
Plasticità: la capacità delle cellule, dei tessuti e delle funzioni biologiche di 
modificarsi, in modo più o meno permanente, in seguito a particolari stimoli 
ambientali

Quando parliamo di plasticità?

Ø Modificazioni della massa muscolare e delle funzioni cardio-respiratorie con 
l’esercizio fisico

Ø Modificazioni del sistema immunitario per il riconoscimento di “antigeni” 
estranei

Ø Nel sistema nervoso: modificazioni strutturali e funzionali che regolano lo 
sviluppo embrionale del sistema nervoso, l’apprendimento (plasticità 
sinaptica), il recupero funzionale in seguito a lesioni (rigenerazione)

ØModificazioni strutturali e funzionali che regolano lo sviluppo embrionale 
(interazione tra fattori genetici ed epigenetici)



Cosa succede quando c’è una lesione neuronale?

Il tessuto nervoso non è in grado di rigenerare (ripristinare) 
neuroni persi a seguito a gravi lesioni : 

Morbo di Parkinson

Morbo di Alzheimer

Sclerosi Laterale Amiotrofica (SLA)

Sclerosi multipla (autoimmune)



Cosa succede quando c’è una lesione dell’assone?

Il neurone è in grado di rigenerare il moncone 
periferico, ma…..

c’è differenza tra sistema nervoso centrale e 
periferico!!



Nel Sistema Nervoso Periferico
elevata probabilità di rigenerazione, che avviene

seguendo una serie di eventi pre-ordinati

Nel moncone distale si osserva frammentazione 
dell’assone e distruzione della mielina Tanner and Ayalon, 2023

Doi: 10.20517/2347-9264.2022.95 

1. Degenerazione Walleriana



2. Rigenerazione1

• Le cellule di Schwann si trasformano in “repairing cells” ed si dispongono a
formare un “tubo” cellulare, necessario dirigere la successiva
rigenerazione assonale

• I macrofagi fagocitano i detriti

• Vengono secreti fattori locali necessari “all’attivazione delle cellule di
Schwann e alla guida assonale

Tanner and Ayalon, 2023
Doi: 10.20517/2347-9264.2022.95 



• L’assone emette “gemme” che si allungano distalmente e
ramificano (sprouting)

• L’accrescimento dei prolungamenti è guidato dal “tubo” formato
dalla rete di repairing cells in attiva proliferazione

Rigenerazione2

Arslantunali et al., 2014
doi: 10.2147/MDER.S59124



• I prolungamenti si allungano verso il bersaglio periferico
crescendo di circa 3-4 mm al giorno

• La ripresa di funzionalità può avvenire anche dopo mesi e si
possono verificare errori nelle ri-connessioni

Rigenerazione3

Arslantunali et al., 2014
doi: 10.2147/MDER.S59124



cromatolisi
degenerazione

walleriana

Al-Zer and Kalbouneh, 2015
doi: 10.4103/1673-5374.172309

repairing cells



Cromatolisi (reazione assonale retrograda)



Cromatolisi e distacco sinaptico (synaptic stripping)

3 giorni dall’assotomia3 giorni dall’assotomiaPre-assotomia

De Stefano et al., 1994



Cromatolisi e distacco sinaptico (synaptic stripping)

6 giorni dall’assotomia

De Stefano et al., 1994



La rigenerazione è innescata dall’azione sinergica di 
almeno tre  “segnali retrogradi positivi”

Aumento temporaneo di attività

Blocco del trasporto di fattori trofici e di fattori inibenti la 
crescita verso il corpo cellulare

Trasporto retrogrado dal sito di danno verso il corpo cellulare 
di proteine attivate (MAPk, Junk, STAT3; traduzione mRNA)

