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Riassunto
Le nanotecnologie sono un campo delle scienze che utilizza materiali e
dispositivi ingegnerizzati aventi la più piccola organizzazione funzionale a livello
di dimensioni nanometriche. Questo implica che nanodispositivi e nanomateriali
possano interagire con i sistemi biologici a livello molecolare con un elevato
grado di specificità.

É largamente accettato che l’applicazione delle

nanotecnologie nell’ambito delle neuroscienze abbia un forte potenziale (Silva,
2006). In questo contesto, i nanotubi di carbonio (CNT), un’innovativa forma di
carbonio composta da strutture tubulari di grafite dalle dimensioni nanometriche
dotate di buone proprietà di conduzione elettrica, si sono dimostrati promettenti
candidati per sviluppare la tecnologia di dispositivi impiantabili in ambito
biomedico.
Diversi studi hanno dimostrato la biocompatibilità dei substrati di CNT per i
neuroni in termini di adesione, crescita e differenziamento cellulare (riassunti
in Sucapane et al., 2009).
Al fine di aumentare la nostra conoscenza riguardo alle interazioni presenti in
sistemi ibridi formati da CNT e neuroni, abbiamo caratterizzato l’attività di reti
neuronali cresciuti su supporti di CNT attraverso la tecnica del patch clamp.
Il nostro gruppo ha riportato che circuti neuronali cresciuti in vitro su substrati di
CNT presentano un’aumentata attività sinaptica spontanea rispetto al controllo
a fronte di comparabili proprietà base (proprietà passive di membrana,
morfologia e densità dei neuroni) delle colture nelle due condizioni di crescita
(Lovat et al., 2005).
Si è quindi ipotizzato che tale aumentata attività spontanea potesse originare da
una modificazione nel modo in cui i singoli neuroni generano il segnale elettrico.
A tal fine, si sono monitorate variazioni nelle proprietà elettrogeniche di singoli
neuroni, utilizzando un protocollo standard per caratterizzare l’integrazione di
potenziali d’azione retropropaganti nei dendriti (Larkum et al., 1999). In
configurazione current clamp, attraverso brevi iniezioni di corrente nel soma
della cellula, abbiamo indotto una serie di regolari potenziali d’azione (PA) a
varie frequenze nel neurone sotto registrazione, quindi abbiamo studiato la
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presenza di un’addizionale depolarizzazione somatica dopo l’ultimo PA del
treno.
Abbiamo osservato che neuroni di controllo mostrano nella maggioranza dei
casi una iperpolarizzazione (AHP) del potenziale di membrana dopo l’ultimo PA
del treno, mentre una depolarizzazione (ADP) è presente solo in una piccola
quota di casi. In presenza di

CNT, invece, l’ADP risulta essere l’evento

predominante.
L’ADP è inoltre abolita dall’applicazione di CoCl2, un bloccante non specifico dei
canali calcio voltaggio dipendenti. Per di più, l’area dell’ADP può essere
diminuita dall’applicazione di nifedipina (10 µM) e l’ulteriore coapplicazione di
NiCl2 (50 µM) elimina totalmente l’ADP, suggerendo che sia i canali calcio
voltaggio dipendenti ad alta soglia di attivazione, sia quelli a bassa soglia, siano
coinvolti in questo processo (Cellot et al., 2009).
Attraverso la microscopia elettronica a trasmissione (TEM) e, più recentemente,
mediante quella a scansione (SEM) è stata messa in evidenza la presenza di
discontinui punti di stretto contatto tra CNT e membrane neuronali: la nostra
ipotesi è che tali strutture ibride siano in grado di favorire la retropropagazione
dei PA nei dendriti distali.
La maggiore eccitabilità a livello del singolo neurone, inoltre, potrebbe essere
responsabile dell’incremento di attività spontanea della rete neuronale.
Abbiamo quindi ulteriormente caratterizzato l’attività della rete neuronale
attraverso registrazioni da coppie di neuroni, dove il neurone presinaptico
veniva stimolato ad avere treni di potenziali d’azione a 20 Hz in configurazione
current clamp e simultaneamente il neurone postsinaptico era monitorato in
configurazione voltage clamp per vedere la presenza o l’assenza di una
risposta sinaptica.
I nostri esperimenti indicano che la probabilità di trovare connessioni
monosinaptiche gabaergiche tra neuroni è aumentata in presenza di CNT (56%
vs 40% in controllo). Inoltre, è stato rilevato un ulteriore effetto dei CNT sulla
plasticità a breve termine delle sinapsi: nelle condizioni di controllo, treni di
potenziali d’azione nella cellula presinaptica evocano nella cellula postsinaptica
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nel 90% dei casi una chiara depressione nell’ampiezza di consecutivi ePSCs,
mentre solo in meno del 10% è possibile rilevare una facilitazione. Al contrario,
in presenza di CNT, nel 39% delle coppie, il neurone postsinaptico risponde in
modo chiaramente facilitativo.
Nelle

più

recenti

serie

di

esperimenti,

abbiamo

voluto

indagare

più

approfonditamente l’origine di questa modificazione in termini di plasticità
sinaptica; a tal fine, abbiamo trattato neuroni in controllo e su CNT con
tetrodotossina 1 µM per 5 giorni, al fine di bloccare completamente l’attività
elettrica della rete neuronale, e abbiamo compiuto delle registrazioni da coppie di
neuroni.
Mentre la risposta prevalentemente di depressione dei controlli non è modificata
da tale trattamento, neuroni cresciuti su substrati di cnt in condizioni di blocco
dell’attività elettrica non presentano più sinapsi con caratteristiche di facilitazione,
ma hanno un comportamento simile ai contolli. Questi risultati indicano che la
facilitazione è una proprietà tipica di sinapsi attive sviluppatesi in presenza di
CNT.
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Abstract
Nanotechnologies are technologies that use engineered materials or devices
with the smallest functional organization on the nanometer scale. This implies
that nanodevices and nanomaterials can interact with biological systems at
molecular levels with a high degree of specificity. The potential of
nanotechnology application to neuroscience is widely accepted (Silva, 2006). In
particular, carbon nanotubes (CNT), a novel form of carbon made of rolled
layers of graphite, organized in a tridimensional scaffold composed of small
tubes, and showing unique highly-conductive properties, have been rapidly
developing as a platform technology for biomedical applications.
Recently, several research groups supported the use of CNT substrates to
promote neuronal attachment, differentiation and growth (Mattson et al., 2000;
Hu et al., 2004; Hu et al., 2005; Lovat et al., 2005; Galvan-Garcia et al., 2007).
To advance our understanding in neuronal/nanomaterial hybrid networks, we
assessed how neurons reconstruct a functional network when integrated with
CNT substrate.
We reported, by electrophysiological techniques, for the first time, that the
growth of cultured hippocampal circuits on a conductive CNT meshwork is
always accompanied by a significant enhancement in the frequency of
spontaneous synaptic activity when compared to that of control neurons
(peptide free glass coverslips). Other parameters, such as passive membrane
properties, neuronal morphology and cell density in the presence of CNT, are
comparable to those of control neurons (Lovat et al., 2005; Mazzatenta et al.,
2008).
We investigated the activity of neural network by means of pair recordings. In
these series of experiments, we stimulated the presynaptic neuron in current
clamp configuration to generate a short 20 Hz train of APs and then we
recorded simultaneously in voltage clamp mode the appearance of postsynaptic
currents (PSC) in the second neuron. We observed a higher percentage of
monosynaptic coupling among pairs of neurons grown on CNT substrate and we
reported a lower probability of having PSC failures in CNT-pairs. In addition, we
5

found a different behavior in terms of short term plasticity of

GABAergic

synapses: in fact, in control, 20 Hz presynaptic trains of APs evoke in
postsynaptic neurons in the majority of cases a clear depression in the
amplitude of consecutive PSCs, while only a reduced percentage of pairs
presents facilitation. In opposition, in synapses developed on CNT substrates,
the more frequent type of response is the facilitation.
When neurons are incubated chronically for five days with tetrodotoxin (TTX) to
block AP generation and neural network activity, synapses, upon removal of
TTX, on CNT substrates show a behavior of clear depression fully comparable
with the one of controls, suggesting that neural activity is fundamental to modify
short term plasticity of synapses developed on CNT.
Thus, we hypothesized that the increase in spontaneous activity of neural
networks may stem from a modification of the electrogenic properties of single
neurons. To this aim, we monitored changes in electrical integrative properties
of neurons by patch clamping single neurons under current clamp configuration
and by using a standard protocol to characterize the integration of back
propagating action potentials (APs) in dendrites (Larkum et al., 1999).
By brief current pulse injections into the soma, we forced the recorded cell to fire
a regular train of 6 APs at frequencies ranging from 20 Hz to 100 Hz, then we
investigated the presence of additional somatic membrane depolarization after
the last AP of the train.
We observed that neurons grown in control display in the majority of cases
either an after-hyperpolarizaton (AHP) or a neutral response (NR), while
afterdepolarization (ADP) is present only in a subset of neurons. The trend is
inverted when neurons are grown in the presence of CNT, where the ADP
occurs in the mayority of recorded cells (Cellot et al., 2009). Such increased
single neuron excitability might be responsible for the boosting of neural network
activity.
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1 Introduction
1.1 A new area of interest: nanotechnology
The concepts at the basis of nanotechnology have been described for the first
time, pre-dating the coining of the term, by the physicist Richard Feynman at an
American Physical Society meeting in 1959 during his famous talk "There's
Plenty of Room at the Bottom". Feynman suggested the possibility of
manipulating atoms and molecules in order to create "nano-scale" machines,
through a process where one set of precise tools were exploited to build and
operate another proportionally smaller set, and so on, down to the needed scale.
He hypothesized that reducing the dimensions of materials would change their
physical properties: in the nano-scale, for instance, gravity may become
negligible, while surface tension and Van der Waals attraction may become more
relevant in governing the features of a given material (Feynman, 1959).
The first report of the term nanotechnology and its related definition was by Norio
Taniguchi in 1974: “'Nano-technology' mainly consists of the processing of
separation, consolidation, and deformation of materials by one atom or by one
molecule" (Taniguchi, 1974).
In the last forty years, we have experienced an increasing interest and an
improved understanding in nanotechnology principles and applications. Such
applications have attracted the attention of the public opinion and, nowadays
Taniguchi’s definition of nanotechnology appears poor and incomplete.
Nanotechnology is now identified as the science or technology which concerns
the development, synthesis and characterization of materials and devices that
have a functional organization, in at least one dimension, at the nanometer (i.e.,
one-billionth of a meter) scale (Silva, 2006).
We can identify two major approaches in nanotechnology: bottom-up and topdown (fig. 1.1).
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Fig 1.1:
Schematic representation of the two mainly employed approaches in nanotechnology:
bottom-up (a) and top-down (b) approaches
(Silva, 2006).

