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Riassunto

La medicina rigenerativa € un campo di ricerca multidisciplinare, tremendamente cresciuto
negli ultimi decenni, che abbraccia diversi settori, come le scienze dei biomateriali e
I’ingegneria dei tessuti, il cui obiettivo ultimo comune € quello di ristabilire le funzioni di
organi e tessuti compromessi dall’insorgere di patologie o dall’invecchiamento o da difetti
congeniti (Greenwood et al.; 2006; Mason and Dunnill, 2008).

Tra le principali sfide dell’ingegneria tissutale c’¢ la necessita di disporre di grandi quantita di
cellule e di biomateriali con specifiche caratteristiche meccaniche, chimiche e biologiche che
li rendano adatti a creare tessuti artificiali il piu possibile simili a quelli biologici. Un
passaggio critico per la realizzazione di tali impianti artificiali, e la realizzazione di una
struttura (scaffold) che possa, non solo supportare, ma anche promuovere la rigenerazione di
un tessuto funzionale, simulando la complessa architettura e fisiologia del microambiente
naturale (la matrice extracellulare), che, com’¢ emerso di recente, dirige attivamente il
comportamento delle cellule e la loro organizzazione nei tessuti, attraverso stimoli chimici e
fisici (Daley et al., 2008; Place et al., 2009; Rozario and DeSimone, 2010). In questo contesto,
le nanotecnologie hanno apportato un sostanziale contributo alle strategie dell’ingegneria
tissutale, fornendo la possibilita di produrre materiali e scaffolds con caratteristiche
topografiche che mimano quelle naturali, oltre a fornire la possibilita di funzionalizzare i
nanomateriali con molecole che gli conferiscano attivita biologica (Gelain et al., 2008; Zhang
and Webster , 2009; Dvir et al., 2011; Koh et al., 2008).

Tra i nanomateriali, i nanotubi di carbonio (CNT) hanno, sin dalla loro scoperta, suscitato
grande attrattiva per le loro straordinarie caratteristiche meccaniche, elettriche e termiche (per
esempio, un’estrema resistenza meccanica unita ad una notevole flessibilita e la loro alta
conducibilita elettrica), che li ha resi promettenti candidati per sviluppare tecnologie
innovative per applicazioni biomediche. Negli ultimi anni, sono stati pubblicati diversi lavori
che supportano I'utilizzo dei CNT per costruire scaffolds che promuovano 1’adesione, la
differenziazione e la crescita dei neuroni (Mattson et al., 2000; Hu et al., 2004; Hu et al.,
2005; Galvan-Garcia et al., 2007). Inoltre, nell’ultimo decennio, il nostro gruppo di ricerca ha
riportato che circuiti neuronali corticali cresciuti su substrati di CNT mostrano un
potenziamento nei meccanismi di trasmissione sinaptica (Lovat et al., 2005; Mazzatenta et al.,

2007) e che il contatto diretto stabilito fra singoli nanotubi e le membrane neuronali altera le



proprieta integrative a livello di singolo neurone (Cellot et al., 2009), oltre a promuovere la
generale connettivita e I’insorgenza di fenomeni di plasticita sinaptica (Cellot et al., 2011).

Al fine di estendere la nostra conoscenza sull’interazione tra CNT e neuroni, in questo lavoro
di tesi abbiamo fatto crescere per settimane colture organotipiche di midollo spinale, dotate di
una citoarchitettura complessa e tridimensionale, su substrati di CNT purificati; poi, tramite
diverse tecniche microscopiche ed elettrofisiologiche, ne abbiamo studiato la crescita e
I’attivita sinaptica raffrontandole con colture di controllo cresciute su vetro. Il nostro scopo
era quello di indagare se ed in che modo I’effetto dei CNT esercitato direttamente ad un
livello del tessuto (lo strato piu basso delle fettine spinali che cresce in contatto con il
nanomateriale) potesse essere trasferito agli altri strati cellulari, distanti dal punto di
interazione fra tessuto e CNT, ma comunicanti con esso attraverso contatti sinaptici.
Attraverso la microscopia elettronica a trasmissione abbiamo mostrato 1’occorrenza di
numerosi punti di contatto stabiliti frale membrane cellulari dei neuroni dell’ultimo strato del
tessuto spinale in coltura ed i CNT sottostanti. Indagini di microscopia confocale e di quelle
elettronica a scansione ed a forza atomica hanno rivelato, per la prima volta, che il contatto a
medio-lungo termine tra il tessuto spinale ed i CNT induce un aumento del numero e della
lunghezza delle fibre neuronali che crescono in direzione centrifuga rispetto alla fettina,
associati ad un aumento del numero di coni di crescita ed a variazioni delle proprieta elastiche
e meccaniche delle fibre.

Inoltre, attraverso registrazioni elettrofisiologiche effettuate da interneuroni ventrali
superficiali, e quindi distanti dal punto di contatto fra tessuto e substrato, abbiamo mostrato
un potenziamento delle correnti sinaptiche, sia di quelle spontanee sia di quelle evocate
tramite stimolazione elettrica dei gangli delle radici dorsali, che si manifestava come un
aumento di ampiezza delle correnti post-sinaptiche.

Alla luce di questi innovativi risultati abbiamo teorizzato che I’aumento della crescita delle
fibre ed il potenziamento dell’attivita sinaptica, potessero rappresentare due diversi effetti
dell’influenza che i CNT esercitano sulle colture organotipiche spinali attraverso meccanismi
separati: uno diretto e meccanico operato sulle fibre che crescono adese al substrato ed un
altro esercitato “a distanza” sull’attivita dell’intera rete spinale e probabilmente basato su
modificazioni che avvengono a livello dello strato profondo di tessuto integrato con il tappeto
di CNT, che comunica sinapticamente con gli altri strati del tessuto.

Questi risultati, supportano la tesi che i CNT possano essere sfruttati per potenziare la
rigenerazione assonale e la funzionalita del tessuto spinale, nell’ottica piu ampia di poter

ristabilire connessioni fisiche e funzionali tra due segmenti spinali. Abbiamo quindi deciso di



mettere in piedi un modello in cui due colture organotipiche spinali crescessero insieme sullo
stesso supporto, ad una data distanza, per verificare se potesse prestarsi a studi di
riconnessione neuronale; I’obiettivo ultimo sarebbe quello di provare ad interporre tra i due
espianti spinali uno scaffold di CNT per verificare che possa servire come ponte per
promuovere la riconnessione fisica ed elettrica tra di essi.

Attraverso tecniche di immunofluorescenza e microscopia confocale abbiamo documentato la
presenza di un’enorme numero di fibre che, crescendo in direzione centrifuga dalle due fettine
spinali, si integravano in una rete estremamente vasta e complessa, localizzata soprattutto a
livello delle regioni dei gangli della radice dorsale; al contrario, pochissime fibre sembravano
connettere direttamente i due tessuti in coltura. Attraverso registrazioni eletrofisiologiche in
voltage clamp effettuate da coppie di interneuroni ventrali, uno da ciascuna fettina, abbiamo
rivelato,seppure in una percentuale molto bassa di colture, la presenza di una riconnessione
elettrica fra i due tessuti, rilevata come un’attivita di bursting correlata, ma con caratteristiche
estremamente eterogenee.

Questi risultati preliminari ci hanno confermato la validita di questo modello in vitro per
studiare le abilita riparative intrinseche del midollo spinale e per provare a potenziare queste

abilita attraverso le nanotecnologie (es. CNT).



Abstract

Regenerative medicine is a broad interdisciplinary field, tremendously grown in the last
decades, which encompasses several different research areas, such as biomaterial sciences and
tissue engineering, whose unifying concept holds an enormous therapeutic potential, being
that of restoring impaired organs or tissue functions, resulting from congenital defects, trauma
or disease (Greenwood et al.; 2006; Mason and Dunnill, 2008).

The main challenge faced by tissue engineering is the need to have a renewable source of
cells and biomaterials possessing the right mechanical, chemical and biological features, to
create constructs resembling native tissues. The design of scaffolds able to support and
promote tissue regeneration and/or functional restore, in particular, is a critical step for the
success of an implant, as it should recapitulate the complex architecture of the physiological
microenvironment, e.g. the appropriate extracellular matrix, which has been shown to actively
direct the behaviour of cells, through both chemical and physical cues (Daley et al., 2008;
Place et al., 2009; Rozario and DeSimone, 2010). In this context, nanotechnology tools may
greatly enhance the success of tissue engineering strategies, by providing the chance of
producing surfaces and materials with topographical features that mimic the natural ones, in
addition to the possibility to functionalize nanomaterials with bioactive molecules (Gelain et
al., 2008; Zhang and Webster , 2009; Dvir et al., 2011; Koh et al., 2008).

Among nanomaterials, carbon nanotubes (CNTSs) stood out, since their discovery, for their
outstanding mechanical, electrical and thermal properties, like their extraordinary strength
coupled with remarkable flexibility, or their high electrical conductivity, which make them a
well-suited platform technology for biomedical applications. Recently, several works have
been published, which support the use of CNT-based scaffolds to promote neuronal
attachment, differentiation and growth (Mattson et al., 2000;Hu et al., 2004; Hu et al., 2005;
Galvan-Garcia et al., 2007).Moreover, in the last decade, our group showed that
CNT/neuronal hybrid networks show a boost in synaptic transmission (Lovat et al., 2005;
Mazzatenta et al., 2007) and that the direct contact established between single CNT and
neuronal membranes affect single neuron integrative abilities (Cellot et al., 2009), besides
promoting network connectivity and synaptic plasticity phenomena in cortical cultured
circuits (Cellot et al., 2011).

Here, to extend our knowledge about interactions between CNT and neurons, we long-term

cultured organotypic spinal explants, possessing a complex multilayered cytoarchitecture,



with highly purified MWCNT scaffolds and then investigated, via a multidisciplinary
approach, their growth and synaptic activity. Our aim was to verify whether and how a CNT-
induced effect on neuronal performance could be transferred to network locations, which are
far from the neuronal/ MWCNT layer of interaction, but sinaptically communicating with it.
We documented, via TEM investigations, the presence of tight connections established
between the neuronal membranes of neurons belonging to the bottom layer of the spinal tissue
and the CNT meshwork underlying it. By means of confocal microscopy, SEM and AFM
techniques, we showed, for the first time, that the long-term interfacing of spinal cord
explants to CNTSs induced an increase in the number and length of peripheral neuronal fibres
outgrowing the spinal tissue, associated to changes in growth cone activity and in fibre
elastomechanical features.

We also demonstrated, via patch-clamp recordings performed from interneurons in the ventral
(premotor) area of the explants, that both spontaneous and evoked synaptic currents displayed
a potentiation in the presence of the CNT scaffold, detected as an increase in current
amplitude in neurons which were as far as 5 cell layers from the tissue/substrate site of
interaction.

We speculate that these two effects (the increased fibres growth and the boosting in synaptic
activity) rely upon two different mechanisms, a direct and a remote one, by which CNTs
affect the spinal tissue development. Indeed, the first exerted on fibres directly adhering to the
CNT substrate, while the second is likely to be mediated by alterations occurring at the tissue
layer integrated with CNTSs, which are transmitted, through a remote effect, to distant network
locations, synaptically communicating with such a layer.

These results support the hypothesis that CNTs may be employed to boost spinal neurite re-
growth and functional spinal performance, in the perspective of re-establishing the physical
and functional communication between disconnected spinal segments. We therefore decided
to implement a model in which two organotypic spinal explants grow together on the same
support, as a useful model for neuronal reconnection investigations and to test the possibility
that a CNT-based scaffold, interposed between the two explants, may act as a bridge to
promote the physical and electrical communication between the two spinal segments.

By means of immunostaining experiments and confocal microscopy we reported the presence
of a huge amount of fibres, projecting from the two spinal slices and integrating in a complex
network, especially localized in the DRG regions, while very few fibres seemed to directly
connect the two explanted tissues at the level of the explants cores. When, via voltage-clamp

pair recordings, we looked for the presence of an electrical reconnection between explants, we



found a small percentage of co-cultured explants displaying a complex coupled behaviour,
detected as a strongly correlated bursting activity.
These preliminary data seem to confirm the goodness of such an in vitro model to investigate

the intrinsic reparative potential of spinal cord tissue and to improve such ability via
nanotechnological tools.
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Introduction

1. From organ transplantation to regenerative medicine

The term ‘“regenerative medicine” was coined in 1999 by William Haseltine, then the
Scientific Founder and Chief Executive Officer of Human Genome Sciences, to refer to the
use of natural human substances, such as genes, proteins, cells, and biomaterials to regenerate
diseased or damaged human tissue (Haseltine, 1999; Atala, 2009). Regenerative medicine is
an interdisciplinary broad field in health science tremendously grown in the last century, that
encompasses several research areas, such as cell therapy, tissue engineering (TE), biomaterial
science and transplantation techniques. The unifying concept of these research field is to
replace or regenerate human cells, tissues or organs to restore impaired functions, resulting
from congenital defects, disease, trauma or aging (Greenwood et al.; 2006; Mason and
Dunnill, 2008).

Regenerative medicine development is founded on organ transplantation techniques
(considered as one of the first forms of cell therapies in the history of medicine), as well as
stem cell science, nuclear transfer aimed to clonation, TE and other revolutionary techniques
such as decellularization.

Here, a brief excursus of the principal scientific advances that ultimately lead to the concrete

possibility of engineering tissues and organs will be presented.

1.1 Regenerative medicine’s landmarks

The idea of substituting one body part with another one or exchanging parts between different
persons appeared several times in medical literature history and captured the attention of
many over time. A crucial step in this direction came, in 1930s, from the odd collaboration
between Alexis Carrel, Nobel Prize winner in the field of Medicine, and Charles Lindbergh,
engineer and legendary aviator who successfully fly across the Atlantic in 1920s. Working
together, they invented the perfusion pump, which allowed the maintaining of living organs
outside the body during surgery and revolutionized cardiovascular surgery techniques (Carrel

and Lindbergh, 1935; Dutkowski et al., 2008). Their pioneering studies anticipated concepts
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regarding clinical sciences, such as organ transplantation, TE and regenerative medicine, that
were not developed until decades later and showed for the first time the possibility of keeping
organs alive ex vivo for a long time (Atala, 2009; Orlando et al., 2011). Moreover, this was
the first example of successful collaboration between apparently far disciplines, like medicine
and engineering which, when harnessed, may complement each other and open unexpected
horizons.

In the same period, Bisceglie gave one of the earliest demonstrations that engineering tissues
was possible, by encasing mouse tumor cells in an artificial polymer membrane and

i mpl anting them into a pig’s abdominal

of cell encapsulation, which allows nutrients and wastes diffusion through membranes, yet
preventing immune cells or antibodies from entering, showed that immunoprotection of
implanted cells was possible, in this way overcoming one of the major problems encountered
when introducing cells in recipient organisms. The same approach was used in 1970s by
Chick and co-workers who encapsulated pancreatic islet cells to aid in glucose control for
diabetes in animal models (Chick et al., 1975) and later on by Lim and Sun that showed that

similar results could be obtained with microcapsules (Lim and Sun, 1980).

Skin substitutes for burn patients represented among the earliest attempt at engineering tissues

cavi

(Bel |l et al ., 1979; O Connor et al TEfieldl 9 81;
came in 1988 from the coll aboration betwee

Hospital in Boston, and dr. Robert Langer, expert in material science and bioengineering at
the MIT (Massachusetts Institute of Technology). They succeeded, for the first time, in
making living structures based on combining tissue-specific cells and biodegradable artificial
scaffolds, by seeding fetal and adult hepatocytes, pancreatic islet cells, and cells from the
small intestine onto scaffolds consisting of synthetic polymers organized into fibre networks
that aimed to mimic the intertwined branching networks present in natural tissues that allow
cells to remain viable by diffusion, promotes vascular in growth, and permits cellular
proliferation. After 4 days of culture, constructs were implanted in different locations in
animals from diverse species. Six cases of successful engraftment were recorded, showing
viable cells, mitotic figures, and vascularization of the cell mass (Vacanti et al., 1988).
Shortly afterwards, similar works on liver (Gilbert et al., 1993; Kaufmann et al., 1999), small
intestine (Choi and Vacanti, 1997; Kim et al., 1999; Grikscheit et al., 2004; Sala et al., 2009)
and pancreas (Mao et al., 2009; Wang and Ye, 2009) were published.

I n 1997, Vacanti’'s group described a revol

creating a synthetic scaffold shaped like the external ear with bovine chondrocytes seeded in
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it and then implanted under the dorsal skin of an athymic mouse, which should work as a
living bioreactor. After 12 weeks, histology showed that chondrocytes survived the
implantation, formed new cartilage and extracellular matrix (ECM) that eventually replaced
the completely degraded initial synthetic scaffold (Cao et al., 1997). The so-called Harvard
mouse (Fig. I) became a controversial symbol of a new era in which the idea to create and
implant artificial organ was suddenly feasible, also thanks to the development of other
techniques, such as the isolation of adult and embryonic stem cells (SCs) in animals (Martin,
1981; Evans and Kaufman, 1981) and humans (Thomson et al., 1998), the advent of nuclear
transfer technology that made animal cloning possible (Willadsen and Gotke, 1984;
Willadsen, 1986; Wilmut et al., 1997; Atala, 2009) and the birth of nanotechnology
(Feynman, 1959). All together these scientific achievements pushed the technique of organ
regeneration across new frontiers and by the 1990s TE had become an established field of

investigation.

// )‘
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Figure I. The Harvard mouse.

Nowadays, organ transplantation remains the principal treatment for patients with severely
compromised organ function, but difficulties, linked to the allogeneic (other than patient)
nature of organs, arise from the transplantation approach, namely the risk of tissue rejection
due to immunological response of the recipient body, which may ultimately lead to transplant

failure and the need to remove and replace organs again. Moreover, the number of patients in
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need of treatment far exceeds the organ supply, and this shortfall is expected to worsen as the
global population ages.
Recent advances in regenerative medicine, that allows the possibility to realize autogenic

(using patient’ s o0 whivocsigdest tha)it cdn previleueeciting andh s t r u
promising alternatives to donor organs and
efforts aimed to grow native and SCs, engineer tissues, and design treatment modalities using

regenerative medicine techniques for virtually every tissue of the human body.

2. Engineering tissues

TE emerged as initially defined in 1993 by Robert Langer and Joseph Vacanti as “an
interdisciplinary field that applies the principle of engineering and life sciences toward the
development of biological substitutes that restore, maintain, or improve tissue function”
(Langer and Vacanti, 1993). The therapeutic potential of TE is enormous, since it may
provide biological tissue restoration in a wide range of medical conditions involving organ
loss or dysfunction (Place et al., 2009).

TE research field is mainly focused on two strategies (Fig. Il). The first, or traditional TE
approach, consists in seeding cells (native or SCs) in or onto biomaterials, which serve as
temporary scaffolds and should promote, at the same time, the cell reorganization in vitro into
a functional tissue (Langer and Vacanti, 1993). The resulting hybrid construct maybe then
implanted into the patient. The second strategy relies on the engineering of “smart”
biomaterials, which can be directly placed into the host, acting as a living bioreactor (i.e. a
device that attempts to simulate a physiological environment for tissue to grow), with or
without the addition of cells. Such intelligent scaffolds should be able to recruit host SCs,
stimulate ECM deposition, triggering the patient innate regeneration process.

One of the main advantages of this latter procedure would be the possibility to insert a
scaffold into the patient without cells, then avoiding the need to have a viable and
immunologically compatible cell source. Another important issue concerns the chance to
resume all the procedure (harvest and seed cells, and implant the hybrid tissue) into a single
surgical event (Engel et al., 2008; Place et al., 2009).

Whichever approach is taken, scaffold design is critical to the success of the implant, and in

many cases actively directs the behaviour of the cells (Place et al., 2009).
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Figure 11. TE approaches (from Place et al., 2009).

Hence, main challenges in TE techniques, depending upon the chosen approach, are:

1) the need to have a renewable source of immunologically compatible cells;

2) the successful engineering of biomaterials (synthetic or natural) that posses the right

mechanical, chemical and biological properties;

3) the possibility to create vascularized tissue constructs, resembling the complex

architecture of native tissues and able to integrate into the circulatory system of the

patient.

2.1 Cells

A limiting prerequisite in TE traditional strategy is represented by the possibility to have a
viable cell source. Traditionally, cells have been obtained from the patient (i.e. autologous),
from other humans (i.e. allogeneic) or from other species (i.e. xenogeneic). Among these

strategies the use of autologous cells in clinical applications gives the main advantage that
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immunosuppressive therapies are not required.

Native cells can be obtained from the organ that needs to be regenerated, dissociated into
individual cells and then implanted again into the patient, either directly or expanded in
culture and attached to a support scaffold (Atala, 2009).

For example, Atala et al., (2006) successfully created engineered bladder tissues with
autologous urothelial and muscle cells, obtained by patient’s biopsy, seeded on a
biodegradeble bladder-shaped scaffolds made of collagen or mixed collagen and polyglycol
acid. These artificial bladders were then implanted into patients and the follow up
investigations (46 months) showed normal bowel functions and adequate structural
architecture and phenotype.

Another approach by Okano’s group was aimed at engineering cardiac tissue patches, without
employing scaffolds to support cell growth. Authors cultivated bi-dimensional cardiac cell-
sheets and then detached them from their culture substrates obtaining three-dimensional (3D)
tissues (1 mm thick). These patches were re-implanted onto infarcted adult rat, canine and pig
models, whose heart tissue functions were reported to be improved (Shimizu et al., 2009).
Despite the advantage of immune-compatibility with host and the advances acquired in
culture techniques in the past decade, nowadays several difficulties remain in growing and
expanding specific cells types in vitro for therapeutic applications, especially since large
quantities of cells are usually required due to the considerable cell loss following
injection/implantation into the host tissue (Vacanti, 2006; Atala, 2009). Moreover, native cells
tend to lose their efficacy when expanded in vitro (Vacanti, 2006).

The interest in both adult and embryonic SCs in the fields of TE and regenerative medicine
has grown tremendously in the past few years, as they possess critical properties that make
them uniquely suited for certain TE applications. Their ability to replicate in culture while
retaining the capability to differentiate into specific lineages, have obvious advantages when
the number of cells needed for certain cellular therapies is limiting for using primary tissue
cells. Furthermore, their low immunogenicity (Nauta and Fibbe, 2007) may facilitate
allogeneic transplantation.

Embryonic SCs (ESCs), isolated both from animals (Martin, 1981; Evans and Kaufman,
1981) and from humans (Thomson et al., 1998), have been considered as a powerful resource
in regenerative medicine field due to their ability to proliferate in an undifferentiated state
(self-renewal) while retaining the ability to differentiate into many specialized cell types
(pluripotency). ESCs have been shown to differentiate into cells from all three embryonic
layers in vitro (Reubinoff et al., 2001; Zhang et al., 2001; Kehat et al., 2001; Levenberg et al.,

17



2002; Assady et al., 2001) and to be able to form embryoid bodies in culture, cell aggregates
containing all three embryonic layers, and teratomas in vivo (Itskovitz-Eldor et al., 2000).
Unfortunately, besides the limitation due to their potential to evoke immunological response
in the host, the use of human ESCs (hESCs) is commonly surrounded by ethical problems.
Brand new technologies, such as therapeutic cloning and cell reprogramming, hold the
promise to overcome these problems. The former is a technique developed to generate ESC
lines, retaining the potential to become almost any type of cell in the adult, but whose genetic
material is identical to that of its source (i.e. autologous SCs; Hochedlinger et al., 2004),
while cell reprogramming is a revolutionary method (that is worth Medicine Nobel prize in
2012 to its authors) to obtain pluripotent SCs (induced pluripotent state, iPS) by genetic
transformation and consequent de-differentiation of adult somatic cells (Takahashi and
Yamanaka, 2006). These iPS cells have been shown to possess all the characteristic features
of ESCs, including pluripotency, while being genetically identical to the somatic cells from
which they have been derived. This technique holds the promise to overcome at the same time
the ethical issues pending on the use of human embryos and the problems concerning tissue
rejection following transplantations.

Adult SCs can be also employed in regenerative medicine applications. Besides the most
accessible and investigated mesenchimal SCs (MSCs; Guilak et al., 2009, Peran et al., 2012)
SC sources have been identified in organs all over the body, including the brain (Taupin,
2006; Jiao and Chen, 2008), the skin (Jensen et al., 2008) and the muscle (Crisan et al., 2008)
and they opened new frontiers in regenerative medicine and TE being considered as tissue-
specific repair resources for corresponding organs.

In 2008, adult SCs have been used for the first time to produce a specific tissue, by
Macchiarini and collaborators who generated a bioengineered trachea ex vivo, and then
implanted it in a 30 years old woman suffering of broncomalacia (Macchiarini et al., 2008).
As biological scaffold they used a deceased donor trachea, decellularized and then seeded
with autologous epithelial cells, harvested from bronchial mucosa, and with chondrocytes
differentiated from MSCs isolated from patient’s bone marrow. The use of autologous cells
didn’t require immunosuppressive therapies and the post-operative course was doing well
after eighteen month from the implantation.

The innovation in such an approach was represented by the use of adult SCs to successfully
realize a complex tissue, and by the use of a human organ as scaffolding material.
Decellularization preserves organ natural architecture and vascular tree, besides biological

activity of ECM in terms of protein and growth factors content (Chun et al., 2007; Orlando et
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al., 2011).

In the body, cells are exposed to a controlled microenvironment that is strictly regulated with
respect to interactions with the surrounding cells, soluble factors and ECM molecules. This
pattern of signals follows a spatial and temporal distribution that is controlled and unique for
each organ. Furthermore, cells in organs are exposed to a 3D environment. Given the proper
series of signals it may be possible to differentiate SCs into any desired cell type efficiently
and reproducibly. Nowadays, both the adult and the embryonic SCs are considered a powerful
cell source, but in order to use them the extracellular cues that regulate their fate should be

understood and controlled.

2.2. An instructive environment: the extracellular matrix

For a long time it was believed that scaffolds should serve only as mechanical supports for
cells to grow and proliferate, and that their properties should just recall, at the macroscopic
level, the ones of the organs they had to replace, without further match any specific feature
observed in real tissues. In other words, cells were commonly seen as leader actors in tissue
construction, while biomaterials, acting as mere passive supports, should mainly satisfy
biocompatible features.

A recent body of research focused on the real nature of the cellular microenvironment (i.e.
ECM),an extremely dynamic and hierarchically organized structure that, besides offering a
mechanical support for tissues and organs, also regulates many aspects of cell behaviour, such
cell proliferation and growth, survival, maintaining and changes in cell shape, migration and
differentiation (Daley et al., 2008; Place et al., 2009; Rozario and DeSimone, 2010).
Nowadays, ECM is considered as an instructive background that guides cell behaviour and
fate.

The ECM can be considered as the ideal scaffold material: it is synthetized and designed by
host cells, its structural and functional proteins mediate the communication between cells and
their natural occurring environment, it serves as conduit medium for blood and lymphatic
vessels and nerves and for the diffusion of nutrients and wastes from blood to cells (Badylak,
2007).In other words, these are all the features that an ideal perfect scaffold should have to
sustain the formation of a functional and implantable tissue. Unfortunately, its precise and
often tissue-specific structure isn’t still fully characterized, so it’s impossible to replicate it

artificially, even if single components have been successfully isolated and exploited to
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facilitate cell growth and differentiation in vitro and many decellularized biological ECM
have been extensively used in clinical applications (e.g. small intestinal submucosa,SIS;
Badylak, 2007; Badylak et al., 2009). Moreover, synthetic biomaterials can be modelled in
both their chemical and physical properties, and functionalized to mimic ECM native
protein’s roles.

As a consequence, researchers began to take advantage of nanotechnological tools for
designing advanced scaffolds that could recapitulate the complexity of ECM and its role in
guiding tissue formation. Nanocomposite scaffolds could either be thought to recreate the
complexity of tissues ex vivo or, alternatively, they could establish key interactions with
native cells to unlock the body’s innate powers of organization and self-repair (so-called
“smart” scaffold; Place et al., 2009). The ultimate goal would be that to engineer complex and
large functional tissues for clinical applications (Place et al., 2011).

