in the axon of primary cortical neurons. By acting locally in the axon, 

this miRNA is able to control axon length both in vitro (E17 primary cortical neurons) and in vivo 

(E 14.5 embryos brain) during development. In particular, the axon extension is allowed by 

preventing the interaction between miR-9 and MAP1B (Dajas-Bailador et al., 2012): the authors 

attributed this effect to a short stimulation with BDNF and the consequent increase of MAP1B 

protein level. MAP1B is a fundamental stabilizer of axonal microtubules, and it is highly expressed 

at the distal tip of the growing axons. Indeed MAP1B deficient mice present a delay in axon 

outgrowth and a reduced rate of its elongation. Montenegro-Venegas and co-workers (2010) 

demonstrated the role of this protein in the cross-talk between microtubules and actin filament: 

when MAP1B is present, T-cell lymphoma invasion and metastasis 2 (TIAM1, a guanine exchange 

factor) binds to microtubules, activates Rac1 that in turn inhibits cofilin, thus allowing actin 

polymerization and axon growth (the pathway is briefly illustrated in Figure 8). Considering the 

miR-9 effect on primary cortical neurons through MAP1B silencing, we can suppose that miR-9 

suppresses the axon elongation process acting on this pathway.  Moreover one of its first elements 

(Rac1 GTP, the activated form of Rac1) is a “crossroad” directed to different molecules and signal 

cascades, and possibly regulated by several miRNAs, like miR-9, miR-124 and miR-132 (Figure 8). 

Indeed the last one (whose expression is highly induced by neurotrophins and CREB) promotes 

neurite outgrowth by p250GAP, a Rho family GTPase-activating protein, inhibition during cortical 

neuron morphogenesis in vitro (Vo et al., 2005): its downstream molecules can be pinpointed in 

Rac1 pathway, involved in actin polymerization (Figure 8, dotted yellow lines). Indeed, the link 
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miR-132-p250GAP-Rac1-p21-activated kinases (PAK) is involved in the remodeling and 

maintenance of spine growth and probably in the axon growth (Lai and Ip, 2013). 

 

 

2.6 MiRNAs IN AXONAL GROWTH NETWORK: RhoA-PI3K-

AKT PATHWAY  
 

Another molecule controlled by miRNAs in the axonal growth network is MAP1B. According to 

the role attributed to MAP1B during axon development (Del Rı́o et al., 2004; DiTella et al., 1996; 

Montenegro-Venegas et al., 2010), it activates Rac1 pathway that inhibits RhoA, thus avoiding the 

growth cone collapse (Figure 8). Similarly, miR-133b is a suppressor of RhoA, contributing in vitro 

to neurite outgrowth both in PC12 cell lines and primary cortical neurons (E18; (Lu et al., 2015)). 

Extracellular signal-regulated kinases and PI3K/AKT are the main effectors of the signaling 

pathway downstream miR-133-RhoA. As already described above, PI3K/AKT is one of the best 

known pathway involved in axon growth and is probably linked to GSK-3β, another key player of 

such process. The role of miR-133 emerges even more significant if we consider the work of Xin 

and co-workers (2012): neurite outgrowth of primary cultured neurons isolated from post-middle 

cerebral artery occlusion brain was stimulated by miR-133b-enriched exosomes derived from 

mesenchymal stromal cells, through RhoA repression. Therefore miR-133 seems to be responsible 

for axon growth not only during development, but also during brain repair (Xin et al., 2012). In 

addition, Yu and co-workers (2011) described the essential role of miR-133 after SCI in adult 

zebrafish. miR-133 is endogenously overexpressed six hours after the lesion, but its inhibition 

blocks the regeneration process increasing RhoA protein level, thus likely activating the growth 

cone collapse (Figure 8, brown dotted lines). Indeed the injured adult zebrafish, following miR-133 

inhibitor administration, showed a reduced locomotor recovery and a low number of neurons with 

regenerating axons (Yu et al., 2011). Its beneficial effect has been recently demonstrated also in 

mammals by the lentiviral injection of miR-133b in an adult injured spinal cord: RhoA has been 

validated as its direct target, whose downregulation was associated to mice locomotor recovery 

already at 4 weeks after the lesion (Theis et al., 2016). Finally, the indirect connection among other 

two miRNAs with RhoA pathway was demonstrated by Sun and co-coworkers (2013), that 

analyzed the mechanism of action of the heat shock protein B1 (HspB1). HspB1 is able to repress 

RhoA (thus promoting neurite extension), silencing the Rho GTPase, Rho guanine nucleotide 

exchange factor 11 (PDZ-RhoGEF), an exchanging factor that promotes the switch between RhoA 
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GDP (inactive) and GTP active. PDZ-RhoGEF repression is driven by miR-20a and miR-128, 

whose expression is specifically enhanced by HspB1 [(Sun et al., 2013) violet line, Figure 8]. In 

fact, inhibitors of miR-20a and miR-128 block the neurite growth of E17 cortical neurons promoted 

by HspB1, thus confirming the molecular cascade analyzed. Even though the downstream effectors 

of RhoA are not described here, it can be reasonably supposed a connection with the PI3K/AKT 

pathway that directly promotes neurite growth (brown dotted line Figure 8). In conclusion, this 

molecular cascade could be a pivotal pathway not only during development, but also after an injury. 

Indeed all the molecules described have been found in neurites and growth cones, and are produced 

in the axonal protein synthesis occurring after injury.  

 

 

2.7 AIM OF THE PROJECT 
 

The above mentioned miRNA networks have been explored in order to modulate their functions and 

promote axon regeneration process. However, although the evidence confirms the relevance of 

miRNAs in regulating the events occurring after SCI, we are still far from a total comprehension of 

miRNA dysregulation after a CNS lesion. In particular we lack both a global overview of the 

miRNA system and also a classification of specific cell population miRNAs in order to identify 

those small RNAs selectively involved in axon regeneration.  

Therefore, the aim of this study was to explore additional roles for already known miRNAs and 

define miRNA clusters specifically involved in axon regeneration after SCI. Unlike the majority of 

studies focused on lesion site, we deeply analysed the sensorimotor cortex in which CSMNs, the 

main cells affected by SCI, reside. By realizing a complete spinal transection (C6 level) on 

C57BL/6J mice, we performed a miRNome profile analysis. We focussed our attention on the acute 

phase of SCI, in which the lesion is not yet stabilized, and on two different ages in order to compare 

the young plastic system with the adult one. In this way we also aimed at identifying differences 

and similarities in miRNA expression changes that could uniquely affect the regeneration process. 

Indeed, the manipulation of miRNAs could represent a new therapeutic approach for the treatment 

of SCI. 
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2.8 MATERIALS AND METHODS 
 

In vivo experiments 

 

Experimental animals 
 

C57BL/6J male mice were purchased from Envigo (Udine, Italia). Animals were maintained under 

standard conditions with free access on food and water. All experimental procedures on live 

animals were performed according to the European Activities Communities Council Directive of 

86/609/EEC (November 24, 1986) Italian Ministry of Health and University of Turin institutional 

guidelines on animal welfare, authorization No. 17/2010-B, June 30, 2010 (law 116/92 on Care and 

Protection of living animals undergoing experimental or other scientific procedures).  

 

 

CSMN labeling and isolation by FACS 

 
P-10 and P-90 C57BL/6J male mice were used to specifically label CSMN cells. Animals were 

deeply anaesthetized with 3% isoflurane vaporized in O2/N2O 50:50. The cervical spine was 

exposed, the spinal muscles displaced laterally and 1 μl of Green Latex Microspheres/Red latex 

Microspheres (GLMs/RLMs; Lumafluor Inc, Durham, NC, USA) was injected at the level of the 

fourth cervical vertebra (C4) into the dorsal column (n= 5). Control mice did not receive 

microsphere injection (n= 5).  

One week after GLM/RLM injection, the animals were sacrificed by cervical dislocation, the brains 

dissected and the sensorimotor cortices rapidly isolated: under a dissecting microscope we 

selectively isolated the layer V using a brain matrix to obtain 1 mm-thick sections, avoiding as 

much as possible upper and lower layers and the subcortical white matter.  

According to postnatal neuron dissociation protocols (Arlotta et al., 2005; Catapano et al., 2004), 

sensorimotor cortices were dissected in cold dissociation medium (20 mM glucose, 0.8 mM 

kynurenic acid, 0.05 mM (2R)-amino-5-phosphonopentanoate (APV), 50 U/ml penicillin, 0.05 

mg/ml streptomycin, 0.09 M Na2SO4, 0.03 M K2SO4, and 0.014 MMgCl2). Then cortices were 

enzymatically digested in dissociation medium containing 0.16 gm/ l L-cysteine HCl and 11.7 U/ml 

papain at 37°C for 30 minutes at 37°C for 15 minutes. Papain digestion was then blocked with 

dissociation medium containing 10 mg/ml ovomucoid and 10 mg/ml bovine serum albumin (BSA) 

at room temperature (RT). The cells were then mechanically dissociated by gentle trituration in iced 

OptiMem medium supplemented with 20 mM glucose, 0.4 mM kynurenic acid and 0.025 mM 
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APV. Some experiments were performed in collaboration with Prof. Tonelli (IIT, Genova, Italia) 

and cell dissociation was performed by the Neural Tissue Dissociation kit (P) (MACS, Miltenyl 

Biotec, (Germany) following supplier’s instruction.  

Microsphere-labeled CSMNs were collected from the cortical cell suspension by fluorescence-

activated cell sorting (FACS).  

 

 

CSMN labeling and isolation by LCM 

 
Another set of P-10 and P-90 C57BL/6J male mice (n=5 each group) was employed to specifically 

label CSMN cells (GLM/RLM injection), as described before, in order to collect them by laser 

capture microdissection (LCM). According to Zhang Z et al., 2013 sensorimotor cortices sections 

were dissected and directly frozen at -80° C (Zhang et al., 2013b). Cross-sections of 16-μm 

thickness were prepared in the cryostat, transferred to PEN membrane slides (Zeiss) and dry on 

ice/ethanol mixture. LCM was performed on a PALM microbeam UV laser microdissection system 

(Zeiss). For this process, a variable number of sections were employed (depending on the 

GLM/RLM fluorescence) to isolate CSMNs. The collected samples were stored at -80° C before 

RNA isolation as described later.  

 

 

SCI mouse model 

 
Postnatal 15 (P-15) and P-90 C57BL/6J male mice were divided into two groups: i) SCI mice, and 

ii) control mice (SHAM). Briefly, mice were deeply anaesthetized as described before. The cervical 

spine was exposed, the spinal muscles displaced laterally and the lesion performed as follow:  using 

a 27-gauge1/2 needle, the entire spinal cord was dorsally exposed and transected at C6 level. In the 

SHAM group, the spinal cord was simply exposed without any damage. Cervical transection 

damaged spinal tissue, including corticospinal dorsal and ventral tracts where CSMN axons are 

located (Boido et al., 2009).  

 

 

Histological analysis 

 
A set of animals (P-15 12h n=14, P-15 3d n=15, P-90 12h n=15, P-90 3d n=13) was employed for 

the histological analysis of the sensorimotor cortex in order to better characterized the SCI model. 

Twelve hours and three days after injury (P-15 and P-90 groups) mice were anaesthetized with 3% 

isoflurane vaporized in O2/N2O 50:50 and transcardially perfused with 0.1 M PB, pH 7.4, followed 
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by 4% PFA in PB. The brain and the spinal cord (C6 level) were dissected and post-fixed for 2h at 

4°C in the same fixative solution. Samples were transferred overnight into 30% in 0.1M PB at 4°C, 

embedded in cryostat medium (killik, Bio-Optica, Milan, Italy), frozen at -70°C in 2-methylbutane 

and cut on the cryostat (Microm HM 550) in coronal and transverse 50 µm-thick sections for brain 

and spinal cord respectively. The sections were collected into PBS 1X prior to immunofluorescence 

reactions and Fluoro-Jade C (Histo-Chem Inc., Jefferson, Arkansas, USA) staining. 

 

 

Immunofluorescence (IF) 

 
For evaluating astrogliosis and microglia activation, sections were immunolabelled with 1:500 anti-

rabbit GFAP (Dako Cytomation, Denmark) and 1:500 anti-rabbit IBA1 (Wako Laboratories 

Chemicals, Japan) respectively. Briefly, after 30 minutes in PBS-triton 2% and 1h in blocking 

solution [0.2% Triton X-100 and 10% normal donkey serum (NDS; Sigma-Aldrich, Milan, Italy) in 

PBS pH 7.4], the sections were incubated with the primary antibodies in the same solution at 4°C 

overnight. Then the sections were washed in PBS 1X and incubated with the secondary antibody 

(Jackson Immuno Research Laboratories; 1:200 donkey anti-rabbit cyanine 3-coniugated). Pictures 

of sensorimotor cortex were taken with Nikon DS-5Mc digital camera on a Nikon Eclipse 80i 

epifluorescence microscope. Photomicrographs at 40X magnification were corrected for contrast 

and brightness enhancement with ImageJ. The percentage of GFAP/IBA1 positive area was 

quantified using ImageJ and analyzed with a non-parametric t-test (Mann-Whitney). Values p ≤ 

0.05 were considered statistically significant. 

 

 

Fluoro-jade C (FJC) staining  

 
To stain degenerating neurons, sections were treated for FJC staining (Histo-Chem Inc, Jefferson, 

Arkansas, USA), following supplier’s instructions. Brain and spinal cord sections were mounted on 

2% gelatin coated slides and dried overnight at RT. The day after sections were immersed in a 

solution of 1% sodium hydroxide in 80% ethanol for 5 minutes. Then they were rinsed for 2 

minutes in 70% ethanol, 2 minutes in distilled water and then incubated in 0.06% potassium 

permanganate solution in PBS 1X for 10 minutes. Then slides were rinsed 2 minutes in distilled 

water and transferred for 20 minutes to a 0.0004% solution of FJC dissolved in 0.1% acetic acid. 

The sections were rinsed in distilled water three times for 1 minute before dry them at 37°C for ~30 

minutes. Dried slides were then cleared in xylene for 4 minutes and covered with an anhydrous 

mounting medium. Pictures of sensorimotor cortex were taken on a Nikon DS-5Mc digital camera 
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on a Nikon Eclipse 80i epifluorescence microscope. Among the animals used for GFAP and IBA1 

analyses, 3 SHAM and 3 SCI mice per group were employed for FJC staining.  

 

 

Sensorimotor cortex dissection 

 
Due to the technical difficulties in isolating CSMNs, we also isolated the whole sensorimotor 

cortex, in order to perform the miRNA sequencing. Twelve hours/three days after injury, SHAM 

(P-15 12h and 3d; P-90 12h and 3d) and SCI (P-15 12h and 3d; P-90 12h and 3d) mice were 

sacrificed by cervical dislocation, the brains removed and the sensorimotor cortices rapidly isolated 

and dissected as described in the “CSMN labeling and isolation by FACS” section. The samples 

were individually collected and stored at -80° C until the total RNA extraction.   

 

 

Total RNA extraction 

 
According to our laboratory experience (Valsecchi V et al.; Plos One, 2015), mice cortices  were 

homogenized in lysis buffer and total RNA, enriched in miRNAs, was extracted with MirVana 

extraction Kit following supplier’s instruction (Life Technologies, Milan, Italy). The quality and 

quantity of RNA samples was checked by Nanodrop measurements and the samples were stored at -

80° C until the miRNA library preparation.  

 

 

Small RNA library preparation and sequencing 

 

Small RNA (sRNA) libraries were generated using high definition (HD) adapters (Sorefan et al., 

2012; Xu et al., 2015) within a method that reduces ligation bias between sRNAs and adapters (Xu 

et al, 2015). HD adapters contain four degenerate nucleotides on the ligating ends of 5’ and 3’ 

Illumina HiSeq adapters. The pool of sequences present in HD adapters, versus one fixed sequence 

in standard HiSeq adapters, increases the annealing efficiency between sRNAs and adapters. 

Increased annealing efficiency leads to a greater amount of sRNAs in the libraries that are 

sequenced and can be analyzed. Next generation sequencing was performed on the Illumina HiSeq 

2500 High Throughput Sequencer at Earlham Institute, Norwich Research Park, UK. 

 

Raw fastq files were converted to fasta format. Reads containing unassigned nucleotides were 

excluded. The 3’ adapter was trimmed using perfect sequence match to the first 8 nucleotides of the 

3’ HiSeq 2500 adapter (TGGAATTC). The HD signatures (four assigned nucleotides at the ligating 
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ends) of the reads were also trimmed (Beckers et al., 2017). Reads longer than 17 nt were kept for 

further analysis. Reads with low sequence complexity, i.e. with an overrepresentation of one 

nucleotide for more than 60% of the sequence length, were excluded. As part of the quality check 

the size class distributions for redundant reads, i.e. total reads (with their abundance) and non-

redundant reads, i.e. unique reads, were plotted side by side with the complexity which is defined as 

the ratio of non-redundant to redundant reads (Mohorianu et al., 2011) SRNAs were mapped full 

length with no gaps or mismatches allowed to the mouse genome (v10) and corresponding 

annotations using PatMaN (Prüfer et al., 2008). The latest set of mouse miRNAs were downloaded 

from miRBase (v21) (Kozomara and Griffiths-Jones, 2014). sRNA expression levels were 

normalised using a scaling approach, reads per total, to a fixed total of 12 million reads per sample 

(Mortazavi et al., 2008). Differentially expressed reads were identified using both the localisation of 

maximal expression intervals for the control versus treatment comparisons and pairwise 

comparisons using offset fold change with an empirically determined offset of 20 (Mohorianu et al., 

2011). Evaluation of variability between sequencing libraries was conducted using scatter plots, 

size-split boxplots of the replicate-to-replicate differential expression, intersection and Jaccard 

similarity analyses (Mohorianu et al., 2011). The empirical differential expression analysis was 

confirmed by parametric (t-tests) and non-parametric (Mann-Whiney-U) tests. For the statistical 

tests we considered p < 0.05 as statistically significant. Bioinformatics analysis was conducted 

using custom-made Perl (5.24.0.1) and R (3.2.2) scripts. MicroRNAs were considered differentially 

expressed if there was a > 0.5 log2 fold change between controls and treatments, i.e. more than 1.5 

fold change (Figure 9). 