Bottom-up approaches consist in the arrangement of smaller components in
more complex structures: in this context, molecular self assembling strategies,
widely used in “classic” chemistry applications, seem to be extremely useful,
because they are based on the molecular recognition that allows single molecule
components to automatically arrange themselves into new conformation.
Nanotechnology can employ processes that are already present in nature, such
as the DNA self assembly, based on the specificity of Watson–Crick base
pairing, to build innovative structures applicable in various scientific problems. It
has been reported, for example, that DNA nanotube super-molecules structures,
yielded by DNA self assembly, can be potentially used as electrically conducting
nanowires in the field of nanoelectronic devices (Liu et al, 2004).
The second approach, top-down strategies, generates nano-devices by using
larger ones; nanotechnology offers various tools to manipulate materials at the
nanometer scale level, such as the atomic force microscope (AFM) and focused
ion beams (FIB). The former is a high-resolution scanning probe microscopy,
whose tip can be used to deliver chemical reagents directly to nanoscopic
regions of a target substrate, while the latter is an instrument resembling a
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scanning electron microscope (SEM), which uses a focused beam of ions to
deposit or ablate materials with nanometric resolution.
Both these tools, widely used for fabricating nanostructures on surfaces
(nanolithography), have found application in the micro-electromechanical field
(e.g. accelerometers, chemosensor, biosensor, optical switching, etc).
Thus, the impact of nanotechnology in science is mostly related to the
development of novel materials, such as fullerenes (molecules totally composed
by carbon with various spatial organizations, such as buckyballs, nanotubes, etc)
or inorganic nanoparticles (metals, semiconductors or oxides presenting peculiar
physical properties), and to the exploitment of innovative tools and techniques,
as the previous mentioned ones (AFM, FIB).
The innovation inborn in nanotechnology is not simply related to the nanometer
scale dimensions of these objects per se, rather, it concerns the peculiar
chemical/physical properties emerging exactly from their nanoscale dimensions,
properties that originally the constituent materials did not possess.
Several nanomaterials, in fact, develop a structure characterized by an increased
surface area to volume ratio, which determines a sort of “quantum like” behavior.
Exemplificative is the case of quantum dots (QDs), semiconductive nanocristals
whose dimensions give rise to unique optical and electronic properties that are
not available in either discrete atoms or in bulk solids. In the last years, QDs
have found application in the field of bio-imaging as ideal, photobleaching
resistant fluorophores, thanks to the possibility of tuning the emission wavelength
by changing the particle size and via using a single light source to obtain
simultaneous excitation of all different-sized dots (Chan et al., 2002).
An additional value of nanotechnology originates from its interdisciplinarity:
nanomaterials and nanotools, in fact, are selected for a specific application not
anymore on the basis of their pertinent area of origin (i.e. biological objects in
biology, mechanical systems in engineering, etc.), but also on the basis of their
functional outcome. Hence, objects coming from biological sciences can be
exploited in engineer applications, as was the case of the previously mentioned
DNA nanotube supermolecule structures for nanoelectronics (Liu et al, 2004),
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and, viceversa, nanostructures usually employed in nanoelectronics can be
applied to life sciences, for example boron-doped silicon nanowires have been
used for real-time ultrahigh sensitive detection of biological and chemical factors
(Cui et al., 2001).
Nanotechnologies have thus the potential of being applied in a wide range of
research and production fields (e.g. energy, computer, aerospace, vehicle
manufacturers industries, medicine, chemistry etc). The next paragraphs, will
focus on the applications of nanotechnology to life sciences, in particular to
neuroscience.

1.1.1 Why should we apply nanotechnology to life science?
Nanotechnology materials and devices work at the “billionths of a meter” scale,
thus entering the dimension of relevant components in biological structures (e.g.,
cellular membrane thickness is 7-15 nm, DNA double strain width is 2.2-2.4 nm,
the volume of hemoglobin is 6.4×5.5×5.0 nm, etc.), therefore nanotechnology
has found its natural application in life sciences.
The application of nanotechnology to treatment and diagnosis of diseases, or to
the general monitoring of biological systems, has recently been referred to as
“nanomedicine

by the National Institutes of Health (USA). Nanomedicine is

basically developing materials and devices able to work intracellularly and/or to
interact with biosystems with a high specificity, at a molecular level.
Nanomedicine is rapidly developing in different medical areas: I will briefly report
some examples to illustrate the huge impact of this ongoing discipline in
diagnostic, imaging, therapy and tissue engineering.

1.1.1.1 In vitro diagnostics
Nowadays, clinical diagnostics demand for earlier disease detection, which
implies the development of assays with improved sensitivity. Such increased
sensitivity is obtainable by improving the interaction between analyte molecules
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and signal-generating particles. An “ideal”, one-to-one interaction is enabled by
nanotechnology thanks of the size of its devices.
In this field, QDs have received extensive attention due to their optical properties,
leading to: i) highly tunable emission spectra depending on QDs sizes; ii) the
possibility of exciting QDs of different sizes by single light source; iii) QDs
photobleaching resistance (reviewed in Michalet et al., 2005). The chemical
linkage of molecules, such as peptides and proteins, to QDs has paved the way
to their use in immunoassays. Goldman and coworkers (2004) developed a
multiplex system for detecting simultaneously cholera toxin, ricin, shiga-like toxin
1, and staphylococcal enterotoxin B using the specific antibodies conjugated to
QDs of different sizes: they obtained the detection of concentrations in the range
of ng/ml.
Klostranec and collaborators (2007) developed an automated multiplex
immunoassay based on antigen-coated QDs able to detect antibodies against
hepatitis B virus, hepatitis C virus, and HIV, in human serum samples, with
claimed picomolar sensitivity.
QDs have been employed positively also for nucleic acid detection, devoid of
DNA degradation risks, usually due to free radicals produced by conventional
organic dyes (Michalet et al., 2005).
Further nanomaterials, such as gold nanoparticles, have found interesting
applications in the field of diagnostics. Park and colleagues (2002) exploited DNA
labeled gold nanoparticles in a sensor, based on conductivity measurements. A
small array of microelectrodes was constructed and DNA probe sequences were
immobilized on the substrate between electrodes. By using a sandwich
approach, specific DNA binding events led to the localization of gold
nanoparticles in the gap between electrodes, promoting, after develop in silver
enhancer solution, a fall in the resistance of the circuit. This method allowed the
detection of target DNA at concentrations as low as 500 femtomolar.
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1.1.1.2 In vivo imaging and therapy
Today, cancer is considered as the second cause of death in human population
(23 % of cases in 2006, as reported by the American cancer society) and this
notion drives the efforts made by medicine, in general, and nanomedicine, in
particular, for improving diagnosis and therapy of tumors.
Gao and colleagues (2004) reported the use of QDs to image cancer cells in the
sentinel lymph nodes, the first structures usually showing signs of metastasis
shed by nearby organs hit by cancer. These researchers injected animals with
very small amounts of QDs, strong absorbers and emitters of infrared light, and
observed that lymphatic cells quickly cleared the dots, routing them to the lymph
nodes. Then they could light up the lymphnodes even through centimeters of skin
simply by shining near-infrared light from a halogen lamp (Gao et al., 2004).
Using this approach in humans may improve the localization of lymph nodes and
favor guided surgery for biopsy. On the other hand, there is an ongoing debate
concerning the use of QDs in vivo, because of the toxicity of some QDs
components, such as cadmium (Cho et al., 2007).
To unmasks cancer cells in deeper tissues, many groups are studying the
employment of magnetic nanoparticles as contrast agents for magnetic
resonance imaging (MRI) machines. The advantage of this material is related to
the feasibility of chemically link to the nanoparticles selective molecular markers
of cancer cells.

Leuschner and collaborators (2006) modified magnetic iron

oxide particles with luteinizing hormone releasing hormone, whose receptor is
overexpressed in a wide range of tumors. They found that, in mice inoculated
with human breast cancer cells, the nanoparticles were able to put in evidence
tumors as small as half a millimeter (Leuschner et al., 2006, fig. 1.2).
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Fig 1.2:
Transmission electron microscopy (TEM) of sub-cellular location of modified magnetic iron oxide
particles after 3 hours incubation; the nanoparticles were taken up by the cells and accumulate in
the cytosolic compartment (bars in A, C) 2 µm, (B) 500 nm, (D) 100 nm
(Leuschner et al., 2006).

Chemical modifications of nanoparticles can be exploited for diagnostic aims
(target them toward specific cells) or for therapeutic ones (developing novel drug
delivery vectors). The progress of nanotechnology in the field of drug delivery
has been extremely fast. In fact, today some liposomes based nanoformulations
approved by US Food and Drug Administration are already available on market,
such as the Doxil and the Abraxane.
Liposomes are small lipid vescicles with dimensions in the range of 50-1000 nm
which can be loaded with drugs that acquire improved stability and loose several
side effects (Torchilin & Weissing, 2003).
Doxorubicin encapsulated in liposomes, whose commercial name is Doxil, have
been shown to be less toxic and to reverse multidrug resistance in comparison
with traditional formulation of the chemotherapeutic agent (Gohkale et al., 1996)
and Abraxane, an albumin-bound nanoparticle preparation of paclitaxel used in
breast cancer therapy, displayed, in such formulation, a reduced induction of
hypersensitivity reactions (Foote, 2007).
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The intrinsic physical properties of nanoparticles can be directly exploited as
therapeutic tools. An example is shown by the work of Hirsch and colleagues
(2003), where gold coated nanoparticles, directed to the cancer, became tiny
heaters that “cooked” tumor cells to death, through the hitting of nanoparticles
with infrared light, which passed harmlessly normal tissue. Other research
groups reported similar successes in heating tumors with other types of
nanomaterials (e.g., carbon nanotubes) presenting molecular functionalization for
precise targeting (Burke et al., 2009)
The feasibility of physically and/or chemically manipulating nanomaterials in
multiple sites at the same time, introduced the design of innovative
multifunctional devices. Bagalkot and coworkers (2007) reported the use of a
novel QD-aptamer-doxorubicin conjugate as a cancer-targeted imaging, therapy
and sensing system. While QD worked as fluorescent imaging vehicle, the
aptamer recognized selectively the extracellular domain of the prostate specific
membrane antigen (PSMA), whose expression is a prostate-cancer marker, and
linked doxorubicin, the therapeutic agent. The system was designed to generate
fluorescent emission only when the QD, linked to doxorubicin, was uptaken by
the cell and the drug released, eventually imaging cancer cells (Bagalkot et al.,
2007, fig. 1.3).
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Fig 1.3:
Upper part: schematic representation of the delivery system. Below: binding of QD-Apt
conjugates to (a) PSMA positive, and (b) PSMA negative prostate adenocarcinoma cells. QD is
shown in green. The scale bar is 20 µm
(Bagalkot et al., 2007).