Abe and Cavalli, 2008
doi 10.1016/j.conb.2008.06.005



Abe and Cavalli, 2008
doi 10.1016/j.conb.2008.06.005

+TTX

Diversamente dal PNS, la 
stimolazione elettrica degli assoni 
nel CNS non promuove 
rigenerazione, anche in presenza 
di un ambiente favorevole alla 
crescita assonale (ad es. inserto di 
nervo periferico)
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Figure 1 | Key events in the transformation of the proximal tip of a cut axon into a growth cone. a | Various 
components of the intact neuron take part in the transformation of a cut axonal end into a growth cone. b | Membrane 
rupture leads to elevation of the free intra-axonal calcium concentration (shown by the grey shading) by diffusion from the 
cut end, membrane depolarization, activation of voltage-gated calcium channels and release of calcium from intracellular 
stores such as the endoplasmic reticulum. Among many other processes, the elevated intracellular calcium concentration 
([Ca2+]

i
) leads to the following: microtubule and actin depolymerization, membrane retrieval, activation of calpains (which 

proteolytically cleave submembrane spectrin), stimulation of vacuole internalization and activation of numerous other 
enzymes (not shown). These processes are confined to an axonal segment at the tip of the cut axon and lead to a small 
volume of the axoplasm being lost before the membrane at the cut end collapses. c | In most cases, the membrane of the 
cut end reseals by membrane collapse and accumulation of vesicles to form a sealing patch. Once a seal is formed, calcium 
removal mechanisms lower the [Ca2+]

i
, and this process is followed by microtubule and actin repolymerization. 

Anterogradely transported vesicles accumulate at the tips of the undamaged microtubule tracks. In Aplysia californica 
neurons, the vesicles fuse with the plasma membrane at regions in which the spectrin skeleton is cleaved. d | In the final 
phase of growth cone reconstruction, actin filaments assemble to generate the mechanical force at the leading edge of 
the lamellipodium. Microtubules polymerize and point their plus ends towards the plasma membrane. Note that proteins 
are translated both in the cell body (not shown) and at the growth cone.
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Cambiamenti nel trasporto assonale



Cambiamenti nel trasporto assonale
Proteine mRNA

• Riduzione sintesi e trasporto (Slow Component a, SCa) dei neurofilamenti 
(riduzione calibro assonale, riduzione attività elettrica)

• Aumento sintesi actina e tubulina. La velocità di trasporto (SCb) non 
varia, ma è più elevata nel SNP rispetto al SNC)

• Riespressione della proteina  GAP43 (Growth Associated Protein 43) e suo 
trasporto rapido (400 mm/giorno)

Hoffman et al., 2010
doi:10.1016/j.expneurol.2009.09.006
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Figure 1 | Key events in the transformation of the proximal tip of a cut axon into a growth cone. a | Various 
components of the intact neuron take part in the transformation of a cut axonal end into a growth cone. b | Membrane 
rupture leads to elevation of the free intra-axonal calcium concentration (shown by the grey shading) by diffusion from the 
cut end, membrane depolarization, activation of voltage-gated calcium channels and release of calcium from intracellular 
stores such as the endoplasmic reticulum. Among many other processes, the elevated intracellular calcium concentration 
([Ca2+]

i
) leads to the following: microtubule and actin depolymerization, membrane retrieval, activation of calpains (which 

proteolytically cleave submembrane spectrin), stimulation of vacuole internalization and activation of numerous other 
enzymes (not shown). These processes are confined to an axonal segment at the tip of the cut axon and lead to a small 
volume of the axoplasm being lost before the membrane at the cut end collapses. c | In most cases, the membrane of the 
cut end reseals by membrane collapse and accumulation of vesicles to form a sealing patch. Once a seal is formed, calcium 
removal mechanisms lower the [Ca2+]

i
, and this process is followed by microtubule and actin repolymerization. 

Anterogradely transported vesicles accumulate at the tips of the undamaged microtubule tracks. In Aplysia californica 
neurons, the vesicles fuse with the plasma membrane at regions in which the spectrin skeleton is cleaved. d | In the final 
phase of growth cone reconstruction, actin filaments assemble to generate the mechanical force at the leading edge of 
the lamellipodium. Microtubules polymerize and point their plus ends towards the plasma membrane. Note that proteins 
are translated both in the cell body (not shown) and at the growth cone.
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I “segnali retrogradi positivi” favoriscono la sintesi di nuove 
proteine assonali

Nature Reviews | Neuroscience
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fusion (FIG. 2a). However, this failed growth cone regen-
eration can later be reactivated by local elevation of the 
[Ca2+]i by application of ionomycin to the end bulb: this 
rise in calcium activates calpain, which locally cleaves 
the submembranous spectrin and initiates growth  
processes40 (FIG. 2b).