To better understand the crucial importance of applying nanotechnological strategies to TE
strategies, a description of ECM nanostructure and functions in natural tissues will be

presented.

2.2.1The extracellular matrix structure and functions

The ECM is a complex mixture of structural (e.g. collagens, laminins, fibronectin, elastin) and
specialized proteins (e.g. growth factors, matricellular proteins and integrin-binding
glycoproteins) and proteoglycans. Its composition vary among different tissues andit is
continuously remodelled by cells that degrade and reassemble it, especially during critical
processes, such as developmental or disease and heal states (Dailey et al., 2008).

Several studies addressing successful engineering of heart (Ott et al., 2008), liver (Uygun et
al., 2010), bone (Grayson et al., 2010), arteries (Gui et al., 2009) and lung (Petersen et al.,
2010) have shown the crucial importance of the ECM structure in guiding the behaviour of
seeded cells and promoting morphogenesis, by providing an unique and instructive
microenvironment that shapes tissue organization. This bioactivity is partly conferred through
the molecular contents; in fact the array of ECM proteins presented to cells in a specific tissue
is critical in determining how cells behave within that tissue (Place et al., 2009).

The overall architecture of the ECM is characterized by a fibrillar and porous nanoscale
topography organized in a 3D microenvironment.ECM is composed of an intricate mesh of

fibrous proteins, such as collagens and elastins, whose dimensions range lays in the
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nanometer scale (from 10 to several hundred of nanometers), covered with adhesive proteins,
e.g. laminin and fibronectin, that provide specific binding sites for cell transmembrane
receptors, like integrins and cadherins. These cell-ECM interactions have been shown to
regulate specific cell behaviours like growth, shape, migration and differentiation (Hynes,
2009). Polysaccharides, like hyaluronic acid and heparan sulphate, fill the spaces between the
fibres acting as key regulators of growth factors activity, by sequestering them within the
matrix, preventing their degradation and presenting them to cell receptors (Place et al., 2009).
Hence, the ECM is not just a support scaffolds for cells to grow, but it provides signalling to
cells by cell receptors-ECM ligand interactions, controlled released of functional molecules
(e.g. growth factors) and also spatial and mechanical cues.

Increasing evidences are emerging on the role of an entire array of physical properties of
ECM, such as micro- and nanoscale topography and substrate elasticity in determining the
overall behaviour of cells, in addition to classical molecular and genetic factors (e.g. growth
factors, transcription factors; Guilak et al., 2009) and a deep comprehension of these factors
and mechanisms is essential to move forward in the possibility to engineer tissue substitutes.
For example, cell shape, which is straight influenced by chemical and physical features of
microenvironment, has been shown to profoundly affect cell fate, at least partially through
altered adhesive interactions between cells and their substrate. Simple demonstrations of the
influence of shape on cell behaviour have emerged from the implementation of 3D culture
systems, in which cells tend to adopt a more rounded shape in comparison to the classical bi-
dimensional substrates. In such 3D culturing conditions, chondrocytes have been shown to
retain their own phenotype (Abbott and Holtzer, 1966; Benya and Shaffer, 1982) in contrast
to a shift through a more fibroblastic profile, corresponding to a flattened shape, observed
when they are grown on bi-dimensional substrates (Holtzer et al., 1960).

Also SCs, both adult and embryonic ones, have been shown to require a rounded shape to
differentiate through a chondrocytic phenotype, expressing in these conditions molecular
markers associated with chondrogenesis (McBride and Knothe Tate, 2008). The mechanisms
through which cell shape influences cell behaviour has been further investigated by
employing micropatterned substrates to precisely control cell attachment. Chen and co-
workers observed that SCs cultures on small ECM micropatterned islands adopted a rounded
morphology, whereas they tend to spread and flatten on larger ECM islands, and this shape
shift profoundly affected their cytoskeleton organization and adhesion to the substrates (Chen
et al., 1998; 2003).
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In this context, a milestone work performed by McBeath and collaborators (2004), who
employed the same micropatterning approach, revealed how the different shapes, rounded
versus flattened, control the lineage commitment of MSCs into adipogenic or osteoblastic
phenotype, respectively. Even if the mechanisms responsible for this behaviour still need to
be clarified, it seems that changes in the F-actin cytoskeletal architecture, modulated by Rho/
ROCK molecular pathways, could be involved in such a response, since the inhibition of Rho
completely suppressed cell differentiation (McBeath et al., 2004).

Besides cell shape effects on cell commitment and behaviour, also ECM stiffness can
influence cell differentiation. Early evidences of such phenomena emerged in 1979, when
Emerman and co-workers observed that mouse mammary epithelial cells showed a higher
degree of differentiation when grown on collagen soft gel substrates when compared to plastic
ones. An extraordinary demonstration of the effect of substrate stiffness on cell fate is due to
Engler et al. (2006). By growing MSCs on variably compliant polyacrylamide gel they
showed how stiffer substrates induced stiffer cells, concomitantly varying the commitment
lineage of MSCs: soft substrates mimicking the mechanical properties of brain tissue resulted
to be neurogenic, stiff substrates with bone-like properties were found to be osteogenic, while
intermediate ones, mimicking muscle stiffness, were myogenic. Similar results have been
obtained with adult neural SCs (NSCs), which have been found to proliferate and express
high level of neuronal markers (beta-tubulin 111) only when grown on hydrogel substrates that
had the approximate stiffness of brain tissue. Moreover, softer substrates promoted neuronal
differentiation, while stiffer ones preferentially lead to glial phenotypes (Saha et al., 2008a).
Other studies showed how human MSCs could be kept quiescent when cultured on substrates
mimicking the bone marrow environment and then pushed through differentiation when put in
contact with stiffer substrates, underlying in this way that a critical factor to maintain
multilineage potential of SCs in vivo can be represented by the elasticity of the bone marrow
niche (Winer et al., 2009).

These fascinating results highlighted the importance of tuning physical properties when
engineering ECM in order to drive SC fate ex vivo and be able to construct engineered tissues
and organs the more similar to native ones (Gosh and Ingber, 2007; Dellatore et al., 2008).
Cells have the ability to sense micro- and nanotopographycal geometric cues of their
substrates, such as surface topography and roughness, fibre diameters, and other parameters,
which are interpreted as differences in molecular conformations. For example, neurite
outgrowth from neurogenically differentiated SCs was significantly enhanced when cells were

grown within inert but highly porous 3D polystyrene scaffolds, as compared to traditional flat
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substrates (Hayman et al., 2005), thus indicating that the 3D topography of the substrate can
facilitate neuronal differentiation and development.

Interestingly, this ability extends to nanodimensional features of ECM. An early
demonstration of this phenomenon was by Thapa and co-workers, who produced poly(D,L-
lactic-co-glycolic-acid)(PLGA) and poly(ether urethane) (PU) films with nanotopographycal
features (50-100 nm) with increased surface roughness by soaking in 1 N NaOH. They
showed that bladder smooth muscle cells grown on these nanoroughened surfaces displayed
increased levels of viability and function, and that viability level increased with decreased
feature size (Thapa et al., 2003).

Christopherson and co-workers (2009) demonstrated that rat hippocampus derived NSCs
grown on laminin-coated electrospun fibres of different diameters ranging from 283 nm to
1452 nm, showed a higher degree of differentiation and proliferation with decreasing fibre
diameters on which they stretched multidirectionally to follow the overall fibre pattern.
Moreover, while the combination of such nanotopographical cues with biochemical ones
usually enhances the effects on cell growth and behaviour, nanotopography alone has been
showed to exert a stronger effect compared to chemical cues on un-patterned surfaces (Yim et
al., 2007).

The reported works summarized how cells react to topographical cues both in the micrometer-
range and in the nanometer one by dramatically changing their behaviour. Moreover, it is not
only the scale of topography (5 nm to micrometer scale) that can modulate cell fate but also
the type of ordered topography and even their symmetry. Curtis and co-workers cultured
human fibroblasts on surfaces patterned with different nanoscale-ordered features, showing
that these cells can distinguish between symmetries, preferentially affecting their adhesion
and their ordering and orientation processes; none of these cell responses to substrate
topography was affected by changes in surface chemistry (Curtis et al., 2004).

The mechanisms by which individual cells sense these mechanical signals and transduce them
into changes in intracellular biochemistry and gene expression are on the whole known as
mechanotransduction and they still need to be fully clarified. As now, the modifications of
actin cytoskeleton and the activity and expression of transcription factors and chromatin
remodelling enzymes directly involved in gene expression are considered to play an important
role in mechanical signal transduction. Molecular pathways such as RhoA/ROCK (McBeath
et al., 2004) and ERK (Igbal and Zaidi, 2005) are key players in mechanotransduction, by
serving as links to mediate cross talk between mechanical cues and soluble factors.

Despite topographical cues on both the micro- and nanoscale can affect cell behaviour, it is
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important to note that the mechanisms might be different between these two approaches.
Microtopographical features generally include substrate characteristics with sizes similar to
the size of a single cell, thus might affect cell behaviour through geometrical constriction or
guidance. For example, it was shown how micrometer scale topography could influence cell
morphology and proliferation, probably through biomimetic mechanisms of environmental
cues. However, cells interactions with their substrates are governed by mechanisms mainly
occurring at the nanoscale, named nanobiointeractions (Curtis et al., 2006), which are related
to the presence of cell adhesion sites in the range of 5-200 nm (i.e. focal adhesion) interacting
with specific ECM binding sites. For these reasons, it is clear how nanoscale features,
resembling the size of the ECM in the native environment, has the potential to strongly
influence cell behaviour, while microscale patterning often creates artificial constraints that

may not be present in vivo(Zhang et al., 2011).

3. Nanotechnology and its application to tissue engineering

strategies

A paramount step for the successful transition of TE techniques from the experimental level
to clinical applications is represented by the possibility to design 3D scaffolds with controlled
physical and chemical features that can recapitulate the physiological microenvironments in
vitro. Micro-, and particularly, nanoscale technologies are powerful tools for addressing this
and other challenges, for they can be used to manipulate the extracellular microenvironments
and, in turn, influence cellular behaviour by controlling specific interactions, such as cell-cell,
cell-ECM and cell-soluble factors.

Nanotechnology provide the chances to produce surfaces, scaffolds and materials with
topographical features that mimic ECM ones, and promote tissue-specific functions and
remodelling. Moreover, the possibility to functionalize nanomaterials and scaffolds with
different bioactive molecules, such as growth factors or drugs, could greatly enhance the

success of TE strategies.
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3.1 Nanotechnology

The origin of nanotechnology can be traced back to 1959, during physicist Richard
Feynman’s famous talk named “There’s plenty of room at the bottom”. He was the first to
recognize the potential of “manipulating and controlling things on a small scale”, suggesting
that at this scale materials would have changed their physical properties(Feynman, 1959).
While Feynman brought the basic concept of operating at the nanoscale, the term
nanotechnology was coined by Taniguchi in 1974at a conference on production engineering
in Tokyo. He referred to nanotechnology as “the processing of separation, consolidation, and
deformation of materials by one atom or one molecule” (Taniguchi, 1974).

Since that moment, nanotechnology field has attracted increased attention and achieved
tremendous progresses and nowadays it is defined as an interdisciplinary science that
develops materials and devices that have a functional organization, in at least one dimension,
at the nanometer scale (i.e. 1-100 nm) and whose properties are often different from their bulk
materials (Silva, 2006; Provenzale and Silva, 2008). For example, DNA spontaneous self-
assembly have been shown to yield DNA nanotube supermolecular structures that can be used
as electrical conducting nanowires for nanoelectronic applications, ability that is not
spontaneously displayed by DNA molecules in nature (Liu et al., 2004).

Two main approaches can be distinguished in nanotechnology. The bottom-up approach
focuses on assembling simple elements to form complex structures (e.g. self-assembly), while
top-down strategies use bulk materials to generate nanodevices (e.g. nanolithography).
Nanotechnology is located at the interdisciplinary convergence of many basic and applied
fields, such as chemistry, physics, biology, material science and engineering, whose
competences are unified and enhanced to bring new solutions to old problems related to a
wide range of research and production sectors, such as energy, aerospace industry, computer,

vehicle manufacturers and medicine.

3.2 Engineering the extracellular matrix through nanotechnology
In the last decades nanomaterials have evoked great attention for improving disease

prevention, diagnosis and treatment and they are particularly intriguing for regenerative
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medicine and TE applications. For example, a lot of nanofabrication technologies are
currently available to synthetize nanoscaffolds with ordered or random nanotopography (Fig.
[11). Alternatively, nanomaterials can be assembled into nanofibers or nanotubes, which
simulate the dimensions of natural occurring fibrillar proteins in ECM, e.g. collagen fibres.
Moreover, decreasing material size to the nanoscale, besides dramatically increasing surface
area to volume ratio, lead to the appearance of outstanding physical and chemical properties,

such as mechanical, electrical, optical and magnetic ones.
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Figure 111. Scanning (A, B and C) and transmission (D) electron microscopy images of different nanofibrous
scaffolds, showing some of the broad range of possibility of nanopatterning. (A) poly(L-lactic acid) (PLLA)
nanofibrous scaffold with interconnected spherical macropores created by a phase-separation technique; (B)
electrospun polycaprolactone/hydroxyapatite/gelatine nanofibers for bone TE applications.; (C) Single walled
carbon nanotube (SWNT) forest; (D) Transmission electron microscopy image of monodispersed magnetic
Fe304 nanoparticles (from Zhang and Webster, 2009).

Given nanomaterial extraordinary features and given that cells in their native environment

interact with nanostructured ECM components, it’s not surprising that scientists in
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regenerative medicine and TE have turned to nanotechnology as the solution to the
development of tissue engineered scaffolds and devices, that are able to interact at the
subcellular level (Barns et al., 2007).

To successfully engineer functional tissue, 3D scaffolds should recapitulate all the features
occurring in vivo. Cells in their natural environment organize into tissue owing to specific
cues provided by ECM, such as topography, stiffness, elasticity and concentration gradients
of tissue-specific growth factors or other molecules. The importance of the overall structure of
the ECM, showing both fibrillar and porous topographical features, lead tissue engineers to
develop biomimetic scaffolds with nanoscale features (Dvir et al., 2011).

Among nanomaterials that can be used as scaffolds, nanofibres offer the main advantage of
showing a highly interconnected porous architecture, that may encourage the colonisation of
cells into the scaffold allowing, at the same time, an efficient exchange of nutrients and
metabolic waste between scaffold and the environment. Both synthetic and natural materials
can be employed to realize nanofibres, or even a combination of both (e.g. PLLA, PEG and
PLGA among synthetic, collagen, fibronectin and other ECM proteins; see below).

Common nanofabrication techniques to create nanofibrous scaffolds for TE are: phase
separation (Ma and Zhang, 1999), self-assembly (Hartgerink et al., 2001) and electrospinning
(Bognitzki et al., 2001).

In the next sections we will briefly see advantages and drawbacks of these techniques. It will
be easy to conclude that none of them represent the better solution for a particular TE
approach, but they are often combined together to exploit the features needed for a particular

tissue construct.

3.2.1 Phase separation

Phase separation is a thermodynamic process that allows to create polymer scaffolds
characterized by a 3D sponge-like porous morphology with microscale spherical porous.
Constituent fibres are in the same dimension range of the ECM ones, namely between 50 and
500 nm. Essentially, a polymer is dissolved in solution, giving rise to a polymer-rich phase
and a solvent-rich one. Phases separation can be then induced either thermally (thermally
induced phase separation, TIPS), which is the most common method, or through the addiction
of a non-solvent to the polymer solution to create a gel.

The most widely used material for phase separation is poly(L-lactic acid) (PLLA), a synthetic
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biomaterials very popular in biomedical applications (Barnes et al., 2007),sometimes
combined with collagen (Engel et al., 2008). Yang and co-workers (2005) employed phase-
separation technique to fabricate a biodegradable nano-fibrous porous scaffold for nerve TE
(NTE), using PLLA. According to their results, the average fibre diameter and the porosity of
the scaffold could be increased and decreased, respectively, by increasing the concentration of
PLLA. They observed that the resulting scaffold had a structure comparable to that of natural
ECM and that it was able to support NSC differentiation and neurite outgrowth in vitro.
Yang’s group results showed that a high degree of porosity is desirable to allow cell migration
and nutrient supply throughout the scaffold, and phase separation is the eligible technique to
obtain such porosity within a nanofibrous scaffold.

Another advantage of the phase separation process is that it is a relatively simple and low cost
procedure and it doesn’t require any sophisticated equipment, while an important drawback is
that it was so far impossible to control fibre orientation. Since the distribution and
arrangement of the ECM fibres were shown to have a crucial role in controlling cell shape and
physiological functions, besides defining organ architecture, it is believed that the possibility
to control fibre orientation will increase biomimetic properties of such promising scaffolds
(Engel et al., 2008; Matthews et al., 2002).

3.2.2 Self-assembly

Self-assembly is a nanotechnological approach to engineer artificial scaffolding materials by
mimicking a common biological process from the bottom-up (e.g. nucleic acid and protein
synthesis). It takes advantage of the self-assembling capacity of specific polypeptides
sequences, which spontaneously organize into ordered and stable structures through weak and
non-covalent bonds.

Both natural and synthetic materials can be used, but the most common for medical purposes
are peptide amphiphiles (i.e. chemical compounds possessing both hydrophilic and
hydrophobic properties) that easily interact in solution. The resulting 3D scaffolds are
arranged in a way that reflects the nature of the assembled particles. For example, lipid—
peptide conjugates can form helical strands and lipid micelles, which can be easily
incorporated into cells (Cavalli et al., 2010), while peptides with alternating positively and
negatively charged amino acids form secondary structures similar to B-sheets observed in

native protein folding (Kelleher and Vacanti, 2010). The peptides that assemble to form the
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nanofiborus 3D scaffolds can have a fibre diameter as small as 10 nm and the scaffold pore
size can range between 5 and 200 nm, significantly smaller than those produced by other
techniques (Zhang, 2003).

Zhang and colleagues developed a self-assembled scaffolding material from amphiphilic
oligopeptides, made up of alternating positively and negatively charged residues separated by
hydrophobic ones. They showed that this material, RADA16, was able to sustain neuronal
growth and functional synapse formation of rat hippocampal neurons (Zhang et al. 1995) and
nowadays it is frequently used as common growth scaffold in NTE research (Holmes et al.,
2000; Ellis-Behnke, 2006; Gelain et al., 2007; Cellot et al., 2009).

In self-assembly process the incorporation of biologically active peptide sequences to induce
specific cellular responses is relatively easy to obtain. In one example, incorporation on the
laminin-derived peptide IKVAV (i.e. isoleucine-valine-alanine-valine; known to promote
neurite sprouting and to direct neurite outgrowth; Powell et al., 2000; Kam et al., 2001) into
both two- and three-dimensional self-assembled scaffolds induced neuronal progenitor cells to
differentiate into neurons, while suppressing astrocytes differentiation (Silva et al., 2004).
Another important feature of self-assembled scaffolds is their propensity to be remodelled by
cells. Moreover, the remodelling process can be increased by incorporation of specific
cleavage sites into the assembling particles, to enhance colonization and degradation of the
scaffolds. For example, inclusion of matrix metalloproteinase (MMP)-sensitive peptides into a
polyethylene glycol (PEG) hydrogel have been shown to promote pluripotent cardiac
progenitors commitment into a myocyte pathway, by favouring the remodelling of the
existing matrix and the appropriate colonization of the PEG hydrogel scaffold (Kraehenbuehl
et al., 2008).

One of the main challenges in TE is to obtain a vascularized and implantable tissue. Recently,
pro-angiogenic materials have been created that encourage blood vessels invasion into self-
assembled implantable structures, by binding and stabilize pro-angiogenic proteins (e.g.
vascular endothelial growth factor, VEGF, and fibroblast growth factor, FGF). These self-
assembling particles create nanofibre scaffolds (i.e. heparin-binding peptide amphiphile
(HBPA)-hydrogels). Rajangam et al., (2006) implanted these HBPA hydrogels linking pro-
angiogenic factors into rat corneas, significantly improving angiogenesis when compared to
treatment with heparin plus growth factors or hydrogel alone.

The biocompatibility of self-assembling peptide scaffolds, conferred by the fact that their
building blocks are natural amino acids, lead many researchers to employ such materials in in

vivo experiments, in which they have been shown to elicit negligible immune response and
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poor inflammatory reactions (Davis et al., 2005, 2006; Ellis-Behnke et al., 2006).

Some drawbacks of self-assembly strategy should also be mentioned, like the impossibility to
direct the orientation of the fibre deposition, an issue that may be crucial where a particular
3D spatial cell organization is crucial for the proper functionality of the tissues (e.g. central
nervous tissue, corneal stroma). Moreover, the majority of self-assembling peptides
spontaneously form structures with poor elastic properties, when compared to those of organs
like skin, lung or muscles and they can go through fragmentations if subjected to mechanical

stresses, compromising in this way the success of the regenerative therapy (Gelain, 2008).

3.2.3 Electrospinning
Electrospinning is a widely used technique for the production of nanofibres because it is a

relatively simple fabrication process that allows great flexibility in terms of chosen material
and control over the scaffold geometry (Peran et al., 2012). Briefly, electrospinning technique
involves the charging of a polymer solution contained into a capillary, by application of a
high voltage. When the electrostatic charge overcomes the surface tension of the droplet, a

polymer jet is ejected, solidified for the evaporation of the solvent and finally collected onto a

grounded substrate (Fig. IV).
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Figure V. Electrospinning technique, see text for description.
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Electrospun scaffolds display fibre with a diameter range from several nanometers to a few
micrometers and a wide range of pore sizes. Both synthetic and natural polymers have been
successfully electrospun, such as PLLA, collagen and several other ECM proteins.

Compared to phase-separation and self-assembly techniques, electrospinning offers the
additional advantage that both aligned and randomly oriented fibrous scaffolds can be
produced. This aspect has particular relevance for tissues in which ECM had an ordered
structure, like muscular or vascular tissues or central and peripheral nervous tissues, for which
it has been shown that fibre arrangement, may strongly inhibit or enhance neurite outgrowth
(Yang et al., 2005; Subramanian et al., 2012).

In this context, Kijenska and co-workers (2012) employed electrospun PLLA/collagen mixed
scaffolds with different compositions (either collagen 11l or mixed collagen | and Ill) and
orientations (ordered vs. aligned) to assess the suitable material composition and topography
required for peripheral nerve regeneration. They found that aligned PLLA/collagenl/collagen
I11 nanofibrous scaffolds better supported the elongation and directional outgrowth of neurites,
parallel to the fibre’s direction, when compared to randomly oriented nanofibrous scaffolds.
Authors confirmed that both orientation and composition, that in turn influenced mechanical
stiffness, play a crucial role in engineering scaffolds for peripheral nerve regeneration.

Similar works have shown that aligned electrospun nanofibres also promoted directional
alignment of skeletal muscle cells and myotube formation (Choi et al., 2008), and peripheral
blood endothelial cell proliferation (Lu et al., 2009).

Aligned electrospun scaffolds have also been shown to induce pluripotent MSCs to
differentiate through a fibrochondrocytes phenotype and to produce ECM similar in
composition to natural meniscus tissue (Baker and Mauck, 2007)

Coating with biologically active peptide sequences, e.g. arginine-glycine-aspartate (RGD),
that link and activate integrin receptors, may confer bioactivity to a scaffold, favouring the
interaction with seeded cells.

In this context, Kim and Park (2006) developed an electrospun PLGA nanofibrous scaffolds,
coated with RGD bioactive peptide and showed that cell attachment, spreading and
proliferation were all enhanced with respect to cells grown on uncoated ones.

Like self-assembled scaffolds, also electrospun ones allow the possibility to cells to remodel
the scaffold after seeding. In this direction, electrospun fibres from biological proteins, like
fibronectin, have been shown to facilitate cells in degrading the scaffold and depositing a

collagen matrix on their own (McManus et al., 2007a).
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Electrospinning allows formation of 3D structures to re-create native tissue architecture. This
feature has been shown to have a great potential in blood vessel replacement (Inoguchi et al.,
2006) and in nerve regeneration (Sell et al., 2006).

One of the main drawbacks of electrospinning is the impossibility to seed cells within the
scaffolds while they are forming, due to the use of harmful chemical compounds (Gelain et al.,
2007). Moreover, the diameter of electrospun fibres generally resides on the upper limits of
the natural ECM’s range (50-500 nm) and there is currently no way of creating a controlled
tridimensional (3D) pore structure, which is important for cell incorporation, migration and
proliferation (Smith et al., 2008).

As none of the above cited techniques has been elected as a generally accepted way to realize
ideal scaffolds reproducing ECM nanotopography, usually all three techniques or a
combination of them are employed to produce efficient nanofibrous structures (Bignitzski et
al., 2001).

4. Carbon nanotubes: synthesis, structure and properties

As it has been shown in previous sections, the field of TE has been largely potentiated by the
design and fabrication of new nanomaterials and nanodevices, whose properties can be
exploited to improve or to investigate cell functions. In this context, and among nanofibers,
carbon nanotubes (CNTs) have always raised particular interest for their outstanding
properties, which make them a well-suited nanomaterial for TE purposes.

CNTs have been discovered in 1991 by lijma (lijma, 1991). They are sheets of graphite rolled
up into tubes of cylindrical shape, usually organized into 3D scaffolds. They are considered as
nearly one-dimensional structures according to their high length to diameter ratio and, despite
their simple chemical composition, they exhibit an extreme diversity in structure and offer
important electronic, thermal and mechanical properties. These different features are all
interrelated, since both thermal and mechanical properties reflect the chemical bonding in the
carbon network, which also controls their electronic structure. Thus, all three aspects
ultimately reflect the unique structure of CNTSs.

CNTs most important structures are single walled nanotubes (SWNTSs), consisting of a
cylinder with only one rolled graphene sheet, and multi walled nanotubes (MWNTS), which
are made up by many rolled concentric layers of SWNTSs (Fig. V).
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Single walled and multi walled nanotubes largely differ in their structures and properties.

Figure V. SWNTs and MWNTS structures (see text for details).

SWNTs diameter ranges between 0.7 and 1.4 nm, while their length vary from few hundreds
of nm up to some pum. The orientation of the tube axis with respect to the hexagonal lattice,
define a very important property of CNTSs, the chirality, which is denoted by the two chiral
indices (n, m). Depending on chirality, SWNTSs can exhibit a wide range of electrical states:
the so-called armchair configuration (n = m) define metallic CNTSs, while the zig-zag one (m
= 0) identify semi-conductive CNTs. Chiral SWNTs (n # m) has two enantiomers with right-
and left-handed helicity (Fig. VI; Gao et al., 2012).
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Figure VI. Chirality of SWNTSs (Adapted from Gao et al., 2012).
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MWNTs display greater diameters range, given their concentric structure, in fact they can be
large up to 100 nm. MWNTSs are usually described with two different models: they can be
formed of different graphene sheets, individually rolled up and arranged coaxially together
(“Russian doll” model); alternatively, one single graphene layer can be rolled on itself in a
parchment fashion. A different version of the ‘“Russian doll” configuration is the coaxial
cylindrically poligonized one (Fig. VII; Amelinckx et al., 1999). In terms of conductive

properties, each layer of graphene composing a MWNT can have a different chirality.

(a) (b) (c)

Figure VII. MWNTs configurations. (a) coaxial cylindrically curved or “Russian doll” model; (b) coaxial

poligonized; (c) scroll grapheme (Adapted from Belin and Epron, 2006).

The two termination caps of each CNT are formed by fullerene-like structures.

Besides CNT dimensions and geometry, that, as we saw, greatly influence their conductive
behaviour, CNTs display unique mechanical and thermal properties.