The examples reported in this paragraph represent a small “sample” selected to
provide a flavor of the huge potentiality of nanotechnology applications in
imaging and therapy.

1.1.1.3 Nanomaterials in tissue engineering
Tissue

engineering

strategies

possess

an

unquestionable

potential

in

regenerative medicine. Regeneration of tissues can be achieved by the
combination of living cells, which will provide biological functionality, and
materials, which act as scaffolds to support cell proliferation. In vivo, mammalian
cells behave and develop in response to the biological signals they receive from
the surrounding environment, in particular by instructions contained in the
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extracellular matrix (ECM) which possess nanometer scaled features (Daley et
al., 2008).
The advantage of exploiting nanotechnology tools in tissue engineering rely in
the development of structures which are modifiable at the molecular level, thus
able to improve specific interactions between supporting scaffold surfaces and
biological entities.
There are three major modern approaches to nanostructuration of materials:
-

electrospinning, which is a simple fabrication process that uses an
electrical field to control the deposition of polymer fibers onto a target
substrate, generating objects with diameters ranging from several microns
down to about ten nanometers, organized in controlled three dimensional
orientations (Matthews et al., 2002);

-

phase separation, which, through the thermodynamic de-mixing of
polymer solution into polymer-rich and -poor phases, enables the
production of a wide range of scaffolds that mimic the size and the
structure of natural collagen fibers (Yang et al., 2004)

-

self assembly, in which molecules and supra-molecular aggregates
organize and arrange themselves into an ordered structure through weak
and non-covalent bonds (Murugan et al., 2007).

Cellular responsiveness to nanoscale topography of growing substrates has
been demonstrated for various types of cultures, such as fibroblasts (Dalby et al.,
2002), osteoblastic cells (Zinger et al., 2004), keratinocytes (Teixeira et al.,
2004), muscle cells (Yim et al., 2005), to mention some of those which have
been tested.
These studies showed that nanoparticle variations in either their nanostructures
(e.g., nanofibers, nanoneedles, nanosheets) or in their size, induced specific
modifications in cells, in terms of adhesion, proliferation, morphology or
metabolic activity (Okada et al., 2009; Kalbacova et al., 2009); in addition,
diverse cell types reacted to the same topography in markedly different ways
(Gallant et al., 2007).
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Remarkably, it has been shown that the nano-features of growth substrates
might influence mesenchimal stem cells fate: Oh and colleagues (2009; fig. 1.4)
showed that, human mesenchimal stem cells could be kept undifferentiated when
grown on 30 nm nanotubular-shaped titanium oxide substrates, while larger
nanotubes (approximately 70- to 100-nm diameter) elicited a differentiation into
osteoblast-like cells.

Fig. 1.4:
SEM micrographs of human mesenchymal stem cells (hMSCs) on flat and 30-, 50, 70-, and 100nm diameter TiO2 nanotube surfaces after 24 h of culture. Extraordinary cell elongation, indicated
by the arrows, is induced on nanotubes with diameters of 70 and 100 nm. Scale bar, 100 µm
(Oh et al., 2009)

A further opportunity for nanotechnology application to tissue engineering is
provided by the ability to chemically couple nanoscaffolds to bioactive molecules,
such as insulin-like growth factor or laminin, in order to improve the similarity of
nanosubstrates to ECM and thus improving cellular adhesion and differentiation
(Davis et al., 2006; Koh et al., 2008).
The above cited studies are selected samples to illustrate how tissue engineering
can exploit nanotechnology tools to design powerful systems able to direct cell
behavior through modulation of chemical and physical stimuli.

1.1.2 Nanotechnology applications to Neurosciences
Neurosciences, defined as the ensemble of disciplines that investigate the
structure, function, physiology and pathology of the nervous system, have
received increasing attention during the last decades. Such interest is certainly
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related to the fascinating issue of understanding how our nervous system works.
The second half of the twentieth century was characterized by revolutionary
discoveries

in

the

fields

of

molecular

biology,

electrophysiology

and

computational sciences which made the nervous system more “accessible”.
The tremendous boost in neurosciences research is also related, at least in part,
to the pressure of understanding the pathological pathways and of providing
effective treatment in several pathologies with high emotional impact in our
society, such as Parkinson’s or Alzheimer’s diseases.
Yet, neurosciences incomplete knowledge of central nervous system (CNS)
physiological and pathological processes is partly due to the intrinsic complexity
and to the restricted access of the mammalian CNS,
In this framework, the application of nanotechnology to basic and clinical
neuroscience may be highly promising. The following paragraphs are intended to
briefly review nanotechnology applications to the CNS, and are grouped by
neuroscience area of interest (basic neuroscience and clinical neuroscience), for
clarity. Naturally, all applications in basic neuroscience can have potential
relapses in the clinical context.

1.1.2.1 Nanotechnology applications to basic neuroscience
In basic neuroscience, nanotechnology tools offer the possibility to investigate
biological phenomena in a real time mode and at a completely innovative
resolution level.
For the first time, Mejer and coworkers (2001) studied single-particle tracking to
follow in real time, on the cell surface, movements of glycinergic receptors (GlyR)
by using latex small (0.1-1 µm) beads. By means of this new approach, these
authors found GlyR alternated within seconds between diffusive and confined
states and such confinement of receptors was due to the presence of gephyrins,
submembranous proteins whose spatial organization controlled the formation of
receptors clusters thanks of the transient interaction with the intracellular domain
of GlyR.
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Two years later, a deeper understanding of these processes was achieved by
using QDs to localize GlyR. As mentioned before in this thesis, QDs possess
physical and chemical properties that allow their localization with high spatiotemporal resolution.
By using QDs specifically recognizing GlyR, Dahan and collaborators (2003)
visualized trajectories of single QD-GlyRs in the membrane for at least 20
minutes through fluorescent signal. In this way, these authors identified via
distinct diffusion properties, three different classes of receptors: extrasynaptic
ones, able to diffuse freely and covering a large surface of the membrane, GlyRs
stable at synapses and other ones moving but in a confined region around the
synaptic bouton (fig. 1.5). The precise localization of receptors was subsequently
confirmed by means of transmission electron microscopy (TEM), exploiting QDs
heavy metal features (Dahan et al., 2003).

Fig 1.5:
QDs as a marker for GlyR localization in neurons. (A) QD-GlyRs (red) detected over the
somatodendritic compartment identified by microtubule-associated protein-2 (green). Arrows
mark clusters of QD-GlyRs located on dendrites. (B) Relation of QD-GlyRs (red) with inhibitory
synaptic boutons labeled for vesicular inhibitory amino acid transporter (green)
(Dahan et al., 2003).

In a further work, gamma-aminobutyric acid (GABA)-binding QDs were
developed to investigate the influence of external molecular stimuli on growth
cone behavior in culture. Bouzigues and coworkers (2007) reported that in the
presence of an external GABA gradient, GABAA receptors redistributed
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asymmetrically across the growth cone toward the gradient source and such
redistribution resulted in transient interactions among GABA receptors and
microtubules.
QDs have been recently exploited to monitor the dynamic of acetylcholine
receptor clusters formation at the neuromuscular junction (Geng et al., 2009).
In this context, other nanomaterials, such as 5 nm gold beads, have been
employed in recording, through phototermal effect, α-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid (AMPA) receptor trajectories on the plasma membrane
of live neurons (Lasne et al., 2006).
These examples illustrate the feasibility of using various nanoparticles as probe
to track single molecules in order to investigate biological phenomena at a
molecular level.
Besides the single molecule tracking, QDs are powerful tools in the investigation
of

other

neuronal

activities,

for

instance

the

vesicular

secretion

of

neurotrasmitters. Kiss-and-run is a mode of membrane fusion and retrieval,
without the full collapse of the vesicle into the plasma membrane and avoiding de
novo regeneration (Harata et al., 2006). The contribution of this mechanism in
the modulation of synaptic transmission efficacy is not totally clear yet, but, in a
recent work, Zhang and colleagues (2009) used single QDs to fill synaptic
vescicles in order to follow their single fate. QDs, characterized by pH-dependent
photoluminescence change, were employed to distinguish kiss-and-run from fullcollapse fusion and to track single vesicles through multiple rounds of kiss-andrun and reuse, without perturbing vesicle cycling. This study showed that kissand-run mode is predominant at the beginning of a train stimulation, while at the
end it is substituted by full-collapse fusion. In addition, the first modality seems to
be prominent in the case of high frequency stimulation, when compared to lower
one, thus better accomplishing needs of rapidly available neurotransmitter
(Zhang et al., 2009).
Another promising tool, provided by nanotechnology in the area of basic
neuroscience, is AFM. AFM, as briefly mentioned above, is ultimately a
nanoscale cantilever which measures surface topologies at atomic level

24

exploiting the interaction forces between the cantilever tip and the atoms forming
the surface. Since the early nineties, this technique has been employed to
characterize the nanometer scale topography of living neurons (Parpura et al.,
1993) and to study the dynamic of subcellular mechanisms that drive cell
behavior, for example the morphological reorganization of growth cones (Lal et
al., 1995).
More recently, AFM allowed also several advances in the analysis of nerve tissue
mechanical properties: Elkin and colleagues (2007) demonstrated that different
regions in the hippocampus are indeed characterized by heterogeneous elastic
properties and such finding might be critical for formulating hypotheses about
traumatic brain injury mechanisms. Yersin and coworkers (2007), applied this
technology to study mechanical properties at the level of single nerve cells,
showing dis-homogeneity of neuronal elastic features; besides, the authors
correlated domains with higher stiffness in the membrane with the presence of
neurotrasmitter receptors: pharmacological receptor stimulation or removal of
electrical activity, induced modifications in terms of both receptor and stiff domain
numbers.
It is still not clear how the formation of peptide deposits, at the basis of a variety
of neurodegenerative disorders, occurs. Recently, AFM provided a hint at
understanding the mechanisms underlying amyloid fibrils formations in vitro and
this might help the comprehension of pathological events in vivo (Kellermayer et
al., 2008).
Another emerging approach, to study neuronal behavior, consists in controlling
and modifying neuronal environment at the nanometer scale.
Substantia nigra neurons, grown on silicone dioxide surfaces presenting various
degrees of roughness, respond to variations of such physical parameter
differently: surface roughness between 20-70 nm promoted cell attachment
better than surfaces with features <10 nm or >70 nm (Fan et al., 2002).
Exploiting a combination of lithography and layer-by-layer (LbL) assembly
processes, interdigitated micropatterns of self-assembled polymer nanofilms
containing cell-adhesive materials were obtained to sustain neuronal growth in
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culture: neurons grown on the same nanofilm showed to preferentially adhere on
phospholipase A2 functionalized surfaces rather than on poly-L-lysine ones.
These observations indicated that this patterning technique can be successfully
applied to the fabrication multicomponent micropatterns, allowing to culture
together cells types characterized by various adhesion properties (Shaikh
Mohammed et al., 2006, fig. 1.6).