In normal calcium media, the regeneration of cut 
A. californica axons is successful. Within minutes of 
calcium recovery, microtubules repolymerize36,37, and 
at first, the repolymerized microtubules point their plus 
ends in random directions (Supplementary informa-
tion S1 (figure), S2 (movie) and S3 (movie)). Vesicles 
continue to be transported along microtubules, leading 
to the formation of two vesicle accumulations or ‘traps’ 
at the axon tip: a trap for Golgi-derived vesicles that are 
driven anterogradely by plus-end-oriented molecular 
motors (the plus-end trap) and a trap for retrogradely 
transported cargo driven by minus-end-oriented 
molecular motors (the minus-end trap; Supplementary 
information S1 (figure), S4 (movie) and S5 (movie)). 
The Golgi-derived vesicles accumulated at the plus-end 
trap later supply the lipid membrane for growth cone  
construction37 (FIG. 1d).

The role of and dependence on actin and tubulin 
restructuring in this first phase of growth cone regenera-
tion has been investigated by using agents that interfere 
with the polymerization of these cytoskeletal proteins. 
In the presence of the microtubule-depolymerizing drug 
nocodazole (at concentrations that do not lead to micro-
tubule depolymerization), the initial calcium-depend-
ent microtubule and actin depolymerization occurs 
normally. However, microtubule repolymerization and 
Golgi-derived vesicle accumulation at the axonal tip is 
prevented. Under these conditions, the actin cytoskel-
eton still restructures and also forms radial actin fila-
ments. However, interestingly, these actin filaments fail 
to extend lamellipodia, suggesting that microtubules 
and/or the accumulation of Golgi-derived vesicles are 
necessary to establish these projections. Perturbation 
of actin dynamics by application of cytochalasin D or 
jasplakinolide prevents growth cone lamellipodial for-
mation but does not inhibit the restructuring of the 
microtubules and the typical accumulation of Golgi-
derived vesicles at the cut axonal end. These observa-
tions suggest that the characteristic restructuring of the 
actin and microtubules at the tip of the cut axon are 
independent of each other but are both necessary for 
proper function of growth cones36,37,40.

Signalling pathways
Cytoskeletal dynamics, local protein translation, trans-
port and trafficking, and other processes that occur 
within the emerging growth cone are influenced by the 
signalling pathways that operate in axons, and many of 
these signalling pathways are, in turn, influenced by the 
calcium changes described above. The pathways that 
are necessary for growth cone restoration have been 
investigated by using pharmacological inhibitors in the 
simple in vitro axotomy models described above and by 
performing axotomies in C. elegans that are deficient 
in key signalling molecules. In mammalian sensory 
axons, mitogen-activated protein kinase 1 (MAPK1; 
also known as ERK2), MAPK3 (also known as ERK1), 
MAPK11–14 (also known as the p38 MAPKs) and mam-
malian target of rapamycin (mTOR) inhibitors prevent 
regeneration of the growth cone, indicating that these 
kinases are required for growth cone restoration. The 

Figure 2 | Formation of a retraction bulb and its rescue. a | Retraction bulbs (also 
known as frustrated growth cones) are typically characterized by an accumulation of 
anterogradely transported vesicles, mitochondria and microtubules, which may extend 
in various directions and even turn around to point their plus ends retrogradely. The 
left-hand side shows a retraction bulb from Aplysia californica, whereas the right-hand 
side shows a retraction bulb from a vertebrate CNS neuron. The cytoskeletal and 
organelle compositions of these retraction bulbs are probably the same; however, in 
A. californica, experimentally generated bulbs are characterized by the presence of 
uncleaved submembrane spectrin, which impedes vesicle fusion with the plasma 
membrane. The ultrastructural organization of the vertebrate retraction bulb 
submembrane skeleton (represented as the brown submembranous band) is currently 
unknown. In the mammalian CNS, several growth-inhibitory molecules (shown as arrows) 
impinge on the end of the cut axon. b | Rescue of a retraction bulb is achieved in cultured 
A. californica neurons by transient elevation of the intracellular calcium concentration 
(achieved experimentally with ionomycin), which activates calpains that remove the 
submembrane spectrin barrier. Vesicles can then fuse with the plasma membrane and 
actin filaments can form. c | In vertebrate neurons, application of the microtubule- 
stabilizing reagent taxol leads to regrowth, probably by facilitating the polymerization  
of microtubules. Such polymerization mechanically stretches the plasma membrane, 
enhancing vesicle exocytosis. Whether spectrin has a role in these processes in 
vertebrate CNS neurons and whether taxol exerts similar effects in A. californica  
neurons is unknown. 
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Figure 1 | Key events in the transformation of the proximal tip of a cut axon into a growth cone. a | Various 
components of the intact neuron take part in the transformation of a cut axonal end into a growth cone. b | Membrane 
rupture leads to elevation of the free intra-axonal calcium concentration (shown by the grey shading) by diffusion from the 
cut end, membrane depolarization, activation of voltage-gated calcium channels and release of calcium from intracellular 
stores such as the endoplasmic reticulum. Among many other processes, the elevated intracellular calcium concentration 
([Ca2+]