The carbon—carbon chemical bond in the graphene layer is among the strongest chemical
bond known in nature. Given that, it’s not surprising that CNTSs, entirely made by carbon
atoms, display exceptional mechanical features. A common parameter employed to define the
mechanical properties of a material is the Young’s modulus, also called elastic modulus. It is
a measure of the stiffness of a material, when it is strained along one axis. The response of
both MWNTs and SWNTSs to direct axial tensile strain has been measured by Yu and co-
workers (2000a; 2000b). The experimental setup consisted in attaching a CNT to two
opposing atomic force microscopy (AFM) tips and using these to pull it. These experiments
showed that stressed MWNTS break at the outer layer, with the inner layers being pulled out.
Authors obtained a mean breaking strength value of about 37 GPa and Young’s modulus
values between 0.27 and 0.95 TPa for MWNTSs and a mean breaking strength of 30 GPa and
values between 0.32 and 1.47 TPa for SWNTSs. Similar experiments on SWNTs using AFM

tips performed by Walters et al. (1999) gave similar results. These particular values of
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Young’s modulus are larger than that of any other known material, and they are similar to that
of graphite in plane (~ 1 TPa).

Diamond and graphite display a very high thermal conductivity, which was measured for
CNTs too. This property has been addressed theoretically for SWNTSs, experimentally for
bulk samples of SWNTs and for individual MWNTSs. Theoretical work predicted a room-
temperature thermal conductivity of 6600 W/m K for individual SWNTs (Berber et al., 2000),
while direct measurements showed a room temperature thermal conductivity over 200 W/mK
for bulk samples of SWNTs, and over 3000 W/mK for individual MWNTSs (Hone et al., 2000;
Hone et al., 2002; Yi et al., 1999; Kim et al., 2001). Taking into account that these
experimental data are likely to be underestimated for experimental limitations due to tube-
tube junctions, CNTs are characterized by extraordinary thermal properties, such very high
thermal conductivity and stability at very high temperatures (Hone, 2004).

For all the discussed features, CNTs are a really fascinating and relatively new class of
nanomaterials with many unique and desirable properties. The rich interplay between their
geometric and electronic structures gives rise to many interesting physical phenomena and at
the practical level CNTs really have the potential for many possible applications, also thanks
to the flexibility of their nanoscale design and the availability of both semiconducting and
metallic ones, that enable a wide variety of configurations.

The most common CNTSs synthesizing methods are:

- the arc discharge method, by which lijma in 1991 first observed CNTs while he was
trying to produce fullerenes. In this process a DC voltage is applied between two
graphite electrodes, under controlled pressure conditions. The carbon contained into
the negative electrode sublimates for the high-discharge temperatures. By this method,
which is still one of the mostly used, mainly multi-walled CNTs are produced, but
SWNTs can be obtained as well, by varying temperature and pressure conditions.
Catalysts (nickel and cobalt) are usually employed to start the CNTs production;

- the chemical vapour deposition (CVD) in which one carbon-containing gas (acetylene,
ethylene, ethanol or methane) is bled into a reactor and is decomposed on the surface
of a heated substrate, made up with a layer of metal catalyst particles, such as nickel,
cobalt, iron or a combination of them. In this process, CNTs grow directly on the
substrate, whereas with other synthetic processes they should be collected. Among the
various techniques CDV is the most promising one for industrial scale deposition, for

its low price/unit ratio;
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- the laser ablation method, in which a pulsed laser vaporizes a graphite target mixed
with 1% of cobalt and 1% of nickel into a high-temperature reactor. CNTs develop on
a surface of the reactor and they may be collected into a water-cooled surface. This
method produces mainly SWNTs, although MWNTSs can be produced as well. It is the
most expensive of the three common synthesis processes.

Nowadays, the international request of these nanomaterials is dramatically increased, due to
the plethora of possible applications in many scientific and industrial fields and this is
encouraging researches aimed to find alternative and more efficient methods of synthesis,
such as the arc-jet plasma, floating catalyst or simplified carbon-arc, among others (Herrera-
Herrera et al., 2012).

After the synthesis processes, it is frequent to find CNTs together with impurities, e.g.
amorphous carbon, nanoparticles or metal catalyst particles, which are employed in all the
production methods, that may in turn affect nanotubes properties and would prevent their
wide applications, especially in biomedical research field. For these reasons, prior to use they
need to be purified (Herrera-Herrera et al. 2012). Purification is usually performed upon acid
treatment, which endows the CNTs with numerous —COOH groups and removes the caps at
both their ends. The principal drawback of acid treatment is that it alters CNTs structure and
intrinsic properties and therefore its application is limited (Mawhinney et al., 2000; Hu et al.,
2001).

Chemical functionalization is a process that is able to overcome the solubility problem of
CNTs, allowing in this way their easier manipulation and purification. In fact, CNTs can be
functionalized onto their surfaces by introducing several functional chemical groups, allowing
in this way their dispersion in solvents. Moreover, a functionalized CNT might acquire
different mechanical, optical or electrical properties, and these new features may open new
interesting application areas (Herrera-Herrera et al., 2012).

A lot of different kind of chemical functionalization can be found in literature. In general,
they can be distinguished between covalent and non-covalent ones (Hirsch, 2002; Hu et al.,
2009). Covalent functionalization is based on the formation of a covalent chemical bound
between functional groups and the carbon skeleton of nanotubes. This kind of bound may be
direct or indirect, the latter taking advantage of chemical transformation of carboxylic groups
at the open caps and holes in the sidewalls. Such carboxylic groups may derive from the
synthesis process or be further generated during acid purification. The drawback of covalent

functionalization is that the structure of CNTs needs to be somehow destroyed, altering their
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physical properties. In this sense, it has been reported that their covalent functionalization
should not exceed a 10% of their surface, which is a good compromise between the benefits
of functionalization and the corresponding alteration of the structure (Wang, 2009). Among
the sidewall functionalization processes is the fluorination, the hydrogenation, the radical
addition and several types of cycloaddition, including thel,3-dipolar cycloaddition (the so-
called “Prato reaction”; Tagmatarchis and Prato, 2004).

Non-covalent functionalization is based on supramolecolar complexation that takes advantage
of various adsorption forces (such as Van der Waals, hydrogen bonds, electrostatic and = -
interactions) to form weak bonds with polymers, without altering the elementary structure of
CNTs. With non-covalent bonds, all these weak forces are responsible for CNTs
solubilisation. Bio-functionalization is also possible, and CNTs may be conjugated with
carbohydrates, proteins, enzyme or DNA and be used as drug carriers or biosensors (Herrera-
Herrera et al., 2012). The weak nature of the bonds established in the non-covalent
functionalization limits the application of this technique, e.g. when dispersed in solution
macromolecules could be replaced by solvent ones.

Hence, in the last past 20 years, researches focused on CNTs have led to significant progress
in synthesis techniques and a variety of CNT applications. Tremendous interest in CNTs has
been stimulated by their unique mechanical, thermal and electrical properties, which allow
applications of CNTs in many field, such as field-emission displays, nanoelectronics,
hydrogen storage, chemical gas sensors, besides applications in TE strategies, nanomedicine
and applied and basic neuroscience (Keidar, 2007).

In the next sections | will focus on CNTs application in TE and, in particular, in NTE and in

neuroscience research fields.

5. Carbon nanotubes applied to tissue engineering strategies

CNTs applications in TE have developed by taking advantage of their outstanding mechanical
and electrical properties, for which they have been successfully employed, e.g. in bone and
NTE approaches.
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5.1 CNTs applied to bone tissue engineering strategies

CNTs mechanical features can exert a deep impact on matrix enhancement acting as a
structural support. As we saw, ECM plays a key role in tissue formation and maintaining and
enormous attention has been recently paid in try to mimic its structure and functions when
engineering a scaffold. Popular synthetic polymers, such as PLGA and polylactic acid
(PLA)have been extensively used for TE purposes, but they lack mechanical strength and
their functionalization, which can favour the interactions with seeded or native cells, is
difficult.

In this context, CNTs can significantly improve the structural strength of the scaffolds, even if
only a small fraction of them is dispersed into the polymer. As a drawback they lack bio-
degradability and they have been reported to have in some cases toxic effect on tissues or
cells, so that they need to be monitored and carefully characterized.

Wang and co-workers (2005) observed a dramatic improving in the mechanical properties of
chitosan matrix in which less than 1% of MWNTs have been dispersed, after specific
functionalization to allow a homogeneous dispersion into the biopolymer solution. When
compared to neat chitosan, the tensile modulus and strength of the nanocomposites were
impressively increased by about 93% and 99%, respectively (Wang et al., 2005).

Interestingly, also the electrical properties of CNTs may be exploited in bone TE to direct cell
growth. Supronowicz et al.,, (2002) implemented a current-conducting PLA/CNT
nanocomposite and used it as substrates to deliver electrical stimulation to osteoblasts in vitro.
Authors observed that such stimulation was able to promote many important osteoblast
functions, e.g. cell proliferation, expression of genes for collagenous and non collagenous
proteins, and calcium deposition in the ECM, which are responsible for the chemical
composition of the organic and inorganic phases of the bone matrix and are required for new
bone formation. This suggests that CNT nanocomposites can be used to stimulate bone
formation (Supronowicz et al., 2002).

Besides structural reinforcement and electrical stimulation, CNTs can be easily functionalized
to provide additional advantages in TE strategies, such as release of bioactive factors. For
example, glucose oxidase has been shown to retain its enzymatic activity when attached to the
sidewall of SWNTs, which, in this conjugated form, may act as biosensors in enzymatic
studies (Besteman et al., 2003). Another kind of functionalization was tried by Zhao and

collaborators, who reported that phosphate-substituted CNTs could substitute collagen in
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directing the crystallization of hydroxyapatite (i.e. the principal component of bones) and then
acting as supporting scaffolds for bone reconstruction (Zhao et al., 2005).

An in vivo investigation about the effects of ultra-short SWNTs/poly(propylene fumarate)
(PPF) nanocomposites implanted into rabbit femoral condyles and subcutaneous pockets for
up to 12 weeks, was done by Sitharaman and colleagues (2008). Authors reported a
biocompatibility comparable to that of polymer alone and favourable hard and soft tissue
responses 4 and 12 weeks after implantation. Moreover, after 12 weeks, a three-fold greater
bone tissue ingrowth was observed in femoral defect containing SWNTs nanocomposite
scaffolds compared to control polymer ones. Additionally, the 12th week samples showed
reduced inflammatory cell density and increased connective tissue organization (Sitharaman
et al., 2008).

These studies indicated that the CNTs and their composites can act as osteogenic scaffolds, in
fact they showed good cytocompatibility properties. Moreover, they bring a great contribution
in reinforcing scaffold mechanical properties and improving scaffold electrical conductivity.

All in all they are good candidates for effectively enhance bone TE research field.

5.2 CNTs applications on neural tissue engineering

The regenerative potential of the human central nervous system (CNS) is limited and injury or
traumas often lead to loss of sensory or motor functions and neuropathic pain. In order to
regenerate injured axons, the inhibitory environment that establishes after lesion (i.e.
infiltrated astrocytes and macrophages and myelin-associated components that have been
shown to inhibit regeneration of axons), needs to be overcome. For these reasons, NTE
research efforts aimed to promote neural repair are particularly challenged, since they hold
promise for the treatment of severe nerve injury, which directly impact on the quality of life.
Among the recent applications of nanotechnology to TE field, and to NTE in particular, CNTs
attracted tremendous attention, since their discovery, as really promising nanomaterials for
their potential use in the generation of “smart” scaffolds, able to promote neurites re-growth,
or in long-term implants such as neural interfaces. Their outstanding physical, chemical and
electronic properties make them excellent candidates for both clinic and basic research
purposes in neuroscience field. For example, their nanoscale roughness and the porosity of
CNTs scaffolds offer a unique neuronal interface that can be exploited for recording fine
neural signals (Johansson et al., 2006; He and Bellamkonda, 2005; Fan et al., 2002); their
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surface can be functionalized with several bioactive molecules to improve biocompatibility
and induce desired effects on neuronal behaviour (Voge and Stegemann, 2011); not least,
their nanodimensions laying in the dimension range of neuronal branching and their
conductive properties, make them suitable materials for interacting with electrically active
cells (Giugliano et al., 2008).

In this context, it is important to improve our knowledge on the effects that CNTs may exert
on neuronal behaviour and signalling ability. These key insights can be obtained by
investigating direct CNTs-cells interactions. Neuronal cultures represent a simple but very
useful model of highly complex neuronal network, such as those of the mammalian CNS. In
such network models, single-neuron, synaptic and microcircuit features can be easily
investigated via direct access and neuronal performance upon integration with CNTs can be
studied. Cultured brain circuits offer the main advantage of supplying many investigative
levels, to answer fundamental questions in neuroscience, such as how neurons reconstruct a
functional network, how they rebuild active synapses or what rules govern such interactions.
In the framework of CNTSs application to NTE, the value of in vitro models relies on its ability
to suggest answers to many questions regarding the integration between functionalized CNT

and brain circuits.

5.2.1 Carbon nanotubes as growth substrates for neuronal circuits

An ideal scaffold for neural TE applications should have a proven biocompatibility, that
would avoid the possibility of eliciting neuronal inflammation, specific mechanical properties,
that would assure a long-lasting permanence into tissue to promote regeneration and specific
electrical features, which may help in stimulating and control neuronal behaviour to
effectively guide neural tissue repair.

CNTs, which possess excellent mechanical and electrical properties, besides showing
nanoscale dimensions in the neurites range, stood out in the engineering of bioactive scaffolds
to guide axon regeneration and improve neuronal activity at neural tissue injury sites.

To be employed in NTE future applications, their biocompatibility should be confirmed and,
during the last decades, several groups worked to assess the viability of neurons and neural
networks grown on both SWNTs and MWNTSs.

One of the first demonstrations that CNTs are growth-permissive neuronal substrates was the

work by Mattson et al. (2000), who reported that rat hippocampal neurons adhered and grew
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on MWNTs layers deposited on polyethyleneimine (PEI) coated glass coverslips. This work
was followed by further studies (Hu et al., 2004), which confirmed CNT substrates as
biocompatible material, able to assure cell viability. Despite general biocompatibility, in these
pioneering works a reduction on neuronal branching was always observed, when neurons
grown on CNTs were compared to control ones grown on PEI or other permissive substrates
(Mattson et al., 2000; Hu et al., 2004; 2005).

In 2007 Galvan-Garcia and collaborators showed that highly pure CNT substrates, besides
attachment and growth, could also promote a neuronal branching similar to that observed on
standard substrates. They cultured fibroblasts, Schwann cells and dorsal root ganglia (DRG)
cells on top of pristine (i.e. purified but not processed) MWNTS oriented as sheets or yarns.
Fibroblasts attached and long-term proliferated on MWNTs, while all cultured neurons
displayed normal axonal growth and growth cones and an abundant ganglion cell migration
took place. This study helped in demonstrating that both purity and 3D organization of CNT
scaffold could exert a strong effect in modulating the interactions between neurons and the
nanomaterials (Galvan-Garcia et al., 2007).

CNT’s surfaces can be functionalized with bioactive molecules to elicit specific responses
from neural cells, such as the promote of controlled neurite growth after injury. Mattson and
collaborators (2000) found that, while pristine MWNTSs substrates did not support marked
neural branching, when they were coated with 4-hydroxynonenal (4-HNE), large increases in
the number of neurites per cell and general neurite length were observed. Moreover, free 4-
HNE did not induce changes in neuron morphology, suggesting that attachment to MWNT
was a key factor for the neuronal response (Mattson et al., 2000).

Also neurotrophic factors, such as nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF), attached to MWNTSs sidewalls, promoted DRG neurite outgrowth in a way
comparable to the effect of NGF and BDNF- enriched media, demonstrating that the covalent
bond did not alter the molecular bioactivity (Matsumoto et al., 2007).

Other covalent modifications have been employed to vary the CNT surface charges. Hu et al.
(2004) investigated the effect of neutral (pristine), negatively charged (carboxylated) and
positively charged (ethylenediamine) CNTs on cultured hippocampal neurons to assess which
condition may improve both nanotubes manipulation and cell attachment and survival.
Neurons grew on positively charged MWNTSs displayed an increase in both total branching
and number of growth cones, when compared to that cultured on negatively charged or
neutral CNTs (Hu et al., 2004).
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Similar works confirmed that positively charged polyethileneimine (PEI) chemically modified
SWNTs promote neuronal branching and outgrowth when compared to pristine CNTs (Hu et
al., 2005), on the contrary, SWNTSs neutral (4-tert-butylphenyl) or negative (4-benzoic acid)
functionalizations overall reduced neuronal growth and survival (Liopo et al., 2006).

Besides total charge, another CNTSs feature that can be modulated to evaluate its weight in
influencing neuron’s behaviour is conductivity. Malarkey and co-workers (2009) cultured
hippocampal neurons on SWNT-PEG graft copolymers whose conductance values varied in
according to CNTSs content, to determine how the growth and morphology of neurons were
affected by such property. They labelled cells with a fluorescent dies to better imaging their
morphology and their results showed that only a narrow range of substrate conductivity
(around 0.3 S/cm) succeed in effectively promoting neuronal growth and neurite outgrowth.
As conductivity increased beyond this range these effects were diminished(Malarkey et al.,
2009).

These data are intriguing in that they show how interfering with CNTs basic properties may
have different effect on neurons, opening to the possibility of specifically drive phenomena
such neuronal branching and re-growth.

All the above-mentioned works investigated the interactions between CNTs and neurons from
a morphological point of view, by means of transmission electron microscopy (TEM)
investigations or immunofluorescence experiments. Lovat et al. (2005) showed for the first
time the physiological effects of culturing neurons on MWCNTs, by means of
electrophysiological recordings. The MWCNTSs they employed were first functionalized to
assure a uniform dispersion, then deposited on glass coverslips from a dimethylformamide
(DMF) solution. After evaporation of the solvent, MWCNTs were de-functionalized upon
thermal treatment, leading to glass coverslips covered by a thin film of MWCNTSs. This
procedure allow to the MWCNTSs to be stably retained on glass, even after long-term
incubation in standard culturing conditions. Neurons cultured on such films displayed a
boosting in spontaneous network activity, measured via single cell patch clamp recordings,
when compared to control neurons grown on simple glass coverslips. Such boosting was
measured as an increase in both post-synaptic currents (PSCs) and firing frequencies (Lovat et
al., 2005; Fig. VIII).
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Figure VI1I. Patch-clamp recordings in voltage (A) and current (B) mode performed from hippocampal neurons
grew on control glass (top tracings in A and B) or MWCNT covered substrates (bottom tracings in A and B),
illustrating the boost in spontaneous network activity induced by CNT scaffolds. A, increase in PSC frequency;
B, increased firing activity; C, plots showing that both the increases are statistically significant (from Lovat et al.,
2005).

A subsequent work showed that SWNTSs improved synaptic activity in cultured network in a
similar fashion (Mazzatenta et al., 2007).

A series of immunocytochemistry experiments, using antibodies targeted to specific proteins,
markers of neurons (Microtubule Associated Protein 2, MAP-2) or of glial cells (GFAP),
which allow to visualize and to quantify hippocampal cells in both growth conditions,
controls and CNT substrates, showed that the increased network activity was not correlated to
an increased number of neurons adhering on CNT substrates (Lovat et al., 2005, Mazzatenta
et al., 2007). These investigations demonstrated that the difference in network activities were
not due to differences in network sizes. In addition, neither the cell body diameters nor the
number of neurites branching emerging from them were different between the two culturing

conditions. Even membrane passive properties (capacitance, input resistance and resting
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potential, measured by direct electrophysiological recordings), an accepted index of cellular
dimensions and health, were found similar in the two groups (controls and CNTSs) (Lovat et
al., 2005; Mazzatenta et al., 2007; Cellot et al., 2009). Thus, a change in neuronal density or
morphology were not leading to the increased spontaneous activity always detected in
presence of CNT, and other phenomena are likely to govern CNTs/neuron interactions.
Further scanning and transmission electron microscopy investigations (SEM and TEM,
respectively) showed the presence of intimate and tight contacts between neuronal
membranes and CNTs meshworks (Cellot et al., 2009; Mazzatenta et al., 2007; Fig. IX).

50nm 10nm

Figure IX. Scanning (left panels) and transmission (right panels) electron microscopy images showing CNTs
tight interactions with neuronal membranes. Left panels, A, High magnification micrograph
showing SWNT meshwork; B, C, D. Images at subsequent higher magnifications of neurons
grown on SWNT;.E, F, Magnifications of the highlighted area in D, showing the interaction between
neuronal membrane and SWNT. Scale bars: 1 pm in A; 200 pm in B; 25 um in C; 10 pm in D; 2 pm
in E; 450 nm in F.(from Mazzatenta et al., 2007).Right panels, a, TEM planar section of neurons grown on CNTs
showing their healthy organization: synapses (boxes), mitochondria (asterisk), ribosomes (R) and glial cells (G)
are identifiable; b, c, Sagittal sections illustrating several point of contacts between neuronal membranes and
MWCNTSs (arrows); d, Morphology of MWCNTS; e, f, High-magnifications images showing MWCNT pinching

of neuronal membrane (the squared region in e is magnified in f; from Cellot et al., 2009).

Such tight interactions have been suggested to be the mediators of the effects that CNTs
exerted on neuronal network behaviour (Mazzatenta et al., 2007; Cellot et al., 2009).

The work by Cellot et al., (2009), in particular, addressed the hypothesis of an electrical
coupling between CNTs and neuronal membranes. Neurons were cultured on CNTs or on
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control glass substrates and then their electrogenic properties have been tested via patch-
clamp recordings: neurons, kept in whole cell recordings, were forced to fire trains of six APs
at variable frequencies ranging from 20 to 100 Hz, to maximize the interactions between the
regenerative properties of the proximal and distal cell compartments (Larkum et al., 1999).
Authors showed that neurons grown on CNTs had a higher probability, when compared to
control cultures, of displaying back-propagating APs, a well-known expression of neuronal
regenerative property, which has been involved in synaptic plasticity phenomena (Kuczewski
et al., 2008). Back-propagating APs were unmasked and visualized as a subthreshold somatic
depolarization occurring after the APs trains.

The precise mechanisms responsible for such an impressive behaviour when neurons are
cultured on CNTSs still need to be fully elucidated. Authors speculated that, given the excellent
conductive properties of these nanomaterials and the tight contacts they established with
neuronal membranes, CNTs could be able to facilitate the back-propagation of APs via
promoting an electrical shortcut between adjacent compartments on dendrites. This intriguing
hypothesis was indeed supported by a theoretical model and by experimental data (Cellot et
al., 2009).

Wondering which CNTs feature could be responsible for changing single-cell behaviour
(Cellot et al., 2009), which is also likely to be related to the overall improved network
performance (Lovat et al., 2005; Mazzatenta et al., 2007), Cellot et al., (2009) tested other
nanomaterials, whose properties were similar to some of the CNTs ones. Neurons were
cultured on RADAL16 peptides substrates to mimic the nanoroughness and 3D structure of
CNTs meshworks (but not their electrical conductivity) and on indium tin oxide (ITO)
substrate, whose conductivity was comparable to that of nanotubes, but in absence of the
typical CNTs 3D nanostructure. These substrates were shown to be unable to induce effects
similar to those induced by CNTs on neurons, both on electrogenic properties and on network
activity. These data helped in clarifying that, in order to affect neuronal performance, CNTs
conductivity and nanostructure must coexist when interacting with neurons.

The back-propagation of APs is a phenomenon involved in synaptic short and long-term
plasticity (Kuczewski et al., 2008; Waters et al., 2005; Zilberter et al., 2005).

The role of CNTs properties alone in influencing synapse formation and plasticity was
investigated by Cellot et al., (2011). In this work, by means of double recordings in whole cell
configuration, was shown that functional neuronal connectivity was higher when neurons
were cultured on CNTSs, compared the usual control conditions (i.e. simple glass coverslips).

Immunofluorescence techniques were also employed to visually estimate synaptic density;
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hippocampal neurons were co-immunostained for the y2 subunits containing GABAA
receptors and VGAT, the vescicular GABA transporter; the putative co-localizations of
presynaptic VGAT and postsynaptic y2 subunit were considered as GABAergic connections
(Dumoulin et al., 2000). By this protocol, an enhancement in GABAergic innervation was
shown to actually occur on neurons grown on CNTs scaffolds when compared to control

culturing condition (Fig. X).
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Figure X. GABAergic connections were increased in CNT neurons. Left panels: double staining for the y2
subunit of GABA receptors (red) and VGAT (green). Note the enhanced immunocoloration for CNT cultures

(b), when compared to control ones (a). The difference was statistically significant (plot on the right).

Double recordings allow investigation of short-term plasticity phenomena involving the
recorded synapses. To this aim, authors induced the pre-synaptic neuron to fire series of short
train of APs at 20 Hz and then the PSC amplitudes were measured. Neurons grown on simple
glass, usually displayed a short-term depression behaviour, evaluated as progressive decrease
of PSC amplitudes; on the contrary amplitudes were stable or slightly increased for neurons
cultured on CNTSs substrates, indicating that a potentiation of those synapses have occurred.
This short-term plasticity phenomenon have been shown to strictly depend upon network
activity and spike propagations, since the chronic incubation of cultures with tetrodotoxin

(TTX), a well-known blocker of Na® channels, completely suppressed CNTs neurons
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potentiation (Cellot et al., 2011).

These intriguing data contributed to add further information on the effect that CNTSs are able
to exert on neurons, when long-term interfacing with these outstanding nanomaterials. All the
described effects on neuron’s features, both at single cells and at network level, are likely to
be correlated, and as a result the boosting of the cortical network activity is observed (Lovat
et al., 2005; Cellot et al., 2009; Cellot et al., 2011).

Recently, CNTs have been used to create 3D conductive structures. Gui and colleagues
(2010) assembled 3D CNTs networks with ~99% porosity. The porous structure allowed
direct polymer infiltration without disturbing CNT interconnections, resulting in a sponge-like
structure with high robustness and flexibility and high electrical conductivity. These 3D
scaffolds have not been tested yet, but they seem very promising for NTE applications, given
the body of encouraging data obtained from basic neuroscience investigations on CNT-
neurons interplay.

CNT-based materials have also been investigated for their ability to promote the
differentiation of various progenitor and SC lineages. This CNT potential relates to the chance
to selectively change their properties in order to obtain specific desired effects on cells. Gain
insights into how CNTs may induce neuronal cell differentiation is important for a lot of
potential applications, such as improving cell cultures growth substrates or in nerve guidance
conduits.

MSCs are able to differentiate into many specific cell lineages in response to instructive
stimuli coming from the local microenvironment (Lund et al., 2009). Tay et al. (2010)
explored the effects on adhesion, differentiation and gene expression of hMSCs cultured on a
SWNTs mesh, without induction medium add. The CNTs film has been found to be highly
supportive for cell growth and the specific 3D nanotopography exerted significant effects on
cell morphology, adhesion and cytoskeletal orientation. In general, cells spread better on
SWNT films that on pure glass and several filopodia and retraction fibres were observed at
cell boundaries. Gene expression analysis revealed that hMSCs cultured on CNTs films
showed upregulated neuronal markers, such as nestin and MAP2, indicating an initial cell
lineage commitment of such cells, specifically induced by CNTs (Tay et al., 2010).

This study suggests that CNT nanotopography may play a role in regulating MSC
differentiation.

Also ESCs hold great promises in regenerative medicine field and their interactions with

CNTs have been studied in relation to NTE purposes.
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Chao and collaborators (2009) covalently modified CNTs with polyacrylic acid (PAA), a
negative charged polymer, which is known to exert negative effects on neuron differentiation
and cell attachment. Surprisingly, PAA-CNT films greatly enhanced capability to induce
hESCs differentiation into neurons. Cells showed upregulated neuron specific marker (i.e.
beta-tubulin 11l) and increased process’ branching, both parameters indicative of a
differentiation toward a neuronal lineage (Chao et al., 2009). A following work by the same
group was aimed to compare pristine MWNTs with PAA-MWNTs and MWNTSs
functionalized with polymethacrylic acid (PMAA) (Chao et al., 2010). Authors assessed that
both untreated and modified CNTs supported hESCs adhesion and differentiation into
neuronal lineage, without any significant difference, so they concluded that nanotopography,
more than surface chemistry should trigger SC differentiation.