Fig.1.6:
primary rat cortical neurons grown on composited nanofilm prefer to adhere to phospholipase A2
functionalized surfaces, marked in green rather than on poly-L-lysine ones, marked in red
(Shaikh Mohammed et al., 2006).
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In addition, the control of the nanofeatures of the cellular environment can be
exploited to guide the fate of stem cells: Yim and collagues (2007), in fact,
reported that it is possible to influence human stem cell differentiation into
specific non-default pathways, i.e. neuronal lineage, by culturing them on
nanogratings of 350 nm width. To this aim, nanoscale topographies are more
efficient in promoting the up-regulation of neuronal marker expressions in
undifferentiated cells, when compared to microscale ones or other biochemical
cues, such as retinoic acid (Yim et al., 2007, fig. 1.7).

Fig. 1.7:
Changes in morphology and proliferation of human mesenchymal stem cells (hMSCs) cultured
on nano-gratings. SEM images of (A) the nano-patterned substrate, hMSCs cultured on (B) nanopatterned and (C) unpatterned PDMS. Confocal micrographs of F-actin-stained hMSCs on (D)
nano-patterned and (E) unpatterned substrates. (F) and (G) show the same conditions in
presence of 1µM of retinoic acid (RA). Bar = 500nm for A, 5 µm for B, 50 µm for C-G
(Yim et al., 2007).

Nanostructured devices can be exploited to detect or stimulate neuronal signals
in selective cellular regions such as axons and dendrites. Patolsky and
collaborators (2006) reported the employment of arrays of silicon nanowire field-
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effect transistors (FET), whose surface was micropatterned with polylisine to
improve cell adhesion, as substrates able to electrically interface with
mammalian neurons. Such interaction results in the possibility of eliciting action
potentials (APs) at FET-neuron junction and in studying their backpropagation in
dendrites with high spatial resolution (Patolsky et al., 2006).
1.1.2.2 Nanotechnology applications to clinical neuroscience
There are mainly four different areas of interest, in clinical neurosciences, where
nanotechnology is currently applied, and, in accordance to what reported for
nanomedicine in general, are represented by: drug delivery, in vivo imaging,
neuroprotection and repairing of damaged nervous tissue (NS) through tissue
engineering. All the subsequently reported studies concern nanotechnology
applications to the CNS, while the issue of peripheral NS was not address.
Concerning the first three areas, we have to consider that a relevant limiting
factor in classical treatments of several CNS diseases is the presence of the
blood-brain barrier (BBB). The BBB is a system of vascular cellular structures,
mainly constituted by tight junctions between endothelial cells, and of an
ensemble of enzymes, receptors, efflux pumps and transporters, that control,
limit and block the free access of molecules to the brain. In this way, a restricted
number of liposoluble small molecules (MW < 400 Da) can cross freely the BBB,
while all other molecules require the activity of specific transporters to pass,
otherwise their access to the brain is denied (Begley & Brightman, 2003).
Nanoparticles, likely due to their intrinsic properties, such as their nanoscaled
size, or the easy at which they can be chemical modified, have shown the ability
to reach the brain by passing the BBB, although the mechanisms of this
phenomenon are not totally understood.
Exploiting this approach, neuropeptides, the NMDA receptor MRZ 2/576 and the
chemotherapeutic

drug

doxorubicin,

adsorbed

onto

the

surface

of

polybutylcyanoacrylate (PBCA) nanoparticles coated with polysorbate 80, have
been transported into the brain; polysorbate 80 on the surface of nanoparticles,
in fact, is able to adsorb apolipoprotein B and E from the blood, allowing the up
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take of the nanoparticles by brain endothelial cells, via receptor mediated
endocytosis (Schroeder et al., 1998; Gelperina et al., 2002; Kreuter et al., 2003).
PBCA nanoparticles have also been conjugated with quinoline, a Cu2+/Zn2+
chelator known to solubilize β-amyloid plaques in vitro. In wild type animals,
administration of quinoline, conjugated to PBCA, crossed the BBB with a greater
brain uptake when compared to quinoline alone (Cherny et al., 2001), indicating
that this formulation may be a promising prototype in the delivery of treatments
in Alzheimer’s disease.
In addition, nanotechnology applications have great potentials in the therapy of
brain infective pathologies: Pandey and Khuller (2006) investigated, in a murine
model, the cerebral delivery of antituberculosis drugs, upon oral administration of
poly-lactide-co-glycolide

nanoparticle

encapsulated

antituberculosis

drugs

(rifampicin +isoniazid +pyrazinamide +ethambutol). These authors reported the
persistence of these drugs in the brain even after 9 days, from the single dose
administration, a significantly longer time when compared to orally administered
drugs

without

nanoparticle encapsulation. They further investigated, in

Mycobacterium tuberculosis H37Rv infected mice, the efficacy of this treatment
and reported that five oral doses of the nanoparticle-encapsulated formulation
(administered every 10th days) resulted in the recovery of the infected mice, as
shown by the apparent absence of the micobacterium in the meninges (Pandley
& Khuller, 2006).
Nanoparticles are also useful for gene delivery in the therapy of brain cancer: Lu
and colleagues (2006) reported that pegylated nanoparticles, conjugated to
cationic albumin, carrying plasmid DNA for the proapoptotic Apo2 ligand/tumor
necrosis

factor–related

apoptosis-inducing

ligand

(Apo2L/TRAIL),

when

repeatedly administrated (intravenously) to glioma-grafted mice, were able to
induce apoptosis in vivo and to significantly delay tumor growth.
The nanoparticle ability to pass across the BBB has been exploited for in vivo
imaging, leading to the design of multifunctional devices, useful in both diagnosis
and therapy.
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Ultra-small paramagnetic iron oxide nanoparticles appeared very promising as
pre-operative and intra-operative magnetic resonance (MR) imaging agents for
human brain tumors. It has been shown that such nanoparticles allow an
enhanced contrast in comparison with gadolinium, which is a conventional MR
imaging agent, and, moreover, their signal is detectable for 2-5 days after the
administration, providing the advantage of longer post-operative monitoring
(Neuwelt et al., 2004). Paramagnetic nanoparticles can also be chemically linked
to molecules able to recognize tumor cell targets, where nanoparticles will
accumulate selectively. Veiseh and collaborators (2009) observed that iron oxide
nanoparticles, modified with polyethylene glycol, to promote crossing of the blood
brain barrier, and with the tumor-targeting agent chlorotoxin, were able to reach
and image tumors in genetically engineered mouse models with an improved
resolution in comparison to unmodified nanoparticles.
In the last decades, an emerging concept in clinical neuroscience is that the CNS
damage following lesions, such as cerebral infarction or brain trauma, stems at
least in part from secondary injury mechanisms, due to the progressive release
of toxic products, as oxygen free radicals, superoxide and peroxide molecules
(Park et al., 2008). The accumulation of these substances alters several vital
processes, namely mitochondrial energy production, extracellular glutamate and
intracellular calcium (Ca2+) homeostasis, able to favor apoptosis, just to cite
some of those. In this framework, nanoparticles are increasingly applied in
neuroprotection strategies, either acting directly as antioxidant agents and
therefore as free radical scavenger candidates, or indirectly as agent able to
block the secondary injury cascade processes, by means of different
mechanisms.
The antioxidants properties of derivates of the fullerenes (C60, fig. 1.8), have
been shown both in vitro and in vivo conditions.
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Fig. 1.8:
Schematic representation of a neuroprotective fullerene derative
(Silva, 2005).

The neuroprotective effect of hexasulfobutylated fullerenes on rats subjected to
focal cerebral ischemia was reported by Huang and coworkers (2001). The
authors found that the pretreatment or the treatment with the nanoparticles
significantly reduced the volume of the induced infarction.
Basso and coworkers (2008), conjugated fullerenols with NMDA antagonists, to
combine, in the same conjugate, antioxidant and anti-excitotoxic properties for
the treatment of progressive multiple sclerosis (MS). The administration of this
drug to a mouse model of progressive MS after the onset of disease was able to
block axonal damage and reduce disease progression without interfering with
antigen-specific T cell responses (Basso et al., 2008).
The third area of clinical neuroscience where nanotechnology is having a
tremendous impact is that of tissue engineering for brain repair.
The strategies to restore damaged NS are facing problems of extreme
complexity, due to the lack of knowledge of the processes occurring during and
after the occurrence of any injury and of the mechanisms regulating regeneration
in the CNS. In detail, regeneration of neural connections in the CNS is thought to
be strongly impaired by an inhibitory environment, mainly constituted by the
formation of glial scar and by the accumulation of myelin-associated inhibitors
such as chondroitin sulphate proteoglycans and oxidative molecules, products of
secondary injury processes (Subramanian et al., 2009). Several approaches
have been undertaken in order to promote regenerative potency of the nervous
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cells; among these, tissue engineering approaches, recently enhanced by the
enriched molecular-level interactions provided by nanotechnology, seems to be
among of the more promising ones.
Ideal properties of a scaffold for nerve regeneration are biocompatibility,
controlled

biodegradability

with

non-toxic

degradation

products,

poor

inflammatory responses, three-dimensional features with appropriate mechanical
properties to mimic the ECM, porosity allowing ongoing vascularization and cell
migration.
Nanotechnologies have provided different materials presenting these properties,
that can be grouped in three categories: hydrogels, nanofibers and self assembly
peptides.
Hydrogels are networks of polymer chains, whose dimensions can be controlled
during the production process, by, for example, phase separation. They are
biocompatible, present mechanical properties similar to those known for ECM
and are injectable. Poly 2-hydroxyethylmethacrylate (PHEMA) hydrogels,
presenting micro-scaled features have been exploited to design tubular devices
to enhance nerve regeneration after injuries in the spinal cord (Flynn et al.,
2003).
Phase separation procedures were used to produce poly (L-lactic acid) (PLLA)
biodegradable scaffolds and it was found that these nano-scaled structures were
able to support neuron differentiation and neurite outgrowth (Yang et al., 2004).
Electrospinning is a simpler approach, in comparison with the phase separation
one, which allows the production of nanofiber scaffolds with controlled spatial
orientation. Electro spun aligned PLLA nanofibrous scaffolds have been
suggested to be potential cell carriers in nerve tissue engineering as they were
found to support the orientation of neural stem cells and improve the neurite
outgrowth and contact guidance (Yang et al., 2005).
An alternative approach to produce nanoscaffolds for NS repairing consists in
exploiting self assembly properties of molecules in physiological conditions. In
this context, it is remarkable the study reported by Silva and colleagues (2004),
where three-dimensional networks of nanofibers were obtained by the self-

32

assembly of peptide amphiphile molecules. In detail, these molecules were
constituted by a hydrophobic carbon tail and a hydrophilic peptide head group, so
that, in acqueous solution, the hydrophobic portion aggregates, allowing the
exposure of the hydrophilic peptide heads, which

consisted of the bioactive

laminin-derived peptide IKVAV, which promotes neurite sprouting and growth
(fig. 1.9).