 

Figure 9: log2 fold change describes the distance between the 
control and treatment confidence intervals. > 0.5 log2 is considered 
differentially expressed, excluding any background noise 
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Small RNA libraries were generated by Dr Darrell Green (Norwich Medical School, University of 

East Anglia), bioinformatics analysis was carried out by Dr Irina Mohorianu (School of Computing 

Sciences, University of East Anglia) in collaboration with Professor Tamas Dalmay (School of 

Biological Sciences, University of East Anglia). A total number of 6 mice (3 SHAM and 3 SCI) 

each group (P-15 12h, P-15 3d, P-90 12h and P-90 3d) was employed for the sequencing 

experiment. 

 

 

miRNA functional analysis 

 
The following miRNA functional analysis was performed only on miRNAs with a log2 offset fold 

change > 0.5. Different tools have been used: 1) MiRpub (Mullany et al., 2015); database collecting 

miRNA publications) and PubMed to identify miRNA functions; 2) MiRWalk 2.0 database (Dweep 

et al., 2011) to check both predicted  and validated targets  of our set of miRNAs respectively by 

predicted target module (PTM) and validated target module (VTM); 3) DAVID 6.7 to identify 

enriched annotation terms (KEGG, Kyoto Encyclopedia of Genes and Genomes pathways and 

GOBP Gene Ontology biological process) associated with the gene lists generated by miRWalk 

PTM and VTM; 4) miRNet (Fan et al., 2016), to perform a network analysis of miRNAs; and 5) a 

miRNA atlas (Fertuzinhos et al., 2014) to verify miRNA expression in mouse neocortex.  

 

Firstly, the presence of miRNAs shared among all the groups was analyzed. Then miRNet tool was 

employed to identify miRNA neural gene networks within each group or among them. 

 

Secondly, we used miRWalk 2.0 database to identify VTM genes, and MiRpub and PubMed to 

screen the literature related to the miRNAs of interest. Then identified miRNAs involved in axonal 

regeneration were validated by RT-PCR as described in the next section prior to further functional 

analyses. The PTM gene list was analyzed both directly by miRWalk 2.0 (KEGG, GOBP and 

GOCC p-values ≤ 0.05) or by the miRWalk 2.0 intersection result of 12 different databases. Only 

the genes predicted at least by 6 databases were considered for the next step. The generated gene list 

was then uploaded on DAVID 6.7 on the “functional annotation chart” tool to identify KEGG, 

GOBP and GOCC of a specific miRNA. The degree of enrichment was selected basing on the 

multiple testing correction techniques Benjamini, considering only the p-values ≤ 0.05 after the 

statistical correction.  

Only miRNAs that overcame sequencing statistical analysis and functional analysis were 

considered for further studies. 
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miRNA validation by RT-PCR 

 
A selection of 6 miRNAs (miR-7b-3p, miR-19b-3p, miR-127-5p, miR-381-3p, miR-214-3p, miR-

338-5p) resulting from the miRNA sequencing was validated by RT-PCR. Total RNA, enriched in 

miRNAs, was obtained from 3 SCI and 3 SHAM (sequencing samples) plus 5 SCI and 5 SHAM for 

the P-15 group, and from 3 SCI and 3 SHAM (sequencing samples) plus 2 SCI and 2 SHAM for the 

P-90 groups. CDNA was synthesized by 2 ug (Qiagen, Milan, Italy) or 10 ng (Life Technologies) of 

total RNA using the High Capacity cDNA Reverse transcription kit following supplier’s 

instructions (Qiagen/Life Technologies). Quantitative RT-PCR was performed with SYBR green 

core reagent kit (Qiagen, for miR-7b-3p) or TaqMan Assay (Life Technologies, for miR-19b-3p, 

miR-127b-5p, miR-381-3p, miR-214, miR-338-5p) in a Step-One 2000 RT-PCR system. miRNA 

expression was analyzed using RNAU6 as housekeeping gene. Samples were amplified 

simultaneously in triplicate in 1 assay run. Changes in miRNA levels were detected as the 

difference in threshold cycle (∆CT) between the target gene and the housekeeping gene. The results 

were analyzed by Mann-Whitney test and presented as normalized values between SHAM and SCI 

groups.  

 

 

In vitro experiments 

 

Primary cortical neuron culture 

 
In order to study in vitro the miRNAs of interest, we isolated and cultured murine cortical neurons. 

The cells were obtained from mouse C57BL/6J brain at embryonic day 14.5 (E14.5). Cortices were 

dissected under the microscope and collected in HBSS 1X (supplemented with 0.7% of HEPES and 

1% of P/S/, Invitrogen-Gibco). Then cells were enzymatically dissociated by trypsin-EDTA 0.05% 

(15 minutes at 37°C) and washed in the same HBSS dissection solution; then DNAse (1000U-

Promega, Milan, Italy) was added to the dissection solution, prior to mechanical dissociation by 

glass Pasteur pipette. Neurons were counted on a Burker chamber and plated at a density of 300,000 

cells/dish on Poly-L-Lysine coated coverslips (0.1 mg/ml poly-L-lysine) in MEM 1X medium 

(supplemented with 20% glucose, 1% of L-glutamine and 10% of horse serum Invitrogen-Gibco) 

and incubated at 37°C, 5% CO2 and 95% humidity. After 4 hours MEM 1X-medium was replaced 

with Neurobasal (supplemented with 2% of B27 and 1% of L-glutamine, Invitrogen-Gibco); 

coverslips (with paraffin dots) were placed inverted on the cells to create a suitable environment for 

neuron differentiation. Neurons were cultured for 1-3-7-18 days.  
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Cell RNA extraction and RT-PCR 

 
To perform a RT-PCR to measure the physiological expression level of miR-7b-3p, the cells were 

collected after 1-7-18 DIV (total amount of 1,000,000 cells each time point), as follows: the 

medium was removed and cells were incubated with trypsin-EDTA 0.05% at 37°C. Then the 

detached cells were centrifuged at 1,000 rpm for 5 minutes, washed with PBS 1X and the pellet was 

collected at -80°C. RNA was extracted and quantified at Nanodrop, as previously described for in 

vivo experiments. A RNA purification protocol was applied before performing the RT-PCR for 

miR-7b-3p: a solution of 1/10 volume of NH4OAC (0.5M), 2.5 volume of cold 100% EtOH and 1 

µl of glycogen (Invitrogen) was added for each tube. The samples were incubated at 80°C for 30 

minutes and then centrifuged at 12,000 g at 4°C for 20 minutes. The supernatant was removed, the 

pellet washed with 75% cold EtOH and centrifuged again at 12,000 g at 4°C for 5 minutes. The 

pellet was resuspended in DEPC water. RNA samples were then collected at -80°C before RT-PCR. 

 

RT-PCR at 1-7-18 DIV was conducted in triplicate (3 different dissections at DIV-1, 2 dissections 

at DIV-7 and DIV-18). The RT-PCR for miR-7b-3p was performed as previously described for in 

vivo experiments. The expression values (DIV-7 and DIV-18) were normalized with respect to 

DIV-1, considered as baseline.  

 

 

Nucleofection 

 

Cortical neurons were electroporated immediately after tissue dissociation and before plating using 

the rat neuron nucleofector kit (Amaxa, Swiss). In brief, 500,000 cells were centrifuged for 5 

minutes at 1,000 rpm. After that, supernatant was removed and neurons were resuspended in 100 μl 

of Nucleofector solution. Then, 5 nmol of miR-7b-3p-mimic (Invitrogen)/106 cells or mimic 

negative control (Invitrogen) were added to the suspension (Buller et al., 2010). Then neurons were 

electroporated with the Amaxa program O-003. Finally, neurons were plated on poly-L-lysinate 

coverslip (see “Primary cortical neuron isolation and culture” section) at a final concentration of 

300,000 cells/coverslip.   

 

Three days after nucleofection, cortical neurons grown on coverslips were fixed with 4% PFA for 

15 minutes and rinsed three times in PBS 1X. Permeabilization was carried out with 0.1%TritonX-

100/PBS 1X for 5 minutes and non-specific binding sites were blocked by 5% BSA/PBS for 30 

minutes. The following primary antibodies were incubated for 1 hour: 1:200 monoclonal mouse 

anti-SMI-312 (Biolegend, San Diego, California) and 1:1000 monoclonal rabbit anti-α-tubulin III 
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(Abcam). After washing in PBS 1X, primary antibodies were detected with anti-rabbit or anti-

mouse cyanine 3-coniugated secondary antibodies, and Phalloidin TRITC (Sigma-Aldrich) 546 

(1∶1000) for 30 minutes. Once mounted, the samples were examined and images acquired using an 

Olympus Fluoview 300 confocal laser scanning microscope (CLSM). To check miR-7b-3p 

overexpression, a RT-PCR was performed on samples at 3 DIV after nucleofection. The statistical 

analysis was performed by a non-parametric t-test (Mann-Whitney).  

 

 

Morphometric analysis 

 
The images acquired at CLSM were then analysed with ImageJ software. Differentiated cells were 

defined as those bearing at least one neurite longer than twice the cell body. For each time point 

(experiment conducted in triplicate) at least 30 axons were measured. The same cells were also 

analysed for the number of dendrites emerging from the cell body. Both measures were expressed 

as the total mean length for cell electroporated with mimic negative control and antagomir-miR-7b-

3p. Graphpad Prism software was employed for the t-test. Values p ≤ 0.05 were considered 

statistically significant. Four different dissections (2 NC and 2 MIMIC-7) were performed for the 

nucleofection experiment. 
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2.9 RESULTS 
 

In vivo results 

 

CSMN labelling and collection by FACS 

 
To set up the procedure of CSMN labelling in the sensorimotor cortex, both GLMs and RLMs were 

injected into the dorsal tract of the spinal cord at C4 level in uninjured mice (Figure 10 A). As 

retrograde tracers, GLMs and RLMs were able to move from the spinal cord to the sensorimotor 

cortex specifically labelling only the CSMN cell body.  One week after GLM and RLM injection, 

brains/sensorimotor cortices were dissected both by P-17 and P-97 animals (sensory cortex –SC- 

and motor cortex –MC- in Figure 10 B). Both green- and red-positive CSMNs were visible in the 

layer V of sensorimotor cortex (Figure 10 C). No other cortical layers were labelled, suggesting the 

accuracy and specificity of the injection. The labelled cells were then sorted by FACS. Despite 

several cell dissociation protocols have been tested, the number of positive cells sorted was always 

very low [0.4% for P-17 pups (Figure 11 B) and 0.2% for P-97 mice (Figure 11 C)]. Similar results 

were obtained by the LCM employment. Although we were able to easy collect the labelled 

CSMNs, it was not possible to extract a sufficient amount of RNA for the next experiment. These 

results suggest that these strategies could not be considered a valid method to specifically collect 

Figure 10: CSMN labelling. A) GLMs and RLMs were injected into the dorsal tract of the spinal cord (green and red dots) 
where corticospinal tract is located (drawing modified from Jara JH et al., 2014). B-C) Labelled CSMNs were visible in layer 
V of sensory and motor cortex (SC and MC). Pictures refer to P-90 mice cortex. Scale bar: 100µm 
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CSMNs. Therefore, we decided to proceed with a more general approach isolating the entire 

sensorimotor cortex, where CSMNs are located, to perform the miRNA profile. 

 

  

Figure 11:  CSMN collection by FACS. A) Scheme of FACS sorting. B-C) FACS scatter plots showing debris in black and selected live 
cells in red. The number of GLM- and RLM-positive CSMNs is 0.4% and 0.2% at P-17 and P-97 respectively. FACS plots refer to 5 CTRL 
mice vs 5 injected mice. A) Image from http://www.abcam.com/protocols/fluorescence-activated-cell-sorting-of-live-cells 
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SCI characterization model 

 
To characterize the transection SCI model employed for this study, we analysed the inflammatory 

reaction and the presence of degenerating cells in motor and sensory cortex 12h and 3d post SCI 

both in young and adult groups.  

Since it is known that after SCI an intensive immune response is activated at the lesion site, we 

decided to evaluate the inflammatory reaction also at cortical level by measuring macrophage 

activation (IBA-1 positivity). As shown in Figure 12 in the P15 group the SCI sensory motor cortex 

presented an increased macrophage activation both at 12h (16.82%) and 3d (19.16%) after the 

lesion, compared to the sham group (6.69% at 12h and 6.79% at 3d). Moreover, in both cases, the 

morphology of macrophages appeared different in comparison to controls: indeed P-15 SCI mice 

were predominantly characterized by both ramified and amoeboid cells (magnification boxes A-B-

C-D). The same pattern of macrophage activation was also present in both adult groups, although 

the density of IBA-1-immunopositive profiles was unchanged compared to the sham animals. 

Unexpectedly, in adult mice, any sign of astrogliosis (GFAP reactivity) was observed. 

Altogether these results suggest that the spinal cord lesion can trigger an inflammatory response 

also at cortical level.  

To detect the presence of suffering cells, we employed the FJC staining. We did not detect suffering 

cells in both motor and sensory cortex (data not shown) of P-15 and P-90 SCI mice compared to the 

SHAM groups (Figure 13 A-B). As positive control, we employed the spinal cord of the same SCI 

mice, where several suffering cells were visible at the lesion site (Figure 13 A-B SC-SCI). These 

results indicate that the lesion model does not activate a cell death pathway at the cortical level. 
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Figure 12: A-B) IBA-1 increased expression in P-15 groups C-D) IBA-1 increased expression P-90 groups. Data are shown as % 
positive area of IBA-1 ± SEM. **** p < 0.0001; *** p < 0.001; ** p < 0.01. Scale bars: A,B,C,D 50 µ, A,B,C,D magnification 
boxes 10µm 
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miRNA sequencing profile  

 
To evaluate miRNA differential expression after SCI, a complete transection of the spinal cord was 

performed in P-15 and P-90 mice and the miRNA library and sequencing of the sensorimotor cortex 

carried out 12h and 3d after SCI. Figure 14 shows the list of miRNAs predicted to be differentially 

expressed between SHAM and SCI mice by the sequencing analysis (log2 fold change > 0.5). For 

each group at each time point, different miRNAs were found to be potentially upregulated (orange) 

or downregulated (green), with the exception of P-15-12h (A) and P-90-12h (F) in which only one 

miRNA was detected. In two groups (P-15-3d UP, and P-15-12h UP and DOWN) the same miRNA 

name apparently appears more than ones because it referred to slightly different (1-2 nucleotides at 

the end of the sequence) annotated sequences. In these cases, the sequence with the higher number 

of reads was took into consideration.  

Figure 13: FJ-C staining in MC and spinal cord of SCI mice (SC-SCI). A-B) Both P-15 and P-90 groups do not present any 
suffering cells into the motor cortex, whereas they are visible in the spinal cord of SCI mice at the lesion site (green 
labelling in SC-SCI). Scale bar: 10 µm 
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Figure 14: miRNA sequencing profile. A-D) miRNAs predicted by sequencing in P-15-12h and P-15-3d groups. E-H) miRNAs predicted 
by sequencing in P-90-12h and P-90-3d groups. The miRNA lists in the pie charts is referred only to those miRNAs with a log2 fold 
change > 0.5 (the amplitude of each pie chart clove) 



41 
 

miRNA functional analysis-1 

 
In order to understand possible functional connections among the miRNAs differentially expressed 

by the sequencing, first of all, we analysed miRNA intersection within each group or among them. 

As shown by Venn diagram (Figure 15 A), four different miRNAs were shared between two groups 

(miR-5126, miR-1298-5p, miR-6481 and miR-26a-1-3p), whereas miR-7b-3p was shared among 

three groups: indeed it was found in both adult and in P-15-12h groups. These results suggest that 

these small RNAs could exert functions related to the injury independently from the age of animals. 

 

 

Secondly, for each group we tried to identify functional networks specific for neural KEGG, GOBP 

or GOCC enriched annotation terms (Figure 16 A). miRNet tool generated three different networks 

for P-15-12h, P-15-3d and P-90-3d, but none of them with a significant p-value, indicating 

apparently independent function among miRNAs of the same group. 

Figure 15: A) miRNA Venn diagram. Four miRNAs are shared between two groups (miR-5126, miR-1298-5p, miR-6481 and mir-26a-
1-3p), while miR-7b-3p is the only one found in both adult and P-15-12h groups 
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miRNA functional analysis-2 

 
For understanding the role of miRNAs predicted to be differentially expressed by the 

sequencing, we screened the literature using both Pubmed and miRpub, a specific database 

collecting miRNA publications. In particular we focused the attention on those miRNAs that 

could be related to neurite/axon outgrowth during development and following a lesion, or 

specifically related to SCI. Six miRNAs (mir-7b-3p, miR-338-5p, miR-19b-3p, miR-127-5p, 

miR-381-3p and miR-214-3p), with a log2 fold change ≥ 0.5, have been selected (Table 1), 

since apparently connected with neurite/axon outgrowth; moreover only three miRNAs (miR-

7b-3p, miR-127-5p and miR-214-3p) were already known in SCI field. However, the functions 

listed in Table 1 often refer to different members of the same miRNA family, suggesting that 

Figure 16: A) miRNA networks generated by miRNet algorithm for KEGG, GOBP and GOCC, p-value not significant 
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miRNA roles reported could be different. Validated target genes reported in miRWalk database 

were found for all of these miRNAs with the exclusion of miR-7b-3p. Since miRNA 

sequencing is only a prediction, miRNAs in Table 1 were further analysed by RT-PCR to 

confirm their differential expression in SCI compared to SHAM condition.  

 

 

  

Table 1: miRNA functional analysis by miRpub, PubMed and miRWalk. In the second column, log2 fold change is reported for each 
miRNA. Abbreviations: OL=oligodendrocytes, PD=Parkinson’s disease, AD=Alzheimer’s disease, NP=neural precursors, 
ALS=amyotrophic lateral sclerosis. In orange miR-7b-3p and miR-338-5p predicted to be upregulated; in green miRNAs predicted to 
be downregulated 
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miRNA validation by RT-PCR 

 
The RT-PCR analysis revealed that all the miRNAs predicted to be downregulated by the 

sequencing (i.e. miR-19b-3p, miR-127-5p, miR-381-3p and miR-214-3p) and miR-338-5p 

predicted to be upregulated were no differentially expressed between SHAM and SCI group (Figure 

17 A). On the other hand, a significant upregulation of 2.28 ± 0.37, 2.57 ± 0.85, and 9.8 ± 3.01 

times was observed for miR-7b-3p in SCI P-15-12h, P-90-12h and P-90-3d respectively (Figure 17 

B) compared to controls, as predicted by the sequencing. Although it was not predicted by the 

sequencing, we decided to evaluate miR-7b-3p expression also in P-15-3d group: by RT-PCR 

analysis, we found that its expression level was 6.16 ± 2.02 times higher in SCI mice compared to 

SHAM group (Figure 17 B). This result suggests that miR-7b-3p could exert a specific role 

connected to SCI condition independently of animal age and time after lesion.  
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Figure 17: A) The downregulation of 5 miRNAs predicted by the sequencing was not confirmed by RT-PCR; B) miR-7b-3p 
upregulation in all SCI groups was confirmed by RT-PCR. The graphs express miRNA normalized relative expression values 
± SEM (*** p < 0.001; ** p < 0.01) 
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MiR-7b-3p physiological expression and its putative function 

 
We decided to focus the attention on miR-7b-3p in order to understand its function in SCI. 