Kam et al. (2009) did a very interesting study by fabricating layer-by-layer assembled
composites from SWNTs and laminin, an essential component of ECM. These films have
been shown to support NSC adhesion and growth and longer neurite outgrowth was observed,
when compared to pure laminin substrates. Moreover, NSCs grown on such laminin/SWNTs
displayed a high degree of differentiation, including the formation of synapses, documented
by means of immunostaining for synapsin protein. . Calcium imaging investigations revealed
that cells revealed were able to respond upon the delivery of electrical stimulation through the
substrates (Kam et al., 2009).

This work showed that CNTs substrates could support NSC growth, promote their
differentiation and also mediate electrical stimulation.

5.2.2 CNTs scaffolds as neuronal interfaces

CNT outstanding physical and electrical properties are particularly suited for the
implementation of neuroprosthetic devices, in the framework of brain-machine interfaces
(BMls). Such devices have been conceived as potential new therapy to restore impaired
sensory and motor functions, in challenged patients suffering from conditions such as spinal
cord injury or neurodegenerative diseases.

The basilar BMI concept is the development of engineered devices that can establish an
electrical coupling with neuronal networks, to record and stimulate neurons in order to
instruct neuronal behaviour. This technology is currently employed in clinical therapies, e.g.

Parkinson’s disease or chronic pain, besides being exploited in basic neuroscience purposes.
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CNTs are ideal nanomaterials to improve recording and stimulation of brain circuits, via
electrode coatings, in that their high surface area drastically increases charge injection
capacity while decreasing the interfacial impedance with neurons (Kotov et al., 2009). Indeed
the implementation of neuroprosthetic devices based on CNT applications is still far from
being applied in clinic, but several research groups investigated the possibility of recording
neuronal activity and delivering electrical stimulation through CNTSs.

One of the first examples of neuronal electrical stimulation via CNTs was reported by Liopo
et al. (2006). They grew DRG neurons on a SWNT film and realized a stimulation chamber
by isolating a circular region in the middle of the film, containing cultured neurons, while the
stimulating electrode was attached to the substrate outside the ring. Authors succeed in
eliciting neuronal responses, reported as inward trans-membrane currents recorded via whole
cells patch clamp, by directly applying a current step of 1 pA amplitude to the CNT substrate
(Liopo et al., 2006).

A similar experiment was performed by Gheith and collaborators (2006) who employed the
layer-by-layer technique to realize a neuronal growing film, made up by alternating layers of
a negatively charged PAA polymer and positively charged SWNTSs, through which they were
able to stimulate neurons by delivering steps of electrical stimulation (Gheith et al., 2006).

An important insight about the electrical communication between neurons and CNTs, came
from Mazzatenta and collaborators (2007), who showed, by means of scanning electron
microscopy investigations, that large neuronal physical interactions occurred between SWNTSs
and neuronal membrane, indicating that such interactions were likely to be responsible for the
electrical delivering of signals between nanotubes and neurons (see above; Fig. 1X). To
stimulate neurons they employed a method similar to that seen in Liopo et al. (2006). The
delivery of stimulus to SWNTs layer came as voltage steps from an Ag wire put on a dry
portion of SWNTSs layer, while neurons, chronically incubated on SWNTSs neuronal substrates
and recorded via patch-clamp in voltage and current clamp configurations, were kept in a

separate area with a standard recording solution (Fig. XI).
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Figure XI. Experimental setting. The electrical stimulation is delivered via an Ag wire, which is located in a dry
portion of CNT layer, while neurons, chronically cultured on CNTSs, are kept in a separate area perfused with
recording solution; their activity is monitored via a patch-clamp recording pipette (adapted from Mazzatenta et
al., 2007).

Following deliver of stimulus directly to the SWNT layer, neuron’s responses were detected
as fast inward currents in voltage clamp mode and as APs firing in the current clamp one.

Monosynaptic responses were observed when stimulation took place (Fig. XII).
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Figure XI1. On the left, current(top) and voltage(bottom) clamp recordings of monosynaptic responses evoked
upon SWNT film stimulation (*). Right, representative traces of recorded spontaneous activity in voltage-clamp
mode (top) and magnifications of evoked monosynaptic responses (bottom left) and of a single PSC (bottom

right; adapted from Mazzatenta et al., 2007).
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As we have already seen, CNTs can be linked to several active polymers to improve both
their biocompatibility and bioactivity when interfaced to neurons. For example, Nguyen-Vu et
al. (2006) coated a CNT-based nanoelectrode for neural implants with polypyrrole, a
conductive polymer, to enhance the nanodevice electrical conductivity and improve the
formation of an intimate neural-electrical interface between cells and nanofibres (Nguyen-Vu
et al., 2006).

A recent field of investigation concerns the development of CNT-based multi-electrode-arrays
(MEA), which allow the simultaneous recording and stimulation of neurons. In this context,
Khraiche and collaborators (2009) gave one of the first demonstrations that SWCNTSs were
able to affect neuronal performance when employed in the fabrication of recording electrodes,
by culturing rat hippocampal neurons on MEAs in which several drops of SWNTs solution
were deposited at the tip of gold microelectrodes. Authors reported that the electrical activity
of neurons grown on such modified MEA could be detected as soon as 4 days after seeding,
while control cultures grown on bare gold electrodes showed no activity till day 7. They
speculated that the nanoroughness conferred by SWCNT coating to gold microelectrodes,
extending the available adhesion area for neurons to interact with, could induce a faster
neuronal differentiation through an increased activation of adhesion molecules (Khraiche et
al., 2009).

A work in which CNT coated MEA were shown to facilitate electrical interfacing-recording
and stimulation, was published by Shein and co-workers. (2009). Authors deposited CNTS,
via chemical vapour deposition, on MEA electrodes, obtaining nano-patterned surfaces with
an exceptionally high conductive and tridimensional surface area. Cortical neurons grown on
such supports successfully adhered only on CNT covered regions, and network activity could
be recorded as long as after 60 days of in vitro culturing, besides being elicited via effective
stimulation at the electrode sites (Shein et al., 2009).

A brilliant study performed by Shoval and co-authors (2009) showed that MWNTs-based
MEAs could be employed to record the activity of whole-mount retina isolated from neonatal
mice. Typical spontaneous propagating retinal waves could be recorded after few minutes
from the placement of the tissue and a higher signal-to-noise ratio was revealed in comparison
to other commercially available electrodes. Such spontaneous activity was reported to go
through a prominent increase in spike amplitude over a period of minutes to hours, indicating
that an improvement in cell-electrode coupling took place during time (Shoval et al., 2009).
Gabriel and co-workers (2009) showed another method to produce CNT-MEA chips, by
simply depositing via arc-discharged method a solution of purified MWNTSs on standard
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platinum electrodes, for electrophysiological purposes. They succeed in recording multiunit
electrical activity from whole-mount rabbit retinas with a very low noise recording when
compared to standard, platinum electrode-based MEAs (Gabriel et al., 2009).

A milestone work reported the possibility to exploit CNTs properties for in vivo recordings:
Keefer et al. (2008) showed that CNTs coating of stimulation electrodes decreased the

electrode impedance and increased charge transfer.

5.3 Carbon nanotubes effects on complex tissues

In the last past years CNTs-neuron interactions have been investigated with the principal aim
of gaining insights into the mechanisms underlying the possibility of implement nano-devices
able to improve neuronal circuits performance in the main framework of NTE.

So far, to generate hybrid CNT/neuronal networks, simplified neuronal model in vitro have
been employed, such as dissociated cultures developed from hippocampus or from other CNS
regions. When dissociated neurons are chronically cultured on CNTSs scaffolds, their contact
with the nanomaterial is maximized and complete, since they are usually arranged into
monolayers, directly sitting on top of the CNTs meshwork. This intimate interaction between
neurons and nanotubes leads, as we have seen in previous sections, to a number of alterations
of neuron’s behaviour, observed both from a morphological (Mattson et al., 2000; Hu et al.,
2004; Liopo et al., 2006; Galvan-Garcia et al., 2007; Matsumoto et al., 2007; Kam et al.,
2009; Malarkey et al., 2009) and from a physiological point of view (Lovat et al., 2005;
Mazzatenta et al., 2007; Cellot et al., 2009; 2011).

But, one could wonder whether and how CNTs outstanding properties could influence the
overall physiology of a more complex 3D tissue, made up of many cell layers. Interfacing a
3D tissue with a CNT scaffold would allow a direct contact with the nanotube meshwork only
to the bottom layer of the tissue. Would CNTs affect the behaviour of the contacting neuronal
layer in a similar fashion as they do with dissociated neural network? Could the other layers,
synaptically communicating with the bottom one, sense this interaction? Could CNT effects
on neurons be translated into neuronal signalling changes at network locations, which are
distant from the CNT-cell interaction? And then, could CNTs impact onto 3D complex
system?

Answer to such questions could bring us a bit closer to the big challenge of interfacing CNT-

based device with nervous tissue for clinical applications. For this reason, in this work of
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thesis | employed organotypic explants developed from the mouse spinal cord, which
represent a well-studied model of complex and still dynamic neuronal circuits.

Organotypic cultures are essentially different from the mono- and co-cultures, as they consist
of whole slices of tissue, like acute slices, but compared to the latter they are long-term in
vitro preparations. In such cultures cells are maintained in their normal environment, so
retaining the cytoarchitecture and the dynamism of the original tissue, hence the name
“organotypic” (Gahwiler et al., 1997). Properties and recent studies, accounting for
organotypic culture validation as a useful and attractive in vitro model, will be presented in

the next section.

6. Organotypic cultures

Organotypic slice cultures developed from different brain regions represent an extremely
powerful tool for studying physiological and pharmacological properties of neuronal circuits,
since they provide experimental access to individual neurons similar to that provided by
dissociated cell cultures, while offering the advantage that the original cytoarchitecture of the
explanted tissue is well preserved and cell-cell interactions can occur similarly as in vivo
(Braschler et al., 1989, Gahwiler et al., 1999). Moreover and unlikely acute slices,
organotypic cultures are long-term in vitro preparations, a feature that is relevant for
experiments that require long-term survival of the cultures, such as studies that involve
chronic applications of drugs or toxins, videomicroscopic observation of the development of
neural connectivity, analysis of fibre growth and synaptic transmission in co-cultures derived
from the same or different brain areas, interference with normal developmental cues or lesion-
induced sprouting and regeneration of neuronal pathways (Gahwiler, 1988; Gahwiler et al.,
1997).

Organotypic slice cultures can be prepared from both post-natal or from embryonic rodents, it
usually depends on the CNS area from which they are developed. In general, embryonic and
early post-natal period guarantee a longer neuron survival when compared to more aged
animals whose slices tend to suffer more frequently of necrotic events. However, the best
choice is often empirically determined (Gahwiler et al., 1997).

Different culturing techniques can be used for growing organotypic slices, that differ in
respect of how cultures are embedded and whether they are maintained in either dynamic or
static conditions. In interface cultures (Stoppini et al., 1991) slices are kept stationary during
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the entire culturing process on semiporous membranes put at the air-medium interface; by
these techniques they obtain oxygen from above and medium from below. In roller tube
technique, the tissue is usually embedded in a plasma clot on glass coverslips and then
undergoes a slow rotation, assuring in this way a constant oxygenation due to the continuous
alternating of the liquid-gas interface (Gahwiler et al., 1999). Both techniques yield cultures
that retain the characteristic cytoarchitecture of the original tissue and that display excellent
cellular differentiation. The major difference between them is that roller-tube cultures spread
and flatten to a greater extent and after two weeks they are about one third of the original
thickness, whereas interface ones stay thicker, even after prolonged time of incubation. The
flattening is an eligible feature for electrophysiological experiments or immunoistochemical
ones, besides studies that require optimal optical conditions.

Even if slice cultures can be prepared from several region of the CNS, hippocampal, thalamic,

cerebellar, cortical, retinal and spinal organotypic cultures are the best characterized.

6.1 Organotypic slice cultures developed from the embryonic mouse spinal

cord

Organotypic spinal slices represent a biological model of segmental microcircuit development
in which subsets of neurons can be directly investigated at different growth stages in vitro.
Despite the absence of afferent and supraspinal inputs, which are important for the
development of spinal circuits (Harris-Warrick and Marder, 1991; Nusbaum et al., 2001;
Branchereau et al., 2002), this preparation represent a useful model for studying the dynamics
of intrasegmental maturation processes that evidently rely on propriospinal neurons and
circuits. In this context, several works reported that organotypic spinal slices maintain the
basic cytoarchitectural organization, synaptic connections and the dorsal-ventral orientation of
the original explanted tissue (Avossa et al., 2003; Rosato-Siri et al., 2004; Furlan et al., 2005,
2007).

In the mouse spinal cord, network activity is known to undergo several changes during circuit
maturation (Branchereau et al., 2002; Hanson and Landmesser, 2003; Whelan, 2003). One of
the key features of developing spinal circuits is the generation of spontaneous activity,
typically organized into synchronous bursts or episodes, characterized by an almost
simultaneous activation at different spinal levels and separated by quiescent periods (Kudo et
al., 1991; O’Donovan et al., 1998; Feller, 1999; O’Donovan, 1999). This synchronous activity
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tends to be lost upon maturation of embryonic spinal networks, which, conversely, would not
be able to produce the variety of rhythms and motor patterns that the adult spinal cord must be
able to drive, e.g. locomotion. These changes have also been shown to occur in co-cultured
organotypic spinal cord and muscle explants (Rosato-Siri et al., 2004). In fact, Rosato-Siri et
al. (2004) reported that at early stages of development in vitro (1 week of in vitro growth, 1
WIV), ventral interneurons generated spontaneous bursting activity well correlated with
muscle contractions, while at later stages of motor network maturation (2 and 3 WIV) this
activity disappeared in most of the recorded neurons, i.e. two-third, and, when still present,
bursts displayed increased action potential (AP) frequency together with short duration and
more importantly they were no longer correlated with muscular contractions (Rosato-Siri et
al., 2004). This activity and his evolution in older cultures (at 2 and 3 WIV) corresponding to
maturational phases before and immediately after birth, was similar in terms of frequency,
duration and dependence on glutamatergic synaptic transmission, to that described in in utero
and in mouse spinal cord preparation of similar embryonic age (Branchereau et al., 2002;
Hanson and Landmesser, 2003; Whelan, 2003).

Another important feature of the spinal circuit development is the role played by GABA-
releasing interneurons that control wiring and network excitability within a restricted
spatiotemporal window preceding birth (Caserta and Baker, 1994; Somogyi et al., 1995;
Nishimaru et al., 1996; Gao et al., 2001; Nakayama et al., 2002; Allain et al., 2004, 2006). In
fact, the action of GABA during development is often excitatory until shortly before birth,
when locomotor networks acquire the ability to generate alternating motor commands
between flexor and extensor motor neurons. At this stage of prenatal development, GABA-
mediated excitation is replaced by synaptic inhibition mediated by glycine and/or GABA
itself (Barbeau et al.,, 1999; Gao et al.,, 2001; Branchereau et al., 2002; Hanson and
Landmesser, 2003), with surviving GABAergic neurons predominantly located in the dorsal
horn (Phelps et al., 1999; Tran et al., 2003). In this context, Rosato-Siri et al. (2004) reported
that in organotypic spinal cultures at 1 WIV GABAergic and glycinergic systems did not
appear to inhibit spontaneous burst activity either in duration or in frequency, as emerged
after application of SR (GABA-A receptors antagonist) and strychnine (glycine receptor
antagonist). At more developed stages (2 WIV) pharmacological block of GABA and glycine
transmission, induced synchronous bursting in preparations that did not burst spontaneously
and prolonged the duration of spontaneous burst in the minority of preparations where
bursting was still present, indicating a progressive increase in the inhibitory role of GABA

and glycine receptor-mediated synaptic activity (Rosato-Siri et al., 2004), as reported in the
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entire spinal cord preparations (Wu et al., 1992; Gao et al., 2001). These results are in
agreement with the findings of Avossa et al. (2003), who had previously reported an
appropriate spatiotemporal pattern of expression of GAD- (glutamic acid decarboxylase)
positive interneurons, in organotypic cultures from embryonic mouse spinal cord. They
observed a higher number of GAD expressing cells at earlier stages of development (8 days in
vitro, DIV) and a progressive decrease in older cultures (14 and 21 DIV). This temporal
pattern was associated with a differential spatial distribution of GAD-labelled neurons, with
positive neurons becoming increasingly restricted to the dorsal horn regions during the
following 2 and 3 W1V, as it was reported to happen in vivo. These authors also detected a
similar spatiotemporal expression pattern for HERG- (human Ether-a-go-goRelated Gene)
positive cells, showing that GABAergic interneurons in these cultures express ERG
potassium channels during early phases of development in vitro (1 WIV), in accordance with
previous results (Avossa et al., 2003). Since the potassium current lxerg) possesses unusual
kinetic features, e.g. fast inactivation and strong resurgent properties after hyperpolarization
(Chiesa et al., 1997; Sacco et al., 2003), and ERG channel is amply expressed in developing
neurons, progressively disappearing during maturation (Arcangeli et al., 1997, 1998), it has
been postulated that it may regulate the excitability of GABAergic interneurons before birth,
thus controlling the output of spinal networks. This last speculation was further investigated
by Furlan et al. (2005, 2007) who recently showed that Ixerg) actually drives the excitatory
action of ventral horn GABAergic interneurons and consistently, yet only transiently,
modulates neuronal excitability, in analogy with the results obtained using other cell models
(Arcangeli et al., 1995, 1997, 1998; Crociani et al., 2000). Membrane ERG channels may
even play a role in axon guidance and network formation by GABAergic interneurons, since
ERG can interact with signalling molecules (Arcangeli et al., 2004; Cherubini et al., 2005)
and its time-dependent expression is downregulated once GABA becomes inhibitory (Furlan
et al., 2005, 2007).

Hence, the key features of organotypic slice cultures developed from embryonic mouse spinal
cord, as inferred from reported data, can be resumed as follows:
1) the circuit in the explants undergoes appropriate maturational processes during the
first 3 WIV, for the normal presence and distribution of anatomically distinct classes
of neurons and glial cells being preserved (Avossa et al., 2003; Furlan et al., 2005;
Furlan et al., 2007);
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2) the minimal circuit preserved in this type of preparation has been shown to replicate
some of the basic patterns of activity generated by the entire spinal cord in vitro
(Rosato-Siri et al., 2004);

3) cultured explants contain clusters of motor neurons which develop functional
muscular junctions when co-cultured with muscle tissue (Avossa et al., 2003; Rosato-
Siri et al., 2004).

From these considerations clearly emerged that organotypic spinal cultures are a valid in vitro
model to investigate the dynamics of spinal circuits during maturation, besides phenomena
like the mechanisms of neurogenesis, glial differentiation, myelination, muscle formation and
synaptogenesis and are therefore an ideal experimental tool to investigate the impact of CNT

scaffolds on 3D neuronal tissue.
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Aim of the thesis

A recent development of the current research in the area of NTE, involves the investigation of
the interactions between nanomaterials and neurons and, in particular, of the physical
properties of materials able to induce and to tune specific biological processes. In the last
passed years, our team’s work (Lovat et al., 2005; Mazzatenta et al., 2007; Cellot et al., 2009;
2011) focused on the implementation of hybrid neuronal/CNT circuits, which represent an
optimal system to examine how controlled physical features are sensed by living cells and
translated into tissue specific instructions involved in CNS development, disease and repair.
By culturing dissociated hippocampal neurons from neonatal rats on a layer of purified CNTs
stably deposited on glass coverslips, we observed a boost in the signal transmission, detected
as an increase in spontaneous PSCs (sPSCs) and AP firing frequency (Lovat et al., 2005;
Mazzatenta et al., 2007), as well as a potentiation of the neuronal electrogenic properties
(Cellot et al., 2009). More recently, we reported that the direct interactions established
between CNTSs tails and neuronal membranes are able to affect single neuron activity (Cellot
et al., 2009), besides promote network connectivity and synaptic plasticity in hippocampal
cultured circuits (Cellot et al., 2011).

Since this moment, all these exciting effects have been described in CNT/neuronal hybrid
networks formed on a monolayer of dissociated neuronal cells, with no studies involving
more complex tissue models. We then decided to exploit our expertise in organotypic cultures
from the embryonic mouse spinal cord, and to use them as a reliable biological model
characterized by tridimensionality and complex cytoarchitecture to test the impact of CNT-
based scaffolds on complex tissues.

In the general framework of the integration between complex neuronal tissues and CNTSs, here
two different parts are presented, each of them following a more specific rationale:

- In the first one, we long-term interfaced organotypic spinal explants to purified CNTs
scaffolds to investigate whether and how the interactions occurring between
conductive CNT and the cell layer at the bottom of the explant may be translated to
the entire multilayered tissue;

- In the second part of this work of thesis, we wondered whether double organotypic
slices (i.e. two spinal explants co-cultured on the same coverslip) might be a useful

model for neuronal reconnection studies and for testing the possibility that a CNT-
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based scaffold, interposed between the two slices, may act as a bridge to promote the

physical and electrical communication between them.
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Methods

1. CNT substrates preparation

CNTs substrates were provided thanks to our collaboration with Prof. Maurizio Prato’s group
(University of Trieste). The procedure to obtain such MWCNT covered substrates followed
the ones employed in our previous works (Lovat et al., 2005; Mazzatenta et al., 2007; Cellot
et al, 2009; Cellot et al., 2011). As previously reported, the chemical sidewall
functionalization of pristine MWCNTSs through the 1,3-dipolar cycloaddition, allows their
solubilisation and purification, thus improving the coverage homogeneity of the CNT layer on
the glass substrates. Briefly, pristine 20-30 nm MWCNTSs (Nanostructured & Amorphous
Materials, Inc.) were functionalized via the 1,3 dipolar cycloaddition in heptanal and
sarcosine, at 130 °C for 120 h in dimethylformamide (DMF) as solvent. After the reaction

they were filtered on a membrane and washed with DMF and dichloromethane (see Fig. 1).

Heptanal/Sarcosine
>

5 days/120 °C

R = (CH,)sCH;

Figure 1. 1,3 dipolar cycloaddition conditions.

MWCNTs were then characterized via transmission electron microscopy (TEM)
investigations (Fig. 2 A), to calculate their average length that corresponded to 617,7 + 51,6
nm, all measured CNTSs ranging from less than 200 to 1250 nm (n = 65; Fig. 2 B). Their metal
content was evaluated by means of thermal gravimetric analysis (TGA) run in the presence of

oxygen, and it corresponded to less than 10% (Fig. 2 C).
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Figure 2. CNT characterization. A, TEM image of a single MWCNT (scale bar: 200 nm); B, histogram showing
CNT lengths distribution; C, TGA under oxygen measures the metal content of CNTs, which was estimated as
less than 10%.

Following characterization, a DMF solution of functionalized MWCNTS (0.01 mg/ml) was
deposited on each glass coverslip, and left to slowly evaporate at 80 °C. Paraffin moulds
(Parafilm, Pechiney Plastic Packaging) were employed to circumscribe an area of 110 mm?at
the centre of the coverslips where the MWCNTSs were deposited, corresponding to the area
where the spinal explants were positioned. Paraffin was removed prior to heating. The
substrates were then kept in an oven at 350 °C under nitrogen atmosphere for 20 minutes, to

completely remove the organic functionalization (see Fig. 3).
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Figure 3. CNT deposition on glass substrates and subsequent de-functionalization.

The degree of functionalization can be measured by means of TGA run in inert atmosphere
(i.e. under nitrogen; Fig. 4); in these conditions the loss of weight determined at 400 °C (red
dashed line) is correlated with the amount of functional groups per gram of material, through
the molecular weight of the organic moiety bound to MWCNTSs. After the 1,3 dipolar
cycloaddition reaction, the calculated degree of functionalization was 0.1 mmol/g; the
exposure of CNTSs at 350 °C under nitrogen for 20 min, allows a complete re-pristinization of
the material (black line).
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Figure 4. TGA under nitrogen measures the residual functionalization. The red dashed line indicates the loss of
weight correlated with the amount of functional groups per gram of material. The exposure at 350° C under

nitrogen for 20 min allows the complete re-prestinization of CNTs (black line).

Soluble MWCNTSs were obtained through a 1,3 dipolar cycloaddition reaction, introducing N-
substituted pyrrolidinic rings with amino-terminated ethylene glycol solubilizing chains. The
amount of functional groups was determined by quantitative Kaiser test and corresponded to

133umol/g.
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2. Organotypic spinal culture preparation and main features

In the present work we have employed single and double organotypic slice cultures of spinal
cord and DRG, developed from embryonic mice. Spinal slices have been obtained with the
roller-tube technique, which allows spreading and flattening of the tissue, as reported by
Gahwiler (Gahwiler, 1981).

2.1 Culturing procedure
The following sections describe in details the main steps of the culturing procedure, which is
approximately the same for single and co-cultured slices; differences will be specified when

needed.

(s
A / ~ A / g R Midollo spinale
/ '3 3 Ganglio delia
radice dorsale
Vertebre

Figure 5. Preparation of organotypic cultures of embryonic mouse spinal cord and DRG. A: dissection of the
embryo back occurs at the level of the lines. B: the tissue is chopped in transverse slices. C: transverse section of
the back: spinal cord with DRG attached is isolated from the body of vertebra and from the rest of the slice
following the lines. D: slices are maintained in Petri dishes containing GBSS. E: preparation of coverslips. F-G:
coverslips with slices are kept in plastic tubes containing nutrient medium. H: tubes are inserted in the roller

drum.
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2.1.1 Explantation

Organotypic slice cultures were obtained from F1 hybrid C57BL6XSJL mouse embryos at
days 12-13 of gestation (E12 - E13). Pregnant mice were sacrificed, embryos were then
extracted by caesarean section leaved in their amniotic sacs, and put into a Petri dish
containing cold Gey’s balanced salt solution (GBSS, +4°C). From this point on, the dissection
was performed under a laminar flow hood in sterile conditions and under microscope
(Olympus SZ40) control. The foetuses were freed from their amniotic sac and put into a new
Petri dish with fresh GBSS. They were decapitated and their legs, tails and abdomen cut away.
The backs of the embryos were cut into 275 pum thick transverse slices with a tissue chopper
(Mcllwain) and put into another Petri dish with fresh GBSS. Slices were chosen from the low
thoracic and high lumbar level. They were cleaned from the rest of the tissues to leave only
spinal cord with the two DRG attached, and then maintained at +4°C for one hour.

GBSS contains (mM): CaCl, 2H,0 1,49; KCI 4,97; KH,PO, 0,22; MgCl, 6H,0 1; MgSO,
7H,0 0,28; NaCl 137,87; NaHCO3 2,7; Na;HPO, 0,84; glucose 5,55. The pH is 7.4 and the

osmolarity 296 mOsm.

2.1.2 Embedding and incubation

After an hour, single slices were placed on glass coverslips (named control slices) or on
MWCNT-covered coverslips (named CNT slices), into a drop (20 pl) of chicken plasma
(Rockland, USA) diluted 1:1 with GBSS. Pairs of slices for double organotypic cultures were
put on glass coverslips and positioned at an approximate distance ofl mm. Plasma was then
coagulated by addition of a drop (30 ul) of thrombin (Sigma-Aldrich) to keep the slices in
place. After 30-45 min, to allow stabilization of the clot, the coverslips were placed into
plastic tubes (Nunc) filled with 1 ml (or 1,5 ml for double cultures) of fresh medium (see
below for composition) and immediately put in a roller drum, which rotates at approximately
120 rph, contained in an incubator. Rotation is essential for feeding, aeration and flattening of
the cultures. In fact, slices are submerged in medium during half a turn and covered with a
film of medium for the other half. Cultures were kept at 37 °C in the presence of humidified

atmosphere, with a concentration of 5,2% CO,. In these conditions organotypic cultures can
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be maintained for more than a month. Experiments were performed on single and double
cultures after 8-21 days of growth in vitro.