i
) leads to the following: microtubule and actin depolymerization, membrane retrieval, activation of calpains (which 

proteolytically cleave submembrane spectrin), stimulation of vacuole internalization and activation of numerous other 
enzymes (not shown). These processes are confined to an axonal segment at the tip of the cut axon and lead to a small 
volume of the axoplasm being lost before the membrane at the cut end collapses. c | In most cases, the membrane of the 
cut end reseals by membrane collapse and accumulation of vesicles to form a sealing patch. Once a seal is formed, calcium 
removal mechanisms lower the [Ca2+]

i
, and this process is followed by microtubule and actin repolymerization. 

Anterogradely transported vesicles accumulate at the tips of the undamaged microtubule tracks. In Aplysia californica 
neurons, the vesicles fuse with the plasma membrane at regions in which the spectrin skeleton is cleaved. d | In the final 
phase of growth cone reconstruction, actin filaments assemble to generate the mechanical force at the leading edge of 
the lamellipodium. Microtubules polymerize and point their plus ends towards the plasma membrane. Note that proteins 
are translated both in the cell body (not shown) and at the growth cone.
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Nella rigenerazione....

Tahirovic and Bradke, 2009
doi: 10.1101/cshperspect.a001644

... come nello sviluppo



Tecniche sperimentali per favorire la rigenerazione di 
lesioni importanti dei nervi periferici: 

Alkhalili et al., 2019
doi:10.1016/B978-0-08-102561-1.00004-X



Tipologie di "innesti"

M. E. De Stefano et al. / Advances in Bioscience and Biotechnology 4 (2013) 53-60 54 

to conventional treatments for peripheral nerve repair. 
Materials for NC production should be biodegradeable, 
possess adequate mechanical properties, and allow ex- 
change of nutrients. NCs must fulfill several require- 
ments, as they should 1) be biocompatible, 2) have suffi- 
cient mechanical stability during nerve regeneration, 3) 
be flexible, 4) be porous, to ensure supply of nutrients, 
and 5) degrade into non-toxic products after bridging the 
gap, to prevent long-term inflammation. Biodegradable 
NCs have been made out of various materials of either 
biological or synthetic origin. Natural-derived materials 
have good cell compatibility, but they often need exten- 
sive purification. Furthermore, the majority of them lacks 
adequate mechanical strength and water stability [4]. 

2.1. Natural Compounds  
Natural polymers are advantageous materials for tissue 
engineering of nerves as they are biocompatible and fa- 
vor migration of supporting cells avoiding toxic effects. 
However, their poor mechanical properties and the rela- 
tively fast biodegradation in vivo generally limits their 
applications as materials constituent of external tubular 
structures. Natural compounds preferentially used are: 
collagen, gelatin, silk fibroin, alginate, chitosan, agarose 
and hyaluronic acid [5]. 

We performed experiments using two types of expe- 
rimental paradigms of sciatic nerve regeneration. In one 
modality, sciatic nerves were exposed at their exit from 
under the gluteus muscle (Figure 1(A)) and excised. In a 
first approach, we practiced the end to end regenerative 
condition, in which in the two stumps of the sharply cut 
nerve were sutured, perfectly aligned, with a nylon 
thread (9/0) (a procedure called neurorraphy) (Figures 
1(B) and (C)). In same animals, the sutured site was sur- 
rounded by a sleeve made of a biological substrate, the 
ester of hyaluronic acid (HYAFF-11, or hyalophill; Fidia 
Farmaceutics, Abano Terme, PD, Italy) (Figure 1(D)), 
which was instead omitted in animals used as controls. In 
the second paradigm, we resected about 1 cm of the 
nerve (Figures 1(G) and (H)) and connected the two 
stumps with tube made of purified porcine collagen I and 
III (Figures 1(I) and (L)). Rats were killed three months 
after surgery and the part of the nerve distal to the injury 
site was cut into transverse semithin and ultrathin sec- 
tions for light and electron microscopy investigation, 
respectively. At this time, nerves appeared reconstituted 
(Figures 1(E) and (F)), neurorraphy + hyalophill para- 
digm), as the two stumps were perfectly re-connected.  