Consistently with the literature, we decided to first evaluate if miR-7b-3p could be related to the 

axon growth during cortical neuron development, a function that could be reactivated after SCI. 

Therefore, we used an in vitro system to mimic three different time points, DIV-1-7-18, 

corresponding to the undifferentiated neuron stage, dendritogenesis beginning stage, and mature 

neuron stage respectively (Figure 18 A). As shown in Figure 18 B miR-7b-3p expression is quite 

constant during time with a slight increase at DIV-18, further suggesting its specific reactivation 

only after SCI. 

Since no validated targets are known for this miRNA, we performed a functional analysis based on 

putative targets predicted by 1) miRWalk algorithm or 2) miRWalk intersection among 12 different 

databases. We considered only genes predicted by at least 6 databases for DAVID 6.7 upload. In the 

first case, different KEGG and GOBP neuronal related functions (mainly connected to axon 

cytoskeleton, neural development and apoptosis) showed a significant p-value (Figure 18 C 

“KEGG-miRWalk” and “GOBP-miRWalk”). In the second case, only two KEGG neuronal 

functions (axon guidance and regulation of actin cytoskeleton) reached statistical significance 

(Figure 18 C-“KEGG-DAVID”) suggesting that miR-7b-3p could be related to these functions.  
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Figure 18: miR-7b-3p expression and functional analysis. A) developing in vitro cortical neurons, DIV-1 undifferentiated 
neuron stage, DIV-7 dendritogenesis stage, and DIV-18 mature neuron stage; B) miR-7b-3p expression at DIV-1-7-18 
presented as normalized relative expression value compared to DIV-1; C) enriched annotation terms with a significant p-
value analysed by miRWalk and DAVID 6.7 (values expressed as -log10 p-value) 
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miR-7b-3p role during cortical development 

 
To further analyse miR-7b-3p function, we studied the morphological phenotype of cortical neurons 

that overexpressed this miRNA. As shown in Figure 19 A cells transfected with miR-7b-3p mimic 

showed an upregulation of 3.05 compared to the negative control transfected cells. However, miR-

7b-3p overexpression did not change the axon length and the number of dendrites as shown by 

comparable results in Figure 19 A and B. These results suggest that miR-7b-3p is not involved in 

axon and dendrite growth during cortical development. 

 

  

Figure 19: miR-7b-3p overexpression: A, miR-7b-3p overexpression and measurement of axon length and number of 
dendrites. B, comparable axon length and number of dendrites in NC (negative control) and mimic-7b-3p electroporated 
cells. Scale bars: B, 20 µm 
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2.10 DISCUSSION 
 

We have investigated the miRNA profile in SCI condition in order to identify specific miRNAs 

involved in the axon regeneration process. In particular we focused on the sensorimotor cortex of 

young and adult mice, for evaluating the expression changes in the CSMNs, the main cells affected 

by SCI. Due to the low efficiency of single CSMN collection, we decided to perform a next 

generation sequencing of the entire sensorimotor cortex to evaluate miRNA dysregulation both at 

12h and 3d after SCI. The only miRNA (mir-7b-3p) significantly upregulated after SCI in all the 

evaluated conditions was further analysed for better understanding its role after injury and 

eventually for therapeutically targeting it.  

 

 

Labelling and collecting CSMNs by FACS 

 
In the last years, the big challenge of axon regeneration failure after SCI encouraged the 

investigation of miRNAs as powerful inner regulatory system. Indeed, miRNA dysregulation after 

SCI is one of the most interesting and still poor understood mechanism involved in axon 

regeneration. In SCI several microarray analysis already revealed specific and aberrant miRNA 

expression patterns (Ziu M et al.,2013 and Yunta M et al., 2012) (Liu et al., 2009). However, the 

majority of these works have focused their analysis on the spinal cord tissue where different types 

of cells and fibers are present, and have associated miRNA function to different molecular cascades 

and mechanisms activated by SCI (Nieto-Diaz M et al., 2014). Among them, the miRNA role in 

axonal regeneration is still far to be elucidated. The current strategies (employing shRNA, 

antibodies, antagonists and knockout system) are only partially functioning, likely due to unknown 

upstream and downstream pathways and to the complexity of a convergent system in which the 

regrowth is likely regulated by several miRNAs. Known miRNAs involved in axon regeneration are 

still a few number, with only predicted targets. Moreover, single-cell miRNA profile analyses are 

generally carried out by microarray for a specific set of miRNAs: however, in this way a global 

view of the entire miRNA profile is lost and a possible enrichment in miRNAs not yet annotated is 

not possible.  

Here we proposed a different approach, namely a miRNA profile generated from CSMNs located in 

the layer V of sensorimotor cortex. Indeed, CSMNs are the main cells affected by SCI whose axon 

transection is responsible of the sensorimotor deficits. The identification of specific CSMN-

miRNAs firstly transcribed and maturated in the cell body (cortical layer V) and then transported to 

the spinal cord could precociously reveal essential miRNAs able to selectively regulate the axon 



50 
 

regeneration process. Therefore, in order to analyse the miRNA profile of the CSMNs, we tried to 

specifically label and collect these cells from the sensorimotor cortex. Since there are no markers to 

selectively label CSMNs (Arlotta et al., 2005), we employed GLMs and RLMs, retrograde tracers 

particularly suitable for their intrinsic properties. Indeed they do not diffuse far from the injection 

site (at spinal cord level), assuring the selective labelling of the cell of interest, and they run quite 

fast reaching the CSMN cell body (Vercelli et al., 2000) in one week. As also shown by other 

authors, GLMs and RLMs were found in the layer V of sensorimotor cortex when injected in the 

dorsal tract of the spinal cord (where CSMN axons are located), confirming the efficacy of this 

labelling technique (Arlotta et al., 2005; Catapano et al., 2004). However, despite the labelling 

success, we were not able to collect a sufficient amount of CSMNs by FACS due to several 

technical problems. First of all, a very small number of CSMNs were GLM/RLM-positive: indeed, 

although only 10 cortices were employed, we estimated that the minimum number of animals 

necessary to guarantee a sufficient cell collection was too high (around 50) to proceed with this 

technique. Moreover CSMNs are fragile cells, and the dissection/dissociation protocols could have 

considerably affected the cell viability and so the final amount of cells. Finally, it should be 

considered that cortical cells reside in an tangled network of different neural cells, ECM and myelin 

both at P-17 and, even more, at P-97. Therefore, different strategies like myelin removal during the 

dissection step or specific neuronal dissociation kit to obtain more purified samples have been 

employed. However, probably due to the compactness of tissue structure, a huge amount of myelin 

debris was always present. Altogether these technical issues probably justified the extremely low 

percentage of positive sorted cell, i.e. 0.2% at P-97 and 0.4% at P17. 

 

 

Labelling and collecting CSMNs by LCM 

 
We also considered another technique to reach the same goal: the employment of the laser capture 

microdissection (LCM) as a valid alternative to the FACS cell sorting. The LCM method allows the 

isolation of specific cells by the help of a laser under the direct microscope visualization of the 

region of interest. This approach has been successfully employed both in single-cell RNA-seq and 

miRNA profile analysis (Roncon et al., 2015; Zhang et al., 2013b). The main difference is that very 

low RNA quantities such as 17-20 ng of RNA extracted from 1500-2000 motoneurons by LCM are 

sufficient to perform a single-cell RNA profile. However, since miRNAs are very short RNA 

sequences, a sample of at least 500 ng of total RNA is generally required for a miRNA profile 

sequencing experiment (Zhang et al., 2013b). Therefore, considering the small number of GLM-
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positive sections (3 each animal; also depending on the GLM/RLM injection efficiency), again an 

excessive number of animals should be employed to theoretically reach the RNA amount required.  

A promising strategy that could solve the problem related to the number of CSMN labelled cells is 

the employment of a EGFP-CSMN transgenic mouse line. UCHL1-eGFP mice express the 

Enhanced Green Fluorescent Protein under the control of the Uchl1 promoter specifically labeling 

CSMNs. However, the use of such transgenic mouse line would not overcome the intrinsic cell 

fragility and the low number of cells obtained by the dissection-dissociation protocol (Yasvoina et 

al., 2013). Therefore, it is evident that the optimization of the dissociation protocol from postnatal 

brain tissue is an essential requirement for a successful CSMN miRNA sequencing profile.  

 

 

SCI model  

 
Consistently with the negative results obtained by a single-cell approach, we evaluated an 

alternative solution, collecting the whole layer V of the sensorimotor cortex In order to evaluate the 

altered expression of miRNAs after SCI, we chose a transection model to completely disconnect the 

sensorimotor cortex and the spinal cord. This type of lesion is quite infrequent in humans where the 

majority of SCI cases are caused by a spinal cord compression: however, the transection model is 

recognized as the most suitable one to study the axon regeneration process (LJ, 2005) and so the 

best model to investigate miRNAs selectively involved in this mechanism.  

Moreover, it should be noticed that while in primates the motor control is mainly regulated by 

CSMNs, in rodents the extra-pyramidal tracts play a consistent role that is not comparable to the 

humans. Such a difference needs to be considered in the interpretation of the results here obtained. 

With regard to the SCI groups, we decided to investigate both adult and young mice at two different 

time points, 12h and 3d after SCI. At P-90 the nervous system is considered completely mature and 

less plastic compared to P-15 when neuronal networks are still arranging. Therefore, the 

comparison between these two different systems could also highlight differences in miRNAs age-

related. On the other hand, despite cortical tissue from younger mice could be easily dissociated, we 

also chose P-90 age, considering that SCI mainly occurs in adult people. Moreover, the time points 

considered are specifically connected to the acute phase of SCI when the lesion is not yet stabilized 

and a therapeutic intervention could be more efficacious.  
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Neural apoptosis and inflammation  

 
In order to better understand the miRNA expression profile following injury, we firstly 

characterized possible changes in the sensorimotor cortex of the SCI mouse model here employed 

in terms of apoptosis and inflammatory reaction. Indeed at the spinal cord level a consistent motor 

neuron degeneration and an increased neuroinflammation have been extensively described (Dumont 

et al., 2001). At the cortical level, we did not reveal any sign of suffering cells both in sensory and 

motor cortex of SCI mice. The survival of cortical motor neurons axotomized is quite controversial 

in literature: some authors report the presence of apoptotic neurons in the primary motor cortex 

(Hains et al., 2003; Lee, 2004), while others did not observe any change in the number of pyramidal 

neurons (Brock et al., 2010; Nielson et al., 2010; Wannier et al., 2005). The absence of apoptotic 

neurons at cortical level can be explained by the fact that longer is the distance between the cell 

body and the axon, more unlikely is the activation of the apoptotic process. Moreover, spared 

collaterals rostral to the injury site, trophic factors released by other cortical cells and new 

connections forming after SCI may support CSMN survival (Nielson et al., 2010).  

Despite the absence of degenerating CSMNs, it was possible to observe an increased microglia 

activation (IBA-1 positivity) in the sensorimotor cortex of SCI mice, in particular in the P15 groups. 

Notably, in all the groups analyzed, we also observed an evident alteration of the cell morphology: 

indeed both ramified and amoeboid macrophages were present in SCI cortex and absent in the 

control mice. At the spinal cord level microglia activation is described to have both a beneficial and 

a detrimental role, partly protecting motor neurons but also impeding the regeneration of their axons 

(Gensel and Zhang, 2015). Therefore, consistently with this idea and with a well-known cortical 

reorganization occurring after SCI (Freund et al., 2012; Oudega and Perez, 2012), the observed 

microglia activation at cortical level, could reflect a double role of these cells, maybe partly 

protecting CSMNs cells and partly impeding their regeneration.  

 

 

miRNA sequencing profile of the SCI sensorimotor cortex 

 
By isolating the whole sensorimotor cortices, we obtained a sufficient amount of RNA to perform 

the following analysis. In collaboration with the group of Prof. Dalmay (Univ. of East Anglia; 

Norwich, UK), we performed the library construction with a recently developed technique (Sorefan 

K et al., Silence, 2012 and Xu P et al., Methods Next Generation Seq, 2015). This new method 

employs high definition (HD) adapters with degenerate tags at their end that, binding to 5’ and 3’ 

miRNA extremities, allowing the formation of stable secondary structures for more sequences and a 
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reduction of RNA ligase-dependent sequence bias. In this way sequencing bias in biological 

samples can be reduced and the representation of low abundance miRNAs can increase, allowing 

the identification of previously unknown miRNAs. The library was sequenced by The Genome 

Analysis Centre (Norwich, UK) on a Hiseq 2500 machine. The data were then analysed by the 

Dalmay group in order to identify miRNA up- and downregulation in SHAM and SCI condition. 

The same group performed the bioinformatic analysis with the UEA Small RNA Workbench 

software, especially developed for miRNA data analysis from High-throughput sequencing devices.  

For all the groups considered, the sequencing has generated a list of miRNAs potentially 

dysregulated in SCI cortex. First of all, some miRNAs (such as miR-7b-3p) were reported more 

than once in the same group (Figure 14): this repetition is due to the fact that slightly different 

sequences have been attributed to the same miRNA name. Therefore, we chose the sequence with 

the more abundant number of reads as the most valid one, like in the case of miR-7b-3p.  

 

 

miRNA functional analysis and validation 

 
Since miRNAs are emerging as a complex network of interacting components known to potentially 

regulate all the molecular pathways (Ghibaudi et al., 2017; Pons-Espinal et al., 2017), we evaluated 

the presence of a functional miRNA network after the lesion with particular relevance to those 

genes related to neuronal functions. However, miRNet did not reveal any significant interaction, 

suggesting that there is no a direct link among miRNAs of the same group. Indeed, even if some 

neuronal genes were shared among miRNAs, the interaction was not statistically significant. 

However, it is known that a miRNA network can be considered as a convergence on targets and 

pathways, but also as a convergence on functions (Barca-Mayo and De Pietri Tonelli, 2014) 

(Ghibaudi et al., 2017). Therefore, we selected a list of miRNAs that, based on the literature and on 

validated targets, were potentially implicated in axon growth and regeneration. Indeed, these 

miRNAs could be related to an axon regeneration programme and so reactivated after injury. 

Consistently with this idea, among the miRNAs predicted to be up/downregulated, we validated 

mir-7b-3p, miR-338-5p, miR-19b-3p, miR-127-5p, miR-381-3p and miR-214-3p by RT-PCR. Only 

miR-7b-3p, the only one miRNA predicted to be up-regulated in 3 SCI groups (P-1512h and P-90 

12h-3d), was confirmed to be overexpressed in all SCI conditions with respect to the SHAM 

groups. 

Such a discrepancy between sequencing results and RT-PCR could be explained in different ways. 

First of all, a sequencing experiment is only a prediction that is generally considered reliable only 

when validated by RT-PCR/western blot. Moreover, it is known that cluster of genes/proteins 
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implicated in neuronal plasticity are downregulated one day after SCI followed by a coordinated 

recovery after one-two weeks (Di Giovanni et al., 2005). Therefore, a miRNA network could be 

activated in a subsequent period compared to the time points (12h and 3d) here analysed. However, 

already one week after SCI the glial scar is completely formed thus stabilizing the lesion and 

rendering any therapeutic interventions less efficacious: for this reason and for our therapeutic 

purposes, the identification of miRNAs in the first phase after injury represents the best time point 

in order to eventually target them and modulate their dysregulated action.   

It should be also considered that among all the miRNAs with a high/low log2 fold change value, we 

selected a pool of small RNAs that could be directly linked to an axon regeneration programme. In 

this way, we excluded some miRNAs whose sequencing values could have also reflected a real 

up/downregulation and whose role is beyond the purpose of this thesis. 

Although miRNA mechanism of action should be considered in a network system, here we propose 

to understand the role of one of its component, miR-7b-3p, whose function need to be integrated in 

a more complex view. 

 

 

miR-7b-3p 

 
The focus on miR-7b-3p derives on the consistent literature describing miR-7 function both in 

normal brain and neurological diseases. Indeed, miR-7b-3p belongs to the evolutionary conserved 

miR-7 family that counts multiple miR-7 genes. In particular in human, there are three different 

independently regulated miR-7 genes, suggesting its important function during the course of 

evolution. miR-7 role has been described during development and normal function of different 

organs (pancreas, heart, skin) with a particular enrichment profile in brain (Horsham et al., 2015). 

However, its implication in neuronal development and differentiation is still quite controversial. A 

miR-7 increased expression seems to occur spontaneously during mouse cortical neuron 

differentiation and postnatal cortical development in vitro (Chen et al., 2010). Moreover when miR-

7 is overexpressed in cortical neurons in vitro, it decreased neurite outgrowth (Chen et al., 2010), 

suggesting its possible functional involvement in axon growth during development. To confirm this 

hypothesis, miR-7 depletion in embryonic cortex resulted in reduced neurogenesis and 

microcephaly (Pollock et al., 2014), confirming its important role during development. On the other 

hand, some authors did not report any change in miR-7 expression during development and in one 

case a significant downregulation was observed in human neural stem cells (de Chevigny et al., 

2012; Stevanato and Sinden, 2014).  
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miR-7b-3p functions during development 

 
Consistently with these evaluations, the role of miR-7b-3p upregulation that we observed after SCI 

required further investigations, especially considering that no validated targets are known for this 

miRNA: we hypothesized that miR-7b-3p increased expression after SCI could represent an attempt 

in reactivating a ”quiescent” embryonic molecular program aimed at sustain axonal regeneration. 