Lyophilized thrombin (Sigma-Aldrich) was diluted in distilled water (200 u/ml).

Prior to use, glass coverslips (12x24 mm, thickness 1.2 mm, Vitromed) were treated as
follows: inserted into a teflon holder, submerged in hydrochloric acid (HCI) 0.5 N for 24 h,
then repetitively washed with distilled water and leaved in absolute ethanol for 30 min. Then

coverslips were dried and sterilized at +100°C into an oven overnight.

2.1.3 Medium and medium change

The standard medium consisted of: 67% Dulbecco’s Modified Eagle’s Medium (DMEM,
Invitrogen, Italy), 25% Fetal Bovine Serum (FBS, Invitrogen), 8% sterile water for tissue
culture (Invitrogen), 5 ng/ml Nerve Growth Factor (NGF, Alomone Laboratories, Israel,
diluted in Hanks solution and BSA 1 mg/ml). The pH is 7,35 and the osmolarity 300 mOsm.
During the first six days in vitro (DIV) the medium contained a higher concentration of NGF
(25 ng/ml), essential for a healthy development of cells and culture. After this period the old
medium was replaced by a fresh standard one, with the addition of a mixture of antimitotics
(Cytosine arabinoside, Fluoro-deoxyuridine, Uridine, Sigma), which allows to prevent the
exaggerated growth of non-neuronal cells. After 24 h, this antimitotics-enriched medium was
taken off and replaced by a fresh standard one, which was replaced weekly, from then on.
Hank’s solution contains (mM): CaCl, 2H,0 1,26; KCI 5,37; KH,PO, 0,44; MgCl, 6H,0
0,49; MgSO, 7H,0 0,4; NaCl 148,85; Na,HPO, 0,34; glucose 5,55. The pH is 7.4 and the

osmolarity 296 mOsm.

2.1.4 Spreading and flattening of the slices

While growing in vitro, slice spread and flattened, essential conditions for visualization of
single neurons. The spreading degree depends on many factors like the rotation speed, the
origin of the explanted tissue and the initial thickness of the slices. In fact, soon after the
dissection, slices are too thick to allow the visualization of single cells. A fast rotation of the
tubes allows the plasma clot and the damaged cells on top of the slices to be gradually
washed; as a result, a better access to individual neurons for electrophysiological recordings
can be gained. The roller-tube technique assures the preservation of the organotypic
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organization of the tissue while facilitating the identification of single cell types. Moreover,
being a long-term preparation, the tissue can recover from the dissection trauma and easily
adapt to the new in vitro development. For all these reasons, the roller-tube technique
represents a good way to make organotypic slice cultures a suitable model for
electrophysiological recordings and also for other technical approaches, like imaging,
immunofluorescence experiments and advanced microscopy investigations.

Neuronal cells progressively differentiate and began to produce electrical activity, which is
correlated to the development of single neuronal phenotypes and to the specific synaptic
network. In this way, a single neuron within a slice can be exploited as a probe for the entire
network activity by simply recording the synaptic inputs which converge on it, as confirmed
by the massive spontaneous post synaptic currents, both excitatory and inhibitory, displayed
during intracellular recordings performed in electrophysiological experiments (Ballerini et
Galante, 1998; Rosato-Siri et al., 2004).

The employment of specific molecular markers for neuronal cells, by the use of specific
antibodies for phenotype-related proteins, makes it possible to visualize the morphology and
even to monitor the in vitro growth of different neuronal cells within the slices, during the
first 3 WIV (Avossa et al., 2003).

2.2 Morphology of the spinal slices

The original structure of the spinal cord is preserved in organotypic spinal slices. After one
and two weeks in culture (named 7 and 14 DIV) the slices appear as in fig. 5. The dorso-
ventral orientation of the spinal cord is clearly identifiable for the presence of the dorsal root
fibres and of the central fissure. This latter, allows to distinguish the ventral horn regions.
Within organotypic spinal cultures different neuronal phenotypes develop. This heterogeneity
allowed the employment of this preparation to monitor the development of motoneurons
(MNSs), interneurons, muscular fibres and DRG cells (Avossa et al., 2003; Rosato-Siri et al.,
2004).

MNs are generally identified from their localization and morphology. In order to localize
them, organotypic spinal cultures are stained using the choline acetyltransferase (ChAT)
immunocytochemical technique (Avossa et al., 2003). Positive neurons are often localized on
both sides of the ventral fissure and they are characterized by large, triangle-shaped soma

(>20 um diameter) and a multipolar dentritic prolongation. MNs have been demonstrated to
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display both excitatory and inhibitory post-synaptic potentials, which may be suppressed by
application of inhibitors of the synaptic transmission (Streit et al., 1991). Mono- and
polysynaptic connections have been described between DRG cells and MNs (Streit et al.,
1991; Galante e al., 2000). The presence of spinal MNs and their synaptic connections thus
make organotypic spinal cultures a useful model to study their development and function
(Eccles, 1957; Redman, 1990).

O DIV 7 DIV 14 DIV

Figure 6. Bright field pictures at 5x magnification of organotypic single slices, just after the dissection (0 DIV),
and after 1 or 2 weeks of in vitro growth (7 and 14 DIV). Dorsal and ventral areas are clearly recognizable by the
DRG and the dorsal root fibres, which grow to innervate other structures, and by the ventral fissure, that marks
the ventral horns region (red arrows). It may be also noticed the progressive flattening of the tissue during the in

vitro growth (kindly provided by D. Avossa and L. Ballerini).

Ventral premotor interneurons represent an important cellular class in the spinal cord, as they
make the core of the spinal circuits, which is responsible for the generation of motor patterns
(Ballerini and Galante, 1998; Ballerini et al., 1999; Galante et al., 2000; Galante et al., 2001;
Rosato-Siri et al., 2002). In organotypic spinal slices interneurons may be visually identified
on the basis of specific morphological criteria. They have an oval cell body, with a diameter
shorter than 20 um, and they are monopolar or bipolar cells, characterized by a widespread
dendritic arborisation (Ballerini and Galante, 1998; Ballerini et al., 1999; Avossa et al., 2003;
Furlan et al., 2005; Furlan et al., 2007). As emerged from intracellular electrophysiological
recordings, in organotypic spinal cultures ventral interneurons display a spontaneous synaptic
activity, which often appears characterized by distinctive synchronous temporal patterns
(Ballerini and Galante, 1998; Ballerini et al., 1999; Rosato-Siri et al., 2004).

During development DRG cells migrate and move away from the spinal cord elongating the
dorsal roots and flattening into monolayers. DRG cells are easily recognized for being
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characterized by a large (40-50 um) polygonal cell body (Avossa et al., 2003); moreover, they
do not display spontaneous synaptic activity. In fact, patch-clamp recordings showed that,
differently from MNs and interneurons, they occasionally give rise to single action potentials,
which are not evoked by synaptic potentials (Ballerini et al., 1999). To test functional
connections between DRG and spinal neurons, DRG cells can be electrically stimulated using
a bipolar focal electrode and evoked polysynaptic responses, comprising both excitatory and
inhibitory components, can be recorded from ventral interneurons, patch-clamped in whole-

cell configuration and held at different membrane holding potentials (Galante et al., 2000).

3. Immunofluorescence staining, image acquisition and confocal

microscopy

Immunofluorescence experiments were performed on control and CNT organotypic cultures
after 8-10 DIV, and on double organotypic cultures at 14 DIV, to study tissue structure and
fibres growth. Upon immunofluorescence staining, cultures were imaged and analysis was

performed.

3.1 Immunofluorescence

Cultures were fixed with 4% paraformaldehyde (PFA) in Phosphate Buffer Solution (PBS)
for 1 h at room temperature (RT), washed in PBS, and incubated at 37 °C for 30 min in
blocking solution consisting of 5% FBS and0.3% Triton-X 100 in PBS. Upon washing (in
PBS), fixed slices were incubated for 2 h at 37 °C with primary antibodies: mouse
monoclonal anti-GFAP (Glial Fibrillary Acidic Protein; Sigma G3893, 1:200 dilution) and
rabbit polyclonal anti-pB-tubulin 111 (Sigma T2200, 1:250 dilution). After the primary
incubation and PBS wash, slices were incubated for 2 h at 37 °C with Alexa 594 phalloidin in
order to highlight F-actin (Invitrogen A12381, 1:100 dilution), Alexa 488 goat antimouse
(Invitrogen A10667, 1:500 dilution) and Atto 633 goat anti-rabbit (Sigma 41176, 1:500
dilution) against mouse GFAP and rabbit B-tubulin 11, respectively.

For the double staining for neurofilament H and B-tubulin 111, slices were incubated with the
primary mouse anti-SMI132 antibody (anti-Neurofilament H Non-Phosphorylated; Yabe et al.,
1999; Avossa et al., 2003; Sternberger Monoclonals Inc.;1:200) and the rabbit polyclonal
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anti-B-tubulin 111 one (SigmaT2200, 1:250), overnight at 4 °C. After being washed with PBS,
slices were incubated for 2 h at 37 °C with the secondary antibodies Alexa 488 goat anti-
mouse (Invitrogen A10667, 1:250) and Alexa 594 goat anti-rabbit (Invitrogen A12381, 1:250).
Slices were imaged at 20xmagnification using a fluorescent microscope (Leica DMLS,
Wetzlar, Germany).

To estimate the number of cell layers, we performed nuclear staining by incubating the slices
at 14 DIV with the nucleic acid binding fluorescent dye TO-PRO-3 (Molecular Probes; 1:500

dilution, final concentration 2 uM) for 1 h.

3.2 Image acquisition and confocal microscopy

Organotypic spinal explants, both single and double ones, were imaged using either a
fluorescent microscope (Leica DMLS, Wetzlar, Germany) or a confocal microscope (Nikon
Eclipse C1si, equipped with Ar/Kr and He/Ne lasers). The entire slice was imaged at 10x
magnification. In the case of confocal images, sections were acquired at different focal planes
every 1.5-2 um and the total stack thickness was approximately 12-15 pum.

Reconstructions of the slice images were performed offline using the image-processing
package Fiji (http:/fiji.sc/wiki/index.php/Fiji). For the confocal stack of images, the z
projection of the stack was obtained prior to reconstruction. The analyses were then
performed using the ImagelJ software (http://rsbweb.nih.gov/ij/).

Fig. 7 A shows a single organotypic slice at 8 DIV, co-labelled for F-actin (red) and -tubulin
Il (in green).To quantify slice dimensions, we measured the diameter of the central area,
excluding DRG and fibre outgrowths, in both control and CNT cultures. On average, control
(n =12) and CNT (n = 13) slices did not differ in terms of explanted tissue diameter, which
was around 2.60 mm in all cultures analysed. To quantify the number of neuronal processes
exiting the spinal tissue, we selected and quantified, the thicker fibres (>10 um) presumably
representing bundles of fibres, exiting the growing belt of at least 150-200 um (dashed white
line in Fig. 7 B and C). The length of a thick fibre was estimated as the linear distance
between the point in which it emerges from the edge of growth belt and its visible tip.

At higher magnification (60x) by confocal analysis, a single neurite could be identified and
corresponded to a single thin (<5 pum) and long B-tubulin Il positive neuronal process
emerging from the growth belt. Single fibres were further analysed by AFM (see below).

High-magnification optical images were used in order to evaluate the number of growth cones.
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In order to standardize our measurements, the total number of identified growth cones was
normalized to the number of detected neurites, with a ratio of 1 when every neuronal fibre
ends in a single identifiable growth cone; <1 when some of the detected neurite does not show
a clear identifiable growth cone; >1 when more growth cones are detected at the tip and along

a single neurite.

<4—— Neuronal processes

Figure 7. A, 8 DIV spinal slice labelled for F-actin (red) andB-tubulin 111 (green). The inner white circle
circumscribes the original spinal explants (centre), while the outer circle also includes the DRG regions and the
outgrowth area surrounding the slice (entire slice), made up by a dense actin network. Neuronal processes
emerging from this belt are indicated by white arrows. B, C, Images showing two examples, control (B) and

CNT (C), of regions of interest for fibre measuring; the blue dashed lines indicate the boundary of the growing
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belt, while the white dashed lines indicate the 150-200 um distance from this boundary; from this lines fibre

were quantified. White boxes indicate fibre tips and growth cones. Scale bars: A, 1 mm; B and C, 200 um.

To quantify the number of DRG processes entering the slice dorsal area, we stained slices
with the anti-neurofilament HSMI32 antibody (SternbergerMonoclonals Inc.). We then
identified the two dorsal quadrants in each slice. We quantified all of the SMI32 positive
fibres crossing a 600 pm long line tangential to the edge of the slice in 2-4 dorsal regions per
slice.

The microscopic structure of the organotypic slice cultures used for the present study was
investigated to establish the approximate degree of multilayer organization. When the slice
was viewed with a confocal microscope after immunostaining with the nuclear acid specific
dye TO-PRO-3, we measured, in14 DIV slices, 4-5 cell layers, while the DRG cells were
organized as a monolayer. TO-PRO-3 fluorescence was detected by a confocal microscope
(Nikon Eclipse C1si, equipped with Ar/Krand He/Ne lasers). ImageJ software was used to
analyse the peak of cell nuclei fluorescence, allowing the layer organization of each region of
the slice to be determined. The number of cell layers present in a slice is taken as the average

of the number of nuclei layers detected in all of the regions sampled.

4. Transmission and scanning electron microscopy investigations

TEM visualization of MWCNTs was performed on a Philips EM208 TEM, using an
accelerating voltage of 100 kV. About 1mg of compound was dispersed in 1 ml of DMF.
Then, one drop of this solution was deposited on a TEM grid (200 mesh, nickel, carbon only).
For TEM analysis, organotypic slice cultures at 14 DIV were washed with 0.1 M cacodylate
buffer (pH = 7.2) and fixed with a solution containing 2% glutaraldehyde (Fluka, Italy) in 0.1
M cacodylate buffer for 1 h at RT. Cultures were then washed in cacodylate buffer and then
transferred into a cacodylate buffer solution containing 1% osmium tetroxide (Fluka) for 1 h
at 4 °C. After further wash with cacodylate buffer, cultures were dehydrated. Propylene oxide
was used to wash the samples, which were then embedded in a mixture of propylene oxide
and epoxy resin (DER 332-732 Electron Microscopy Sciences) and placed in the oven for 1 h
at 37 °C. This mixture was then removed and substituted with epoxy resin (DER 332-732) for

1 hat 45 °C. Then the resin was renewed and stabilized for 1 h at37 °C, and eventually a final
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refresh of new resin was performed for 24 h at 37 °C (infiltration), for 24 h at 45 °C
(reticulation), and for 24 h at 60 °C (inclusion/solidification).

For routine block check-outs, 0.5-2 um thick semi-thin sections were stained with1%
toluidine blue (Sigma) plus 1% disodium tetraborate (Sigma) in water. Ultra-thin sections
(100 nm) were obtained by cutting the samples in a plane sagittal with respect to the surface.
Sections were then collected onto 200 and 300 mesh nickel or copper grids and stained with
uranyl acetate (2% in water) and lead citrate (Fluka). TEM analysis was performed on 10
ultra-thin sections from two culture series (total 5 organotypic slices). TEM measurement was
also performed on CNT cultures to assess the presence of abnormalities. We never observed
obvious disperse or scattered MWCNTSs in the slice core or within intracellular domains.

SEM measurements were carried out with a Zeiss Supramicroscope on 8 DIV cultured slices
(control and CNT) fixed as for TEM analysis and then dehydrated in absolute ethanol.

Images were acquired collecting secondary electrons on a commercial SEM (Gemini SUPRA
40, Carl Zeiss NTS GmbH, Oberkochen). In order to prevent electron-induced surface
charging, low accelerating voltages (0.6-1.0 keV) were used for slice visualization. Slices
grown on CNTs were imaged without any prior metallization process, while those grown on

glass were metallized prior to SEM imaging with a thin Pt/Pd film.

5. Atomic Force Microscopy (AFM)

AFM was used in the present work to acquire three-dimensional images of representative
cultured slice constituents (fibres and growth cones). In control and CNT samples (fixed at 8-
10 DIV and dehydrated as for SEM analysis), single fibres, crossing a region of interest
located at 150-200um from the edge of the outgrowth belt surrounding the slices, were
imaged via AFM in order to characterize their width and height relative to the supporting
substrate. Fibre width was measured starting from linear cross sections orthogonal to the fibre
elongating direction, while fibre height was calculated as the distance between the two
Gaussian distribution of substrate and fibre heights in the AFM topographic images. Errors in
the width measurements were estimated to be in the order of + 5% of the obtained value,
while for height estimations, errors were computed as cumulative standard deviations.

All AFM images were acquired using a commercially available microscope (MFP-3D Stand
Alone AFM from Asylum Research, Santa Barbara, CA) endowed with a 90 um x 90 um x15

um closed-loop metrological scanner. Measurements were carried out in air at room
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temperature working in dynamic mode. Cantilevers, characterized by a resonant frequency of
aboutl74 kHz (NSG11/B tips from NT-MDT Co., Moscow, Russia), were used working at
low oscillation amplitudes with half free amplitude set point. High-resolution images (1024
x1024 pixels frames) were acquired at 0.75 lines/s scan speed.

AFM elastic assessment of stiffness was done taking advantage of the distinctive force
spectroscopy capabilities of theMFP-3D AFM. In brief, force spectroscopy measures the
deflection of an AFM cantilever while it is pushed to a surface. Deflection can then be
interpreted as tip-surface applied force via cantilever spring constant and displacement
knowledge. Compliance of the material under the tip may be determined and thus stiffness
ratios between the different materials or cellular elements composing the surface under
investigation.

8 DIV cultured control and CNT slices were analysed in air at room temperature after fixation
and dehydration in absolute ethanol. Measurements were done on fibres belonging to the
same region of interest of the previous AFM morphological characterization. After the
identification via AFM imaging of a portion of the fibre lying down on glass or CNTSs, a
series of 8 punctual force spectroscopy curves were performed on both the fibre body and the
neighbouring substrate area. Average of the two series of 8 curves was computed and used to
compare fibre/substrate mechanical properties. Indication of material compliance comes from
the slope of the tilted part of force spectroscopy plots.

On the basis of the fact that MWCNT substrates when compared to control substrates show
similar (96 + 2%)values in terms of stiffness, all data coming from different sets of
experiments or from different batches of AFM tips were normalized to substrate stiffness
values. Cantilever used was a 40 nm tip radius probe characterized by a spring constant of
about 0.12 nN/nm (CSC21/Ti_Pt tips from MikroMasch Co., Tallinn, Estonia). Force
spectroscopy measurements were performed at constant speed (1 um/s) and include both an
extension and retracting branch. Substrate stiffness is directly correlated with the slope of
force plot tilted part (higher gradient means higher substrate stiffness). Measurement starts
moving the tip of about 3 um far from the substrate surface to start the approach branch of the
curve (horizontal portion of the force plots). When the tip touches the surface, it starts to bend
and the force plot tilts (taking heed of the cantilever elastic constant) proportionally with
surface stiffness. We set a trigger point to start tip retraction from the surface when the
applied force reaches a value of about 50 nN. At this point, the tip retracts, moving in
opposite direction, until the surface contact is loose and moves again to the starting point,

ready for a new force spectroscopy cycle.
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Regarding force measurements, average values of 8 force curves acquired on the fibre and of
an equal number on the relative substrate were considered. Following this approach, we
acquired 10 sensible values of stiffness for at least 3 fibres per slice sample. Three couples of
slices, control and MWCNT surfaces, were mechanically characterized via force spectroscopy.
All stiffness measurements have to be considered as relative ones, meaning we were
interested in comparing fibre stiffness relatively to the supporting substrate to point out
substrate-induced changes in the fibre mechanical response. Particular effort was done in
choosing fibres with comparable shapes in terms of width, height, and absence of immediate
branching in proximity of the fibre chop. No attempts of absolute determination of fibre
stiffness were done in this work.

Gwyddion software (www.gwyddion.net) was used to analyse all AFM images while all
statistics and data processing were performed using Igor Pro software

(www.wavematrics.com).

6. Electrophysiological recordings

In this thesis, we employed the traditional patch clamp technique (Sackmann and Neher,
1986) via glass micropipettes. Such technique allows the measurement of small currents, in
the magnitude order of pA, generated by neuronal cells with small cell diameters, such as
interneurons (< 20 pum).

All recordings were performed in the whole-cell configuration. Briefly, micropipette is leaned
on the membrane of the cell to investigate. Then a slight negative pressure, normally obtained
by suction, is applied to the internal of the pipette, so that the patch membrane gently inflects.
At this point, measured resistance sharply goes up to 1-4 GQ, and the electrical noise is
reduced: this is the so-called “cell-attached” configuration, in which the cell membrane is
intact. The whole-cell configuration is obtained by applying a further suction to cause the
rupture of the cellular membrane. In whole-cell, the intracellular space is in continuity with
the internal of the pipette, while the seal is maintained, and the activity of the whole cell can
be recorded. After the membrane patch is broken the resistance (250-400 MQ) corresponds to
that of the entire neuron and varies in according to the cell size.

Experiments were carried out in voltage clamp mode, which allows measuring the ionic
currents across the cell membrane, while holding (‘clamping’) the membrane voltage at a set

level.
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All patched cells were visually identified as ventral interneurons in slices at 13-21 DIV. For
each experiment, a coverslip with the spinal culture was positioned on a recording chamber
mounted on an inverted microscope (Eclipse TE 200, Nikon, Japan), and continuously
superfused with the recording solution at room temperature (RT). In the case of pair
recordings, two ventral interneurons, one from each of the co-cultured slices, were visually
chosen, simultaneously patch-clamped and their activities recorded.
Passive properties were measured by stimulating cells with a 100 ms lasting hyperpolarizing
stimulus (5 mV), then, the area below capacitative transients was computed and normalized
for voltage transient amplitude to calculate cellular capacitance; input resistance was obtained
through Ohm’s law, by measuring the amplitude of steady state current generated by voltage
transient.
Extracellular recording solution (standard Krebs solution) contained (in mM): 152 NaCl,
4KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, 10glucose. The pH was adjusted to the value 7,4 with
NaOH, and the osmolarity was 305 mOsm.
Patch pipettes (4-7 MQ) were pulled from thin-wall borosilicate glass capillaries (Clark) by a
two steps puller (List-Medical, Germany or Japan), and filled with a solution of the following
composition (in mM): 120 K gluconate, 20 KCI, 10 HEPES, 10 EGTA, 2 MgCl,, 2 Na,ATP.
The pH was adjusted to 7.3 with KOH, while osmolarity was 295 mOsm.
All drugs were bath-applied:
- 6-Cyano-7nitroquiloxaline-2,3-dione disodium salt (CNQX, 10 uM) (Sigma, Italy),
the antagonist of AMPA/kainate-type glutamate ionotropic receptors;
- Strychnine nitrate (1 uM) (Sigma), glycinergic receptor antagonist;
- Bicuculline methiodide(20 puM) (Sigma), which acts as antagonist at GABAAa
receptors;
- Tetrodotoxin (TTX, 1 pM) (Latoxan, France), to block voltage-dependent Na*
channels.
During the experiments, electrophysiological responses were amplified (EPC7, HEKA and
Axon Multiclamp 700B, Molecular Devices), digitized at 10 KHz and stored (pCLAMP
software, version 10, Molecular Devices) for further analysis. The membrane potential was
held at — 56 mV, a value close to the resting membrane potential (-58 £ 7 mV), as it was
measured in current clamp conditions with zero current injection. Membrane potential values
were not corrected for the liquid junction potential, estimated around 13 mV. The
uncompensated values for series resistance was 8-10 MQ; previous experiments have shown

that these experimental conditions enabled recordings of synaptic currents without significant
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distortion (Galante et al., 2000; Rosato-Siri et al., 2002).

Bipolar electrodes made by a low-resistance patch pipette containing normal Krebs solution
were used to deliver the extracellular electrical stimulations to the DRG ipsilateral to the
patched interneurons. Short voltage pulses (200 us) of variable amplitude (1-50 V) were
delivered by a Digitimer DS2 stimulator every 40 s (an interval allowing reproducible
responses) or as trains of 5 pulses at 5-10 Hz. In each experiment, voltage pulses of increasing
amplitude were delivered to the DRG, response was recorded as evoked PSCs (ePSC) and a
stimulation intensity/response current amplitude curve was constructed; the response to a
stimulation intensity eliciting 80% of the maximal response was then used for the comparison
between the different experiments (Fig. 10 A, right panel). In our experiments, a
monosynaptic component, identified by the short delay (<5 ms), in the response to DRG
stimulation was observed in only a minority (<15 %; n = 58 control and CNT slices) of cases,
and therefore, these responses were excluded from the analysis.

Each ePSC is the average of 5-10 consecutive stimulations. The amount of depression for the
responses to trains of 5 DRG stimulations delivered at 5 or 10 Hz was assessed by comparing

the amplitude of the responses obtained to the fifth pulse in the train to that of the first one.

7. Data analysis

sPSCs and miniature PSCs (mPSCs) were detected using the Clampfitl0 (pClamp suite,
Molecular Devices), or the Axograph X (Axograph Scientific) event detection software. To
detect the events both programs exploit a detection algorithm based on a sliding template. On
average 2000 single PSCs and 200-500 mPSCs were analysed from each cell to obtain mean
kinetic and amplitude parameters. From the average of these synaptic events, we measured
peak amplitude, rise time (from 10% to 90% peak amplitude) and decay time (expressed as 1),
by fitting a monoexponential (for AMPA receptors mediated events) or a biexponential (for
GABA receptors mediated ones) functions.

Rhythmic activity (elicited by the application of strychnine and bicuculline) was characterized
by inter burst period (IB period) and burst duration. IB period is defined as the time between
two consecutive bursts, set at onset, while the duration is the time from the burst onset and
80% of its baseline recovery. Rhythm regularity of spontaneous and induced bursting activity
was quantified by the coefficient of variation of IB period (CVg) and the coefficient of
variation of burst duration (CVy). The coefficient of variation is defined as the ratio between
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the standard deviation and the mean. It was calculated for IB period and durations of each cell,
mediated on a sample of cells and expressed as percentage.

Cross-correlation analysis was used to assess the correlation between bursting activities in co-
cultured networks. The cross-correlation function (CCF) measures the strength of the
correlation between the two time series at different time lags and it can be comprised between
1 (maximal correlation) and -1 (maximal anticorrelation). The presence of a central peak in
CCF indicated the existence of correlation between the two bursting activities and the height
of such peak provides a measure of the strength of such correlation, while its location in time
depends on the relative timing of the bursts in the two co-cultured networks.

The computing of burst latencies and ¢ values have been performed with R open source
statistic software.

Values are expressed as mean = SEM, with n = number of neurons, unless stated otherwise.
Statistically significant differences (P-values in the text and figure legends) were assessed by
the two-tailed Student’s t-test, after validation of variances homogeneity by Levene’s test, for
parametric data and by Mann-Whitney for non-parametric ones, while data cumulative
distributions were compared by the Kolmogorov-Smirnov test. Statistical differences were

considered significant at P< 0.05.
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Results

1. Effects of long-term interfacing organotypic spinal explants to
MWCNT scaffolds

1.1 MWCNT purified films promote the development of spinal tissue explants

and impact on neuronal peripheral processes growth

One of the first goals of this work of thesis consisted in assessing whether a highly purified
MWCNT scaffold could sustain the growth and development of a complex 3D tissue, such as
an organotypic cultured spinal explant chronically interfaced with it. To this aim, we cultured
embryonic spinal cord and DRG thin slices on MWCNT films and on control glass substrates,
for 8-20 days in vitro and we adopted a multidisciplinary approach to investigate both the
slice morphology and its synaptic activity.