Fig.1.9:
Molecular graphics illustration of an IKVAV-containing peptide amphiphilemolecule and its selfassembly into nanofibers (A).SEM micrograph of an IKVAV nanofiber network formed by adding
cell media (DMEM) to a peptide amphiphile aqueous solution (B). Micrographs of the gel formed
by adding to IKVAV peptide amphiphile solutions
(C) cell culture media and (D) cerebral spinal fluid. Micrograph of an IKVAV nanofiber gel
surgically extracted from an enucleated rat eye after intraocular injection of the peptide
amphiphile solution (GA,Silva et al., 2004).

Encapsulation of neural progenitor cells from embryonic mouse cortex into the
artificial nanofibre networks, induced a fast neuronal differentiation, and
discouraged that of astrocytes. These abilities of this nanoscaffold system,
makes it an ideal candidate to be used at an injury site to promote neuronal
differentiation and limiting reactive gliosis, an ubiquitous neuropathological
process (Silva et al., 2004).
Similar self assembly amphiphile peptide scaffold was tested in vivo to treat a
mouse model of spinal cord injury (SCI). In these tests, such a scaffold was able
to promote regeneration of both descending motor and ascending sensory fibers
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through the lesion site, while inhibiting glial scar formation (Tysseling-Mattiace et
al., 2008).
RADA 16 peptides is another example of self assembling scaffold used to
promote neural differentiation of stem cells in three dimensional cultures; the
novelty of this structure consisted in the design of peptides sequences forming
the scaffold, which contained several motifs, including cell adhesion and
differentiation ones (Gelain et al., 2006). This example indicates how the ability to
control nanostructured scaffolds building is intended to grow up in the future.

1.2 Carbon Nanotubes
1.2.1.1 Types and structures
Due to their outstanding physical and chemical properties, namely the high ratio,
the good conductive properties and the ease of their chemical manipulation,
carbon nanotubes (CNT) have been proposed and actively explored as one of
the more promising nanomaterials for bio-medical applications.
CNT have been discovered in 1991 by Jijima (Iijima, 1991) and they consist of a
novel form of carbon made of graphite sheets, rolled up into tubes of cylindrical
shape, organized into scaffolds. Thus, CNT share several properties with
graphite. In their simplest geometry, they are generally constituted by a single
side wall, made of benzene rings, and two end caps, presenting fullerene-like
structures. CNT can be classified mainly into two categories: single walled CNT
(SWNT) and multi walled CNT (MWNT).
SWNT are formed of a single layer of graphene and their diameter ranges
between 0.7 and 1.4 nm depending on the temperature they have been
synthesized, while their length can vary from few hundreds of nm up to some µm.
Because of their large aspect ratio (i.e. length/diameter = 104-105), SWNT can be
considered as one dimensional object.
Another essential characteristic concerning their structure is dependent on the
appearance of a belt of carbon bonds around the nanotube diameter relative to
the axis of the tube, which identifies a parameter known as chirality and depends
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on the orientation of the nanotube cylinder axis with respect to the hexagonal
lattice.
On the basis of this criterion, SWNT can be achiral (armchair or zigzag) or chiral,
in the latter case the mirror image is not identical to the original structure
because the CNT is a spiral (fig. 1.10).

Fig 1.10:
classification of SWNT, armchair, zigzag and chiral respectively.
(Adapted from Belin & Epron, 2006)

Chirality is important because it defines conductivity of SWNT: armchair
nanotubes are metallic, zigzag and chiral CNT are semiconducting (Belin &
Epron, 2006).
TEM images of SWNT show their organization in bundles or ropes, likely due to
π-π stacking interactions between benzenes located in the sidewalls of adjacent
nanotubes (fig. 1.11); in addition, the hydrophobicity of SWNT can contribute to
their entanglement (Singh et al., 2009).
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Fig. 1.11:
TEM image of SWNT.
Courtesy of Francesca Maria Toma.

MWNT consist of many rolled layers of graphite, leading to tubes with larger
diameter, up to 100 nm, than that of SWNT. Two models are commonly used to
describe MWNT: the “Russian doll” model, where different graphene sheets are
individually rolled up and together arranged coaxially in a cylindrical fashion, and
the parchment model, whereby a single graphene layer is rolled on itself,
resembling a parchment (Belin & Epron, 2006). A further evolution of Russian
doll model is the coaxial cylindrically poligonized one (fig. 1.12).

Fig. 1.12:
Schematic representations of MWNT models: (a) coaxial cylindrically curved; (b) coaxial
poligonized; (c) scroll graphene.
(Adapted from Belin & Epron, 2006)
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The interlayer distance in MWNT (fig. 1.13) is close to the one in graphite (3.35
Å), so that the interactions are not sufficient to correlate the chirality of near tubes
and, because of this, MWNT behave, also in terms of conductive properties, as a
mixture of achiral shells.

Fig. 1.13:
TEM image of MWNT. Calibration bar: 100nm.
Courtesy of Francesca Maria Toma.

1.2.2 Methods of synthesis and purification.
SWNT and MWNT can be synthesized by means of several methods:
1. The arc discharge method is today widely used to produce carbon
nanostructures. In this method, a DC voltage is applied between two high
purity-graphite electrodes, under controlled pressure conditions. This
process produces mainly MWNT, with fullerenes and amorphous carbon
particles as by-products. By this method, SWNT can be obtained as well,
via a modulation of temperature and pressure conditions. To start the
production of carbon nanoparticles, catalysts as Ni-Co, Co-Y or Ni-Y are
usually employed.
2. The laser ablation method uses a pulsed laser, that vaporizes a graphite
target mixed with 1% of Co and 1% of Ni. The process takes place into a
tube where inert gas is fluxed in controlled temperature conditions. In this
case, the main reaction products are SWNT, although MWNT can be
produced as well.
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3. The Chemical Vapor Deposition (CVD) method uses a carbon containing
gas, that is decomposed over a substrate, covered with metal catalyst
nanoparticles, as Ni, Fe, Co or a combination of them. CNT grow aligned
from the surface of the substrate. The decomposition of acetylene is used
to produce MWNT, while SWNT are obtained by floating CO with Fe(CO)5
with a disproportionation process, known as “HiPCO” (High Pressure CO,
Ebbesen & Ajayan, 1992).
It should be noted that metal catalyst particles are employed in all the production
processes and this explains why CNT as produced contain variable quantities of
these metals as impurities. Another possible contaminant is the amorphous
carbon, present as a synthetic residue; in addition, as produced CNT appear as a
powder of fluffy, water insoluble material, usually difficult to manage. Therefore,
due to their residual impurities and to their appearance, CNT usually need to be
processed after their synthesis in order to be applied in different experimental
contexts.
A typical approach, to remove impurities, is to process CNT by acid treatment.
This approach is limited by the possibility of introducing other contaminants and
of degrading CNT length and structure.
An alternative is represented by the chemical functionalization of CNT, which
allows purifying CNT and developing homogeneous and soluble material.

CNT
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Fig. 1.14:
scheme of different types of functionalization for CNT.
(Adapted from Hirsch, 2002).

In literature, different kinds of chemical functionalization have been proposed (fig.
1.14) and they can be categorized into two classes:

1. Non covalent functionalization. This is a very attractive method because it
allows to exfoliate CNT bundles and to prepare individual CNT by means
of wrapping their tubular surface by various species of polymers,
polynuclear aromatic compounds, surfactants and biomolecules, while the
electronic structure of CNT is not affected. However, non covalent
functionalization is based on van der Waals, hydrophobic or

π-π

interactions, which are weak forces, this feature limits several applications,
because, for instance, in solution the interacting molecules can be
replaced by solvent.
Anyway, different studies report the use of non covalent interaction
(reviewed in Tasis et al., 2006): surfactants are widely used to exfoliate
bundles of SWNT (Vaisman et al., 2006); many types of polymers, such
as epoxy composites, acrylates and hydrocarbon polymers, have been
employed to produce materials which have potential applications in
aerospace science, where lightweight robust materials are needed. An
important class of substrates having high affinity with the graphitic network
are proteins. They tend to adsorb to the external sides of nanotube. The
interaction between biotin and streptoavidin adsorbed by CNT was
exploited to build field-effect transistor devices for biosensor applications
(Shim et al., 2002). Endohedral is a non convalent functionalization where
molecules are trapped inside the CNT structure (Hirsch, 2002).

2. Covalent functionalization consists of the covalent attachment of chemical
groups, via different reactions, onto the skeleton of CNT; the reactions can
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occur at the sidewall site (side wall functionalization) or at the defect sites
(defect functionalization), which usually are present on the tips.
Concerning the side wall functionalization, CNT can undergo to
fluorination (reaction with elemental fluorine at 400-600°C), hydrogenation
(CNT are reduced with Li metal and methanol dissolved in liquid
ammonia), radical addition via diazonium salt and

different

types of

cycloadditions, including 1,3-dipolar cycloaddition (the so-called Prato
reaction).
Side defect functionalizations, indeed, occur via amidation or via
esterification of carboxylic residues obtained on CNT tips (Tasis et al.,
2006).
The covalent functionalization alters the electron structure of SWNT,
therefore modifying CNT conductive properties, while reaction on MWNT,
as they concern only the external wall, should not modify their electronic
structure.

1.2.3 Properties and applications of CNT
CNT present outstanding mechanical, thermal and conductive properties, which
explain why they have been employed in such a wide range of applications, in
spite of their quite recent discovery.
To characterize, at least in part, the mechanical properties of a given material,
requires to define its response when subjected to a perturbation that changes its
shape and/or volume from its configuration at the equilibrium. For instance, the
Young’s modulus defines the response of the system when it is strained along a
particular axis and is used to quantify the stiffness of the material.
Young’s modulus was measured both for MWNT and SWNT and it was found to
be in the range 0.5 - 1.1 TPa, depending on the type of CNT. For comparison,
the Young modulus of diamond is 1.2 TPa (Yu et al, 2000a).
Further assessments, evaluated CNT mechanical properties beyond linear
regime, when plastic (nonreversible) deformation begins to occur, by attaching
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CNT simultaneously to two opposing AFM tips and then pulling apart the two tips
in order to value the breaking strain of CNT (fig.1.15).