Firstly, it should be noticed that, although different members of the same family are generally 

described to have similar functions, none of the miR-7 members described in literature present the 

same sequence of miR-7b-3p. Moreover, since the functional analysis on the predicted targets 

conducted both by miRWalk and DAVID 6.7 revealed an enrichment in genes associated with 

neural development, axon guidance and cytoskeletal regulation, we decided to firstly evaluate this 

hypothesis. Indeed, it is known that the injured adult CNS re-expresses genes and activates 

pathways that are observed during development (Emery et al., 2003).  

However, in our experiments, miR-7b-3p in vitro expression at DIV-1, -7 and -18 (the in vitro time 

points resembling the main neuronal developmental steps) did not increase during time, even if a 

slight tendency is visible. Indeed, it should be considered that the measure of miR-7b-3p expression 

has been performed with respect to DIV-1 and not to a control condition.   

Also miR-7b-3p overexpression in primary cortical neurons in vitro did not affect neither axon 

length nor the number of dendrites. These results indicate that miR-7b-3p is not involved in neural 

cortical development, thus suggesting that its overexpression in vivo after SCI could be directly 

related to the lesion. 

Indeed, we evaluated the miR-7b-3p expression in vitro on “healthy” neurons that were not 

subjected to any injury and so they were not forced to a rearrangement of gene expression as 

probably required to increase the level of miR-7b-3p after a trauma. Despite the dissection 

procedure consists in the detachment of cortical cells from their anatomical position, this does not 

imply damage to axons and dendrites: this is evident considering that primary hippocampal and 

cortical neuron cultures have been historically employed to in vitro study and reproduce the 

developmental processes of axon and dendrite formation in the brain cortex (Dotti et al., 1988; 

Sakakibara and Hatanaka, 2015). Moreover, the laser axotomy technique directly applied on 

primary cortical neurons has been recently employed to study the intrinsic regenerative ability of 

CNS axons (Koseki et al., 2017): this means that a laser axotomy procedure is fundamental to 

produce a specific damage to the axons of cortical neurons harvested by a primary dissection.  
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For these reasons, we intend now to verify our hypothesis (miR-7b-3p elevated level after a trauma) 

using an in vitro model of axotomy. This could definitely clarify the miR-7b-3p function in case of 

pathological conditions, since evidence from the literature is still lacking.  

 

 

miR-7b-3p functions after SCI 

 
Mir-7 functions are described only in Parkinson’s disease and Schizophrenia: in the first case, it 

seems to reduce the level of α-synuclein in transfected cortical neurons thus suggesting a potential 

neuroprotective effect for miR-7 (Doxakis, 2010); similarly, miR-7 overexpression in blood 

samples of schizophrenia patients has been associated with low level of SHANK3 protein and the 

consequent alteration of neuronal morphology and function (Zhang et al., 2015). 

With regard to miR-7 in SCI condition, also in this case its role is quite unexplored and still poorly 

understood. Indeed contrary to what we observed, a miRNA microarray on the spinal cord tissue of 

SCI contusive rats revealed a downregulation of miR-7a until 7 days after the lesion (Liu et al., 

2009), without giving an explanation for its function. However, another member of the same family, 

miR-7-1, has been described to potentiate the effect of the estrogen receptor agonists thus 

promoting a functional neuroprotection of motor neurons in vitro (Chakrabarti et al., 2014): the 

authors described a potentiation of the anti-apoptotic effect and an inhibition of pro-apoptotic genes, 

a functional class that we observed to be enriched in miR-7b-3p functional analysis. To further 

confirm this hypothesis, Pollock A and coll. demonstrated that miR-7 upregulation silenced the 

activity of apoptotic specific apoptotic genes, thus reverting the neurogenesis impairment and the 

macrocephalic phenotype connected to miR-7 depletion (Pollock et al., 2014).  

Therefore, consistently with the absence of neuronal death we observed at cortical level, it could be 

hypothesized that the increased level of miR-7b-3p after SCI is related to a neuroprotective effect 

linked to a downregulation of apoptotic genes. To investigate this hypothesis, we will test whether 

miR-7b-3p overexpression can protect primary cortical neurons from apoptosis. In this case the 

validation of the targets related to apoptosis will clarify miR-7b-3p mechanism of action in this 

process.  

 

In conclusion, we reported that miR-7b-3p is strongly upregulated in both young and adult SCI 

sensorimotor cortices at all the time points analysed compared to the SHAM groups. However, mir-

7b-3p normal expression during cortical development remained stable and its overexpression did 

not change the axon length and the number of dendrites, thus indicating that it does not play an 
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essential role during development. Moreover, this result suggests that miR-7b-3p upregulation is 

directly related to the SCI condition as also suggested by the functional analysis of its targets. 

Therefore, starting from the putative targets and on the neuroprotective role of other miR-7 

members, further analyses are required to elucidate miR-7b-3p functions after SCI both related to 

axon growth and apoptosis. 
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CHAPTER 3:  BIOMATERALS IN SCI 

 
Biomaterial scaffolds can be divided in two main classes each of them with its specific properties: 

natural and synthetic scaffolds.  

 

3.1 NATURAL SCAFFOLDS 
 

Natural scaffolds present high biocompatibility and functionality compared to the synthetic 

scaffolds that in turn exhibit a great mechanical strength and flexibility in manipulation. As listed in 

Table 2, eight natural compounds, mainly made of carbohydrates or proteins, are generally used as 

scaffolds for animal SCI models.  

 

- Alginate: it is a linear polysaccharide commercially available, extracted from brown algae or 

derived by bacterial biosynthesis. In particular it is an anionic polymer composed of (1→4) 

linked β-D-mannuronic acid and α-L- glucuronic acid residues that has been extensively 

used for different biomedical applications due to its favourable properties of 

biocompatibility, bio-resorption, low toxicity, relatively low cost and ease of gelation by the 

addition of divalent cations. Alginate can be used in the formulation of microcapsules and 

hydrogels to fill the damage spinal cord or as a vehicle for drugs, growth factors and cells. 

Indeed, alginate sponge or hydrogels have been employed to physically directing 

regenerating axons functioning as a bridge also in combination with growth factors or stem 

cells (Kim M, Park SR, 2014; Lee and Mooney, 2012) (Ansorena et al., 2013; Hosseini et 

al., 2016). However, some alginate disadvantages derive from its high degradation rate, 

cytotoxicity and immunogenicity.  

 

- Agarose: as alginate, it is a linear polysaccharide derived from red algae but also a thermal 

gelling hydrogel. The structure of agarose consists of alternating units of β-d-

galactopyranose and 3,6-anhydro-α-l-galactopyranose with different chemical composition. 

Changes in temperature allow agarose aqueous solution to reversely transit from solid to gel, 

the most prevalent conformation (Gasperini et al., 2014). Tubular agarose scaffolds have 

been employed to exploit both the possibility to release growth factor to the lesion site but 

also to guide the damaged axons towards a correct regenerative direction. This is the case of 

neurotrophin-3 (NT-3), BDNF and chondroitinase ABC delivery trough agarose scaffolds 
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into SCI rats supporting long-tract axon regeneration and functional recovery (Gao et al., 

2013; Gros et al., 2010; Lee et al., 2010). Agarose hydrogels can be filled with different type 

of cells to improve their viability and delivery rate, also modulating the inflammatory 

response in vivo (Caron et al., 2016). However, agarose itself does not provide adhesion 

substrate for cells, so that supplementary adhesion molecules should be added to the 

scaffold. Moreover, its poor biodegradability limits the spontaneous repair process in vivo 

requiring specific modification before the injection.  

 

- Collagen: this is one of the main component of the ECM in mammals that represents 25-

30% of the total protein in human. In the uninjured spinal cord collagen is associated with 

proteins like fibronectin and laminin to form the perineuronal net, while in chronic SCI it is 

secreted from cells near and inside the injury. Due to its physiological presence in mammal 

cells, it has specific binding sites for cell adhesion thus supporting proliferation, migration 

and differentiation but also high mechanical strength typical to that of our tissue. In addition, 

is easy accessible, inexpensive and biocompatible and ca be employed in tubular, hydrogel 

or sponge configuration. For these reasons is one of the most used natural biomaterials 

initially proposed for the delivery of NGF, NT-3 and BDNF after SCI (Houweling et al., 

1998a; Houweling et al., 1998b). Collagen can also support axonal growth and can be 

further functionalized to extend its regenerative ability. Several collagen configurations can 

be developed to support this capacity like for example artificial collagen filaments able to 

promote 3 mm axon extension in a complete transection rat model (Suzuki et al., 2015). 

 

- Hyaluronic acid: as a natural polysaccharide of repeated units in linear structure (glucuronic 

acid and N acetylglucosamine) belonging to the glycosaminoglycan of the ECM, it is found 

in all tissues. Known to enhance peripheral nerve regeneration in vivo, it is suitable for 

different medical applications due to the fact that it is biodegradable, biocompatible, non-

toxic and immunologically and chemically inherent. Among its features HA can strongly 

adhere to the host tissue and bridge the lesion but also prevent the inflammatory reaction: 

smaller lesion size, decrease inflammatory cells and scarring tissue and increased motor 

function have been observed in BDNF-HA hydrogel and in a HA hydrogel alone 

implantation in a spinal cord lesion rat (Kushchayev et al., 2016). However, cells do not 

show good adhesion on HA, so that surface modifications need to be applied to improve its 

efficacy. Another disadvantage of this compound consists of a high degradation rate and 
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weak mechanical property. For this reason, in some cases it is fused with other polymers to 

overcome its limits (Li et al., 2013a; Wen et al., 2016).  

 

- Fibrin: it is a fibrous protein responsible of clotting blood that after injury is bound by cells 

helping them to perform different biological activities. In SCI studies, it has been widely 

used thanks to its biomimetic property, rapid absorption and feasibility to form aggregate gel 

in vivo. A fibrin scaffold loaded with growth factors and NSCs has been demonstrated to 

support long distance axon growth, synapses formation with host cells and functional 

recovery in a severe rat SCI model (Lu et al., 2012).  

 

- Chitosan: it is a soluble product prepared by N-deacetylation of chitin, a family member of 

linear polysaccharides made of β (1→4) linked N-acetyl D-glucosamine and D-glucosamine 

units. Chitin can be extracted by three main sources: the exoskeleton of arthropods, 

shellfish, marine crustaceans and the cell wall of fungi. Chitosan is employed in several 

biomedical applications such as implantable orthopaedic and periodontal systems, wound-

healing agents and engineering scaffolds for tissue repair. Its wide diffusion is due to its 

high biodegradability and biocompatibility, low toxicity and cost, and to its specific 

interaction with various biomolecules (ECM components or growth factors) thanks to the 

abundance of amino groups. In vitro and in vivo studies have demonstrated that it has 

biomimetic effects by itself in the peripheral nervous system where it promotes neural 

growth, cell adhesion and differentiation (Gnavi et al., 2013). Moreover, by acting as a 

bridge, it can fill the cavity of sciatic nerve injury, improving axon growth and functional 

recovery (Patel et al., 2006; Rosales-Cortés et al., 2003). However residual proteins derived 

by chitosan production can lead to some allergy and hypersensitivity phenomena (Gnavi et 

al., 2013).  

Thanks to its promising properties, its employment has been extended also to SCI 

preclinical studies. Chitosan channels and hydrogels were shown to prolong NSC survival, 

create a tissue bridge after complete spinal cord transection (Nomura et al., 2008), promote 

spinal tissue regeneration and glial scar reduction (Chedly et al., 2017a). Indeed, chitosan is 

known to increase the survival, differentiation and host neuron maintenance of NSCs, MSCs 

and radial glial cells when implanted in a lesion spinal cord (Gnavi et al., 2013). 

Recently, new chitosan membranes that combine chitosan properties with ECM like 

structures of nanofibers, have been developed in a modified formulation to enhance 

biocompatibility, thus better supporting cell function (Tonda-Turo et al., 2017a). Therefore, 
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new chitosan formulations are continuously produced to find the correct balance among all 

its properties.  

 

 

 

3.2 SYNTHETIC SCAFFOLDS 
 

The main synthetic polymers used in SCI are essentially seven, listed in Table 3. They present two 

advantages compared to the natural scaffolds: i) they can be easily modified to obtain new 

mechanical and chemical properties; ii) they can be combined in different proportions to realize 

new biomaterials with unique features. However, as artificial materials the risk of immune reaction 

is higher than with natural scaffolds, so that their employment is limited.  

 

- Poly-lactic-co-glycolic acid (PLGA): it is one of the most commonly used biomaterials for 

diagnosis and medical applications thanks to its physicochemical properties. It is a 

biodegradable and biocompatible polymer that consists of two different monomers, the 

cyclic dimer of glycolic acid and lactic acid. Different PLGA can result from the 

polymerization process depending on the ratio of the two components: the higher glycolic 

Table 2: the main natural biomaterials used in SCI (modified by Kim m et al., 2014) 
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acid percentage, the lower degradation rate is required. The monomers released by its 

physiological degradation are non-toxic but can influence bending, swelling, deformation 

and permeability. Initially hydrogels and nerve conduits made of PLGA were used as 

delivery system in SCI, then also microsphere and nanoparticles were introduced to vehicle 

drugs (Goraltchouk et al., 2006; Yang et al., 2005). PLGA scaffolds have also been 

investigated as a method to deliver stem cells (NSCs and MSCs) with optimal results in 

terms of regeneration and functional behaviour. A combinatorial effect of PLGA scaffold 

and OECs to treat SCI has been shown by Wang C and co-workers, assuring greater 

locomotor recovery, axon myelination and neuron protection after SCI  compared to PLGA 

alone (Wang et al., 2017a). However, one negative aspect that should be consider before 

clinical application is that PLGA degradation decreases pH environment with potential risks 

for the host tissue.  

 

- Poly-β-hydroxibutirate (PHB): it is a bio-polyester of high molecular weight, present in 

short chains of monomer units in the plasma membranes of bacteria, in plant tissue and 

mitochondria, microsomes and membranes of animal cells. It is water insoluble and resistant 

to hydrolytic degradation and slowly converted in non-toxic metabolites, ultra-violet 

resistant and with a good oxygen permeability. These properties together with 

biocompatibility render PHB tubular conduit scaffolds useful to promote attachment, 

proliferation and survival of SCs supporting axonal regeneration (Novikova et al., 2008). 

However, its scarce mechanical properties do not make it the first choice for neural 

regeneration. For this reason, PHB modifications are employed to improve its properties for 

tissue engineering (Ribeiro-Samy et al., 2013).  

 

- Poly (2-hydroxyethyl methacrylate)-pHEMA: it consists of cross-linked hydrophilic 

polymers that swelling in water form an hydrogel solution. pHEMA is the main component 

of contact lens thanks to its biocompatibility and physical properties that makes it ideal for 

medical applications. It is non-biodegradable thus avoiding the release of intermediate toxic 

products and it has low interfacial tension with biological fluids. The hydrogel formulation, 

with or without modifications, brings pHEMA closer to spinal cord tissue mechanical 

properties thus explaining its employment in SCI studies. Chemical modifications render 

pHEMA flexible and easy to manipulate: pHEMA hydrogel tubular devices modified with 

methyl methacrylate have been employed to better resemble softness and flexibility of spinal 

cord tissue revealing less scar formation and brainstem motor nuclei axon regeneration in a 
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rat transected spinal cord (Tsai et al., 2004). However it should be considered that host 

reaction has been reported in a spinal cord injury model where the scaffold was rejected and 

did not integrate in the spinal cord after 28 days post injury (Li et al., 2013b).  

 

- Poly-ε-caprolactone (PCL): it is a biodegradable, bioresorbable and biocompatible aliphatic 

polyester commonly used for the fabrication of polyurethanes (PUs). It is prepared by a 

process of polymerization and can be mixed with starch to increase its biodegradability. 

Despite several PCL devices have been approved for medical applications, it received great 

attention for its potential employment as implantable biomaterial. Indeed, in physiological 

conditions PCL degradation by hydrolysis of its ester is an easy and slow process that 

renders this biomaterial suitable for long-lasting implantable devices. Therefore, PCL itself 

has been for example used to stabilize a rat lesion spinal cord with good results in terms of 

motor recovery (Silva et al., 2013). The potential of this polyester is that it can be designed 

in several architectures (cylinder, tubes, channels, open-path conduits and nanofibers). The 

biocompatibility of PCL nanofibers have been successfully tested to create an artificial 

scaffold that could mimic the ECM and support the nervous system regeneration (Raspa et 

al., 2016). Moreover, PCL membrane have been used to vehicle drugs that reduce SCI 

reactive astrogliosis and improve functional recovery; PCL scaffolds embedded with NSCs, 

human endometrial stem cells and neurotrophic factors (such as NT-3 and crocin) revealed 

their ability to restore the continuity of damaged axons and improved locomotor recovery 

after SCI (Hwang et al., 2011; Terraf et al., 2017; Wang et al., 2015b).  

 

- Poly-lactic acid (PLA): like PLC, it is a bioactive and biodegradable aliphatic polyester that 

derives from corn starch, cassava roots or sugarcane. Although extensively used, PLA is 

structurally unstable and fragmenting but hydrogels, nanofibers, conduits, sponges or 

channels have been shown to support axon extension after SCI. However, PLA alone had 

only modest effects so that it was combined with trophic factors, cells or other materials, 

showing contrasting results (Hurtado et al., 2011; Oudega et al., 2001; Patist et al., 2004). 

Therefore, the scientific community agree that further investigations are needed before a 

successful and safe employment of PLA in SCI.  

 

- Polyethylene glycol (PEG): it is a water-soluble, biodegradable and flexible polyether 

compound with different applications in medicine (laxative, medication, drug excipient). It 

is generally considered biologically inert and safe even if it potentially contains toxic 
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impurities. It is available in different geometries (membranes, fibers, hydrogels, channels) 

and it has been widely investigated in SCI where is known to have multiple beneficial 

properties: it counteracts nerve fiber degeneration, decreases oxidative stress, reduces cell 

death, and reduces inflammatory response (Kong et al., 2017; Luo and Shi, 2004). It should 

be considered that PEG alone does not completely mimic spinal cord structure with a 

relatively inefficient biocompatibility. Moreover, some adverse effects derived from its 

implantation and low drug loading capacity have been reported so that PEG conjugation 

with other materials is preferred in case of drug delivery (Bakshi et al., 2006; Grous et al., 

2013). 