By morphological analysis on semithin sections, we 
observed a partial regeneration of myelinated and un- 
myelinated axons, in both neurorraphy without (Figures 
2(A)-(C)) and with (Figures 2(D) and (E)) hyalophill ap- 
plication. However, a higher degree of axon myelination  

 
Figure 1. (A-F) End-to-end neurorraphy. Sciatic 
nerve, exposed at its exit from the gluteus muscle 
(A), is sharply cut in two stumps (B), later sutured 
in perfect alignment (C) and surrounded by a sleeve 
of hyalophill at the site of suture (D). Three months 
later, the nerve appears integer, surrounded by its 
perineurium. (G-L) Nerve resection. Nerves are 
resected, by cutting off about 1 cm (G, H), the two 
end stumps are inserted into a collagen tube (I, L), 
made of purified porcine collagen type I + III, and 
sutured. 

 
and restoration of pre-surgery conditions was evident in 
those nerves treated with the biological compound. In 
both conditions, re-myelinated axons were more evident 
at the outer border of the nerves (Figures 2(A) and (B), 
−hyalophill; Figures 2(D) and (E), +hyalophill), respect 
to the center (Figure 2(C), −hyalophill), possibly ben-
eficing of factors released by the perineurium itself. 

This characteristic was more evident in the hyalophill- 
treated specimens, as the amount of more centrally lo- 
cated unmyelinated axonal figures was predominant. 
Quantitative analysis, obtained by counting the number 
of myelinated axons over the total, showed a significant 
increase in axon regeneration and myelination in nerves 
treated with hyalophill, compared with the control (Fig- 
ure 2(F)). Differently from these two conditions, sciatic 
nerves re-grown into the collagen tube appeared regener- 
ated, with largely re-myelinated axons (Figures 2(G) and 
(H)). These observations were in accord with the fol-  

Copyright © 2013 SciRes.                                                                       OPEN ACCESS 

De Stefano et al., 2013
doi: 10.4236/abb.2013.46A008
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I neuroni del sistema nervoso centrale non rigenerano 
spontaneamente, sebbene conservino, almeno in parte, una 

capacità rigenerativa intrinseca



“Paradigma di danno condizionale”

Abe and Cavalli, 2008
doi 10.1016/j.conb.2008.06.005



Gli assoni centrali rigenerano 
molto più facilmente se possono 
passare all’interno di un nervo 
periferico trapiantato nel punto 
di danno

Hoffman et al., 2010
doi:10.1016/j.expneurol.2009.09.006



Cellule gangliari retiniche: un altro esempio di 
rigenerazione mediante "graft" di nervi periferici



Interruzione degli assoni nel SNC

Blekhman et al., 2024
https://doi.org/10.1016/B978-0-323-99690-7.00004-2

https://doi.org/10.1016/B978-0-323-99690-7.00004-2


1. Possibili interazioni tra proteine non-permissive degli
oligodendrociti e recettori neuronali

Mueller et al., 2009
doi:10.1111/j.1476-5381.2009.00220.x
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Effects of MS CSF on synaptic transmission
Ex vivo studies in murine striatal slices incubated in CSF 
derived from MS patients who had active brain lesions on 
MRI support a role for cytokines in unbalanced synaptic 
hyperexcitation and, possibly, excitotoxic neurodegenera-
tion (Supplementary Table 4 online).110,125,126 As in EAE 
studies, inflammatory cytokines released during acute MS 
attacks can modulate both glutamatergic and GABAergic 
synaptic transmission. In particular, murine striatal slices 
incubated with MS CSF exhibit a substantial increase in 
sEPSC frequency and glutamate-mediated neuronal 
swelling, both of which are markers of excitotoxicity.110 
These effects are dependent on increased IL-1β signalling 
and AMPAR stimulation, as suggested by rescue experi-
ments conducted in the presence of specific inhibitors.110 
In another ex vivo MS-CSF incubation study of striatal 
slices, TNF—which is expressed at higher levels in the 
CSF of patients with progressive MS than in patients with 
RRMS—was shown to promote glutamatergic transmis-
sion, but by increasing the duration rather than the fre-
quency of sEPSCs, leading to neuronal swelling.126 These 
data point to TNF as a primary neurotoxic molecule in 