Fig. 1.15:
SEM micrographs showing a single CNT pulled by two opposing AFM tips.
(Yu et al., 2000b)

This experiment showed that breaking strength was 11-63 GPa for a MWNT
(referred to the outer shell), and 30 GPa (up to 50 GPa) for a SWNT (Yu et al.,
2000b). These data illustrate the extraordinary mechanical properties of CNT in
terms of very high stiffness and resistance to breaking; it is reasonable to
correlate these characteristics to the strong carbon–carbon chemical bonding
present in CNT chemical structure.
Thermal conductivity, another tested property of CNT, seems to be higher than
for every other tested material (>2000 W/mK) and experiments under ultra high
vacuum showed that CNT are stable at least at 4000 K. Such interesting property
led to further investigate thermal characteristics of CNT.
Theoretical and experimental approaches showed that, at low temperature, the
heat transport in SWNT is mediated by a ballistic conduction, that is defined as
an unimpeded flow of charge or energy carrying particles over relatively high
distance without stoppers; in this conditions, structural defect of nanotube does
not influence the thermal conductivity. When temperature increases over room
temperature, conduction ceases to be ballistic and the conductivity undergoes to
a marked reduction in the presence of defects. MWNT, indeed, show the
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characteristic temperature dependence of the thermal conductivity due to the van
der Waals interaction between the tube walls (reviewed in Saito et al., 1998).
As previously reported, CNT electrical properties are strongly related to their
chemical structure, that determines their being metallic or semiconductive. It has
been hypothesized that electrical ballistic conduction can occur in metallic SWNT
(Saito et al, 1998).
Further, CNT present interesting optical properties, such as the strong light
absorption (Mizuno et al., 2009) and a quick and wide spectral range
photoluminescence (Wang et al., 2004).
Due to these outstanding physical and chemical properties, CNT have found
applications in a wide range of fields:
• Structural, where the mechanical properties of CNT have been exploited
by the NASA to produce highly resistant composites for aerospace
applications.
• In electronic, for example, in the development of CNT-based single
electron transistor, working at room temperature and capable of digital
switching using a single electron (Postma et al., 2001). Recently, different
types of CNT-FETs have been developed and, although not commercially
available, are employed as gas sensing CNT-FETs, whose sensitivity and
selectivity can be improved using functionalized CNT (Collins et al.,
2000).
Among electronic applications, we can mention the use of CNT as field
emitters. In fact, CNT are able to emit electrons when an electromagnetic
field is applied, due to their peculiar structure (electric field are much
stronger at the tips).
Due to the thermal properties of CNT, they are used as coolers for
thermal management of electronic circuits (Kordas et al., 2007).
•

In Energy field, CNT have found successfully applications as electrodes
for

paper

batteries

(devices

which

behave

like

batteries

and

supercapacitors together) for energy storage and as bulk heterojunctions
in solar cells for energy production (Li & Kaner, 2008).
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•

In Nanomedicine, described in the next paragraph.

1.2.4 CNT applications in Nanomedicine
As mentioned in the previous paragraphs, there are three main areas of interest
in nanomedicine, that are respectively the in vitro diagnostics, the in vivo imaging
and therapy and the tissue engineering. Thanks to their unique properties, CNT
have found attractive applications in all these areas.
The fundamental requirements for CNT employment in biological sciences are
ultimately two: they have to lack citotoxicity and they have to be soluble in
physiological solutions; both these conditions are usually obtained by means of
chemical CNT functionalization, which allows their purification and solubilization.
In the field of in vitro diagnostics, some CNT based biological sensors have been
developed, exploiting the feasibility of functionalizing CNT with a wide variety of
molecules, including nucleic acids.
Koehne and colleagues (2004) embedded low-density DNA functionalized
aligned MWNT arrays in silica and reported ultrasensitive DNA detection.
Cai et al (2003) report the fabrication of an electrochemical nanotube-based DNA
biosensor, constituted by a glassy CNT containing electrode, whose relatively
large surface area confers a high sensitivity to the biosensor (Cai et al., 2003; fig.
1.16).

Fig. 1.16:
scheme of the electrochemical detection of DNA hybridization
using a MWNT-COOH DNA biosensor
(Cai et al., 2003).
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Applications of CNT to imaging and therapy in vivo are still at their embryonic
stage, however the first studies, where CNT were employed as imaging agents
and system carriers mainly in in vitro conditions, appeared very promising.
Due to their optical properties, in fact, CNT are under investigation as raman
spectroscopy imaging agents, capable of imaging different types of cancer cells
in in vitro conditions (Liu et al., 2008).
The employment of CNT as carriers for drug delivery into the cell cytoplasm,
seems encouraging as well. CNT are readily internalized by cells and it is
possible to perform a multiple CNT functionalization, with different therapeutic
agents. CNT have been functionalized with nucleic acids, to work as gene
delivery system, or with peptide and chemiotherapeutics (Pantarotto et al., 2004;
Zorbas et al., 2004; fig.1. 17).

Fig. 1.17:
TEM micrographs of HeLa cells treated with functionalized MWNT: the entire cell (A); two
subsequent magnifications(B)(C); a nanotube
crossing the cell membrane (D).
(Pantarotto et al., 2004).

However, the way CNT are internalized in cells, their fate within cells and
eventually their excretion, are all issues that need further investigation and are
not entirely clear.
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Two main hypothesis, regarding CNT internalization, have been put forward by
Alberto Bianco’s team and by Hongjie Dai’s group. The first, proposed a passive
mechanism, in which CNT enter cells like needles across the plasmalemma
(Pantarotto et al., 2004). The second, suggested an endocytotic-receptor
mediated process (Kam et al., 2006). In this context, it is widely accepted that
CNT properties, acquired via different functionalizations, might govern the type of
internalization and the fate of CNT. The destiny of CNT within cells is not known;
recently, Jin and collaborators (2008) reported the first evidence of SWNT
exocytosis monitored in in vitro condition. These authors showed that exo- and
endocytosis of CNT proceeded at a comparable pace. Additional studies showed
that, when investigated at a systemic level, CNT clearance from the body is via
kidney excretion (Lacerda et al., 2008).
The third area of nanomedicine where CNT have found wide applications
consists of tissue engineering: in fact, thanks of their mechanical properties,
CNT, alone or as composite, are suitable for designing biocompatible and
resistant scaffolds, which have been used for bone reconstruction.
CNT reinforced polyurethane was employed to culture osteoblasts and it was
found that higher concentrations of CNT in the nanocomposite improved cell
adhesion; at the same time, fibroblasts adhesion was limited, indicating that this
material can be a promising candidate for future prosthesis. In fact, chronic
inflammation and ongoing fibrous encapsulation usually impair bonding of the
implanted osteoblasts to bones at the tissue-implant interface (Webster et al.,
2004).
Other materials have been conjugated to CNT to develop scaffolds useful to
bone engineering, such as type I collagen (a well known constitute of ECM).
These composite materials are also used for other cell types, favoring
attachment and growth, for example, of smooth muscle cells (MacDonald et al.,
2005).
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1.2.5 CNT applications to neurosciences
In the previous paragraphs, I briefly reported a series of examples to emphasize
the huge potential of CNT applications to Life Sciences and nanomedicine.
CNT applications to neuroscience is indeed equally promising. CNT might
represent innovative solutions for the design of scaffolds for brain tissue
engineering, for the development of neuronal interfaces and the exploitment of
new systems for drug delivery.

1.2.5.1 CNT and tissue engineering: growth substrates for brain networks
Due to their intrinsic properties, CNT have attracted increasing attention as
potential scaffolds, to be used in the design of biocompatible, durable and robust
devices sustaining neuronal re-growth (Malarkey and Parpura, 2007).
Both SWNT and MWNT have been explored as substrate candidates for
neuronal growth.
Rat hippocampal neurons on a MWNT layer, obtained by dispersing MWNT in
ethanol on polyethyleneimine (PEI) coated glass-coverslips, survived and grew
for days in culture: this was the first evidence of MWNT support of long term cell
survival in vitro (Mattson et al., 2000). The biocompatibility of MWNT was also
supported by further studies documenting growth cones, neurite outgrowth and
branching of rat hippocampal neurons when grown on MWNT substrates (Hu et
al., 2004). Despite the general biocompatibility of MWNT, in these studies a
reduction in the extension of neurite growth and neuronal branching in neurons
grown on MWNT was documented, when compared to PEI treated substrates
(Mattson et al., 2000; Hu et al., 2004; fig. 1.18).
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Fig. 1.18:
MWNT are permissive substrate for neurons. Both PEI and as prepared
MWNT support neuronal viability and permit neurite outgrowth. SEM images
of neurons grown on PEI (A) and AP-MWNT (B). Morphologically identified living neurons were
positively stained with a neuronal marker, FITC-conjugated C-fragment of tetanus
toxin (C and D). Fluorescent images showing live neurons, which
accumulate a vital stain, calcein. Arrows indicate growth cones (E and F).
Scale bar: 20 µm, except 10 µm in B
(Hu et al., 2004).

Following these first observations on MWNT, also SWNT were tested and
employed as biocompatible substrates. Also SWNT were shown to allow long
term survival of neurons and to support neuronal differentiation (Hu et al., 2005).
However, also in this case, small differences in terms of cell growth and
attachment on SWNT layers was reported, when compared to other permissive
substrates such as polystyrene (Liopo et al., 2006).
These first investigations showed that MWNT and SWNT are biocompatible
substrates, although, when compared to traditional substrates, they might limit
some aspects of neuronal differentiation.
Only later this issue was clarified, by the report of Galvan-Garcia and co-workers
in 2007. These authors showed that highly purified CNT, directionally oriented in
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the form of sheets or yarns, could serve as biocompatible substrates, which
promoted cell attachment, differentiation, growth and long term neuronal survival
fully comparable to those obtained by growing neurons on poly-ornithine pretreated glass. In detail, the number of extended neurites and their length were
quantified and found similar in the different growth conditions (Galvan-Garcia et
al., 2007). This study underlies how purity together with the 3-dimensional
organization of CNT platforms can modulate the interaction between neurons
and nanomaterials.
In the majority of recent reports, the biocompatibility of CNT substrates has been
assessed, in general, measuring cell viability and/or morphology by TEM or
immunofluorescence techniques.
In 2005, Lovat and collaborators reported for the first time the impact of MWNT
growth supports on the functionality of cultured neuronal networks.
MWNT were first functionalized and then deposited from a dimethylformamide
(DMF) solution, upon evaporation, then MWNT were defunctionalized by thermal
treatment, leading to glass slides covered stably by a film of CNT that was not resuspended in saline solution or in culture medium, and hippocampal neurons
were grown on such substrates.
In chronic growth conditions, neuronal network activity, measured by means of
single cell patch clamp techniques, was boosted on MWNT substrates, when
compared to that recorded from neurons grown on control surfaces (fig. 1.19).
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Fig. 1.19:
exemplificative recordings showing how CNT substrate increases hippocampal neurons
spontaneous synaptic activity (A) and firing (B) in comparison with control. As histogram plots (C)
indicate, the increase in frequency of postsynaptic current (left) and APs (right) is statistically
significant
(Lovat et al., 2005).