PEG is also used as an adjuvant to produce other biomaterial scaffolds. This is the case of an 

high biocompatible hydrogel produced by the PEG cross-linking between thiol-

functionalized hyaluronic acid and thiol-functionalized gelatin to optimize cell adhesive and 

mechanical property in order to support transplanted OPC growth and re-myelination of 

injured spinal cord (Li et al., 2013a). PUs are a class of organic polymers that can be also 

produced starting from PEG combined with different materials and are now emerging as 

new biomaterials in SCI thanks to their versatile and easily manipulating structure. In SCI 

the PU poly(ethylene glycol)-poly(serinol hexamethylene urethane) has been employed to 

transplant bone marrow stromal cells increasing cell survival and locomotor recovery of SCI 

rats (Ritfeld et al., 2014). 3D-PU nanofiber structures are also emerging as in vitro cell 

culture system to support neuronal growth/network (neurons are able to extend their process 

as a function of nanofiber diameter) and as efficient support in vivo to guide axon 

regeneration after SCI (Puschmann et al., 2014).  

 

  



65 
 

 

Therefore it is evident that all the biomaterials described, despite their intrinsic beneficial 

properties, are rarely used alone in SCI conditions. The reason for this choice resides in the fact that 

even the most suitable scaffold has some limits that may be overcome by conjugation/association 

with different molecules/materials. On the other hand, stem cell repair is one of the most studied 

strategy in SCI thanks to their great potential. However, therapeutic applicability of stem cells is 

often ineffective due to the unfavourable microenvironment of SCI. For these reasons, we decided 

to combined the two most relevant approaches available today, in order to reinforce their individual 

potentiality to reach a valid therapeutic strategy. 

  

Table 3: the main synthetic scaffolds used in SCI (modified by Kim M et al., 2014) 
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3.3 STEM CELLS 
 

Two different stem cells have been used in this study, in combination with biomaterials: neural 

precursors and mesenchymal stem cells.  

 

3.3.1 NEURAL STEM CELLS AND NEURAL PRECURSORS 

 
NSCs are multipotent stem cells already committed to neural lineage that can be collected from 

different embryonic and adult CNS areas. Niches of NSCs reside in sub-ventricular zone (Uchida et 

al., 2000), dentate gyrus of hippocampus (Palmer et al., 1997), central canal of the spinal cord 

(Mayer-Proschel et al., 1997) and in the optic nerve (Shi et al., 1998). NSCs can be rapidly 

expanded in vitro as neurospheres, cell agglomerates of neural progenitors, stem cells and 

differentiated cells (Ahmed, 2009). As committed cells to the neuronal fate, NSCs are suitable for 

neuroregenerative therapy: indeed, it has been demonstrated they can differentiate in interneurons 

(Scheffler et al., 2005), pyramidal and cortical neurons (Corti et al., 2005; Englund et al., 2002), 

astrocytes (Eriksson et al., 2003), oligodendrocytes and endothelial cells (Wurmser et al., 2004; 

Yandava et al., 1999).  

NSC mechanisms of action are different. When grafted into a rat SCI model, NSCs collected from 

embryonic and adult tissue promote functional recovery through neuroprotective and 

neuroregenerative effects due to GDNF and NGF secretion (Hofstetter et al., 2005; Parr et al., 

2008). NSCs from adult mouse brain transplanted into a rat lesioned spinal cord promote 

oligodendrocyte differentiation and the re-myelination of the damaged axons (Karimi-Abdolrezaee 

et al., 2006). Moreover it has been demonstrated that these cells can integrate into the lesion site, 

differentiate in neural like phenotype and create a permissive environment for regeneration through 

immunomodulatory and excitotoxic protection action (Abematsu et al., 2010; Ziv et al., 2006). 

Neural precursors (NPs) have been also employed in SCI as more committed to neural lineage than 

NSCs. NPC ability to integrate and restore synaptic connectivity after SCI has been demonstrated 

for the first time in a graft of neuronal and glial restricted precursors in a model of cervical SCI. Six 

weeks after the transplantation sensory axons regeneration and functional excitatory synaptic 

connections across the injury have been observed (Bonner et al., 2011). NPs transplanted in a 

lesioned spinal cord migrate into the injury site and partially differentiate into neurons (rarely in 

astrocytes and oligodendrocytes), leading to a significant functional recovery (M Boido,et al., 2014; 

Marina Boido et al., 2009; Marina Boido, Garbossa, & Vercelli, 2011). Therefore, NPs integrate 

into the lesion, surrounding the injury and laying along the damaged axons in the ventral and dorsal 
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part of the spinal cord. Compared to other types of neural stem cells, NPs can easier differentiate as 

they are committed towards a more mature phenotype, they are less responsive to inhibitory signals 

and less predisposed to neoplastic formation than ESCs (Coutts and Keirstead, 2008).  

Despite the wide range of preclinical and clinical studies, none of them have reached all three 

phases of clinical trials. The main reasons reside in the inconsistency of therapeutic efficacy (that is 

based on rodent models) and in the possibility to obtain donor cells in a reliable and safe way. 

Further analyses are needed to better understand their mechanism and optimize their employment.  

 

 

3.3.2 MESENCHYMAL STEM CELLS 

 
MSCs have been described for the first time with the name of “colony forming unit fibroblasts” as 

they are a resident bone marrow cell population with a fusiform and fibroblast morphology 

(Friedenstein et al., 1976). They are adult multipotent stem cells able to differentiate in different 

lineage of mesodermal origin such as bone, adipose and cartilaginous tissue (Pittenger et al., 1999). 

MSCs can be found in different compartments like bone marrow (the most common source), blood, 

umbilical cord, amniotic liquid, placenta, adipose tissue, synovial membranes, liver, lungs and 

spleen (in ’t Anker et al., 2003). Currently it is difficult to identify these cells, since they express a 

variety of markers, none of which mutually exclusive for MSCs (da Silva Meirelles et al., 2006). 

MSCs represent a valid alternative to ESCs, since their use does not imply ethical concerns. 

Moreover, bone marrow collection is an easy and standardized procedure, and their high 

proliferative potential allows the ex vivo expansion to obtain an adequate cell number for 

transplantation; additionally, MSCs can migrate into the lesion site and do not present 

immunogenicity problems (Coutts and Keirstead, 2008; Mothe and Tator, 2012). 

MSC graft has been demonstrated a valid approach for different neurodegenerative diseases like 

ischemia, Huntington’s disease, ALS, multiple sclerosis and Parkinson’s disease (Chen et al., 2003; 

Lescaudron et al., 2003; Li et al., 2001; Mandalfino et al., 2000; Mazzini et al., 2008; Vercelli et al., 

2008).However, despite the functional recovery achieved, MSC mechanism of action is still not 

completely understood. Several hypotheses can explain how these cells exert a beneficial role after 

SCI.  

The main MSC mechanism of action concerns their ability in releasing growth (as BDNF, VEGF or 

HGF) and anti-inflammatory factors, cytokines and microvesicles (mainly containing microRNA, 

mRNA, lipids and proteins). They exert a neurogenic, angiogenic, neuroprotective, synaptogenic 

and healing inhibition role (Awad et al., 2015; Hu et al., 2013). Indeed MSCs can exert a 
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neuroprotective role thanks to their ability in creating a permissive environment to promote fiber 

regrowth.  

MSCs can also deliver immunomodulatory molecules that arrest T lymphocyte cell cycle, and 

inhibit pro-inflammatory agents like IL-1 and TNF-α thus reducing macrophage activation (Han et 

al., 2015; Ortiz et al., 2007; Ribeiro et al., 2015; Urdzíková et al., 2014). In particular MSCs seem 

to be able to reprogram pro-inflammatory M1 to anti-inflammatory M2 macrophages, thus 

regulating the immune response after SCI. Motor recovery and a partial regeneration have been 

attributed to this MSC function (Himes et al., 2006; Nakajima et al., 2012). 

A permissive microenvironment is also assured by angiogenic factors released by MSCs, 

determining increased vascularity and oedema reduction (Hofstetter et al., 2002), production of 

fibronectin, adhesion molecules and neural growth factors, and glial cyst inhibition (King et al., 

2006). Such effects can explain the reduced lesion volume, astrogliosis, microglia activation with 

sprouting promotion and improved functional outcome that we observed in a mouse model of SCI 

compression after MSC transplantation (Boido et al., 2014a; Boido et al., 2014b).   

MSCs can also form cellular bridges across the lesion site, infiltrate it to preserve the tissue and 

support lesioned fiber regrowth (Ankeny et al., 2004; Bakshi et al., 2006; Wu et al., 2003), as 

demonstrated in a rat model of thoracic contusion (Ohta et al., 2004). 

Finally, a transdifferentiation mechanism has been also hypothesized: indeed some authors 

described in vitro a neural-like morphology for MSCs expressing long processes and neural markers 

like nestin, NeuN and GFAP (Sanchez-Ramos et al., 2000). The most probable hypothesis is a 

process of cell fusion rather than transdifferentiation. (Crain et al., 2005; Terada et al., 2002).  

Due to the above described characteristics, MSCs have been also tested in some clinical trials. MSC 

transplantation in complete SCI patients is safe, feasible and well-tolerated (Hur et al., 2016; 

Mendonça et al., 2014). In particular sensitive and motor improvements were achieved in more than 

50% of 12 patients with chronic SCI that received MSC graft (Vaquero et al., 2016). However, 

discrepancies are present in literature about the current clinical application of these cells. Indeed, 

labelled MSC injected into a chronic cervical SCI patient were not any more visible after 2 weeks 

and 1 month with magnetic resonance, reflecting the absence of neurological improvements 

(Chotivichit et al., 2015).  

In conclusion, neural precursor cells and mesenchymal stem cells are generally considered the most 

promising types of stem cells: the first as they are already committed to the neural lineage, the 

second as favourable in terms of ethic concern, safety and beneficial effect.  
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3.4 AIM OF THE PROJECT 
 

In this project, we combined the benefits of two different methods: 1) biomaterials for their intrinsic 

properties, and 2) stem cells for their neuroprotective and neuroregenerative functions.  

Here we analysed innovative biomaterials, provided by the team of Politecnico of Torino, to 

investigate their therapeutic potentiality in case of SCI. We tested both in vitro and in vivo the 

biocompatibility of the scaffolds embedded with different type of cells (NSCs, MSCs and SH-

SY5Y): we evaluated cell survival, differentiation, rejection, and neuroprotective action.  

In particular we employed three new biomaterial formulations (Tonda-Turo et al., 2017b; Zuber et 

al., 2015): 1) a thermosensitive solution of inj-bioPUs characterized by solid-gel transition, spinal 

cord like elasticity and a chemical functionalization that makes it resemble the ECM components; 

2) a new PU formulation to synthesize low immunological nanofibers with high surface area to 

volume ratio suitable for cell attachment; 3) a new chitosan hydrogel suitable for cell injection and 

localization characterized by high permeability and physiological pH to create a proper environment 

for cell survival and mechanical properties similar to those of the spinal cord. 

 

 

3.5 MATERIALS AND METHODS 
 

In vitro experiments 

 

Experimental animals 

 
C57BL/6J male mice for experimental procedures were purchased from Envigo (Udine, Italia), 

while BCF1 mice that express enhanced green fluorescent protein (EGFP) under the β-actin 

promoter were obtained by Dr. M. Okabe (Osaka University, Suita, Japan). Animals were 

maintained under standard conditions with free access on food and water. All experimental 

procedures on live animals were performed according to the European Activities Communities 

Council Directive of 86/609/EEC (November 24, 1986) Italian Ministry of Health and University of 

Turin institutional guidelines on animal welfare authorization No. 17/2010-B, June 30, 2010 (law 

116/92 on Care and Protection of living animals undergoing experimental or other scientific 

procedures). The number of animals and suffering caused were kept to a minimum.  
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Biomaterial production  

 

All biomaterials were realized in DIMEAS laboratory of Politecnico of Torino, thanks to the 

collaboration with Dr. Tonda-Turo C. and Prof. Ciardelli G. 

 

Injectable-bioPUs – Inj-bioPUs were prepared following the instructions of Boffito et al., 2016 

(Boffito et al., 2016). It was employed a two-step procedure based on the condensation reaction 

among an amphiphilic polyethylene glycol (PEG)-based macrodiol, an aliphatic diisocyanate 

(hexamethylene diisocyanate - HDI) and an aliphatic diamine/diol chain extender having a 

protected ammine group (N-Boc serinol- PCT/IT2013/000196). Two different PEG-based 

macrodiols were tested, one with and one without free amine groups. Indeed to enhance inj-bioPU 

bioactivity the first one was prepared adding ECM derived peptides. The free amine groups 

(IKVAV/YIGSR) along PU macromolecular chains were obtained by reaction of de-protection of 

chain-extender functional groups and, then, ECM derived peptides were coupled to the PU-amino 

groups through carbodiimide/hydroxysuccinimide (EDC/NHS)-mediated chemistry.  

 

The hydrogels obtained presented the following features: sol (solution) to gel transition at 

physiological temperature (reversible process), ~ 100 KPa elastic modulus comparable with spinal 

cord and a degradation rate within 30-40 days.  

 

Chitosan (CS) - Medical Grade CS (Mw 200 – 400 kDa, deacetylation degree ≥ 92.6 %) was 

purchased by Kraeber GmbH & Co (Ellerbek, Germany). CS was mixed with 0.5 M acetic acid at 

RT by continuous stirring obtaining a 2.5% solution (weight/volume). The disodium salt hydrate β-

glycerophosphate was then added in a ratio 70/30 (weight/weight) in order to produce a 

thermosensitive hydrogel (in solution at 10°C and gel at > 25°C) at physiological pH with low 

viscosity in the solid form.  

 

Nanofiber membranes – they were synthetized following the procedure described by Tonda-Turo 

C et al., 2016 (Tonda-Turo et al., 2016). The synthesis consisted of a two-step procedure using poly 

(ε-caprolactone) diol (PCL) as macrodiol, anhydrous 1,2-dichloroethane (DCE) as solvent, 1,4-

diisocyanatobutane as diisocyanate and N-Boc serinol as chain extender. Aligned and random 

nanofibers of 2.8 ± 0.6 µm were obtained by the electrospinning technique using a static 21 G 

needle and a rotating drum with an angular speed of 2,000 rpm. Then a functionalization step was 
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performed: to enhance cellular adhesion IKVAV (Ile-Lys-Val-Ala-Val) peptide was covalently 

cross-linked to the membrane surface.  

 

 

Cell culture 

 

MSCs - Murine MSCs were collected and expanded in vitro before in vivo transplantation. Two 

months old C57BL/6J or EGFP-positive mice were anesthetized with 3% isoflurane vaporized in 

O2/N2O 50:50 and sacrificed by cervical dislocation. Tibias and femurs were extracted, muscles and 

connective tissues removed and then cells were aspirated from bone marrow through a 22-gauge 

needle. Cells were centrifuge 5 minutes at 1000 rpm in Minimum Essential Eagle Alpha 

Modification medium (Sigma-Aldrich), supplemented with 100 U/ml penicillin (Invitrogen-Gibco), 

100 µg /ml streptomycin (Invitrogen-Gibco) and 2 mM of glutamine (Invitrogen-Gibco). 

Polystyrene dishes of 19.5 cm2 (BD Biosciences, Milan, Italy) coated with fetal bovine serum (FBS, 

Sigma-Aldrich) were used to plate 700,000 cells/cm2. MSCs were grown in Minimum Essential 

Eagle Alpha Modification medium (Sigma-Aldrich) containing 10% of FBS in a 37°C incubator 

with 95% of humidity and 5% of CO2. After four days, the medium was replaced to remove floating 

cells and then replenished every 2-3 days. Ten days after plating, adherent cells were detached by 

trypsinization (tripsin, Invitrogen) and CD11b positive granulocytic cells removed by bead sorting: 

briefly, microbeads conjugated to monoclonal rat anti-mouse/human CD11b antibody (Miltenyi 

Biotec GmbH, Gladbach, Germany) were incubated with cells and loaded onto a MACS column 

(Miltenyi Biotec GmbH). CD11b-negative cells were retrieved and re-plated in their medium as 

described above.  

 

NPs - C57BL/6J or EGFP-positive E12 embryos were removed and placed in a petri dish filled 

with cold saline solution. Under a dissecting microscope, caudal neural tubes (10 lower somites) 

were dissected removing the surrounding connective tissue and cells dissociated with a Pasteur 

pipette. Cells were centrifuged at 1,000 rpm, resuspended and counted on a Burker chamber after 

incubation in 0.4% trypan blue in PBS 1X.  

 

SH-SY5Y - SH-SY5Y neuroblastoma cell line was kindly gifted by Prof. Spillantini in Cambridge. 

The cells were cultured in Roswell Park Memorial institute (RPMI) 1640 medium (Gibco, 

Invitrogen) with 2 mM of glutamine (Invitrogen-Gibco) [supplemented with 10% FBS, 100 U/ml 

penicillin (Invitrogen-Gibco) and 100 µg /ml streptomycin (Invitrogen-Gibco)].  
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Analysis of cell viability in biomaterials 

 

Inj-bioPUs and CS 

For testing the cell viability in presence of biomaterials, MSCs, NPs and SH-SY5Ycells were plated 

inside or near the hydrogels at a final concentration of 20,000 cells in 100 µl of inj-bioPU hydrogel 

and in CS hydrogel, and incubated at 37°C with 95% of humidity and 5% of CO2. Control cells 

were cultured in the same conditions and plated at the same concentrations.  

 

 

Nanofiber membranes 

SH-SY5Y and MSCs were plated at a final concentration of 20,000/well on the nanofiber 

membrane positioned on 24 multiwell plates. They were incubated at 37°C with 95% of humidity 

and 5% of CO2.  

 

 

In vitro preliminary examination 

 

In vitro experiments were conducted after 1-2-5-7 days in vitro. Prior to immunofluorescence and 

immunocytochemistry, cells were washed with PBS 1X, fixed in PFA 4% for 20 minutes at RT and 

washed twice. The cells were examined using an inverted microscope (Nikon Eclipse TE 2000-U). 

As an alternative, we embedded the whole hydrogel drop (gel + cells) in the cryostat medium 

(killik, Bio-Optica, Milan, Italy) and we cut the samples into 50 µm-thick sections to better 

visualize cells into the gel.  