Prior to use, pristine CNTs were routinely purified and characterized; these are crucial
processes to avoid undesired toxic effects on living tissues and cells due to possible
contaminants, as previously reported (see Introduction, section 4). MWCNTSs were subjected
to standard TGA, both under air and nitrogen, to assess their content of heavy metals and
residual functionalization, respectively. Electron microscopy investigations were performed to
characterize them in terms of average length and diameter (see Methods) and to assess the
uniform covering and stable retention of CNTs on the glass coverslip surface, by means of
both SEM (scanning electron microscopy; Fig. 1, Fig. 8 B) and TEM (transmission electron

microscopy; Fig. 2) investigations.

78



Figure 1. SEM images at different magnification of MWCNT films upon several days of incubation in culture

medium. Note the high uniformity of the coverage, indicating a very stable retention of the CNTs.

Organotypic spinal cultures are multi-layered tissues, which go through a progressive
flattening and spreading along with development in vitro, going from 275 pum thickness at day
0 to approximately one third of the original thickness after two weeks culturing (Avossa et al.,
2003; 2006). When interfaced with MWCNT scaffolds, only the bottom layer of the slice
grows in direct contact with the nanomaterial, while the other layers of the explant are not in
contact with CNTSs. For this reason, we decided to investigate the nature and the extent of
interactions between such bottom layer and the underlying MWCNT carpet, by means of
TEM investigations.

We analysed sagittal sections of n =5 CNT cultures at 14 DIV, to focus on the contact area
between explants and MWCNTs. We showed the presence of a homogeneous CNT layer
under the spinal tissue, even after weeks of culturing (thus confirming the long term stability
of the scaffold), and several subcellular structures could be clearly identified (Fig. 2 A, C),
giving evidences of a healthy tissue. Moreover, at higher magnification, the typical
ultrastructural interactions between CNT tails and neuronal membrane were visualized and
occurred along the entire contact area (Fig. 2 D).

On the whole, we documented the presence of continuous and tight contacts established

between the MWCNT scaffold and the bottom layer of the spinal tissue explants.

79



Figure 2. TEM investigations showed the presence of tight interactions between MWCNTS and the spinal tissue.
Note the uniform layer of CNTs underlying the tissue (A) even after 14 DIV in culture. Several cellular
structures are shown: microtubule sections (boxes), mithocondria (black arrows) and a synapse (arrowhead). Red
arrows (D) show points of close interactions between CNTs and neuronal membranes. B, D magnifications of
panel A and C, respectively. Scale bars: 1 pm in A, 500 nm in B-C, 200 nm in D.

We then compared the morphology of control and CNT explants at 8 DIV. Fig. 3 shows low-
magnification bright-field (A) and phase-contrast (B) images of a control and a CNT spinal
cultures, respectively. The first observation we made was that CNT slices tend to expand
more when compared to control ones, showing a larger (+ 20%) diameter.
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Figure 3.0rganotypic spinal explants tend to expand more when grown on MWCNT films. A, bright-field image
of a control slice at 8 DIV. B, phase-contrast image showing a CNT slice at 8 DIV. Note that the overall area
(centre and fibre belt) of the CNT explant is larger (+ 20% diameter) when compared to control one. Scale bars:

1 mm.

Then, we decided to investigate in more detail the growth and the morphology of organotypic
cultures by performing immunofluorescence staining on n = 13 CNT explants and n = 12
control ones, after 8-10 days of in vitro growth. The labelling allows highlighting specific
cytoskeletal components, such as F-actin and B-tubulin 111 (a microtubule protein expressed
exclusively in neurons), besides identifying distinct cells types, such as glial cells (positive for
GFAP) or MNs and DRG neurons (positive for SMI32). Fig. 4 shows typical confocal image
reconstructions of 8 DIV control and CNT spinal explants, co-immunostained for F-actin, 3-
tubulin 111, and with the addition of the astrocytes marker GFAP (Fig. 4 A, B).

GFAP-positive cells (Fig. 4 A and B, in green) showed a similar distribution between control
and CNT cultures, being confined to the slice body (corresponding to the original explanted
tissue), with poor extension to the proximal area of the surrounding growing belt.

Similarly, F-actin and B-tubulin I11 labelling (red and blue, respectively; Fig. 4 A, B) showed
analogous localizations on control and CNT spinal explants. F-actin immunoreactivity was
visible within the slice body and further extended to the surrounding outgrowth area,
especially in the proximal region of neuronal fibres growth, while the B-tubulin Il protein
was more expressed into the more distal regions of neuronal processes and small branches.

However, the immunofluorescence staining showed the presence of a more extended
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outgrowing fibre region surrounding the slices grown on MWCNTSs (Fig. 4 A and B). To
quantify the growth of such radially-extending neuronal processes, we measured the number
of B-tubulin III positive bundles (with > 10um diameter, see methods) exiting at least 150-200
um from the edge of the surrounding growing belt (Fig. 4 A1, B1). On CNT slices we found a
significant 39% increase in the number of such distal bundles when compared to control ones
(6.2 £ 0.6, n = 12 control slices; 8.6 = 0.9, n = 13 CNT slices; P < 0.05). We also measured
the average length of such distal processes and, even in this case, we observed a statistically
significant 31% increase, from 450 + 4 um in control to 590 + 5um in CNT slices (n = 12 and
n = 13 slices, respectively; P < 0.05). Therefore, we showed that cultured spinal explants
grown on MWCNT scaffolds expanded more fibres, which travelled longer distance, when

compared to the control growth condition.

Figure 4. Immunofluorescence staining of organotypic explants at 8 DIV. A, B, confocal image reconstructions
of control and CNT spinal explants, respectively, stained for F-actin (red), B-tubulin 111 (blue) and GFAP
(green); note that MWCNTSs induced a greater expansion of the outgrowth area of the explant. Al, B1, high
magnifications of the framed areas highlighted in A and B, respectively, showing bundles of fibres emerging

from the outgrowing belt surrounding the spinal tissue. Scale bars: 1 mm in A, B; 500 um in Al and B1.
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To verify whether the growing fibres affected by the MWCNT scaffold belonged to
projecting neurons whose cell bodies were in direct contact with CNTs (i.e. DRG neurons),
we performed a double immunostaining experiment with the SMI32 antibody, specific marker
for projecting neurons (DRG neurons and MNs), and the anti-p-tubulin 111 antibody (neuronal
marker). We therefore focused our attention on the bundles of fibres exiting the growing belt
surrounding the spinal explants (Fig. 4) and we analysed n = 22 and n = 36 visual fields from
control and CNT slices, respectively (n = 4 slices). In all the analysed fields we observed an
overlapping between the SMI32 and B-tubulin 111 signals in 100% of the analysed fibres (n =
161 and n = 415 fibres from control and CNT, respectively; Fig. 5 A, B). Since MNs are
relatively few in spinal slices (Avossa et al., 2006), this data indicated that the fibres on which
CNT exerted their effects mainly belonged to DRG neurons which, growing almost in a
monolayer in these cultures (Avossa et al., 2003), have their cell bodies in direct contact with
the MWCNT substrate.

Figure 5.Double immunostaining for neurofilament H (SMI32 antibody, green; marker for projecting neurons)
and B-tubulin 111 (red) of peripheral bundles of fibres in both control (A) and CNT (B) cultured explants,
showing a 100% overlapping between the two signals. Scale bar: 20 um.

1.2 AFM investigations revealed differences in the interactions between

neuronal fibres and the substrates

We exploited the AFM technique to deeply investigate the features of the neuronal peripheral
fibres elongating on glass and on MWCNT substrates.

In particular, we collected width and height data (see Methods) from n = 179 control fibres
and n = 263 CNT ones (detected from n = 6 control and CNT slices), exiting at least 150-200
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um from the edge of the outgrowth belt surrounding the spinal slices. Results are shown in the
height versus width plot of Fig. 6 A, from which it clearly emerged that control and CNT
fibres populations displayed distinct morphological features. In fact, they tended to adopt
different shapes depending on which substrates they are interfaced with. This trend was
further confirmed by the height/width ratios (HWRs) distribution of the two populations (Fig.
6 B), which has been build simplifying the fibre cross section as a rectangular shaped area.
Gaussian fitting of the distributions gave mean HWR values of 0.29 + 0.01 for control fibres
and 0.16 + 0.01 for CNT ones. This lower value referred to fibres grown on MWCNTS,
confirmed the tendency of CNT neuronal processes to slack above the substrate, increasing,
as a result, their adhesion area, while control fibres higher HWR values suggested an opposite

behaviour.
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Figure 6.Neuronal fibres tend to increase their relative adhesion area with the substrates when grown on
MWCNTSs. A, Height versus Width data distributions relative to control and CNT fibres. Mean values are
indicated and correspond to 1.00 um in height and 3.66 um in width for fibres spread on the glass substrate and
of 0.49 um in height and 2.96 um in width for the ones on MWCNTSs. Error bars: SD. B, Height/Width ratio
(HWR) computed for every control and CNT fibers. Note that control fibres tend toward higher HWR values

when compared to CNT ones.

To gain insights into the mechanisms underlying the different fibre adaptation to MWCTN
substrates, which could in turn affect their growth potential, we decided to characterize the
elasto-mechanical features of the analysed neuronal fibres, and to quantify their relative
stiffness (see Methods). Since glass and MWCNT covered substrates showed very similar
compliance values (Fig. 7 A and B, respectively; blue curves) we normalized to the substrate
stiffness all data coming from different experimental sets or different tips. Results showed

that fibre’s intrinsic elastic properties were remarkably different between the two samples: in
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fact, CNT fibres showed a statistically significant 33% lower stiffness than control ones (from
0.70£0.14 t0 0.47 £ 0.03, n = 6 control and CNT slices; P < 0.05).
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Figure 7. CNT fibre elastic properties differ from the ones of controls. AFM images of a typical control fibre
lying on glass substrate (A, left) and of a CNT one (B, left), with their force spectroscopy curves (right); blue
symbols and curves correspond to measures performed on the substrates, the tilted part of the curves starts when
the AFM tip reaches the substrates. Red symbols and curves relate to spectroscopy measurements done on fibres;
in this case, the tilted part of the curves starts when the AFM tip touches the fibres. Note the difference between
the starts of the vertical displacements of the two red curves, which corresponds to the difference in heights
between fibres. In this sample, control fibres are 28% stiffer than CNT ones (0,58 and 0.42, control and CNT

fibres, respectively). Scale bars: 5 pm.

Altogether these data suggest a different fibre adaptation to the substrates, with CNT
processes showing a more flattened shape when compared to control ones grown on simple
glass coverslips. This finding was also optically confirmed by SEM investigations,
highlighting that CNT neuronal branches show a general tendency to closely interact with the
nanostructured and conductive substrate compared to control fibres adhering to glass (Fig. 8
A and B, control and CNT fibres, respectively).
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Figure 8. CNT fibres establish closer interactions with substrates than control ones. SEM images of a peripheral

neuronal control fibre (A) and a CNT one (B). Note the intimate and tight contacts established between the

neurite membrane and MWCNTS. Scale bars: 500 nm.

1.3 Organotypic spinal explants show an increased growth cones activity when
long-term interfaced with MWCNTS

Following the analysis of peripheral spinal fibres, we focused our attention on growth cones,
which are typically distributed at both neuronal tips and along neuronal fibre lengths.

Fig. 9 shows SEM (A, B) and AFM (C, D) images of both control and CNT growth cones, as
detected at the tips of spinal neurites. We chose to quantify their number by counting them
and normalizing the obtained value to that of the corresponding fibres (see Methods).

To accomplish such analysis, we performed immunostaining experiments to visualize f-
tubulin 111 proteins, i.e. microtubules, which are abundant along neurite length and in growth
cone central domains as compared to the peripheral ones, in which F-actin is more abundant
(Dent and Gertler, 2003). Fig. 9 E-F shows high-magnification confocal images of B-tubulin
I11-labelled neuronal fibres, in which white arrows indicate growth cones, at neurite tips.
Results showed that organotypic spinal explants cultured on MWCNTs displayed a
statistically significant increase in the normalized number of growth cones, when compared to
control slice cultures (Fig. 9 G, plot; 0.9 + 0.07 in control slices; 1.4 £ 0.12 in CNT ones; n =
6; P <0.05).
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control CNT
Figure 9. Organotypic spinal explants displayed an increased growth cone activity when long-term interfaced to
MWCNTSs. A-B, SEM images identify the presence of growth cones at the end of both control and CNT neurites,
respectively. C-D, AFM images showing both control and CNT growth cones, respectively. The colour scale
indicates differences in height as indicated by the scale bars. E-F, High-magnification confocal images of control
(E) and CNT (F) neuronal fibres stained for B-tubulin 11 proteins; white arrows indicate the presence of growth
cones at the tip of neuronal processes. G, Plot quantifying the number of growth cones normalized to the number
of neuronal fibres. Note the significant increase in growth cones number displayed by cultured interfaced to

CNTs when compared to control ones. * P < 0.05. Scale bars: A-D, 5 um; E, F, 10 um. Error bars: SEM.
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1.4 Organotypic spinal explants grew on MWCNT scaffolds show improved

responses to afferent sensory stimulation

As previously discussed in the Introduction, organotypic cultures have been shown to retain
the proper organization and citoarchitecture of original tissues, while growing in vitro. In
spinal cultured explants neuronal connections are usually well preserved and afferent in-
growing DRG fibres reconstruct typical mono and polysynaptic pathways toward the ventral
regions of the slices (Spenger et al., 1991; Galante et al., 2000).

We decided to functionally test and compare the efficacy of such pathways in control and
CNT cultured slices, by measuring polysynaptic currents elicited in patch-clamped ventral
interneurons via focal electrical stimulation of the ipsilateral DRG (see experimental setup in
Fig. 10 A, left panel; see Methods).

In our conditions, ePSCs are mixed responses comprising both glutamate receptor-mediated
and GABA/glycine receptor-mediated components. Black traces of Fig. 10 B1, B2 show
typical superimposed averaged ePSCs elicited in control and CNT ventral interneurons,
respectively, held at Vh = -56 mV; at this membrane potential value all the components are
detected as summating inward currents.

To isolate the excitatory component from the inhibitory ones, we repeated the DRG
stimulation and measured the ePSCs either as inward, holding the interneurons at Vh = -40
mV (red traces in Fig. 10 B1, B2, control and CNT, respectively), which corresponds to the
estimated reverse potential value of CI" mediated (i.e. inhibitory) currents, or as outward (blue
traces, Fig. 10 B1, B2, control and CNT, respectively), holding the membrane potential at 0
mV, corresponding to the estimated reverse potential value of AMPA-glutamate mediated
currents. Neurons recorded from slices chronically interfaced to MWCNT scaffolds showed a
72% increase in the peak amplitude of AMPA-glutamate receptor mediated currents recorded
at Vh = -40 mV (Fig. 10 C1; from 216 + 25 pA, n = 20 control slices, to 371 £ 44 pA,n =24
CNT ones; P < 0.01). No differences were detected in the ePSC delay (16.8 £ 2.6 ms in
control slices; 18.1 £ 1.7 ms in CNT ones) or average duration (0.22 + 0.02 ms in control
slices; 0.20 £ 0.03 ms in CNT ones).

Similarly, a statistically significant 59% increase in the peak amplitude of GABA/glycine
receptor mediated currents recorded while interneurons were held at Vh = 0 mV was observed
(Fig. 10 C2; from 184 + 27 pA, n = 21 control slices, to 292 + 46 pA, n = 20 CNT ones; P <
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0.05). Also in this case, no differences in ePSC delay (25 = 2.5 ms in control slices; 26.4 + 2.4
ms in CNT ones) or duration (0.52 = 0.15 ms in control slices; 0.48 + 0.07 ms in CNT ones)
were detected.

We also tested the integrative ability of control and CNT ventral interneurons, by measuring
the ePSC responses to trains of DRG stimulations delivered at 5 and 10 Hz (see Methods).
Also in this case, we separately examined the excitatory and the inhibitory components by
recording the ePSCs both at Vh = -40 mV and at Vh = 0 mV, respectively.

ePSCs recorded at Vh = -40 mV underwent a typical frequency depression in control and
CNT slices for both 5 Hz (Fig. 10 D1; black and red traces, respectively) and 10 Hz (Fig. 10
D2, black and red traces, control and CNT neurons, respectively) stimulation frequencies. The
amplitude of the fifth ePSC was 58 + 10% of the first one in control (n = 12) and 47 + 7% of
the first one in CNT slices (n = 12) for 5 Hz stimulation frequency, while for 10 Hz
stimulation frequency, the amplitude of the fifth ePSC was 53 + 10% of the first one for
control and 41 + 9% of the first one for CNT slices (n = 11 and n = 10, respectively).

Similar results were obtained when interneurons were held at 0 mV. In fact, the amplitude
ratios between the fifth and the first ePSC were 71 £ 5% in control (n = 9) and 74 £ 10% in
CNT slices (n = 10) at 5 Hz stimulation frequency (Fig. 10 E1; black and red traces,
respectively), and 79 = 9% in control and 59 * 14% in CNT slices for 10 Hz stimulation
frequency (Fig. 10 E2; n = 10 and n = 10, respectively), with no significant differences
between control and CNT. These data indicate that long-term interfacing with MWCNTSs
didn’t affect the ability of spinal ventral interneurons to integrate repetitive afferent stimuli.
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Figure 10. Evoked responses of ventral interneurons to afferent sensory stimulation are potentiated when
organotypic spinal explants grow on MWCNT scaffolds. A, schematic representation of the experimental setting
(right) and a typical stimulation intensity/response current amplitude curve (left, see Methods). B1, B2,
Superimposed ePSCs obtained from control (B1) and CNT (B2) ventral interneurons in response to DRG
stimulation, at different VVh -56 mV (black), -40 mV (excitatory; red) and 0 mV (inhibitory; blue) are shown. C1,
C2, Plots showing the mean current peak amplitude for control and CNT ventral interneurons, held at VVh = -40
mV (C1, **P < 0.01) and at 0 mV (C2, *P < 0.05); note that CNT responses were significantly increased at both
holding potential, as compared to control ones. D1-D2, Excitatory ePSCs recorded from both control (black

traces) and CNT (red ones) ventral interneurons held at Vh = -40 mV, in response to trains of DRG stimulations
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delivered at 5 Hz (D1) or 10 Hz (D2). E1-E2, Inhibitory ePSCs obtained from control (black traces) and CNT
(red ones) ventral interneurons held at 0 mV, in response to 5 Hz (E1) and 10 Hz (E2) trains of DRG
stimulations.

DRG cells bodies, being arranged almost in a monolayer in organotypic spinal cultures
(Avossa et al., 2003), grow in direct contact with the MWCNT substrate. For this reason, we
previously speculated that long projecting fibres on which CNT exert their effects,
immunolabeled by both SMI32 (projecting neurons marker; Yabe et al., 1999; Avossa et al.,
2003) and anti-B-tubulin 111 antibodies, mainly belong to DRG neurons, since MNs are
relatively few in each explant (see section 1 of Results; Avossa et al., 2006). Then we
wondered whether the improving we observed in synaptic responses to afferent dorsal
stimulation, could be due to an increased number of DRG fibres entering the dorsal region of
organotypic CNT slices.

To test this hypothesis we immunostained control (n = 4) and CNT (n = 3) organotypic spinal
cultures with SMI32 antibody. Fig. 11 A and B show an example of such labelling. At higher
magnification (Fig. 11 Al and B1) DRG fibres entering the dorsal region of the spinal slices
are clearly visible. We analysed 11 control and 9 CNT dorsal regions and we quantified (see
Methods) the number of ingrowing fibres. Results, shown in plot in Fig. 11 C, indicated no
differences in fibre density between the two culturing conditions (0.07 + 0.011 fibres/um in

control slices, 0.06 + 0.03 fibres/um in CNT ones).
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Figure 11. DRG ingrowing fibres and afferent dorsal pathway. A, B, Image reconstructions of control (A) and

CNT (B) organotypic explants, labelled using the SMI32 antibody. Al, B1, High-magnification images of the

framed areas in A and B, respectively; note the DRG large cell bodies and the fibres entering the slices. C, Plot

showing the density of DRG ingrowing fibres; each dot represents a dorsal region. Scale bars: 500 um in A and
B; 100 um in Al and B1. Error bars: SEM.
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1.5 Stable interfacing with MWCNTs leads to potentiated spontaneous

synaptic activity in premotoneuronal circuits

Along with development, spinal cord network activity is known to undergo several changes,
which are crucial for neuronal differentiation and motor circuit formation (Branchereau et al.,
2002; Hanson and Landmesser, 2003; Whelan, 2003). Immature spontaneous activity, limited
to embryonic stage of development, is characterized by bursts of action potentials that last for
hundreds of milliseconds to seconds and spread from one region to another, with the typical
characteristics of propagating waves (Kudo et al., 1991; O’Donovan et al., 1997; O’Donovan,
1998; Feller, 1999). The transition from this synchronous activity involving large population
of cells, to more mature patterns of activity, usually locomotor-like ones, alternating between
left-right sides of the spinal cord (Delpy et al., 2008), requires specific changes of neuronal
phenotypes (e.g. ion channel expressions), besides a critical refinement of synapses (Russell,
2000; Vinay and Jean-Xavier, 2008; Rivera et al., 1999; Gao et al., 2001; Moody and Boosma,
2005).

Organotypic spinal cultures have been shown to display characteristic patterns of spontaneous
network activity, which are reminiscent of that reported in vivo or in cultured entire spinal
cord and depend on the developmental stage of cultures. During the first weeks of in vitro
growth, the spinal network mainly generates a typical spontaneous busting activity, which has
been correlated, in previous work, to the synchronous contraction of muscular fibres
innervated by spinal motor neurons in co-cultured spinal cord and muscular tissue (Rosato-
Siri et al., 2004). Along with maturation, the immature bursting activity is replaced by an
intense non-synchronous spontaneous synaptic activity, which can be recorded from premotor
ventral interneurons.

To investigate whether the chronic interfacing with MWCNT scaffold may interfere with the
normal premotoneuronal circuit development of organotypic spinal explants, we patch-
clamped ventral interneurons to measure their activity. We routinely measured main passive
properties, such as membrane capacitance, an indirect measure of cellular dimension, and
input membrane resistance, which is straightly correlated to the number of leak channels
expressed on neuronal membrane. These parameters are commonly used as indexes of
neuronal health and of their developmental stage.

Data are shown in Fig. 12, from which one can appreciate the absence of any significant

variation, between control and CNT ventral interneurons in terms of input resistance (365 *
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29 MQ in control, 314 + 24 MQ in CNT) or cell capacitance (95 £ 5 pF in control, 98 + 6 pF
in CNT; n=61and n =78, control and CNT, respectively).
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Figure 12. Plot showing membrane capacitance and input resistance values for both control and CNT recorded

cells.

We recorded the spontaneous synaptic activity from control (n = 65) and CNT (n = 74) slice
cultures after two weeks of in vitro development. The membrane potential was routinely held
at Vh =-56 mV and Fig. 13 A shows an example of such activity for both control (top trace)
and CNT (bottom one) ventral interneurons. At this Vh heterogeneous PSCs mediated by
AMPA-glutamate or GABA and glycine are collectively detected as inward currents of
variable amplitudes.

We observed no difference in the PSCs occurrence between control and CNT interneurons
(Fig. 13 B; 37 £ 1.5 Hz, n = 66 control neurons; 40 £ 1.4 Hz, n = 85 CNT neurons).
Conversely, we reported significantly higher mean current peak amplitude of PSCs recorded
from CNT ventral interneurons when compared to the ones recorded from control
interneurons (Fig. 13 C; 30 £ 2 pA, n = 66 control; 37 £ 2 pA, n =85 CNT; P < 0.05; the inset
shows the cumulative distributions, P < 0.001). This difference emerged in 12 out of 14

culture series.
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Figure 13. Spontaneous synaptic activity recorded from control and CNT ventral interneurons at 14 DIV. A,
Representative traces of sSPSCs recorded from control (top trace) and CNT (bottom trace) ventral interneurons
held at Vh = -56 mV. B, Plot showing the average frequencies of heterogeneous PSCs measured from control
and CNT neurons. C, Mean current peak amplitudes of heterogeneous PSCs recorded from control and CNT
ventral interneurons; note that CNT neurons displayed significantly higher current peak amplitudes when
compared to control ones (*P < 0.05). The inset shows the, cumulative distribution of heterogeneous PSCs

amplitudes that confirms the statistically significant difference between control and CNT neurons (*P < 0.001).

Heterogeneous PSCs recorded from ventral interneurons can be distinguished on the basis of

their decay time course. In fact, PSCs decayed either rapidly (t = 2.66 = 0.12 ms in control; t
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= 2.73 £ 0.09 ms in CNT) or slowly (double-exponential fitting: t1 = 23.4 + 3.2 ms, 12 = 3.3
+ 0.4 ms, n = 11 control; t1 = 23.6 £ 2.2 ms, 12 = 4.3 £ 0.7 ms, n = 17 CNT), a difference
statistically significant (P < 0.001 and P < 0.005, between t values of fast-decaying PSCs and
each component of the slow-decaying ones, respectively) despite the similar rise times (0.8 +
0.02 ms and 1.4 £ 0.04 ms, control and CNT, respectively). Fig. 14 A, B (left panels) shows
superimposed averaged samples of these two kind of synaptic events (fast-decaying and slow
decaying), for both control (black traces) and CNT ventral interneurons (red ones). We know
from literature that fast-decaying currents are known to represent glutamatergic AMPA
receptor-mediated PSCs (Jonas, 2000), while slow-decaying PSCs are usually due to
GABA/glycine receptors-mediated ones (Galante et al., 2000). Then, the decay time based
criteria allows the off-line dissection and separate analysis of the two main components of the
spinal networks in these cultures (Galante et al., 2000), avoiding the undesirable effect of
interfering with the entire network dynamics by employing pharmacological tools.

As the two cumulative plots of fig. 14 A, B (right panels) show, we reported a statistically
significant increase in the amplitude of both fast (n = 14 control, n = 25 CNT interneurons; P
< 0.001) and slow (n = 12 control, n =18 CNT interneurons; P < 0.001) decaying PSCs

recorded from CNT interneurons with respect to the ones recorded from control neurons.
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Figure 14. Fast and slow PSCs show increased amplitudes in CNT neurons even when separately analysed. A,
left, superimposed averaged traces of fast-decaying PSCs from both control (black trace) and CNT (red one)
ventral interneurons; right, cumulative distribution plot of fast PSCs amplitudes. B, left, superimposed averaged
traces of slow-decaying PSCs from control (black trace) and CNT (red one) neurons; right, cumulative
distribution of slow PSCs amplitudes. *P < 0.001.

These data seem to suggest that CNTs are able to induce a remote effect on neurons, which
are as far as 5 cell layers from the neuronal/ MWCNTSs interaction site.

Although, by our TEM analysis, we never detected the presence of CNTs within cells, we
cannot entirely exclude the possibility that single, or bundles of detached nanomaterial could
be internalized by neurons, affecting, in turn, in a direct fashion, their behaviour and synaptic
efficacy. For this reason, we tested the possible effects due to CNT detachment and
internalization, by incubating control organotypic slices with soluble MWCNTSs for 6 days
and then we recorded their spontaneous synaptic activity at 14 DIV. Despite the fact that the
chosen concentration of soluble MWCNTSs (1 pug/ml) mimicked a massive lost of nanotubes

from the substrate, which corresponded to 10% detachment, we couldn’t detect any difference
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in spontaneous mixed PSCs peak amplitudes between MWCNTs-incubated cultures and
control ones (data not shown; 26 + 3 pA, n = 10 control cultures, 22 + 2 pA, n = 10
MWCNTs-incubated ones).

Altogether these results strongly support the hypothesis of an indirect effect exerted from

CNTs on distant neuronal network locations.