The improved activity, detected in neuronal networks developed on MWNT,
involved an increase in frequency of both synaptic currents and APs. Two years
later, it was found that SWNT, when used as supportive substrates, were equally
able to improve signaling of neuronal networks (Mazzatenta et al., 2007). The
increased network activity, was not related to an increased number of neurons
adhering on CNT substrates. In fact, a series of immunocytochemistry
experiments, using antibodies targeted to specific proteins, markers of neurons
(MAP-2) or of glial cells (GFAP), allow to visualize and to quantify hippocampal
cells in both growth conditions, controls and CNT substrates. In both cases,
neurons were represented in a comparable proportion (Lovat et al., 2005;
Mazzatenta et al., 2007). In addition, other basic parameters of neurons, such as
the number of neurites departing from the soma (quantified in immuno-labeled
cultures) or membrane passive properties (capacitance, input resistance and
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resting potential, measured by direct electrophysiological recordings) were found
similar in the two growth conditions (controls and CNT).
Thus, neuronal density and morphology were not leading to the increased
spontaneous activity detected in presence of CNT. The authors speculated that
other phenomena could modify neural behavior, related to the CNT conductivity
together with the detected proximity of neuronal plasmalemma to CNT platforms.
It was suggested that when, due to neuronal physiological activity, variations in
transmembrane voltage occurs, CNT might mediate a redistribution of charge
along the surface of the membranes, which ultimately impacted on neuronal
activity (Lovat et al., 2005). This hypothesis is one of the issue addressed by this
thesis (Cellot et al., 2009).
Another field of increasing interest concerns the development of “smart” CNT
scaffolds to guide nerve tissue regeneration in damaged sites. This aim requires
designing devices able to promote a directionally-controlled neurite branching
and/or a controlled growth cone generation by CNT conjugated to biological
active molecules or electrically charged residues.
It has been reported that rat hippocampal neurons grown on MWNT coated with
4-hydroxynonenal, a lipid peroxidation product that in biological environment
controls neurite outgrowth, elaborated multiple neurites, which exhibited
extensive branching (Mattson et al., 2000). In addition, the coating of bamboolike MWNT with a thin layer of type IV collagen, an ECM protein, promoted PC12
neurons attachment to the substrate (Nguyen-Vu et al., 2006).
In these examples physisorption has been exploited to modify CNT in order to
manipulate the interaction between neurons and nanomaterials; however, the
defect of this approach is the weak stability of the conjugates over time. In this
light, it has been shown that the chemical modification of CNT usually increases
the stability of the compounds.
Matsumoto and collaborators (2007) showed that neurotrophin, a key protein for
neuron maturation, when covalently bound to CNT, preserves its biological
activity and is able to promote effective neurite outgrowth in cultured chick dorsal
root ganglion neurons. Alternatively, to gain control on neuronal cell attachment
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and differentiation via CNT substrates, the modification of charges carried by the
CNT surface has been modified; in fact, it is widely accepted that treatments of
surface with positively charged peptides, such as polylsine or polyornithine, are
employed to promote cell adhesion, while negative charges inhibit this process
(Hu et al., 2004).
The chemically functionalization of MWNT with carboxyl group (-COOH), poly-maminobenzene sulfonic acid (PABS) or ethylenediamine (EN) was exploited to
get CNT that exhibited negative, neutral or positive surface charges, respectively.
It was observed that rat hippocampal neurons grown on positive charged MWNTEN show longer neurites, more growth cones and a larger amount of branching
of neurites when compared to those grown on neutral or negatively charged CNT
(Hu et al., 2004).
Similarly, PEI chemically modified SWNT, exhibiting positive charges, promoted
more neurite branching and outgrowth than native CNT (Hu et al., 2005), while
the negative charged or neutral functionalization with 4-benzoic acid or 4-tertbutylphenyl of SWNT, reduced both attachment and neuronal survival (Liopo et
al., 2006).
Another property potentially influencing neuronal differentiation is the conductivity
of the substrate. Malarkey and collaborators (2009; fig. 1.20) prepared different
SWNT-PEG graft copolymers, to be used for sustaining neuronal growth in vitro,
whose conductive properties varied in relation to CNT concentration.
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Fig.1.20:
Chemically functionalized conductive SWNT substrates of vary conductivity permit neuronal
survival and neurite outgrowth as shown by the ability of cells to retain the vital dye, calcein.
Arrows indicate growth cones. Scale bar, 10 µm
(Malarkey et al., 2009).

By labelling cells with a fluorescent dye, they studied neuronal morphology in
different conditions, observing that a low range of conductivity values (around
0.3 S/cm) promoted the outgrowth of neurites with a decrease in the number of
growth cones as well as an increase in cell body area, while higher conductivity
values blocked these changes (Malarkey et al., 2009; fig. 20).
These studies, concerning electrically charged and/or biomolecule-modified CNT
or variations in CNT conductive properties, are extremely interesting, because
they pave the way towards the design of smart neuroprosthesis able to
selectively

encourage/discourage neurite outgrowth (Liopo et al., 2006;

Matsumoto et al., 2007).
A further opportunity provided by CNT in the field of tissue engineering is
correlated to the differentiation of stem cells. Two recently published papers,
(Chao et al., 2009; Kam et al., 2009) show that CNT copolimers are able to
promote differentiation of stem cells towards the neuronal fate, assessed by the
expression of specific neuronal markers, such as β-tubulin (Chao et al., 2009), or
by monitoring the formation of active synapses, via electrophysiological
recordings (Kam et al., 2009).
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Thus, an increasing amount of experimental evidence, indicates CNT as an ideal
scaffold for brain tissue engineering. In particular, appropriately modified
nanotubes, can support and direct elongation of neurites, and can guide neuronal
differentiation from stem cells. In addition, as it is describes in the next
paragraph, CNT can be exploited to deliver or to detect electrical signals in a
modern design of neural interfaces.

1.2.5.2 CNT and neuronal interfaces
An emerging application of CNT to the nervous system is related to the issue of
brain machine interfaces. These devices are design to provide a direct
communication pathway between CNS structures and an external effector in
order to restore abilities to patients who have lost sensory or motor function
because of disease or injury.
In this context, electrical recording or stimulation of nerve cells is widely
employed in neural prostheses (for hearing, vision, and limb-movement
recovery), in clinical therapies (treating Parkinson’s disease, dystonia, and
chronic pain), and in basic neuroscience studies. In all these applications,
individual electrodes or microelectrode array (MEA), characterized by various
shapes and dimensions, stimulates neurons and/or record their activity and
modulates their behavior.
Ideally, an implanted stimulation electrode should maintain stability over time with
a high spatio-temporal resolution of signals, being safe for the patient. Often
these requirements are conflicting, because small electrodes, useful to reduce
brain damage in the site of implantation, need high current density to be
efficacious and this can cause abnormalities in neural functions and cell
structures (Brummer & Turner, 1977).
CNT, thanks of their nanometer size and their conductive properties, might be
advantageous for designing novel brain machine interfaces.
A first series of studies have addressed the ability of CNT to deliver electrical
stimuli to nerve cells. The first example of neuronal electrical stimulation through
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CNT is reported by Liopo and colleagues (2006). CNT were deposited onto
polyethylene terephthalate films and a separated stimulation chamber was
created by putting a ring in the middle of the film to contain dorsal root ganglion
neurons, while the stimulating electrodes were attached to the CNT substrate
outside of the ring. It has been found that a current step of 1 µA amplitude,
applied directly to the CNT substrate, elicited a neuronal response, monitored as
inward transmembrane current by whole-cell patch recordings; such an inward
current was indistinguishable from those induced by direct patch-clamp
electrode-mediated depolarizing voltage steps.
Similarly, Gheith and coworkers (2006) showed that neurons were activated by
steps of electrical stimulation delivered through SWNT films, made by the layerby-layer method, which consists in alternate layering with a negatively charged
polyacrylic acid polymer and positive charged SWNT.
Although these were the first evidences of successful stimulation of neurons via
CNT substrates, the nature of the interaction between neurons and nanotubes
was still poorly understood.
New insights about this issue were obtained by the work of Mazzatenta and
coauthors (2007): by using an experimental setting similar to that reported by
Liopo, these authors found that neuronal circuits, chronically grown on SWNT
substrates, could be effectively stimulated via the SWNT-layers (fig. 1.21).

Fig. 1.21:
Experimental setting: CNT are deposited on a glass coverslips. Electrical stimulation is delivered
in a dry portion of CNT layer via Ag wire, while neurons are located in a separated area in
presence of recording solution; their activity is monitored through a patch clamp pipette
(Mazzatenta et al., 2007)
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In fact, they observed that the delivery of voltage steps via Ag wire-SWNT layer
induced in hippocampal cultured neurons monitored in voltage clamp mode the
appearance of fast inward currents, which were abolished by tetrodotoxin (TTX),
a selective blocker of voltage gated fast sodium channels. When recording in
current clamp, suprathreshold stimulations elicited repetitive APs. However the
effective stimulation of neural network via SWNT was proved by monitoring the
emergence monosynaptic responses in neurons connected with ones in which
presumably CNT mediated stimulation induced APs (fig. 1.22).

Fig. 1.22:
Left, respectively current and voltage clamp recordings of monosynaptic responses evoked via
SWNT stimulation ( *). Right, upper part, voltage clamp recording of spontaneous activity; below,
magnifications of evoked monosynaptic response and of a spontaneous event.
(Mazzatenta et al., 2007).

In addition, the presence of tight contacts between neuronal membranes and
CNT were imaged by means of SEM (fig. 1.23; Mazzatenta et al., 2007),
indicating, together with electrophysiological experiments, the presence of an
electrical coupling between CNT and neural membranes.
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Fig. 1.23:
SEM images of cultured hippocampal neurons on SWNT. (A) High magnification micrograph
showing SWNT details. (B) (C) (D) Subsequent micrographs at higher magnifications of neurons
grown on SWNT (10 days).(E)(F) Details of the square in (D) showing the interaction between
neuronal membrane and SWNT. Calibrations: 1 µm (A); 200 µm (B); 25 µm (C); 10 µm (D); 2 µm
(E); 450 nm (F, Mazzatenta et al., 2007).