progressive forms of MS. Moreoever, CSF from patients 
with MS who had acute brain lesions can impair 
GABAergic transmission in murine striatal slices.125 IL-1β 
is likely to be responsible for this effect, because it could 
be blocked by IL-1ra incubation, and application of exo-
genous IL-1β mimicked the effect of MS CSF on synapses 
(Supplementary Table 4 online).125

The synapse as an MS drug target
Synaptic dysfunction could be reversible
On the basis of the findings discussed above, which point 
to diffuse synaptopathy (Box 1) as a pathophysiological 
hallmark of MS, we suggest that synaptic damage should 
also be considered as a target for disease- modifying 
treatments. Such treatments could aim for synaptic 
repair and regeneration. This strategy is particularly 
appealing, because—unlike loss of neurons—synaptic 
dysfunction and loss of synapses are reversible. Synapses 
are, in fact, highly dynamic and plastic, such that dys-
functional synapses can be repaired and new synapses 
can be formed, as occurs during synaptic plasticity or 
rehabilitative processes.127

Nature Reviews | Neurology
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Figure 2 | Demyelination, axonal loss and synaptopathy characterize multiple sclerosis and experimental autoimmune 
encephalomyelitis pathophysiology. Inflammation driven by lymphocytes triggers a chain (red arrows) of inflammatory 
events (microglial and macrophage activation), leading to demyelination (1), axon transection (2) and synaptopathy (3) 
in the CNS. Axons that remain demyelinated for long periods of time (1) undergo maladaptive processes, such as 
redistribution of ion channels, which promote chronic neurodegeneration. Similarly, axonal loss (2) is usually not reversible 
and leads to neuronal death. Long-lasting but potentially reversible synaptic dysfunction (3) in the presence of chronic 
microglial activation can lead to excitotoxic damage and subsequent neurodegeneration.
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2. Neuroinfiammazione: 
Fattori secreti dagli astrociti e microglia migrati nel sito di 

danno

Mandolesi et al., 2015
doi:10.1038/nrneurol.2015.222
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3. Matrice Extracellulare
(diversa nella composizione tra SNC e SNP) 

Composizione
• Glicoproteine
• Glicosamminoglicani 
• Proteoglicani

Funzioni
• Supporto e sostegno
• Differenziamento cellulare
• Integrazioni neuroni-glia
• Migrazione cellulare
• Sopravvivenza cellulare
• Allungamento assonale
• Formazione sinapsi



Quali potrebbero essere (o sono) i possibili approcci 
terapeutici?

Rolls et al., 2009
doi:10.1038/nrn2591

1. Ridurre il danno in fase acuta (rimozione di coaguli, riduzione dell’infiammazione)
2. Ridurre i fattori che impediscono la rigenerazione (bloccare la formazione della cicatrice gliale, 

inibire l’azione dei fattori che impediscono la crescita assonale)
3. Favorire attivamente la rigenerazione: esercizio-riabilitazione (stimola l’attività neuronale), 

farmaci che promuovono la rigenerazione, trapianti di porzioni di nervi periferici
4. Protesi e altri ausili tecnici (stimolatori muscolari)



Matrici di idrogel

Alkhalili et al., 2019
doi:10.1016/B978-0-08-102561-1.00004-X



Nuovi neuroni in un cervello adulto: 
le cellule staminali neurali

Un possibile nuovo approccio terapeutico per le malattie 
neurodegenerative e le lesioni spinali?



La terapia delle cellule staminali

Fonti di staminali umane adulte:
1. Midollo osseo
2. Sangue periferico
3. Cordone ombelicale
4. Biopsie di vari tessuti



Siti di iniezione del trapianto

Cellule staminali neurali



Ippocampo