1.6 Effects of MWCNT scaffolds on rhythmic patterns of activity in spinal

cultures

In the previous sections we saw that the stable interfacing of organotypic spinal explants with
purified MWCNT meshwork, induced changes within the spinal network dynamics, reported
as an improvement in the activity of the polysynaptic pathways in response to afferent sensory
stimulation and as an increased peak amplitude of both AMPA and GABA/glycine receptor-
mediated PSCs. In both cases, the excitatory component of the network was more potentiated
by the interaction with the nanomaterial, when compared to the inhibitory one. We decided to
manipulate the spinal network via the pharmacological blocks of GABAergic and glycinergic
receptors with bicuculline (10uM) and strychnine (1 pM), respectively, to focus on the
glutamatergic component of the spinal circuits, after two weeks of in vitro development. In
the entire spinal cord this block is known to induce the appearance of spontaneous rhythmic
bursts in motor neurons, recorded as synchronous discharges from left and right ventral roots
(Bracci et al., 1996a; 1996b). This pattern of activity has been shown to rely on the activation
of the premotoneuronal spinal networks and it requires the activation of spinal circuits
contained in a single ventral horn, but spanning over few lumbar segment (Bracci et al.,
1996b). Notably, it has been ascertained that the minimal spinal circuit preserved in
organotypic spinal cultures, is sufficient to generate this disinhibited rhythm (Ballerini et al.,
1999), which has been well characterized along with the in vitro development of the slices.
Hence, by means of this procedure we could also verify whether the long-term interfacing
with MWCNT scaffold could impact on the rhythmogenic ability of cultured spinal circuits.

In both control and CNT cultures, the co-application of bicuculline and strychnine leaded to
the appearance of a typical highly regular rhythm characterized by the presence of large and
long-lasting bursts of inward currents with superimposed a background of intense
spontaneous synaptic activity, in all the recorded neurons (n = 12 control; n = 19 CNT), as
exemplified in Fig. 15 A (top and bottom tracings, control and CNT, respectively). The
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rhythmic activity appeared after an initial phase of highly irregular activity, which lasted
about 3 minutes after the application of the drugs. Once the rhythm was established, it
persisted as long as the drugs were co-applied.

We couldn’t find any significant difference either in the mean burst duration (fig. 15 B; 9.1 +
1.6 s in control; 8.3 £ 1.8 s in CNT) or in the inter-burst period (I1B; fig. 15 C; 24.8 £3.2sin
control; 23.8 + 2.7 s in CNT), between control and CNT explants. The average coefficient of
variation of the burst duration (CVd) was similar for control (20 + 6%) and CNT neurons (21
+ 6%), as was the IB period one (CV\g; 20 £ 7% in control and 22 = 7% in CNT interneurons).
The low values and the similarity of both the CV indicated a remarkable and comparable
regularity of the disinhibited rhythm established in both networks. These data therefore indicate
that the chronic interfacing of the spinal explants with the MWCNT meshwork did not alter

the rhythmogenic ability of the spinal circuits relying on the glutamatergic transmission.
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Figure 15. Disinhibited rhythm induced via co-application of strychnine and bicuculline. A, Representative
traces recorded from control (top trace) and CNT (bottom one) ventral interneurons at 14 DIV, following the
reversible block of the inhibitory components of the spinal networks. B, Plot showing the mean burst duration
values for control and CNT neurons. C, Plot showing the mean interburst interval for control and CNT slices.
Error bars: SEM.

1.7 Miniature excitatory PSCs

To further investigate the increase in PSCs amplitudes, observed in organotypic spinal
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explants long-term interfaced with MWCNT scaffolds, we performed voltage clamp
recordings from single ventral interneurons at 14 DIV, upon the application of tetrodotoxin
(TTX) 1 uM, a well-known blocker of voltage-gated Na* channels, which are responsible for
the rising phase of the AP in excitable cells. The spontaneous events recorded in the presence
of TTX, termed mPSCs, result from the stochastic release of a single transmitter vesicle
(quantum) in the absence of any presynaptic activity. mPSCs are commonly recorded to
investigate the synaptic modulation at the level of single terminals, helping in clarifying
whether the observed changes in synaptic transmission have a pre- or postsynaptic origin:
their frequency is traditionally accepted to be proportional to the number of synaptic contacts
(Raastad et al., 1992), while post-synaptic modulation would induce alterations in their
amplitudes (Clements and Bekkers, 1997).

Since the potentiation in synaptic efficacy, detected as increased amplitude of both evoked
and sPSCs, seemed to involve the excitatory component of the network more than the
inhibitory one, we focused on the glutamatergic transmission of the spinal circuit and we
recorded miniature excitatory PSCs (mEPSCs), following application of TTX with strychnine
and bicuculline, to block glycinergic and GABAergic receptors, respectively, from both
control and CNT slices at 14 DIV. Fig. 16 A shows two representative traces of such activity
recorded at Vh = -70 mV, from both control (top) and CNT (bottom) ventral interneurons. We
couldn’t detect any difference either in mEPSCs frequency (fig. 16 B; 11.5 + 29 Hz, n = 15
control; 8.2 + 1.3 Hz, n = 27 CNT) or in their mean peak amplitude (fig. 16 C; 19.4 + 1.5 pA,
n =15 control; 19.8 £ 1.5 pA, n =27 CNT).

From these data we can conclude that no detectable changes took place at either pre- or post-

synaptic levels in CNT cultured spinal explants.
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Figure 16. mEPSCs recorded upon co-application of TTX, strychnine and bicuculline from control and CNT
ventral interneurons at 14 DIV. A, Representative traces recorded from control (top trace) and CNT (bottom
trace) slices. B, Plot showing the average mEPSCs frequencies in both control and CNT interneurons. C, Plot

shows the average mEPSCs amplitude for control and CNT spinal cultures.
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Summary of main results of section 1

We successfully cultured organotypic spinal explants, characterized by a complex 3D
cytoarchitecture, on highly purified MWCNT scaffolds. By means of SEM and TEM
investigations we documented a stable retaining of CNT on glass coverslips, even after weeks
of culturing, besides several ultrastructural interactions established between MWCNT tails
and neuronal membranes, as the one previously observed in monolayered cultures (Cellot et
al., 2009).

By means of immunofluoresce experiments, we observed a significant increase in both
number and length of peripheral outgrowing fibres, mainly belonging to long projecting
neurons, such as motor and DRG neurons, as suggested by their double labelling with SM132
and anti-B-tubulin 111 antibodies. Moreover, AFM investigations revealed that such peripheral
fibres behave differently depending on which substrates they grew on, showing a tendency to
highly increase their adhesion area when in contact with MWCNT meshwork, as compared to
bare glass.

Via intracellular recordings, we investigated the polysynaptic responses to afferent ingrowing
pathway stimulations, which was significantly potentiated in spinal explants chronically
interfaced to MWCNT scaffolds for 2 weeks, even if the slice dorsal innervation was
unchanged between control and CNT spinal cultures.

We finally showed a potentiation in the premotoneuronal spinal network activity of 14 DIV
CNT organotypic explants, detected as a significant increase in the sPSC peak amplitudes,
without difference in their frequency, as compared to control cultures. Furthermore, CNT-

interfaces cultures maintained their ability to generate rhythmic patterns of activity
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2. Growth and characterization of co-cultured spinal explants

2.1 Double organotypic spinal cultures

One of the main goals of NTE research field is to find new and effective solutions to repair
the damaged spinal cord. Thanks to their outstanding properties, CNTs are at the forefront of
the nanotechnology applied to regenerative medicine, but for they can be safely and
successfully employed in neuroengineering applications, their effects on neurons and on
nervous tissues have to be carefully investigated in detail.

In the last decades, we worked on the implementation of hybrid neuronal/CNT networks and
we showed that CNT safely integrated with neurons, improving their performances (Lovat et
al., 2005; Mazzatenta et al., 2007; Cellot et al., 2009; 2011). These data have been collected
working with simplified bidimensional networks, represented by dissociated cultures of
hippocampal neurons, which lack the physiological complexity of real tissues.

In this Thesis we employed organotypic spinal cultures as a model of tissue complexity and
we showed that, when long-term interfaced with MWCNT scaffolds, they expand more
neuronal fibres, characterized by different elastomechanical features, besides displaying a
general increase in synaptic efficacy at network locations, which are far from the site of
interactions between CNTSs and the explant.

Since we observed a significant general increase in fibre growth on organotypic CNT explants,
we wondered whether a MWCNT scaffold, interposed between two cultured spinal explants,
could act as a bridge, promoting the physical and functional reconnection of tissues. To test
this challenging hypothesis, we first need to characterize the growth and development of two
organotypic explants cultured together on a control (bare glass) support without any CNT
bridge interposed between them.

Double organotypic spinal slices were put at a distance of 750 pm and cultured for two weeks.

Fig. 17 shows a bright field image of double (co-cultured) spinal explants at 14 DIV.



Figure 17. Bright field image of a double organotypic culture at 14 DIV. Ventral and dorsal regions are
indicated; the ventral zone is characterized by the presence of the ventral fissure. DRG neurons are located

laterally at each slice (black arrows).Bar scale: 500 pm.

To investigate their growth and morphology, and to verify the extent of physical reconnection
in vitro, we performed double immunofluorescence experiments on n = 5 double organotypic
cultures at 14 DIV, with the SMI32 antibody, specific marker for projecting neurons, and the
anti-B-tubulin 111 antibody. Fig. 18 shows confocal image reconstructions of a typical sample.
The large amount of peripheral fibres, outgrowing from each spinal co-cultured explant, can
be appreciated, together with the establishment of a highly intricate network, especially close
to the DRG regions, surrounding the two slice bodies.

Interestingly, the majority of fibres seem to grow in a centrifugal direction, but numerous

fibres are also entering the dorsal regions of the slices, and it is very difficult to ascertain

whether each slice is reached by neuronal processes belonging to the other, co-cultured

explant.
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Figure 18. Organotypic spinal co-cultures create an intricate and widespread fibre network surrounding slice
bodies. Confocal image reconstructions of a double organotypic spinal culture at 14 DIV, co-labelled for
neurofilament H (green) and B-tubulin I11 (red). Note that, due to the very high density of fibres, it is very

difficult to verify whether fibres projecting from one explant actually reach the other one. Scale bar: 1 mm.

2.2 Spontaneous network activity in co-cultured spinal explants

As previously discussed, single organotypic spinal slices display characteristic patterns of
spontaneous activity according to their developmental stage in vitro. During the first week of
growth (7 DIV), approximately corresponding to the late embryonic period in vivo (Avossa et
al., 2003; Rosato-Siri et al., 2004) the spinal network generates the typical spontaneous
bursting activity, a population phenomena, whose drive is mainly glutamatergic (Fig. I A)

Rosato-Siri et al., 2004). A dramatic change of the network activity occurs during the second
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week of development (14 DIV), when the spontaneous bursting is replaced by an intense
synaptic activity in about two-third of the cultures (Rosato-Siri et al., 2004), the PSCs
frequency is considerably increased and the temporal summation of the synaptic currents
often leads to the appearance of short clusters of events (Fig. 1 B). At this stage, which
corresponds to the maturational phases just before and immediately after birth (Avossa et al.,
2003), GABA and glycine transmission seems to have an inhibitory role, in fact their block
invariably lead to the appearance of synchronous bursting activity in cultures that do not burst
spontaneously, and prolonged the duration of burst in those minority of cultures that already
display this type of activity (Rosato-Siri et al., 2004).

The spinal network activity of the organotypic spinal explants changes again after three/four
weeks of in vitro growth (named 21 DIV). At this time, the PSCs frequency is further
increased with respect to the 14 DIV stage and most of the cultures display a spontaneous
bursting activity, whose kinetic properties are very different from the ones observed both at 7
and at 14 DIV. In fact, the burst duration and the IB intervals are drastically reduced, and, as a
consequence, the pace is higher and pretty regular (Fig. | C; unpublished data, courtesy of

Vladimir Rancic).

N

-56mVj

Figure 1. Electrophysiological recordings performed from ventral interneurons showing the spontaneous
network activities corresponding to the three stages of development of single organotypic spinal cultures. A, 7
DIV, spontaneous immature bursting activity; B, 14 DIV, the bursting activity is replaced by an intense synaptic
activity; C, 21 DIV, a rhythmic activity reappears, characterized by a faster and regular pace. Al, B1 and C1,
magnifications of the selected regions in A, B and C, respectively, showing the progressive increasing in PSCs

frequency (courtesy of Vladimir Rancic).
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To characterize the spontaneous activity of the double organotypic spinal explants we selected
the second week of in vitro growth (14 DIV), a stage at which the projecting outgrowing
fibres of the two co-cultured spinal explants is well developed and form a dense and intricate
fibre network surrounding the two slice bodies. Our aim was to verify whether and to what
extent the two explants could sense each other, influencing their network activities, possibly
through the formation of functional connections.

We patch-clamped visually identified ventral interneurons in voltage clamp mode to
separately record the spontaneous synaptic activity of each co-cultured slice. Fig. 19 A shows
two examples of such activities recorded from one single (top trace) and one co-cultured
slices (bottom trace) at 14 DIV. The Vh was routinely held at -56 mV. Despite the 14 DIV
stage of development, we observed that in standard Krebs solution a spontaneous bursting
activity was displayed from 83,9% of co-cultures (26 out of 30), while this value is 36,4% for
single cultures at the same age in vitro (12 out of 33; Fig. 19 B). The average duration of the
bursts was 0.3 + 0.02 s for double cultures (n = 26) and 0.7 £ 0.1 s for single ones (n = 11),
while the IB interval values were on average 2.6 £ 0.2 s and 4.6 £ 0.5 s, for double and single
cultures, respectively. Both differences were statistically significant between single and
double slices (Fig. 19 C, D; P< 0.001).
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Figure 19. Spontaneous bursting activity in single and double organotypic cultures at 14 DIV. A, Representative
traces recorded from a single slice (top) and from one slice of a double culture (bottom). B, Plot showing the
percentage of single and double cultures displaying a residual bursting activity at 14 DIV; note that co-cultured
slices have an higher probability of displaying such activity. C, Plot showing the mean duration of spontaneous
bursts, for both single and double organotypic cultures. D, Plot summarizing the average IB interval of
spontaneous bursting for single and double cultured explants. Note that spontaneous bursting is significantly

faster considering both the parameters. *P < 0.001.

The spontaneous bursting was superimposed on a background of intense synaptic activity,
consisting of heterogeneous PSCs of variable amplitude. Their occurrence in double slices
was on average 35.3 + 3 Hz (n = 17) and their mean current peak amplitude was 27.3 £8.5 pA
(n = 17). No significant differences with respect to mean frequency values (37 £ 1.5 Hz, n =
66) and average amplitude (30 + 2 pA, n = 66) of PSCs recorded from single cultures at the

same age in vitro could be observed (Fig. 20 A, B).
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Figure 20. sPSCs kinetic parameters. A, Plot shows the mean frequencies of sPSCs for single and double

organotypic cultures. B, Mean sPSC peak amplitudes are shown for both groups.

These results suggest that the co-culturing of couples of organotypic spinal slices lead to
alterations in the maturational processes of the cultured spinal networks, that need to be

further clarified.
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2.3 Simultaneous recording from co-cultured explants unmasks a correlation

between network activities in a subset of cultures

To investigate the presence of functional connections between the two co-cultured spinal
explants, which could in turn influence the reciprocal electrical activities, we performed
simultaneous patch-clamp recordings from pairs of visually identified ventral interneurons at
14 DIV, one from each of the two organotypic co-cultured slices (n = 30 co-cultures; see

scheme 1).

N\ /7.

Scheme 1. Schematic representation of pair recordings from a double organotypic culture.

By performing these experiments in Standard Krebs solution with Vh = -56 mV, we could
observe two kinds of behaviour in networks displaying spontaneous bursting (26 cultures out
of 30). In 76,9% of cases (20 cultures out of 26) the bursting activities in the two slices had
kinetic features clearly different (i.e. unrelated) between them (Fig. 21 A), while in the
residual 23,1% (6 cultured out of 26, Fig. 21 B, C) the time onset of the bursts in the two
spinal networks showed a clear correlation, and the two activities seemed to be highly
synchronized in time (Fig. 21 B). This timing dependence was assessed via the cross-
correlation analysis, by measuring the height of CCF central peak as an index of correlation
strength (Fig. 21 D; see methods). For correlated networks the mean height of the central peak
was 0.7 £ 0.07 (n = 6), and this value was significantly higher when compared to the one of
uncorrelated activities (Fig. 21 D; 0.1 £ 0.02, n = 20; p < 0.001).
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Figure 21. Pair recordings performed on co-cultured organotypic slices unmasked a correlated behaviour
displayed from a minority of cultures. A, Representative traces simultaneously recorded from two co-cultured
slices at 14 DIV, illustrating a typical uncorrelated activity. B, Representative traces simultaneously recorded

from a double culture in which the time onsets of the bursts in the two networks (slices) are highly correlated in
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time. C, Plot showing the low proportion of slices showing correlated activities when compared to those showing
uncorrelated ones. D, left, plot reporting the height of CCF central peak computed for uncorrelated and
correlated activities; right, example of the CCF relative to the coupled activities shown in B; note the high value

of the peak at 0, indicating the presence of correlation. *P < 0.001.

This intriguing result seems to confirm that functional connections between two co-cultured
slices can indeed be established, although in a relatively small number of cases, giving rise to
a multifaceted behaviour as the one we observed by recording the spontaneous network
activity.

To further investigate the electrical correlation between cultures, we decided to manipulate
the network activity of n = 24 co-cultures, by blocking the inhibitory components via co-
application of strychnine and bicuculline, selective blockers for glycinergic and GABAergic
receptors, respectively. As reported in previous sections, this block typically leads to the
appearance of long-lasting bursts of inward currents, which persist as long as the drugs are
perfused. The mean IB interval was 16.1 + 1.6 s, while the average duration corresponded to
5.8 £ 0.9 s (n = 16 co-cultures).

When we forced the networks to produce this slow and synchronous rhythm (Fig. 22 A) we
observed an higher percentage of functionally connected slices: in fact, the number of
detectable correlated activities increased from 23,1%, estimated by the recording of
spontaneous activity (6 cultures out of 26), to 33,3%, following the block of the inhibitory
components of the networks (8 cultures out of 24; Fig. 22 B). Despite the average height of
the CCF central peak was unchanged between the two groups which displayed a correlated
activity (0.7 £ 0.07, n = 6 in standard Krebs; 0.7 £ 0.07, n = 8 in strychnine and bicuculline),
we reported that in 6 co-cultures out of 8, the coupling force drastically increased when the
disinhibited rhythm was induced (0.42 £ 0.11, n = 6 in standard Krebs; 0.75 £ 0.07, n =6 in
strychnine and bicuculline; p < 0.05), leading in two cases to unmask a correlated behaviour
that couldn’t be detected when perfusing with standard Krebs. In 1 double culture out of 8 the
coupling force surprisingly decreased (from 0.88 to 0.39), while in 1 co-culture it remained

unaltered when assessed in the two conditions (0.7; Fig. 22 C).
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Figure 22. Induction of the disinhibited rhythm unmasked a higher percentage of correlated cultures. A,
Representative traces simultaneously recorded from two co-cultured organotypic slices at 14 DIV, during co-
application of strychnine and bicuculline. B, Plot showing the percentage of correlated activities detected after

the induction of the disinhibited rhythm; note the 10% increase when compared to the correlate activities

detected during standard Krebs perfusion (Fig. 21 C). C, This plot summarizes the changes in the height of CCF
central peak for each couple, before and after the co-application of strychnine and bicuculline; this value
significantly increased in 6 couples out of 8, decreased in 1 couple out of 8 and in the last couple it remained

constant. *P < 0.05.

To check the dependence of this synchronous activity upon the AMPA subtype glutamate
receptors mediated component, we perfused CNQX (10 uM), a specific blocker of
AMPA/kainate-type glutamate ionotropic receptors,in n = 12 co-cultures. In 100% of cultures
the bursting activity persisted, but it was characterized by slower pace (i.e. IB interval, 28.1 +
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2.9, n = 10) and shorter burst duration (4.2 = 0.61, n = 10; Fig. 23 A). This activity was
completely removed upon the subsequent application of APV (1 uM; not shown), indicating
its dependence on the NMDA-type glutamate receptors mediated component.

Following the CNQX perfusion, we assessed the presence of coupled activity in 25% of
double cultures (3 out of 12), a lower proportion than that detected following the induction of
the disinhibited rhythm (Fig. 23 B). Even in this case, we could observe different fluctuations
in the coupling force between network activities; in fact, the coupling (CCF) increased,
although not significantly, in 2 double cultures out of 3, going from 0.46 + 0.07 during co-
application of strychnine and bicuculline to 0.65 + 0.07 when CNQX was added, while it
remained unchanged in the third correlated co-culture, which however already had an
extremely high CCF value (0.9). The height of the CCF central peak drastically decreased in 1

co-culture out of 12, in which the correlation was lost (from 0.74 to 0.22).
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Figure 23. NMDA glutamate receptors mediated bursting. A, Representative traces recorded during co-

application of strychnine, bicuculline and CNQX, from two co-cultured organotypic slices at 14 DIV. B, The
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proportion of correlated activities over the total number of cultures is reported in this plot. C, Plot summarizing
the shift in the height of CCF central peak, following the perfusion of CNQX: it slightly increased in 2 couples

out of 3 and remained unvaried in another couple.

2.4 Burst latencies and correlation drive

Till now, we showed that a subset of organotypic spinal co-cultures displayed a correlated
network activity, whose distinctive features seemed to change, according to which component
is mainly involved in the spinal network activity.

It is tempting to speculate that the emergence of such an activity could rely upon specific
physical (synaptic) connections that the two spinal explants may establish, during their in
vitro growth. If this is the case, then the electrical signals delivered through such synapses,
would be able to drive and synchronize the network activity of both explants, which in this
case would behave like a single tissue. In other words, this phenomenon could represent a
very simplified pathway of functional reconnection between two isolated portions of spinal
cord tissue.

To establish whether the network activities of two co-cultured spinal explants are correlated
or not, we measured another important parameter, the burst latency, i.e. the time difference
between the onsets of bursting in each recorded interneuron. Burst latency could be positive
or negative, depending on which network first displayed the burst, or equal to 0, when the two
bursts occurred at the same time in the two co-cultured networks, i.e. without lag (see Fig. 24
A bottom tracings, blue dotted lines).

With this approach, we observed that correlated bursting activities always displayed time lags
falling within 150 ms, in absolute value. Moreover, we observed that the burst latencies
tended towards smaller values during spontaneous activity (36.4 + 5 ms, n = 6), while they
were larger following the induction of disinhibited rhythms (82.8 + 8.9 ms, n = 8) and upon
CNQX perfusion (128.6 + 35.3 ms, n = 3).

Burst latencies signs (positive or negative) allowed us to establish whether the drive to the
coupling was unidirectional, i.e. it came from just one of the two co-cultured slices, or

bidirectional, i.e. both slices sent and received inputs to/from the other one (see scheme 2).
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Scheme 2.Schematic illustration of unidirectional (A) and bidirectional coupling between co-cultured slices. In
the former case just one of the two slices drives the activity of the other, while in the latter case there is a
reciprocal cross-talk between the two co-cultured slices.

Just like we previously observed with the other results concerning the basic features of
correlated behaviour, we obtained heterogeneous results depending on the kind of network
activity we were looking at: during spontaneous bursting activity 5 co-cultures out of 6 (83%)
displayed a bidirectional coupling. After the block of the inhibitory component of the
networks, in 1 co-culture out of 8 the drive to the correlated activity went from bi- to
unidirectional. A unidirectional coupling was detected also in another co-culture, one of the
two in which the correlation could be unmasked just by co-application of strychnine and
bicuculline. The remaining 6 co-cultures displayed a bidirectional coupling. Another
difference we could detect in such multifaceted behaviour emerged after the CNQX
perfusion; in fact, 1 double culture out of 3 changed from bidirectional to unidirectional (Fig.
24 B).

These behavioural changes within the same co-cultures suggest an extremely high

heterogeneity of synaptic connections driving the correlated activities.
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Figure 24. Burst latencies and estimation of the uni- or bidirectional coupling. A, top, Representative traces
showing correlated spontaneous activities simultaneously recorded from a double organotypic spinal culture at
14 DIV. A, bottom, Magnification of the highlighted region (red dotted lines) showing that the burst latency
value can be positive or negative, according to which of the two networks starts the bursting episode first, or it
can be equal to 0, whether the two correlated bursts occur at the same time; blue dotted lines indicate the onset of
the leading burst. B, plot showing the percentage of uni- and bidirectional coupling based on the different types
of recorded activity (see text); note that the majority of cultures display a bidirectional drive, indicating a

reciprocal cross-talk established between the co-cultured spinal explants.

2.5 o as the predictive parameter for identifying correlated activity in co-

cultures

In previous sections we showed that when couples of organotypic spinal explants grow
together on the same glass support and at a certain distance, they might succeed, in a fraction
of cases, in establishing specific functional connections between them, creating in this way a
common circuit that leads to synchronization and cooperation of the two networks. By
describing our preliminary data, we showed that this behaviour is highly heterogeneous in his
outputs and then extremely difficult to detect, or to predict, especially from the observation of
spontaneous network activities as e.g. its detection is strictly linked to the presence of
spontaneous bursting.

As reported above, the burst latency is a key parameter to identify a correlation between
bursting networks, when it falls within 150 ms, in absolute value. Starting from this
observation, Massimo Borelli (University of Trieste, who collaborated with us in analysing
double organotypic cultures activity) exploited the low dispersion of burst latency values
when the two networks are correlated (Fig. 25 A and B), and developed a mathematical
formula that could help us to grossly detect such correlation by randomly scanning the
recordings of co-cultured spinal explants activities. Thanks to this method, implemented with
the R open source statistic software, we were able to calculate the burst latencies values for
each couple of bursting co-cultured spinal explants, and then to compute their standard
deviations o: small ¢ values indicated the presence of correlation (Fig. 25 A), while for
uncorrelated couples ¢ tended to grow more, and this is due to a larger dispersion of latencies
(Fig. 25 B).

Plot in Fig. 25 C shows the computed o values for all correlated double cultures detected
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when recording their spontaneous bursting activities (n = 6) and n = 7 uncorrelated double
cultures as control conditions. It can be appreciated that ¢ values were very low for all
correlated co-cultures, while these values tended towards bigger values for control
uncorrelated ones. The difference between the mean o values of the two groups was
statistically significant (0.08 + 0.03, n = 6 correlated double cultures, 6.92 £ 24, n = 7

uncorrelated double cultures; P < 0.01).
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Figure 25. Burst latency dispersions and the predictive value of o parameter. A-B, Histograms showing burst
latency dispersions, in absolute value, for a coupled (A) and an uncoupled (B) organotypic spinal co-culture;
note that the dispersion of time lags is very low when activities are correlated. C, Plot showing ¢ values as
computed for n = 6 correlated spontaneous activities (filled circles) and n = 7 uncorrelated ones (open circles);

note that ¢ assumes values very close to 0 for correlated spontaneous activities.

Summary of main results of section 2
We successfully cultured couples of organotypic spinal explants and investigated how much

they interact, from both a physical and a functional point of view, during development in vitro.
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By means of immunofluorescence experiments we showed that co-cultured explants at 14
DIV were surrounded by an intricate and extensive fibres network, but very few fibres seemed
to contact the slice bodies and it was difficult to ascertain whether fibres projecting from one
slice were able to reach the other co-cultured tissue.

Then we investigated the functionality of the co-cultured networks via electrophysiological
tools. We performed pair recordings in the voltage clamp mode from visually identified
ventral interneurons, one from each co-cultured slice. We observed a higher probability of co-
cultured explants to display a bursting activity, when compared to single spinal cultures at the
same age in vitro. Moreover, such activity was significantly faster that that usually displayed
at 14 DIV, suggesting that the presence of a double amount of tissue might induce an
alteration of the maturational process.