 

 

Immunofluorescence and immunocytochemistry 

 
For immunofluorescence after 10 minutes in PBS-triton 0.25% and 30 minutes in blocking solution 

(0.25% PBS-triton and 10% normal donkey serum (NDS; Sigma-Aldrich)-pH 7.4), NPs were 

incubated with 1:200 monoclonal mouse anti-nestin (Chemicon). Then the cells were washed in 

PBS 1X and incubated with the secondary antibody for 1h at RT (Jackson Immuno Research 

Laboratories; donkey anti-mouse1:200 cyanine 3-coniugated).  

For immunocytochemistry, MSCs and SH-SY5Y placed on nanofibers were washed in PBS 1X, 

and processed for Nissl staining: the samples were placed in 0.1% Cresyl violet acetate for 10 

minutes, dehydrated in an ascending series of ethanol, rapidly cleared in xylene and cover-slipped 
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with Eukitt (Bioptica, Milan, Italy). Cells were counted at DIV1-2-5 and two-way ANOVA was 

performed (significance at p ≤ 0.05) on GraphPad Prism software. 

Pictures were taken on a Nikon Eclipse BOi light and epifluorescence microscope equipped with a 

Nikon DS-Fi1 digital camera (nanofiber pictures). Photomicrographs were corrected for brightness 

and contrast with Photoshop CS2 software. 

 

The cell viability was verified by trypan blue staining (MSCs, NPs and SH-SY5Y in inj-bioPUs), 

morphological observation (MSCs, NPs and SH-SY5Y near and inside CS) and cell counting (SH-

SY5Y and MSCs on nanofiber membrane). Pictures were taken on a Nikon Eclipse E800 light and 

epifluorescence microscope equipped with a Nikon Coolpix 995 digital camera (nanofiber pictures).  

 

 

Survival assays and cell counting 

 
MSC survival inside CS hydrogel was tested both by counting alive cells and by two cytotoxicity 

assays: calcein-acetoxymethylester (AM) assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay.  

 

 

Calcein assay -  This is an assay to determine cell viability in live cells. MSCs were plated on 24 

multiwell plate at a final concentration of 20,000 per well. The experiment was conducted in 

triplicate for two different conditions: MSCs grown inside CS or MSCs grown alone as positive 

control. After 1, 5 and 7 days, the medium was removed and cells washed once with PBS 1X at pH 

7.4. Afterwards 100 µl of calcein solution 2.5 µM was added and the plate incubated 30 minutes at 

37°C. The cells were then fixed in PFA 4% for 20 minutes and cell fluorescence was checked on a 

Nikon Eclipse BOi epifluorescence microscope equipped with a Nikon DS-Fi1 digital camera 

(nanofiber pictures). For this experiment, non-EGFP positive cells were employed.  

 

MTT assay - MSCs were culture in their medium in a 96 multiwell plate at a final concentration of 

6,000 cell per well. When they reached the confluence, the culture medium was removed and 

substituted with: 1) MSC medium; 2) MSC medium + CS (48h contact-0.1g CS/ml); 3) MSC 

medium + 30% DMSO.  MSC medium was used as positive control (CTRL+), whereas MSC 

medium + 30% DMSO was employed to induce cell death as negative control (CTRL-). After an 

incubation of 24h hours, the supernatant was collected and the MTT assay performed as follow. A 

volume of 100 µl of MTT solution (Sigma-Aldrich, 5mg/ml in PBS) was added and the plate 

incubated for 3h. Then, the MTT solution was discarded and 100 µl of DMSO were added and 
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mixed to dissolve the formazan crystals. Absorbance was measured at 570 nm wavelength on a 

Multiskan EX (Life Technology). Six samples for each of the three conditions were analyzed. Cell 

viability was calculated as a percentage value compared to CTRL+. Graphpad Prism software was 

employed for a T-test. Values p ≤ 0.05 were considered statistically significant.  

 

 

Microvesicles (MVs) collection and analysis 

 
In order to verify whether the presence of CS could alter the therapeutic efficacy of MSCs, we 

evaluated their MV secretion. MSCs were cultured as described above and MVcollection performed 

as described by Rad F et al., 2016 (Rad et al., 2016).  Samples of three conditions (MSCs cultured 

in normal medium, MSCs cultured into CS, and CS alone) underwent three consequent 

centrifugations with supernatant collection and transfection on new tubes: 1) 400 g for 10 minutes; 

2) 2,000 g for 20 minutes; and 3) 10,000g for 70 minutes at 4°C. The pellet was washed with PBS 

1X and then centrifuged again at the same high speed to remove proteins. The pellet containing 

MVs was stored at -80°C prior to dynamic light scattering.  

 

The MV release was evaluated by dynamic light scattering (DLS; Zetasizer Nano S90, Malvern 

Instruments, Worcestershire, UK). MV size was calculated as the mean value of three 

measurements. The result graphically shown the size distribution of MVs as intensity plots.  

 

 

2’, 7’-Dichlorodihydrofluorescin diacetate (DCFH-DA) assay 

 
The antioxidant ability of MSCs was tested by DCFH-DA assay. Briefly, MSCs were cultured for 

three days in a 24 multiwell plate at the concentration 20,000/well, inside CS or alone; in additional 

wells we also put CS alone. SHSY-5Y cells were plated in a 24 multiwell plate at the concentration 

7,000/well. After 3 days, half of SHSY-5Y medium was replaced with fresh medium and half of 

supernatant collected from: 1) MSC alone; 2) CS alone; 3) MSCs + CS. SH-SY5Y cultured in their 

specific medium were used as CTRL+.  To induce an oxidative stress, after 24h 400 µM of H2O2 

was added into some wells and incubated at 37°C for 1h (the other wells were used as controls). 

The DCFH-DA assay was used to detect oxidative reactive species: the supernatant was removed 

and substituted with 100 µM of DCFH-DA solution for 1h at 37°C. Then, once removed the 

solution, repeated freeze-thaw cycles were performed to lyse the cells, before reading the plate on a 

Multiskan EX (Thermo Scientific) at a 485 nm. The experiment was performed once in triplicate. 

The results were analyzed by one-way ANOVA and expressed as relative fluorescent units (RFU).  
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In vivo experiments 

 

Surgery and cell-biomaterial implantation 

 
In order to verify the implantation feasibility of CS and nanofibers, some animals underwent 

surgery (n=3 for CS, n=2 for nanofibers). Three months-old C57BL/6J mice were deeply 

anaesthetized with 3% isoflurane vaporized in O2/N2O 50:50. The thoracic spine was exposed, the 

spinal muscles displaced laterally and a complete spinal cord transection was performed using a 27-

gauge1/2 needle at T13 level. Immediately after the injury, the animals received directly into the 

lesion cavity either 1) a solution of 10 µl of EGFP+ MSCs or NPs and CS (150,000 cells-culture 

medium 3 µl + CS hydrogel 7 µl; outer tip micropipette diameter 100 µm); or 2) a square-sized 

aligned nanofiber membrane of 140-170 µm. 

 

 

Histological examination 

 
One week after the lesion and cell-biomaterial injection, mice were deeply anaesthetized with 3% 

isoflurane vaporized in O2/N2O 50:50 and transcardially perfused with 0.1 M PB, pH 7.4, followed 

by 4% PFA in the same PB. The spinal cord (T10-L2 segment) was dissected and post-fixed for 2h 

at 4°C in the same perfusion fixative. Samples were transferred overnight into 30% in 0.1M PB at 

4°C, embedded in cryostat medium (killik, Bio-Optica, Milan, Italy) and cut on the cryostat 

(Microm HM 550) in longitudinal 50 µm sections. For immunofluorescence, spinal cord sections 

were immunoreacted as follows. After 30 minutes in PBS-triton 2% and 1h in blocking solution 

[0.2% Triton X-100 and 10% normal donkey serum (NDS; Sigma-Aldrich) in PBS pH 7.4], the 

sections were incubated with the following primary antibodies in the same solution at 4°C 

overnight: 1:500 polyclonal rabbit anti-GFAP (Dako Cytomation) and 1:200 monoclonal mouse 

anti-MAP2 (Chemicon, Milan, Italy). Then the sections were washed in PBS 1X and incubated with 

the secondary antibody for 2h at RT (Jackson Immuno Research Laboratories; donkey anti-

rabbit/mouse 1:200 cyanine 3-coniugated). 

 

For immunohistochemistry, spinal cord sections were mounted on 2% gelatin coated slides and 

processed for Nissl staining as described above.  

Pictures were taken on a Nikon Eclipse E800 light and epifluorescence microscope equipped with a 

Nikon Coolpix 995 digital camera (nanofiber pictures) and on Olympus Fluoview 300 confocal 
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laser scanning microscope (MSCs + CS pictures). Photomicrographs were corrected for brightness 

and contrast with Photoshop CS2 software. 

 

 

3.6 RESULTS 

 

The biocompatibility of three new biomaterial scaffolds embedded with MSCs, NPs and SH-SY5Y 

cells was analysed in vitro and in vivo in terms of cells survival, differentiation, rejection, and 

neuroprotective action. 

 

In vitro results 
 

Cell survival on inj-bioPU hydrogels 

 
Two different inj-bioPUs were prepared with (PEG)-based macrodiol as main component with or 

without the cross-linking of free amine groups (ECM peptides) to enhance the hydrogel bioactivity. 

To test PU biocompatibility, MSCs, NPs and SH-SY5Y were grown either inside or near the 

hydrogels. One, two, five and seven days after plating, none of the cell types was found alive inside 

the hydrogels: indeed only dead cells and debris were visible (Figure 20 A). When plated close to 

the hydrogels, some surviving cells were observed during the first hours (Figure 20 B) with a rapid 

decrease over time in cell viability. Only data on MSC survival near and inside inj-bioPU hydrogel 

with ECM peptides are shown in Figure 20. The same results were obtained for each time point 

with both the hydrogels tested for all cell types considered, suggesting possible inj-bioPUs toxicity. 

Considering the unsuccessful results obtained, we decided to test another hydrogel with the same 

cell types.  

 

Figure 20: MSCs and inj-bioPUs in vitro. A) the image shows dead cells and 
cellular debris inside inj-bioPU hydrogel with ECM peptides; B) live MSCs are 
visible close to the hydrogel 3 hours after the culture. Scale bar: 150 µm 
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Cell survival and morphology on CS  

 
The biocompatibility of an innovative formulation of CS hydrogel was tested: in collaboration with 

the Politecnico of Torino, by adding β-glicerolophosphate we obtained a thermosensitive hydrogel 

at physiological pH that could be used to embed stem cells.  

 

SH-SY5Y cells, MSCs and NPs were grown both inside and near the CS hydrogel. SH-SY5Y cell 

line was firstly tested as more resistant compared to MSCs and NPs. Surviving SH-SY5Y cells 

were found both inside and near the hydrogel at 1, 2, 5 and 7 DIV as demonstrated by 

immunocytochemistry (DAPI- and Nestin-positivity; Figure 21 A-B-F-G). Moreover several 

SHSY-5Y cells underwent mitoses near the hydrogel (white arrow in Figure 21 A), indicating that 

the optimal culture condition in the presence of CS allowed cell proliferation. It is possible that 

mitoses were also present inside the hydrogel, but due to its turbidity we were not able to clearly 

visualize them.  

 

 

For MSC culture, EGFP-positive cells were used in order to easily identify them without 

immunofluorescence reactions. MSCs were able to grow both inside and near the hydrogel until 7 

days as demonstrated by EGFP and DAPI positivity (Figure 21 C-D-H-I). MSCs showed their 

typical fibroblast-like morphology (Figure 21 D and I) suggesting CS as biocompatible material for 

MSC growth. Moreover the number of MSCs plated inside CS hydrogel was slightly higher 

compared to the control as shown in Figure 22.  

Finally also some EGFP-positive NPs were visible both inside and close to the hydrogel (Figure 21 

E-J), although their number appeared significantly lower than SH-SY5Y cells and MSCs: this could 

Figure 21: cells grown on CS in vitro. SH-SY5Y DAPI nuclei (A and F) with mitotic cells (white arrows in A) and cell 
cytoskeleton labelled by nestin (B and G) are visible both near and inside CS hydrogel. MSC DAPI nuclei (C-H) and 
fibroblast-like morphology (D-I) show live cells near and inside CS (DAPI nuclei in I magnification). NPs can be 
distinguished near CS, exhibiting the typical neuronal phenotype with elongated processes (magnification box on the right 
top E), and inside chitosan (J). Scale bars: A,B,F,G 100 µm; C,D 100 µm; H,I 30 µm; E, 100 µm, J, 200 µm and magnification 
box in E, 10µm 
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be due to an excessive stress for NPs related to the whole procedure (isolation, dissociation and 

hydrogel embedding). As expected, NPs were able to emit some short processes that could be 

distinguished when cells were cultured near CS (magnification box on E).  

In all cases, when the cells were plated inside the gel, their identification and morphological 

recognition was much more difficult because of the hydrogel turbidity. For this reason, the pictures 

were taken in the thinnest hydrogel part (F-G-I-J) or after hydrogel cutting in sections by cryostat 

(Figure 21 H). All images in Figure 21 refer to cells at DIV 7.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Cell counting of MSCs cultured inside CS. The number of MSCs 
grown in presence of CS is comparable to the one grown in in normal 
condition (NO CS) 
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Calcein-AM assay to assess MSC survival with CS 

 
Based on the preliminary encouraging results, we further evaluated MSC survival in presence of CS 

by calcein-AM assay.  In detail, MSCs cells were plated into the CS hydrogel and compared to 

MSCs grown in normal medium (positive control). The nonfluorescent calcein-AM probe 

penetrates cell membranes and is then cleaved by intracellular esterase releasing the hydrophilic 

fluorescent dye. Only live cells, in which the enzymatic reaction takes place, are fluorescent. As 

shown in Figure 23, compared to normal conditions (A), MSCs showed a similar survival in 

presence of CS (B-C).  

  

Figure 23: Calcein-AM assay. Live fluorescent MSCs were detected both in normal 
medium, without CS (A) and in the presence of CS hydrogel (B-C). Scale bar: A, 50 
µm; B,C 50 µm and magnification boxes B, C 50 µm 
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MTT assay to asses MSC survival with CS 

 
To further confirm the previous data concerning chitosan biocompatibility, the MTT assay was 

performed comparing three different MSC culture conditions: cells grown in 1) MSC medium 

(CTRL+); 2) MSC medium + CS; 3) MSC medium + 30% DMSO (CTRL-). Only in live cells 

specific enzymes reduced the MTT dye to formazan crystals that make the solution of purple 

colour. As indicated in Figure 24 A, both CTRL+ and MSC medium + CS conditions allowed the 

release of MTT dye at a comparable percentage (100% CTRL+ and 101.77% MSC medium + CS in 

Figure 24 B), while no signal of live cells was measured for CTRL- (Figure 24 A). Both calcein-

AM and MTT assays demonstrated that CS is a valid biomaterial for MSC growth in vitro.  

 

  

Figure 24: MTT assay. A) MTT assay in positive control condition (CTRL+, 
purple wells), in MSC medium + CS (purple wells) and in negative control 
condition (CTRL- white wells). B) The same percentage of live cells was 
calculated for CTRL+ and MSC medium + CS 
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DLS to evaluate MV release by MSCs grown within CS 

 
To address MSC activity on CS, the DLS technique was employed to estimate MV release and their 

respective size. In DLS, when laser light hits particles, it scatters in all directions as long as the 

particles are small compared to the wavelength (Figure 25 A). The experiment was conducted 

comparing the content of the supernatant of MSCs grown either within CS or in standard conditions 

(CTRL+). CS supernatant (in absence of MSCs) was used as negative control (CTRL-). The 

presence of MVs with a size distribution ranging between 100 and 1000 nm was measured both for 

CTRL+ (Figure 25 B, red line) and MSCs + CS (Figure 25 B, green line): the observed MV 

dimensions are compatible with those reported in literature (Rad et al., 2016). Instead CTRL- 

(Figure 25 B, blue line) showed lower peaks around 10 and 100 nm, indicating the presence of 

debris. This result suggested that CS did not affect MSC ability to release MVs as indicated by the 

DLS curves almost overlapping (red and green lines in Figure 25 B).  

 

 

DCFHA-DA assay to asses MV functionality with CS 

 
In order to confirm that CS does not reduce the paracrine effect of MSCs, we cultured SH-SY5Y 

cells under oxidative stress (induced by H2O2) in presence of supernatant collected from: 1) MSC 

alone; 2) CS alone; 3) MSCs + CS. As positive control (CTRL+), SH-SY5Y cells were also 

cultured in their specific medium and similarly stressed with H2O2. Then the DCFHA assay was 

carried out comparing the different conditions. This assay measures the level of oxidative stress 

expressed as relative fluorescent unit (RFU). The results showed that both MSCs, CS and MSCs + 

Figure 25: DLS measure. A) scheme of the DLS method measurement from http://www.quantachrome.co.uk/en/particle-
size/dynamic-light-scattering.asp#dlsimage. B) the supernatant of MSCs grown alone of with CS revealed MVs presence 
(red and green lane at 100-1000 nm) compared to CTRL- (blue line) that indicate debris content at ~10 and 100 nm 
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CS were able to exert an anti-oxidative effect (Figure 26) as shown by a RFU reduction of 58.36% 

(MSCs), 37.81% (CS) and 65.77% (MSCs + CS) with respect to CTRL+ (cells in stressed 

condition). These data i) confirm that CS does not affect the paracrine ability of MSCs; and ii) 

demonstrate that CS alone is able to reduce the cellular oxidative stress.   

 

 

In vivo preliminary results 
 

CS, NP and MSC injection in vivo 
 
In order to test in vivo stem cell survival in presence of CS and to verify its implantation feasibility, 

150,000 EGFP-positive NPs and MSCs were embedded in CS hydrogel and injected immediately 

after murine SCI transection. After 1 week, consistent with in vitro data, no surviving NPs were 

identified into the spinal parenchyma, while numerous MSCs were visible. As shown in Figure 27, 

MSCs were found both inside the lesion (as visible in B and, at higher magnification, in J) and 

surrounding it (F). Although we did not perform an accurate cell count, our suggestion is that the 

number of survived MSCs was higher than in our previous works (Boido et al., 2014a; Boido et al., 

Figure 26: DCFHA-DA assay. The oxidative stress (expressed as RFU) 
induced in SH-SY5Y cells by H2O2 is reduced by adding MSC, CS and 
MSC + CS supernatant in comparison to CTRL+ growth condition. 
Graph: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 
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2014b; Boido et al., 2014c): indeed CS has probably supported MSC survival. Moreover, the 

astrogliosis (C-G) observed around the lesion is comparable to our previous works. 