In a subset of co-cultures, we detected a correlated behaviour, whose distinctive features were
extremely variable depending on the kind of activity in which the networks were involved. To
establish such correlation we exploited both the cross-correlation analysis and the burst
latency parameter, that is the time interval passing between the onsets of two bursts in the co-
cultured networks. By analysing the pair recordings we established that this time lag should
fall within 150 ms, in absolute value to define a correlated activity. The correlation strength
was assessed by evaluating the CCF, measuring the height of the central peak in the cross-
correlogram analyzing the activities of the two co-cultured slices.

Finally, we succeeded in developing a mathematical procedure, which, exploiting the
observation that burst latencies distributions are extremely low for correlated activities, could
help us to detect such complex behaviour in an automatic fashion by randomly scanning the

recordings of co-cultured spinal explants activities.
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Discussion

1. Organotypic spinal explants stably interfaced to CNT scaffolds

The present study is framed in the context of neuroengineering research field focusing on the
possibility to exploit the extraordinary potential of CNTs to develop new nanodevices able to
manipulate neurons and neuronal network activity. The ultimate goal would be that to face
and overcome problems related to spinal cord injury andto neurodegenerative diseases. To
pursue this challenging aim, in vitro models of CNS networks represent an essential tool for
gaining basic knowledge about the integration between CNTs and neuronal circuits.

In the last decade, we implemented hybrid neuronal/CNTs networks by seeding hippocampal
dissociated neurons on highly purified single and multi walled CNT films, and we thoroughly
investigated the neuronal behaviour and processing when interfaced to this outstanding
nanomaterial. In particular, by means of electrophysiological recordings, we showed a
boosting in the spontaneous network activity, detected as an increase in the sPSCs occurrence
and in firing frequency (Lovat et al., 2005).Such boosting could be correlated, at least in part,
to a substantial increase in the global network connectivity observed on neuronal cultures
stably interfaced with CNT substrates (Cellot et al., 2011). In the same work we also showed
that CNTs were able to affect short-term synaptic dynamics, removing short-term depression
phenomena from new synapses formed on such scaffolds (Cellot et al., 2011).Finally, CNTs
have been shown to change single neuron integrative properties, by increasing the AP back
propagation in the distal dentritic compartments, a phenomenon that could contribute per se to
synaptic dynamics (Kuczewski et al., 2008).

Since now, all these and other known effects about neuronal development and signalling have
been revealed working with simplified neuronal/CNT circuits, formed by monolayers of
dissociated neurons (Mattson et al., 2000; Hu et al., 2004; Lovat et al., 2005; Ni et al., 2005;
Mazzatenta et al., 2007; Galvan-Garcia et al., 2007; Malarkey et al., 2009; Cellot et al., 2009;
2011). Here, we decided to long-term interface organotypic spinal explants to highly purified
MWCNT scaffolds, to extend our knowledge on the interactions between CNTs and neurons,
introducing the innovation of employing a tridimensional cultured model, characterized by
complex cytoarchitecture and dynamic development, similar to that of the original explanted

tissue (Géhwiler et al., 1997). Since organotypic spinal cultures are multilayered tissues, the
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only layer that grows in direct contact with the underlying MWCNT carpet, is the bottom one;
then we wondered whether and how the effects induced by the interactions occurring at the

monolayer, could be translated to an entire multilayered explant.

We cultured organotypic cultures from the embryonic mouse spinal cord on control glass
coverslips and on CNT covered ones, for 8-21 DIV, and we analysed the growth and the
morphological features of peripheral neuronal processes, which are in direct contact with the
MWCNT meshwork, via immunofluorescence experiments and confocal, SEM, TEM and
AFM investigations. Moreover, we explored the synaptic activity within the developing
cultured spinal network, by means of traditional electrophysiological tools.
By combining these techniques, we showed for the first time that when an explanted spinal
segment is long-term interfaced to a MWCNT scaffold, characterized by large surface
roughness and conductivity (Cellot et al., 2009; 2011):
- the spinal tissue display a significant increase in growth cone activity and neurite
regrowth;
- neuronal processes grown in direct contact with the MWCNT substrate exhibit
modifications in their elastomechanical features;
- asubstantial improving in synaptic efficacy is detected in network locations, which are

as far as 5 cell layers from the cell-substrate site of interaction.

1.1 MWCNT scaffolds promote neurite regrowth and affect fibre

elastomechanical features through a direct mechanism

We showed for the first time that highly purified and stably deposited MWCNT films are able
to support the growth and development of explanted spinal tissues, promoting growth cone
activity and fibre outgrowth of projecting neurons(as suggested by immunostaining
experiments) directly contacting the substrate (DRG neurons; Avossa et al., 2003).In fact,
DRG fibres entering the slices dorsally were not increased in number, possibly because, as it
was shown by confocal microscopy, once inside the slice they lost their contact with the
substrate. We also reported, by means of AFM, that peripheral neuronal fibres tended to
increase their adhesion area when grown on MWCNTSs scaffolds, acquiring a more flattened

shape with respect to control neurites interfaced to bare glass.
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We suppose that these effects could be due, at least in part, to a direct impact exerted from
MWCNTSs on spinal tissue, in the form of tight contacts established between nanomaterial
“tails” and neuronal membranes, and largely documented by means of TEM investigations.
Such intimate interactions, have been previously shown to occur when simplified neuronal
networks were interfaced to CNT meshworks, and investigated either by TEM (Cellot et al.,
2009) or by SEM (Mazzatenta et al., 2007; Zhou et al., 2007) or by AFM (Sorkin et al., 2009),
and they were hypothesized to underlie the reported modifications in neuronal behaviour and
connectivity (Lovat et al., 2005; Cellot et al., 2009; 2011).

Here, we speculate that these tight contacts could be responsible for the observed
modifications in fibre growth and ultrastructure, by acting as a hexoskeleton able to support,
guide and promote growth cone formation, besides neuronal fibre elongation and adaptation
to the substrate. All these impressive effects would be then induced just by mechanical and
nanotopographical features (Guilak et al., 2009; Sorkin et al., 2009; Yim et al., 2007; Kotov et
al., 2009; Brunetti et al., 2010) of MWCNT meshwork, supporting the possibility to exploit
the physical properties of tissue engineered scaffolds to promote nerve fibre elongation and
trigger CNS repair mechanisms (Place et al., 2009; Kelleher and Vacanti, 2010; Dvir et al.,
2011).

1.2 Electrophysiological recordings unmasked an increased synaptic efficacy

in neurons located layers far from the site of CNT-spinal tissue interaction

Besides morphological investigations, we employed traditional electrophysiological tools to
explore both evoked and spontaneous synaptic activity, and compare control and CNT
cultured spinal circuits. Experiments were performed during the second week of in vitro
development, when neurons are known to exhibit an intense spontaneous synaptic activity
(Streit, 1993; Ballerini and Galante, 1998; Galante et al., 2000; Furlan et al., 2005; 2007).

We first tested the functionality of the well-preserved afferent pathways, made up by
ingrowing DRG fibres reconstituting mono and polysynaptic connections toward the ventral
regions, by measuring polysynaptic currents elicited in control and CNT ventral interneurons
via electrical stimulation of the ipsilateral DRG. By simply changing Vh we could isolate the
glutamate receptor-mediated and the GABA-glycine receptor mediated components of the
response, and we detected a statistically significant increase in ePSC peak amplitudes,
involving both excitatory and inhibitory components of the evoked polysynaptic currents, in
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CNT spinal networks. Since the number of ingrowing DRG fibres was not increased when
compared to control spinal explants grown on bare glass coverslips, these results indicate that
MWCNTSs induced an enhancement in afferent polysynaptic responses probably due to
complex adaptive changes, yet difficult to investigate.

We then decided to examine the spontaneous synaptic activity, which can be recorded from
ventral interneurons, and could provide an index of possible changes occurred in spinal
networks when interfaced to MWCNT scaffolds. Interestingly, CNT neurons displayed a
significant increase in both glutamatergic and GABAergic/glycinergic PSC peak amplitude,
without difference in their mean occurrence. Moreover, the potentiation of excitatory synaptic
component seemed to be stronger when compared to the inhibitory one.

CNTs have been shown to boost neuronal activity and to promote synapse formation when
interfaced with simplified networks arranged in monolayers (Lovat et al., 2005; Cellot et al.,
2009; 2011). Here, for the first time, the potentiation, detected as an increase in both evoked
and sPSC peak amplitude, has been observed on neurons which are 4-5 layers far (see
Methods) from the site of contact between the tissue and the MWCNT meshwork.

The increase in PSC amplitude could be due to mechanisms involving either the pre- or the
post-synaptic level, e.g. increased release probability of neurotransmitter or altered receptors
number or clustering, and mPSCs, whose occurrence depends upon the stochastic quantal
release of neurotransmitter vesicles, may help in clarify whether the observed changes in
synaptic transmission have a pre- or post-synaptic origin. Our results indicated no differences
in excitatory mPSCs frequency or peak amplitude between recorded control and CNT ventral
interneurons, suggesting the neither an increase in the number of presynaptic release sites nor
other pre- or postsynaptic alterations took place.

The interesting picture emerging from our data is really difficult to clarify and needs further
investigations. We speculate that the changes we observed in premotoneuronal synaptic
transmission could be mediated by a remote effect, induced by alterations in synaptic activity
or connectivity likely occurring at the cell layer directly contacting the MWCNT scaffold.
These alterations could in turn affect the ability of excitatory signals to synchronize the
network, leading to larger evoked polysynaptic responses and spontaneous postsynaptic
currents.

Alternatively, the long-distance effect on synapses could be induced by unknown second
messenger pathways, generated at the spinal layer integrated with MWCNTSs, and then

transferred to distant sites in the tissue.
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By means of SEM and TEM investigations we showed the uniformity of the MWCNT coating,
and its stable retention on the glass supports, even after weeks of incubation. Both these
features are important for the interpretation of the observed effects on neuronal network
performances. In fact, not only they confirm that the chronic interaction between the
MWCNTSs and the explanted tissue persisted during the entire culturing period, but, at the
same time, they reduce the possibility that single (or bundles of) MWCNTSs, detached from
the substrate, may float around and be internalized by neurons, far from the site of contact
between CNTs and the tissue. In addition to these SEM and TEM investigations, the results
obtained by incubating neurons with soluble MWCNTSs, which showed no alterations in PSC
mean peak amplitudes with respect to control cultures, seem to exclude the possibility of a
direct effect of CNTs on neurons, following their entry within cells, and are in agreement with
previous findings. Indeed, we reported, in a previous work, that the internalization of soluble
MWCNTSs did not alter morphology, viability or basic functions of dissociated hippocampal
cultures (Gaillard et al., 2009). Several investigations have been published, some reporting
adverse effects on cells behaviour (Ni et al., 2005; Belyanskaya et al., 2009; Xu et al., 2009),
while others showing that no alterations of neurons or glial cells after soluble CNT treatment
could be detected (Kateb et al., 2007; Bardi et al., 2009;Gaillard et al., 2009). However, it has
to be pointed out that these conflicting results could be explained in terms of differences in
physical and chemical features of the employed CNTs (e.g. SWCNTs vs MWCNTSs,
functionalization procedures, metal content), and the need to develop a unified
characterization approach, when investigating their effect on neurons for future therapeutic
applications, has been emphasized (Cellot et al., 2010).

2. Co-cultured organotypic explants as a simplified model of post-

lesion axonal regrowth

CNS lesions are among the most challenging fields of medical research, in that they severely
compromise the quality of life of patients who have suffered of brain or spinal cord injuries
(SCI). A major problem to be overcome when attempting to regenerate nerves and axons, is
represented by the hostile environment at the injury site due to a number of summating factors,
e.g. oxidative (Borgens, 2001a, b) and inflammatory damage (Chan, 2008), intrinsic growth
factor deficiency in adult neurons (Neumann et al., 2002) and spontaneous down-regulation of

genes required for regeneration (Bareyre and Schwab, 2003). This picture is worsened by the
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formation of a barrier made of extracellular matrix and glial scarring (Bradbury et al., 2002).
In order to elicit axonal regrowth and lesion bridging, such inhibitory surrounding should be
replaced with a more permissive one and, in the last passed years, several efforts have been
spent in trying to find new strategies to accomplish tissue regeneration and functional
restoration in injured patients, even if, since now, no effective treatments have been
developed.

Among NTE approaches, the progress made in nanomaterial field has been exploited to
design novel nanostructured scaffolds, which should be able to facilitate cellular adhesion,
proliferation and differentiation, essential processes for tissue regeneration (Cho and Borgens,
2012).

In this context, CNTs, with their extraordinary structural, electrical and thermal features,
stood out as an excellent platform technology for advanced biomedical applications, such as
prosthetic devices and TE scaffolds (Harrison and Atala, 2007; Keefer et al., 2008; Lu et al.,
2010; Malarkey and Parpura, 2010). They have been shown to display the ability to support
neuronal growth and to potentiate neuronal performances, when employed as growing
substrates for cultured cortical circuits (Mattson et al., 2004; Hu et al., 2004; Lovat et al.,
2005;Cellot et al., 2009; 2011). In the first part of this thesis, we showed for the first time that
they could be long-term interfaced with more complex multilayered spinal explants,
significantly promoting neurite outgrowth and inducing a potentiation in network locations
which are several layers far from the site of interaction between neurons and CNTSs.

These exciting effects on axonal regrowth, in particular, sustain the hypothesis of CNTs as a
promising supporting material for the physical and electrical reconnection of the injured
spinal cord.

To test such hypothesis organotypic slice models offer the unique advantage to recapitulate in
vitro many aspects of the in vivo context, and slice co-cultures, in particular, have been
developed several times in the last passed years, to investigate the inter-neuronal interactions
between same or different brain regions, such as enthorino-hippocampal (Woodhams and
Atkinson, 1996; Mingorance et al., 2004), cortico-spinal (Takuma et al., 2002; Oishi et al.,
2004) and cortico-striatal preparations (Franke et al., 2003). Here we developed organotypic
spinal co-cultures, made up by couples of organotypic spinal slices put at a fixed distance, as
a model for axonal regeneration and neuronal reconnection. In fact, during slice preparation,
axons of many neurons are damaged or cut, and they recover, regrow and form new neuronal
connections in culture. This aspect makes organotypic slice cultures a valuable tool to study

post-lesion axonal outgrowth, and their employment as double co-cultures supports their
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utility for regenerative research applications. We therefore decided to investigate whether
organotypic spinal co-cultures, grown together on bare glass coverslips, could represent a
valuable experimental model, in particular to test whether a CNT purified scaffold interposed
between them could act as a bridge and promote their physical and electrical (functional)

reconnection.

We grew couples of organotypic spinal cultures, put at a distance of approximately 1 mm on
glass coverslips, for two weeks and then we looked for the presence of reconnection pathways
between the two co-cultured slices, both from a morphological and from a functional point of
view. We can summarize our preliminary data as follows:

- At 14 DIV the percentage of spinal co-cultures displaying a spontaneous bursting
activity was significantly higher when compared to that usually observed for single
spinal cultures at the same age in vitro; moreover, the pace of such bursting activity
was faster, being more similar to that displayed during the third week of development
of single cultures.

- Upon simultaneous voltage clamp recordings, performed from visually identified
ventral interneurons, one from each slice, a coupled electrical behaviour, detected as
correlated bursting activity, was unmasked in a small proportion of spinal co-cultures.

- The characterizing parameters of such correlated activity (percentage of coupled
cultures, coupling force, drive, burst latency mean duration) varied following the
selective block of specific network components.

- We identified a o parameter, helpful in detecting the correlated behaviour by randomly

scanning the burst latencies absolute value distributions.

2.1 Organotypic spinal co-cultures undergo a different developmental pattern

with respect to single ones

We showed that at 14 DIV, double organotypic spinal cultures had more than 80% probability
of displaying a spontaneous bursting activity, while this percentage is usually assessed at
about 35% for single spinal cultures at the same age in vitro.

A low occurrence of bursting activity is usually an index of ongoing maturation of the
cultured spinal circuit, reminiscent to that observed in vivo. In fact, at the corresponding stage

of development in vivo(early post-natal; Avossa et al., 2003; Rosato-Siri et al., 2004; Furlan et
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al., 2005; 2007), the presence of functional inhibitory network components (i.e. GABA and
glycine receptors-mediated) allows the appearance of mature patterns of locomotion,
characterized by right-left alternation, which is a distinctive feature of the adult spinal cord
(Delpy et al., 2008). In our slices, this kind of activity replaced the immature slow, irregular,
long-lasting one, displayed from the majority of spinal cultures at 7 DIV, corresponding to
more immature stages of development (the late embryonic period in vivo, Avossa et al., 2003;
Rosato-Siri et al., 2004), and relying on the synchronous activation of large population of
neurons.

Noteworthy, this reduction in bursting behaviour, observed during the second week in vitro,
has been shown to be transient, as more than 80% of organotypic spinal cultures during the
third week in vitro usually displayed bursts of activity, although characterized by a
significantly faster pace (measured as IB interval and burst duration) when compared to that
of previous developmental stages (not published data).

The synchronous activity observed in organotypic spinal co-cultures, whose kinetic features
are reminiscent of that characterizing the third week of in vitro maturation, is then unlikely to
be attributed to a delay, rather than to a fastening of the maturational process involving the co-
cultured spinal networks. After the induction of the disinhibited bursting, the CNQX
(selective blocker of the AMPA/kainate-type glutamate ionotropic receptors) perfusion lead to
the persistence of a bursting activity in 100% of co-cultures at 2 weeks of in vitro
development. Such bursting was characterized by slower pace and shorter burst duration when
compared to that induced by block of GABA and glycine receptor mediated components. The
complete block induced following the subsequent perfusion of APV, an antagonist of NMDA
glutamate receptors, indicated that this activity relied upon NMDA subtype glutamate
receptors induced component. Previous data from our lab showed that the perfusion of CNQX
during disinhibited rhythmic activity induced a block of the bursting in about 30% of single
organotypic spinal cultures at 14 DIV, while this percentage decreased to 14% during the
third week in vitro growth (not published data), indicating that the NMDA subtype glutamate
receptors mediated component develops along with spinal circuit maturation, improving its
role in network component balance. The observation that in co-cultured explants the NMDA
receptors mediated activity persisted in all tested samples could be then interpreted as another
point supporting the faster maturation of such cultures.

This intriguing result suggests that co-cultured spinal slices are able to sense and influence
each other’s activities, to which they respond by accelerating their maturation. We speculate

that this effect, which is clearly independent from the coupled behaviour that we detected only
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in a minority of co-cultures, and probably due to the mere presence of a double amount of
spinal tissue, could be induced by the presence of some unidentified soluble factors released
by both explants and somehow affecting their development and behaviour. This hypothesis
needs to be further investigated.

Preliminary confocal examinations showed that double organotypic spinal slices extend a very
large, yet not measurable, number of outgrowing fibres, which form a very complex network
surrounding the two slice bodies. This enormous amount of fibres projecting from co-cultured
spinal slices and specifically interconnecting their dorsal and DRG regions, is likely to impact
on their development, increasing the degree of communication between the two spinal
explants. Moreover, since dendritic growth is known to be activity-dependent (Wong and
Gosh, 2002), it would be interesting to verify whether spontaneous synaptic activity onset in
co-cultured explants precedes the onset in single spinal cultures. This result could, at least
partially, account for the increase in outgrowing fibres observed when co-culture two
organotypic spinal slices. Furthermore, future studies should also investigate whether
functionally connected co-cultures project more neuronal processes or more coherent fibre
bundles with respect to non connected co-cultures, thus clarifying if and how neurite
extension/branching and spontaneous network activity could play complementary roles in

affecting the developmental pathway of co-cultured explants.

2.2 A minority of co-cultured explants spontaneously develop a complex

coupled electrical behaviour during in vitro growth

While the change in spontaneous network activity was detected in the majority of double
spinal cultures, a complex coupled electrical behaviour was unmasked, by means of voltage-
clamp pair recordings, in only a minority of co-cultured explants. Such coupling was detected
as spontaneous bursting activities highly synchronized between the two co-cultured networks,
displaying a very strong coupling force, as it was assessed by measuring the CCF central peak
height. The correlated activity was characterized by distinguishing features, such as the
percentage of coupled cultures, the coupling force, the drive to the activities and the burst
latency mean durations, which surprisingly changed according to the component mainly
involved in the recorded network activity, and these extremely heterogeneous behaviour was
consequently difficult to clarify.

We speculated that this phenomenon could represent a simplified functional reconnection
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between artificially isolated portions of spinal cord tissue, which spontaneously establish
specific synaptic connections while maintained in culture, and in turn behave like a single
tissue. Axonal regrowth and tissue reconnection have been previously observed in other
organotypic co-culture models (Stoppini et al., 1997; Franke et al., 2003; Hechler et al., 2006;
Oishi et al., 2004), while here we employed for the first time two spinal segments. It should
be noted that, although tissues must be taken from embryonic or early post-natal animals in
order to well develop in culture, and this might not be representative of the conditions of
injured adult CNS, the basic mechanisms underlying the processes under investigations, such
as developmental cues, cell differentiation, axonal outgrowth and the responses to exogenous
stimuli, have been shown to be preserved in such cultures (Cho et al., 2007). For this reason
the growing research body (Woodhams and Atkinson, 1996; Stoppini et al., 1997; Takuma et
al., 2002; Franke et al., 2003; Mingorance et al., 2004; Oishi et al., 2004; Hechler et al., 2006)
focusing on neurorestorative and regenerative processes using the organotypic co-culture

model appears promising.

When we investigated the co-culture growth after two weeks in vitro, we noticed that the
extraordinary amount of neuronal processes, centrifugally directed and connected into an
intricate and extended network surrounding the spinal slices, was specifically located at the
level of the DRG regions of the slices; several fibres entered the dorsal area of the slices,
while only few processes seemed to extend from the ventral regions, where the
(pre)motoneuronal networks are located. Given the complexity of such fibres network, we
couldn’t visually verify whether each slice was reached by neuronal processes projecting from
the other, co-cultured one. However, the observation that coupled activity was detected in a
small proportion of co-cultures indicates a very low probability that functional connections
are established between explanted spinal segments.

When describing the coupled behaviour between spinal explants, we showed that the time lag
between the onsets of bursting in each recorded slice, i.e. the burst latency, represents a key
parameter to establish the presence of correlated activity in co-cultured explants, and it
depends on the time that the input sent from one explant spends to travel and reach the other
connected spinal segment. In our model, the signal should travel along a polysynaptic
pathway and along a distance, between the two spinal slices in culture, varying between 500
um and 1 mm. Moreover, the average conduction velocity of a spinal premotor interneuron
has been calculated to be about 30 m/s (Aggelopoulos et al., 1997).Then it is reasonable that

the time lag between the onsets of bursting in each recorded slice could be relatively variable,
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within a certain time interval. In all the recorded pairs in which we detected a correlation, we
measured burst latency values ranging from 10 ms to 140 ms; then we empirically set the time
limit of 150 ms, in absolute value, to define a coupled behaviour.

Interestingly, the average burst latency values tended to increase going from recording
spontaneous synaptic activities to disinhibited and NMDA driven bursting. This data is
difficult to interpret and needs further investigation; we can argue that the selective block of
certain network components, via drugs perfusion, forced the electrical signal through less
straight pathways, increasing the “deliver time” of synaptic signalling to the co-cultured slice.
Upon the block of the inhibitory components of the network, we observed an increase in the
proportion of correlated slice couples; in particular, the induction of disinhibited rhythm
allowed to unmask a correlated behaviour in two co-cultured explants in which such coupling
couldn’t be detected, while recording spontaneous bursting activity. This effect could be just
due to the selective reduction of the components involved into the network, which in turn
induces a drastic change in the patterns of activity, with the appearance of synchronized, large
and long-lasting bursts of inward currents. The induction of such slow rhythm facilitated the
detection of correlation between cultures. Alternatively, the disinhibited bursting could allow
an easier communication between tissues, although through unknown mechanisms. This latter
theory could be confirmed by the observed decrease in the percentage of coupled co-cultures
we observed upon block of the AMPA subtype glutamate receptor mediated component.
Notably, in two cases the correlation between co-cultured explants went lost: one upon the
block of the inhibitory components, the second following CNQX perfusion. We can only
hypothesize that the coupling in these two co-cultures mainly relied on connections belonging
to GABA/glycine and AMPA subtype glutamate receptor, respectively. A similar mechanism,
this time involving just one of the two explants, could underlie the change from bi- to
unidirectional drive observed in other two co-cultures, following the induction of the
disinhibited rhythm and the CNQX perfusion.

From these data we can conclude that, besides the variability observed in correlated behaviour,
which need further investigations, co-culture of organotypic spinal slices represent an
excellent and potentially very powerful model to investigate the functional rewiring and the
regenerating ability of the spinal tissue, and an excellent platform to implement strategies

aimed at improving such ability by means of neuroengineering and nanotechnological tools.
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Conclusions

NTE research strategies focusing on new therapies able to promote neural repair are
particularly challenging, since injury and trauma to CNS directly impact on the quality of life,
often leading to loss of sensory and motor functions.
Among the most promising nanomaterials applied to the neuroengineering field, CNTs stood
out, since their discovery, for their outstanding physical, chemical and electronic features,
which make them excellent candidates for clinic and basic research purposes in neuroscience.
They have been shown to support neuron growth, boost neuronal performance and increase
network connectivity, when interfaced to simplified cortical dissociated cultures.
Here we showed for the first time that highly purified CNT scaffolds could be long-term
interfaced to more complex multi-layered tissues, represented by organotypic spinal slices,
sustaining their growth and development. We adopted a multidisciplinary approach to
investigate both the morphology of peripheral neuronal fibres projecting from the spinal
segments, and the spontaneous and evoked synaptic activity within the cultured spinal circuit.
By means of immunostaining experiments and confocal microscopy investigations we
reported that CNT spinal explants extended more and longer neuronal fibres, when compared
to control cultures grown on glass. Moreover, AFM investigations revealed that such
processes exhibited modifications in their elastomechanical features and flattened more on the
substrate, increasing their adhesion area.
We also exploited traditional electrophysiological tools to investigate the synaptic activity of
visually identified ventral interneurons, synaptically connected but several cell layers far from
the CNT/tissue interface, and we reported a potentiation in synaptic efficacy detected as
increased current peak amplitudes of both evoked and spontaneous post-synaptic events.
These data let us speculate that CNT meshwork could impact on explanted spinal tissue by
two different mechanisms:

- Through a direct effect on neuronal fibres, which adhere to the nanostructured

scaffolds;
- Through a remote effect on the overall neuronal activity, mediated by the alterations

induced at the cell layer directly interfaced to the substrate.
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These results expand our knowledge about the interactions between CNTs and neurons and
open the possibility to implement neuronal/nanomaterials hybrid systems to boost synaptic
performance and test information processing of multilayered nervous tissues.

This ability of CNT scaffolds to support fibre outgrowth, while improving synaptic activity,
when interfaced to entire spinal segments, lead us to wonder whether such nanomaterial could
be employed to promote the physical and functional reconnection of lesioned spinal cord. We
then decided to grow couples of organotypic spinal cultures on the same glass support, to
verify whether this might represent a useful model for neuronal reconnection investigations
and for testing the possibility that a CNT scaffold interposed between the two explants may
act as a bridge, promoting the physical and electrical communication between them.

By means of immunofluorescence experiments and confocal microscopy we observed a
tremendous amount of fibres outgrowing from the explants and surrounding them, but very
few fibres directly contacting their bodies.

We then looked for a functional connection between the two co-coltured spinal explants via
voltage clamp pair recordings performed from ventral interneurons, and we unmasked an
extremely multifaceted coupled behaviour in a relatively small proportion of cultures.

These preliminary results, which need further investigations, indicated that functional
electrical reconnections could indeed be established between two co-cultured spinal explants,
and validate this model as a useful tool to investigate the regenerating potential of the spinal

cord and to improve such ability via the application of nanotechnological tools.
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