 

Cell survival and morphology on nanofibers 

 
Nanofiber sheets (average thickness 2.8 ± 0.6 µm) were specifically realized to mimic ECM. They 

were produced as both aligned and randomly oriented, functionalized or not with IKVAV peptide in 

order to test their capacity to allow MSC growth and adhesion. 

By Nissl staining, we detected growing MSCs both on functionalized and non-functionalized 

nanofibers (Figure 28 A-D) at DIV 1, 2 and 5. A better cell elongation was visible for cells plated 

on aligned nanofibers as shown by nuclei and cell body shape (Figure 28 E-F-G). In order to 

evaluate cell survival, DAPI-positive MSC nuclei were counted (Figure 28 H). First of all, there 

was an expected increase in cell proliferating rate from DIV-1 to DIV-5 in all the conditions. 

Among the analysed nanofibers, the aligned ones better supported the MSC survival (value 

Figure 27: MSC and CS transplantation. In blue DAPI nuclei (A-E-I), in green EGFP-positive MSCs (B-F-J), in red astrocytes forming 
the glial scar at the lesion site (C-G-K) and the three previous images overlapped (D-H-L). In (A-D) the lesion area at low 
magnification shows astrocyte distributed around the glial cyst (dashed line in C). At higher magnification MSCs are visible around 
(F) and inside the lesion (J). Scale bar: (A-D) 70 um, (E-L) 40 um 
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comparable to CTRL). Notably, the number of cells grown on functionalized nanofibers was 

probably underestimated, because of the extreme Nissl intensity due to the intrinsic nanofiber 

properties (B and D). These results suggest that at least the aligned nanofibers are suitable 

substrates for cell survival and adhesion/elongation.  

 

 

Nanofiber membrane in vivo 

 
To evaluate the feasibility of nanofiber membrane implantation in vivo, we grafted a square-sized 

aligned nanofiber sample (Figure 29 A) into the mouse spinal cord immediately after its complete 

transection. After 1 week, it was possible to identify in the spinal cord the nanofiber sheet thanks to 

its squared shape, easily recognizable by Nissl staining (Figure 29 B dashed line). No sign of 

rejection, infection or astrogliosis (Figure 29 C, GFAP immunofluorescence) was observed in 

proximity of the nanofibers, suggesting a positive integration of the biomaterial into the spinal cord 

Figure 28: Nanofibers in vitro. MSCs were plated on aligned (A,E-G), aligned-functionalized (B), random (C) and random 
functionalized (D) nanofibers. On the aligned nanofibers cell elongation is more evident as shown with Nissl staining (A), DAPI 
(E-G) or in brightfield image (F). Graph shows cell count on single images (H). Scale bars: A-D 100µm, E 70 µm, F 40 µm, G 40 
µm 
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tissue. Moreover, some host cells with an elongated profile were found lined up following the 

nanofiber orientation (as previously observed in vitro), as shown in Figure 29 D-E.  

 

  

Figure 29: Nanofibers in vivo. (A) Nanofiber sample, (B) Nissl staining allows an easy identification of the square-sized nanofiber 
membrane into the spinal cord parenchyma (dashed line). (C-E) immunofluorescence reaction for GFAP (C), MAP2 (D) and DAPI 
(E): elongated host nuclei over the sample are visible (white arrows). Scale bar: 100 um 
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3.7 DISCUSSION 
 
Combining our expertise on stem cell transplantation in SCI condition and the competences in the 

biomaterial field of the Ciardelli’s group (Politecnico of Torino), we investigated the therapeutic 

potential of three different innovative biomaterial formulations, namely inj-bioPU and chitosan 

hydrogels as tools to vehicle stem cells, and PU nanofibers to create a bridge into the injured 

spinal cord for supporting axon regeneration after trauma. Therefore, we evaluated in vitro the 

biocompatibility of the scaffolds embedded with three types of cells (MSCs, NPs and SH-SY5Y 

cells), followed by an in vivo preliminary evaluation.  

 

 

MSC and NP graft after SCI 

 

MSC and NP beneficial effects in SCI condition have been extensively studied by several authors 

(Assinck et al., 2017; Coutts and Keirstead, 2008). Also, in our laboratory, we have demonstrated 

that MSCs transplanted into the injured murine spinal cord are able to penetrate into the lesion area 

reducing the lesion volume and improving the functional recovery through a neurotrophic role 

rather than a cellular substitution (Boido et al., 2014b). On the other hand, NPs can integrate into 

the host lesioned tissue and differentiate into neurons, as demonstrated by cell positivity for 

neuronal markers (Boido et al., 2011); moreover they can also secrete neurotrophic factors and 

immunomodulatory molecules, and consequently reduce the glial cyst and promote SCI functional 

recovery (Boido et al., 2009; Boido et al., 2011). Moreover, we also demonstrated that the 

combined graft of MSCs and NPs exerts a synergistic effect both in terms of lesion volume 

reduction and locomotor functional recovery (Boido et al., 2014a). However, despite the obtained 

results, the number of survived NPs and MSCs was generally low: indeed, depending on the 

experimental conditions, the percentage of surviving cells after graft ranged between 1% to 30%. 

This means that the majority of transplanted cells do not survive after graft, probably due to the 

adverse conditions present in the spinal cord injury site. 

In this context, a therapeutic strategy based on the scaffold use can represent a powerful approach to 

ameliorate the injured microenvironment and maximize cell survival (Agbay et al., 2016; Kubinová 

and Syková, 2012). For these reasons, we decided to combine the therapeutic potential of stem cells 

with the beneficial effects of different biomaterials.  
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Innovative inj-bioPU hydrogel production  

 
Different polyurethane (PU) hydrogel formulations are now emerging as promising biomaterials to 

deliver stem cells for the SCI treatment. They can be made of polyethylene glycol (PEG), that in 

vitro has been demonstrated to support bone marrow stromal cell survival and adhesion, and to 

inhibit free radical production (Comolli et al., 2009; Luo et al., 2002). Since different technical 

problems related to their production still remain unsolved, an implementation of PU synthesis is 

required to improve their properties as stem cells delivery system and its possible clinical 

translationality. 

Here we proposed a new biomimetic PU (fabricated in DIMEAS laboratory of Politecnico of 

Torino, thanks to the collaboration with Dr. Tonda-Turo C and Prof. Ciardelli G.), produced by a 

mixture of an amphiphilic PEG-based macrodiol, an aliphatic diisocyanate and an aliphatic 

diamine/diol chain extender (Boffito et al., 2016). With respect to conventional biodegradable 

polymers (Straley et al., 2010), the inj-bioPU here tested present some additional key features: i) the 

possibility to control its degradation rate (30-40 days), ii) tailored mechanical properties to better 

resemble the elastic module of the spinal cord tissue, and iii) the ability to covalently incorporate 

peptides in the macromolecular chains mimicking the ECM composition in order to enhance its 

bioactivity and in particular cell adhesion ability. Moreover, we took advantage of an injectable 

solution that is soluble in aqueous media, (such as physiological solution and culture medium) and 

that undergoes a sol-gel transition forming a 3D hydrogel at 37° C thanks to its thermosensitive 

behaviour. This physical transition is a fundamental property because it allows the operator i) to 

encapsulate cells in polymer aqueous solution and then ii) to inject it with a minimal invasiveness, 

prior to its in situ jellification. Moreover, thanks to the hydrogel long-term stability in water media 

at 37° C, it could potentially prolong cell survival until their integration into the host parenchyma. 

 

 

Inj-bioPU hydrogel in vitro testing 

 
Therefore, we exploited all the described biomaterial features to test in vitro MSC, NP and SH-

SY5Y cell survival into the new inj-bioPU formulation proposed. However, when grown inside the 

inj-bioPU hydrogels, all type of cells died at DIV-1-2-5 and 7, while when plated near the hydrogel 

they were able to survive only for few hours. 

Indeed PU biocompatibility has been reported both in vitro and in vivo with contrasting results 

(Hsieh et al., 2015; Ritfeld et al., 2014). Ritfeld and coll. (2014) reported that the PU-based reverse 

thermal gel protected bone marrow stromal cells from hydrogen peroxide-mediated death with an 
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increased cell survival and a decreased apoptosis: however, due to the different formulation, such 

results are not completely comparable to what we observed. Instead, the cellular debris that we 

observed inside the hydrogel partially resemble those found by Cole A and Shi R who tested the 

focal application of a PEG solution directly on isolated spinal cords (Cole and Shi, 2005): in this 

case the PEG solution induced an irreversible compound action potential reduction in both 

uninjured and compressed spinal cords indicating its toxicity after a 25 minutes exposure. The 

authors hypothesized that PEG toxicity could depend on PEG concentration and size, time of 

exposure and local oxygen and glucose deprivation caused by the solution, even if they were more 

inclined to possible anatomical compression caused by PEG application. 

As concerns our inj-bioPUs, we can exclude an occurring oxygen and glucose deprivation, since, 

when tested on HaCaT keratinocyte cells, C2C12 muscle cells and human fibroblast cell line the 

cytocompatibility was > 80% for all the cells (Boffito et al., 2016).  Therefore the high cytotoxicity 

observed can be ascribed to different concomitant aspects, related to cell type in combination with 

intrinsic hydrogel properties. The inj-bioPU production mainly consists of an acidification step, but 

if the acidic residuals are not correctly removed, they may be toxic for the cells. We cannot exclude 

that primary cultures/neurons could be more sensitive compared to other cell types [(as cell lines 

previously tested;(Boffito et al., 2016)]. These possibilities could explain both the cellular debris 

inside the hydrogel but also the rapid decrease in cell viability observed near the hydrogel, where 

the absence of a direct contact with the inj-bioPUs probably delayed cell death. Therefore, this 

result suggests that further improvement of inj-bioPU production steps are required to generate a 

material compatible with every cell type. 

 

 

Innovative formulation of chitosan (CS) hydrogel 

 
While waiting for the optimization of inj-bioPU synthesis, we decided to test another innovative 

biomaterial formulation based on CS, again realized by Dr. Tonda-Turo C. and Prof. Ciardelli G. 

(Politecnico of Torino).  

CS is already known as a promising biomaterial for tissue engineering both in SCI and in peripheral 

nerve injury (Gnavi et al., 2013). Indeed, it has been revealed particularly suitable for tissue 

engineering thanks to its biocompatibility, non-toxicity and biodegradability, with a molecular 

structure similar to the one of glycosaminoglycans, the main polysaccharides components of the 

ECM. This feature makes this biomaterial one of the best substitute to fill the gap created by the 

spinal cord lesion as it can be tailored to well resemble the natural property of the host neural tissue. 

Several studies have employed CS to test different scaffold formulations like nanofibers, tubes, 
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channels or conduits in order to guide and promote axon regeneration after SCI (Kim M, Park SR, 

2014).  

Here we proposed a new CS formulation that combines CS intrinsic property with the main 

advantage to create a hydrogel solution at physiological pH. Compared to rigid/semi-rigid scaffolds, 

hydrogels present a high-water content and a viscoelasticity closed to the one of living tissue that 

can be adjusted to better resemble spinal cord mechanical property. However, the physical and 

mechanical stability of CS based materials in aqueous solutions is limited and crosslinking agents 

are required to increase CS performances in a biological environment (Ruini et al., 2015). 

Therefore, we realized a new formulation that allows to solubilize CS for obtaining a hydrogel at 

physiological pH. Since solubilization only occurs at acidic pH, we exploited the property of the β-

glycerophosphate to maintain the biomaterial in the hydrogel formulation at physiological pH, a 

necessary condition to create an adequate environment for cell survival. β-glycerophosphate has 

also the ability to avoid CS precipitation and so the possible release of biomaterial residuals. 

Moreover, this salt makes the CS hydrogel thermosensitive: at 10° C, it is a solution in which easily 

encapsulating cells, while at temperature > 25° C it becomes a gel thus ensuring the jellification at 

physiological pH with low viscosity. Compared to other CS scaffolds, the formulation here used 

also simplifies CS in vivo injection, thus rendering this innovative formulation an optimal tool for 

SCI treatment in vivo.  

 

 

MSC, NP and SH-SY5Y cell survival and differentiation on CS hydrogel 

 
We showed that both MSCs, NPs and SH-SH5Y cells were able to survive both inside and near the 

CS hydrogel until 7 days in vitro. The ability of β-glicerolophosphate to create a sol-gel scaffold 

maintaining the physiological pH renders our formulation particularly suitable for cell growth. β-

glicerolophosphate has been already used to improve embedded cell survival in different application 

fields : however, with respect to the other CS formulations that employed β-glicerolophosphate 

(Cruz-Neves et al., 2017; Dang et al., 2017; Deng et al., 2017), we are able to guarantee the 

production of a physiological solution perfectly suitable for cell survival compared to the acid 

hydrogel generally employed. Indeed, even if some cells can survive at low pH in experimental 

conditions, such kind of solution could be never employed in clinics, thus rendering our formulation 

also perfectly suitable for future therapeutic applications. 

One technical limit we encountered was the CS turbidity that sometimes made difficult cell 

visualization. Such a problem is typical of the hydrogel formulation, but we easily solved it by 

cutting the biomaterial in thin sections to obtain well-defined cell images. In this way a cell 
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counting was possible, revealing that a comparable number of cells was present both in presence of 

CS and in normal condition. We were also able to find MSCs grown on our CS hydrogel showing a 

fibroblast like morphology resembling that observed in standard in vitro culture (Boido et al., 

2014b), confirming that CS does not alter the cell growth.  

However, it should be noticed that in our in vitro experiments, SH-SY5H cells and MSCs seemed to 

be more numerous than NPs: such a difference can be explained by a more resistant phenotype of 

MSCs and SH-SY5Y cells. As neuroblastoma cell line, SH-SY5Y cells are often used for in vitro 

experiments as more resistant compared to primary culture cells. On the other hand, compared to 

MSCs (that are maintained in vitro for at least 2 weeks before hydrogel encapsulation), NPs 

probably experienced a higher stress when put in contact with CS immediately after cell 

dissociation. This can explain their lower number compared to MSCs and SH-SY5Y cells in vitro, 

and the similar results later obtained in vivo. In any case, even at lower extent, we were able to 

visualize NPs both inside and near the CS hydrogel as reported in literature for different CS 

scaffolds [CS membranes, fibers or multifunctional films; (Fang et al., 2010; Skop et al., 2016; 

Yang et al., 2010a)]. Moreover, NPs also emitted some neuritis, confirming the good CS 

biocompatibility. Similar results were obtained when rat NSC neurospheres cultured in presence of 

CS membrane were found to migrate and elongate their neurites, thus suggesting that CS does not 

prevent NSC initial differentiation (Yang et al., 2010a), as we also observed.  

Therefore, since MSCs revealed a cell survival rate higher than NPs in presence of CS, we decided 

to better investigate CS biocompatibility and properties only with MSCs. Both MTT and calcein 

assays (common colorimetric assays to verify cell viability) did not reveal any difference between 

CTRL+ cells (grown without CS) and MSCs grown within CS, thus further consolidating our 

preliminary observations. Therefore, the CS hydrogel here proposed seems to be an optimal culture 

condition component that does not alter the normal cell processes. 

Based on these observations, we carried out other in vitro experiments to verify whether the CS 

presence could alter the therapeutic efficacy of MSCs. 

 

 

Assessment of MSC therapeutic efficacy on CS hydrogel  

 
Consistently with the observed higher survival rate of MSCs, we decided to evaluate their activity 

on CS hydrogel. MSCs, maintaining their stem cell properties, can exert a beneficial role through 

their neurotrophic activity. Indeed one mechanism of action of MSCs consists in the secretion of 

bioactive substances such as MVs/exosomes that contain a great variety of biologically active 

molecules like lipids, proteins, growth factors and miRNAs (Forostyak et al., 2013). MV beneficial 
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role have been already demonstrated in lethal model of acute kidney injury or ischemic-reperfusion 

kidney injury, where their release from MSCs exerts a pro-survival effect both in vitro and in vivo 

(Bruno et al., 2012; Gatti et al., 2011). Also in SCI studies, the MSC ability at the lesion site to 

modulate the immune system, prevent apoptosis, promote angiogenesis and proliferation has been 

attributed to exosome release (Joyce et al., 2010). In agreement with this idea, we evaluated 

whether the CS presence could alter MV release from MSCs. The DLS analysis revealed the 

presence of MVs both in the supernatant of normally grown MSCs and in that one collected from 

MSCs plated into CS hydrogel. This result seems to indicate that CS hydrogel does not affect MSC 

neurotrophic activity, suggesting CS as a potential vehicle to deliver MSCs, a continuously 

producing source of trophic factors. 

Different types of scaffolds (cryogels, fibers, biomimetic pullulan-collagen hydrogels) have been 

already demonstrated to sustain the release of growth factors, cytokines, anti-inflammatory and 

proangiogenic factors, in some cases with different efficiency depending on the biomaterial 

concentration (Pumberger et al., 2016; Thomas et al., 2014). However, we are the first to 

demonstrate that the CS hydrogel here proposed supports MSC ability to release MVs. 

Moreover, one of the MSC-mediated effects in case of SCI consists in the reduction of cell 

oxidative stress (Forostyak et al., 2013), partly as a consequence of MV release: therefore we 

evaluated MV functional activity inside the CS hydrogel. The oxidative stress (induced by H2O2) of 

SH-SY5Y cells grown in a culture medium containing “MSCs + CS” or “MSCs” supernatant was 

significantly reduced in both conditions compared to CTRL+ (SH-SY5Y in stress condition), 

suggesting that CS does not alter the possible paracrine therapeutic efficacy of MSCs. 

Moreover, even if at lower extent, interestingly in our experiment also the supernatant of CS 

hydrogel alone was able to reduce the cellular stress, suggesting that CS hydrogel could additionally 

exert a beneficial effect thanks to its intrinsic properties. Indeed it has been shown that CS can 

protect adipose-derived MSCs (previously treated with H2O2) increasing cell viability both in vitro 

and in vivo by reducing ROS species (Liu et al., 2012b). Therefore, CS intrinsic properties should 

be considered as additional positive effects in combination with the potential of stem cells. 

Altogether these results suggest that the CS hydrogel here tested do not negatively influence the 

activity and functionality of the MVs produced by MSCs, suggesting their possible therapeutic 

efficacy. 
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MSC and NP transplantation on CS hydrogel in vivo 

 
Considering the encouraging results obtained in vitro, we decided to inject MSCs embedded in CS 

in SCI mouse to preliminarily evaluate their survival in vivo and to test the technical feasibility of 

CS injection. Indeed, it is known that cell encapsulation into biomaterial scaffolds yields additional 

effects compared to the biomaterials/cells alone (Chen et al., 2011). We observed numerous 

survived cells both inside and around CS: apparently MSCs were even more abundant than in our 

previous papers (Boido et al., 2014a; Boido et al., 2014b; Boido et al., 2014c) suggesting that the 

CS hydrogel here proposed could (even most efficiently) support cell survival in a hostile 

environment represented by the injury site. 

As natural biomaterial, CS has been already demonstrated to be highly biocompatible: after SCI and 

peripheral nerve injury, different CS scaffold implantation were able to assure MSC survival even 

for long periods in comparison to other biomaterials or to cell transplantation alone (Chen et al., 

2011; Kim et al., 2016; Zhu et al., 2015). Indeed, the surviving cells we observed can be ascribed to 

CS intrinsic beneficial properties. It has been demonstrated that the in vivo increased cell survival of 

MSCs in the presence of CS is due to its ability to increase the autophagic response and cell 

metabolic activity (Tseng et al., 2016). Another option is that CS could improve MSC cell survival 

through ROS scavenging and chemochine recruitment compatible to our in vitro observation on 

SH-SY5Y cells. Also the hydrogel three-dimensional structure could have further contributed to 

support MSC survival. Indeed, the highly swollen and porous network typical of hydrogel can 

support the exchange of nutrients with the surrounding tissue (Straley et al., 2010). 

Moreover, MSCs were found both around and inside the lesion, suggesting that the CS hydrogel 

here proposed does not affect the normal cellular behaviour and probably help a better integration 

into the host tissue. Such a feature seems to be particularly dependent on the CS employed: in fact 

other CS formulations only support a small number of NPs in the host tissue colonization (Bozkurt 

et al., 2010).   

In vivo CS applications showed contrasting results: after SCI, some authors reported positive effects 

(Chedly et al., 2017b; Kim et al., 2016), but others refer negative results [no functional 

improvements; (Bozkurt et al., 2010; Nomura et al., 2008)]. Such discrepancies seem to be related 

to the intrinsic properties of the scaffold employed. Indeed, assuring a sufficient biomaterial 

degradation time is a key point to allow both cell survival and scaffold functionality, as 

demonstrated by the bridging defect observed in SCI patients due to the complete CS disintegration 

in the post-operative phase (Amr et al., 2014). Among the possible strategies, the physical and 

mechanical stability of CS formulations can be enhanced by cross-linking agents to the biomaterial 



93 
 

of interest as we proposed here by adding β-glicerophosphate. Indeed another advantage of our CS 

compound is that it presents a degradation time of 2 months that seems sufficient to efficiently 

support cell survival and scaffold functionality in the hostile environment of SCI. However further 

experiments are needed to confirm such hypothesis. 

Another essential feature that a good biomaterial should accomplish is to be perfectly integrated 

inside the host tissue, without triggering an immune reaction. This is particularly important in SCI 

condition where it should be avoided to exacerbate the inflammatory reaction already triggered by 

the lesion. Therefore, compared to the synthetic biomaterials, the natural ones represent the best 

choice to perfectly adapt to the host spinal parenchyma thanks to their physical-chemical properties. 

Indeed, based on our experience (Boido et al., 2014b), at 7 days after CS injection we did not reveal 

an increased immune response/inflammation process in proximity to the lesioned area. Despite 

immune reactions are generally reported for synthetic devices (Kim M, Park SR, 2014), contrasting 

results have been observed also for natural biomaterials, probably depending on the structure and on 

the synthesis of the scaffold itself (Bozkurt et al., 2010; Li et al., 2017). Although we did not 

perform a GFAP quantification to evaluate the inflammation process, it did not seem to be different 

from our previous experiments (Boido et al., 2014b), indicating the biocompatibility of our 

formulation. 

Therefore, with respect to other CS scaffolds, the demonstrated biocompatibility and integration of 

the CS formulation here proposed can be exploited in an innovative and particularly suitable 

manner for SCI treatment. Indeed, i) the biodegradability, ii) the immune tolerance and iii) the 

capability of maintaining an adequate physiological environment for cell survival makes this CS 

hydrogel a promising candidate for further analysis.  

 

 

Properties of a new nanofiber scaffold 

 
As emerging scaffolds in tissue engineering, we also decided to test the biocompatibility of new 

nanofibers recently generated by our collaborators (Tonda-Turo et al., 2016), with the final aim to 

implant these scaffolds in combination to the tested hydrogels. Here we would like to exploit the 

benefits of new nanofiber membranes synthetized starting from different components, poly (ε-

caprolactone) diol (PCL) plus 1,2-dichloroethane (DCE), 1,4-diisocyanatobutane and N-Boc serinol 

(Tonda-Turo et al., 2016). Although two different techniques are documented for nanofiber 

fabrication, we employed the well-established electrospinning method that allows to produce high 

surface area-to-volume ratio nanofibers, a feature that contributes to improve cell attachment, 

proliferation and differentiation. The electrospun nanofibers are fabricated from a liquid solution 
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that is fed through a capillary tip into a high electric field. In this way, a thin jet is generated and the 

solution evaporated to form solid nanofibers on a collector (Guo et al., 2014b). Therefore, we 

obtained a polymer innovative for its flexibility thanks to its synthetic nature that guarantees easy 

processability and high reproducibility. In order to support and facilitate axon elongation after SCI, 

we combined the nanofiber geometric character with the intrinsic property of PCL that renders this 

biomaterial mechanically soft thus mimicking the nature of the spinal cord tissue. 

To further facilitate cell adhesion, growth and differentiation, biomimetic biochemical cues were 

covalently linked to the polymeric chain of PCL nanofibers after scaffold fabrication: this was 

assured by the functionalization process with the ECM resembling peptide (IKVAV), a component 

of the novel self-assembling peptide class, already employed to improve nanofiber biocompatibility 

and cell elongation. Moreover, the 3D structure realized to fully accommodate the whole cell body 

in all dimensions, was enriched by random and aligned nanofibers synthetization over the scaffold. 

Therefore, with respect to other scaffolds type, the innovation of the nanofibers here proposed 

consists in the combination of geometrical and 3D structure properties with the higher PCL 

flexibility, required to well fit with the spinal cord tissue.  

 

 

MSC in vitro survival on nanofiber membrane 

 
We firstly tested in vitro the biocompatibility of the new nanofiber membranes in presence of 

MSCs. In comparison to most common synthetic biomaterials, the PCL chosen for the nanofiber 

synthesis presents numerous advantages including higher biocompatibility, high mechanical 

strength and flexibility, slow degradation rate, low cost and easy processability. Moreover, in order 

to improve its hydrophilicity, PCL can be cross-linked with other peptides (such as laminin and 

collagen) that provide better differentiation and survival properties (Bagher et al., 2016; Silva et al., 

2004).  

The cells seeded on the nanofibers here proposed were able to grow until 7 days, with a visible 

increased proliferation during time both on random (functionalized or not) and on aligned 

(functionalized or not) nanofibers. The good cell rate observed in all the conditions tested suggests 

the optimal biocompatibility of our formulation. However, surprisingly, the MSC proliferation in 

presence of functionalized nanofibers was reduced compared to the other conditions: this can be 

partly explained by the high IKVAV nanofiber affinity for Nissl staining that probably caused an 

underestimation in cell counting and that did not allow us to appreciate the expected difference 

between IKVAV and non-functionalized nanofibers. Indeed, it is known that IKVAV peptide not 

only improves cell viability but also the adherence rate of different cell types (like PC12 cells, 
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MSCs and NPs) both with respect to flat control scaffolds (Wu et al., 2006; Wu et al., 2010) and to 

other functionalizing peptides (Bagher et al., 2016; Silva et al., 2013) (Chevallay and Herbage, 

2000). 

As concerns the nanofiber geometry, we observed that MSCs tend to better grow on aligned 

nanofibers: indeed on aligned fibers, the cells are able to easily elongate, since they do not meet 

barriers that are created by the misalignment of the random nanofibers (Prabhakaran et al., 2013). 

Specific molecular mechanisms seem to be implicated in how cells adapt and interact with 

nanofibers: it has been demonstrated that the MSC increased elongation on aligned nanofibers is 

due to an upregulation of focal adhesion kinases that are less expressed when cells are grown on 

random nanofibers (Andalib et al., 2016). If the kinase expression was silenced, the cell elongation 

was reverted, suggesting that cells can specifically express preferences based on the biomaterial 

typology. However, cell orientation on aligned nanofibers is known to be also dependent on the 

biomaterial geometry and in particular on the fiber diameter. Indeed, it has been reported that a 

lower Schwann cell proliferation on aligned gelatin fibers compared to the random ones is probably 

due to the fewer focal adhesion points of the scaffold (Gnavi et al., 2015). 

Therefore, the combination of PCL material properties, functionalization and geometric feature of 

the new nanofibers here proposed make them a valid substrate for efficiently supporting cell 

growth, and potentially for acting into the lesion cavity as a bridge that can guide the 

growth/orientation of transplanted cells. 

 

 

Nanofiber membrane implantation in a SCI mouse 

 
In order to exploit the nanofiber potential, we preliminary tested nanofiber membrane 

biocompatibility after in vivo implantation. The PCL aligned-IKVAV nanofiber membrane here 

proposed was perfectly integrated into the lesion spinal cord after one week as shown by the host 

cellular colonization all over the scaffold. These results further confirm the PCL material 

biocompatibility also in vivo, as expected from our results in vitro. 

Moreover, an essential feature of a new implantable scaffold is its mechanical strength and 

flexibility. Due to the complex nature of the lesion and partial axon transections often found in the 

SCI area, the implantation of a rigid scaffold could be surgically complicated and finally 

detrimental. Indeed, many biomaterial scaffolds are highly rigid and hardly pliable thus affecting 

the proper placement and adjustment within the injured spinal cord and risking to further compress 

the tissue. Different biomaterials have been already demonstrated to completely integrate into the 

host tissue after SCI, even for long periods (Gelain et al., 2011; Nguyen et al., 2017; Palejwala et 
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al., 2016). However, depending on the biomaterial properties, not all of them can support a proper 

cell integration and axon growth, as demonstrated by the limited number of nerve fibers found over 

CS conduits 12 weeks after SCI (Chen et al., 2011). This suggests the geometrical superiority of 

nanofibers that facilitates its integration into the spinal parenchyma probably thanks to the scaffold 

alignment resembling the orientation of host axons. Therefore, both the geometrical superiority and 

the great flexibility of the PCL nanofibers here proposed render them the ideal scaffold to fill the 

lesion gap, with a minimal invasive implantation. Indeed, one week after the graft, we were able to 

find host cells elongating over the nanofibers (MAP2 positive cells), thus suggesting that i) its 

flexibility does not damage the tissue and ii) can promote tissue regeneration. 

Notably, after SCI, the combination of a proper guiding scaffold (to orientate axons towards the 

correct direction) with MSC graft could further promote the regeneration process (Schaub et al., 

2016). Moreover, compared to cell transplantation alone, nanofibers present great advantages in 

guiding the transplanted cells towards a better growth and differentiation. NSCs showed higher 

differentiation ability (NeuN or MAP2 positive cells) when transplanted in vivo on nanofiber 

scaffolds compared to cell engraftment alone (Ye et al., 2016), also supporting a better functional 

recovery. Therefore, consistently with our in vitro and in vivo results, PCL nanofibers features can 

be exploited to combine the beneficial effect of MSCs implantation with the bridge structure of the 

nanofibers that creates a favourable environment for tissue regeneration. 

Another advantage of nanofibers is that they are generally characterized by high porosity that can 

be modified to better support neural growth, reduce the number of infiltrating cells and prevent the 

glial scar formation. Although the immunogenicity is related to the biocompatibility of the material, 

it is also determined by the geometry and chemical properties of the nanofibers. Therefore, by 

reducing nanofiber diameter (notably the size of the nanofibers here proposed is 2.8 ± 0.6 µm)), a 

lower intrinsic immunogenicity than the traditional macroscale scaffolds can be achieved, thereby 

showing an excellent biocompatibility with the host tissue (Guo et al., 2014a). 

To be considered completely biocompatible, biomaterials should not trigger an inflammatory 

reaction that in turn would be responsible of scaffold rejection and tissue degeneration. Although 

generally well tolerated, some biomaterials can induce a sustained astrogliosis as demonstrated by 

abundant reactive astrocytes grown over and at the border of channel scaffolds after in vivo 

implantation in the SCI environment (Bozkurt et al., 2010; Palejwala et al., 2016). Regarding 

nanofibers, contrasting data are present in literature probably due to the different biomaterial 

composition and geometry of PCL nanofibers. As demonstrated by Nguyen and coll., PCL-aligned 

nanofibers did not attract immune cells in vivo as indicated by a comparable microglia and astrocyte 

density between the scaffold and the control group (Nguyen et al., 2017). However, a different PCL 
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nanofiber formulation has been described to create an intense glial scar that surrounded the scaffold 

area (Raspa et al., 2016). Therefore, we also analysed the astrocytic response (GFAP positive cells) 

into the lesion area: the astrogliosis observed was compatible with the inflammatory reaction 

normally occurring after SCI, and did not seem increased by the scaffold presence thus suggesting 

the biocompatibility and integration of the new nanofiber membrane here employed. Additionally, 

Tysseling et al., demonstrated that 24h after SCI, peptide amphiphile-IKVAV nanofibers were even 

able to reduce astrogliosis and promote axon elongation (Tysseling-Mattiace et al., 2008). Based on 

these observations, further analyses are needed to also evaluate the potential of our IKVAV-

nanofiber membrane in reducing the glial scar formation, thus facilitating the regenerative process. 

 

In conclusion we showed that, with the exception of inj-bio-PUs, the innovative CS and nanofiber 

formulations here proposed resulted biocompatible for MSC, NP and SH-SY5Y cell 

growth/integration and well immune tolerated when implanted in vivo. Although further analyses 

are needed to confirm and better characterize CS and nanofiber efficacy in vivo, both scaffolds 

appear promising in the treatment of SCI. Moreover, our final aim will consist in a combined 

approach, implanting into the injured spinal cord both nanofibers and stem cells embedded into the 

hydrogel: indeed in this way, we could obtain a double effect deriving by a protective environment 

(assured by the hydrogel) for MSC survival/neurotrophic activity and by the presence of nanofiber 

membrane acting as a bridge to promote host axon elongation and guide stem cell orientation.  
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4 CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The aim of this PhD thesis was to explore new potential therapeutic strategies applicable for SCI. 

Despite injured neurons try to regenerate after SCI, their attempts fail because of a non-permissive 

regrowth environment, thus leading to the functional sensorimotor deficits affecting the quality of 

life of millions people. Several therapeutic interventions, from cell replacing to gene therapy, are 

under investigation, to date without a definitive solution. Therefore, the big challenge of action 

regeneration failure encourages the investigation of innovative strategies to support and promote 

this process. Here we proposed two different and original experimental approaches in order i) to 

better understand the intrinsic potential of axon regeneration and ii) to facilitate it with the help of 

technological devices. 

miRNAs are recognized as one of the most powerful inner regulatory system whose manipulation 

can be exploited as a strategy to revert SCI pathological mechanisms partly due to their 

dysregulation. Indeed, some strategies that specifically target one single miRNA or a specific set of 

miRNAs have been already revealed as successful approaches to promote functional recovery after 

SCI. Although the list of miRNAs functionally involved in axonal regrowth is long in literature, 

here we aimed at identifying miRNAs whose precocious dysregulation after SCI could be targeted 

to reactivate/increase the intrinsic axon regeneration potential. By analysing the CSMN mirRNA 

dysregulation, we identified one promising miRNA candidate, miR-7b-3p, whose upregulation after 

SCI seems directly related to the trauma. To confirm this, we will further investigate its role in 

regeneration and neuroprotection in an in vitro model of axotomy. In addition, we are also going to 

validate the predicted targets of this miRNA in order to elucidate the reason of its overexpression 

after SCI. Despite the manipulation of one single miRNA cannot be considered the most effective 

therapeutic strategy, our results will also allow to better understand miRNA mechanisms of action 

and add new elements to the miRNA complex networks. Therefore, in this context, miR-7b-3p 

should be considered a new possible target for SCI therapy.  

An alternative promising strategy to promote axon regeneration is the employment of biomimetic 

materials. In SCI, the beneficial effects of several biomaterial devices have been already described, 

each one with its specific advantages and defects mainly dependent on the feature of the biomaterial 

composition and its geometry. However, their clinical application is still limited due to several 

technical problems mainly related to the biomaterial production. Here we tested innovative 

biomaterial formulations, that we finally intend to use in combination with stem cells, in order to 

exploit their respective properties and to boost their therapeutic effects. The innovative formulation 
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of the CS hydrogel here tested allows to embed stem cells into a solution at physiological pH, an 

essential condition to allow a long-lasting cell survival in the hostile SCI environment. Thanks to 

this feature, our encouraging experimental results gets this formulation closer to a future clinical 

application with respect to the acidic hydrogels and the rigid scaffolds generally employed in SCI 

studies. Moreover, since biomaterial mechanical strength is an essential feature for scaffold clinical 

application, we also exploited PCL to create soft nanofibers that better resemble the native structure 

of spinal cord. Its high biocompatibility and its good immune tolerance make this scaffold perfectly 

suitable for future clinical application. Indeed nanofibers present the great advantage to guide the 

regenerating axons towards the correct direction thanks to their aligned geometry and small 

diameter.  

Therefore, consistently with the good in vitro results obtained we are now consolidating the 

preliminary in vivo results both for the CS hydrogel and for the aligned-nanofibers with the aim to 

combine their implantation with the stem cell graft into the injured spinal cord.  

In conclusion, although at different extent, both miRNAs and biomaterial scaffolds are now 

emerging as new potential strategies for SCI application. A better comprehension of miRNAs 

dysregulation after SCI and a continuously improvement in biomaterial properties and composition 

are essential features to allow their translationality for a future clinical application. 
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