The next advance in development of CNT based neuronal interfaces was
reported by Wang and collaborators (2006). They designed a prototype of neural
interface, using vertically aligned MWNT pillars as microelectrodes (VACNF),
which offered a high charge injection limit (1-1.6 mC/cm2) without faradic
reactions. Then, they cultured rat hippocampal primary cultures on the device
and, while neurons were stimulated via CNT electrodes, neuronal activity was
optically monitored by observing intracellular Ca2+ level changes using a
fluorescent calcium indicator. This study outlines CNT can be applied to provide
safer and more efficacious solutions for neural prostheses than previous metal
electrode approaches (Wang et al., 2006).
In addition, CNT forming the neuronal interfaces can be covered with electrically
conductive polymers, such as polypyrrole, in order to improve mechanical
properties of the substrate, the efficacy of the electrical stimulation and the
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general biocompatibility (Nguyen at al., 2007); potentially, this might provide also
a method for controlled drug release into the local environments (Abidian, 2006).
Carbon nano-fiber electrode architectures have been further employed to provide
long-term, neuron-electro-analytical measurements of the dynamic processes of
intercellular communication between excitable cells. Multi-element electrode
arrays composed of individually addressed VACNF were used as substrates for
culturing of both neuronal-like derived cell lines (PC12) and primary cells (rat
hippocampus) over extended periods (days to weeks; McKnigth at al. 2006).
Neuronal activity was monitored at electrodes site in terms of detection of easily
oxidized species generated by the cultured cells, i.e. neurotrasmitters.
Preliminary data also suggested that quantal release of easily oxidized
transmitters can be observed at nanofiber electrodes following direct culture and
differentiation on the arrays for periods of at least 16 days (McKnigth at al.,
2006).
Recently, researchers are focusing on optimization of production process in order
to obtain CNT based MEA systems easily and with high degree of reproducibility.
Shein and collaborators (2009) prepared CNT-MEA systems by means of a
conventional microfabrication technique, where CNT were deposited through
chemical vapor deposition growth procedure utilizing metal electrodes as a
catalyst material. They tested chips by culturing rat cortical neurons on them:
they observed that, after several days in culture, neurons and glial cells
aggregated and accumulated on CNT covered regions and it was possible to
record neuronal activity via CNT electrodes up to 60 days in vitro with high
stability (fig. 1.24).
At the same time, electrical stimulation could be delivered by an electrode and
the response of neuronal network was recorded with adjacent electrodes. This
work shows how CNT can be exploited to design biocompatible, long lasting
stimulation/recording systems, where microfabrication technique allows the
design of patterned network.
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Fig 1.24:
SEM images of neuronal (a) and glial (b) cells adhering selectively on CNT covered electrodes
(Shein et al., 2009).

Shoval and coauthors (2009) employed a similar procedure to develop CNT-MEA
devices, which were exploited to record the activity of whole-mount neonatal
mouse retinas. After minutes from the placement of retinas on electrodes, they
could monitor neural spontaneous activity as typical bursting and propagating
waves with a higher signal-to-noise ratio in comparison with commercially
available electrodes . Interestingly, the recorded signals underwent over a period
of minutes to hours to a gradual increase in spike amplitude, suggesting a
dynamic interaction between CNT and neurons, which resulted in a improvement
in cell electrode coupling (fig. 1.25).
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Fig.1.25:
Recordings of neural activity with CNT electrodes yield higher signal-to-noise ratio and
amplitudes than commercial electrodes
(Shoval et al., 2009).

A simpler method to prepare CNT-MEA chips has been proposed by Gabriel and
coworkers (2009): a suspension of purified SWNT produced by arc discharged
was directly deposited onto standard platinum electrodes and such device was
employed to perform extracellular ganglion cell recordings in isolated superfused
rabbit retinas. The use of SWNT MEA systems appeared advantageous, as they
can successfully recorded the APs generated by a population of ganglion cells in
a greater proportion than compared when using Platinum-only electrodes with
the same physical geometry.
Conventional tungsten and stainless steel wire electrodes, coated with CNT
using electrochemical techniques, tested in vivo conditions in rats and monkeys,
have been found to be better suited for stimulating and recording neural activity
than the conventional bare metal-based electrodes, thanks of CNT low electrode
impedance and increased charge transfer (Keefer et al., 2008).
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Recently, another fascinating view is emerging in the field of CNT based
neuronal interfaces, namely that they provide not only a better quality in spatiotemporal resolution of recorded signals, but that CNT might influence the fate of
cells, thanks to CNT intrinsic properties.
In fact, it has been observed that electrical activity of rat hippocampal neuronal
network developed on CNT immobilized microelectrodes is characterized by an
earlier onset (4 days after seeding) in comparison with the one of cultures grown
on not CNT-covered electrodes. The authors suggested that the increase in
surface roughness in CNT immobilized microelectrodes provides cells with a
larger surface area to adhere leading to an increase in the activation of adhesion
integrins, which might promote a faster neuronal differentiation (Khraiche et al.,
2009).

1.2.5.3 CNT and drug delivery systems in the CNS
As previously reported, CNT are interesting candidates for drug delivery
applications, because of their ability in entering cells and of their availability for
chemical manipulation, which allows the design of multi-function systems. For
these reasons, several research groups focused their studies on the ability of
CNT to directly release drugs in the CNS.
In the next paragraph, I reported a series of preclinical studies, which
investigated the effect of soluble CNT on neurons in order to understand if this
nanomaterial will be able to be exploited in brain drug delivery devices in the
future. Although such investigation is in its infancy, several works, often
presenting contradictory results, have been recently published on this matter.
In 2005, Ni and colleagues reported for the first time the treatment of
hippocampal dissociated neuronal cultures with chemically-functionalized water
soluble SWNT. The three days incubation with SWNT functionalized with grafted
copolymers [poly-m-aminobenzene sulphonic acid (PABS) and polyethylene
glycol (PEG)] to the culture medium at the final concentration of 1-5 µg/mL did
not affect the viability of neurons, while inducing their morphological
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modifications, in terms of enhancement of neurites outgrowth and of the
suppression of the number of growth cones in comparison with control (the
solvent of CNT, distilled water, fig. 1.26).

Fig. 1.26:
fluorescent images show live neurons accumulating calcein and grown on PEI (A), AP-MWNT
(B), and SWNT-PEI (C). Scale bar, 20 ím. Arrows indicate growth cones. (D) Parameters of
neurite outgrowth and branching. Asterisks indicate significant
difference in measurement (*, p< 0.05; **, p < 0.01,
Hu et al., 2005).

By using Ca2+ imaging technique, the authors showed that the depolarizationdependent influx of Ca2+ into the neurons was inhibited by CNT treatment and
this interference with intracellular calcium homeostasis could be linked to the
detected morphological differences (Ni et al., 2005). Unfortunately, the impact of
PABS and PEG alone was not reported.
In a subsequent paper (Malarkey et al., 2008) these authors suggested a
mechanism responsible for SWNT-PEG enhancement of neurites outgrowth. By
using a fluorescent dye to monitor plasma membrane/vesicular recycling, these
authors found that neurons incubated with SWNT-PEG under the conditions
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previously reported, presented an inhibition in endocytotic processes. The
authors speculated that such an inhibition be due to the insertion of CNT into the
opening of vesicles, that, after having transiently fused with the membrane,
remain blocked. Thus, the membrane of “CNT-blocked” endocytotic vesicles feed
the neurites extension. However, the potential role of polyethylene glycol chain
per se was again not analyzed.
Although the suggested mechanism responsible for neurites outgrowth should be
general and applicable to other types of neuronal cells, Belyanskaya and
collaborators (2009) treated with SWNT, dispersed in non-ionic detergent PS80
and characterized by different degrees of agglomeration, neuronal and glial cell
primary cultures from both peripheral and CNS, without finding comparable
effects. Shorter incubations (16 hours) but with a higher dose of CNT (30 µg/mL)
did not affect neurites outgrowth velocity. However other toxic effects previously
not detected, such as cell death, were seen by means of Hoechst and ELISA
assays and were correlated to the CNT dispersion degree and concentration (7.5
- 30 µg/mL for six days); in this case the effect of detergent alone was analyzed
to exclude its toxicity. The cytotoxic effects of CNT affected more glial than
neuronal cells, and peripheral neurons were more sensitive to CNT than CNS
ones, both in terms of decreased viability and of alterations in electrophysiological properties and ionic conductances (Belyanskaya et al., 2009).
Modifications in ionic channel activity by soluble CNT are also described in
another work (Xu et al., 2009), where the treatment of undifferentiated
pheochromocytoma (PC12, neuronal precursors) cells with 5 µg/mL of carboxyterminated MWNT for 6 hours determined the suppression of the current
densities of three different types of potassium (K+) channels (transient outward
current, delayed rectifier current and inward rectifier current) measured at
different time points (6, 12, 24 hours from the beginning of incubation). The
blockage of K+ currents was time dependent and irreversible. A series of
experiments, where, upon CNT treatments, no variations in several parameters,
such as the intracellular Ca2+ concentration, ROS production and mitochondrial
membrane potential were detected, indicated that such an inhibition could not be
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simply categorized as side-effect of

oxidative stress induced by the

nanoparticles. In opposition to these data, several papers do not report any
alteration in neurons and glial cells after treatment with soluble CNT.
Bardi and colleagues (2008) showed by using Hoechst assay that MWNT coated
with Pluronic F127 (PF127) surfactant did not induce apoptosis in cortical
neurons in vitro (48 hours of incubation with 3.5 µg/mL CNT, fig. 1.27) and, in
addition, they reported for the first time that the in vivo injection of CNT in the
mouse cerebral cortex did not cause degeneration of the neurons surrounding
the site of administration (Bardi et al., 2008).

Fig. 1.27:
Confocal microscopy image of mixed primary neuronal culture in the presence of pristine MWNT,
indicated by yellow arrows
(Bardi et al., 2009).

In another paper (Kateb et al., 2007), the cytotoxicity of MWNT suspended in PF
108 surfactant on the GL261 glioma cell line was tested: incubations at different
concentrations (not reported) with CNT for 48 hours did not modify the rate of
cellular proliferation.
From the reported data, it is not still clear if CNT are safe materials and can be
employed in drug delivery strategies.

63

Actually, the problem seems to concern more the method of preparation rather
than the nanomaterial in itself. As reported, CNT possess various dimensions,
lengths, number of walls, degrees of purity, metal contempt. CNT can also vary
for differences in production, purification and functionalization procedures
available, all these parameters are to often neglected in specific sections of the
papers.
The importance of a detailed chemical characterization of nanomaterial
employed in biological applications emerges from three recently published
papers.
Vittorio and colleagues (2009) investigated the effects of various physicalchemical

features

of

highly

characterized

MWNT

on

cultured

human

neuroblastoma cells by using a wide range of techniques. They observed that
temporal restrained CNT incubation (three days) did not affect the viability of
neurons regardless the degree of purity of the employed sample, while prolonged
treatment (2 weeks) caused apoptotic phenomena in cells exposed to 97% pure
MWNT, but, notably, cells incubated with 99% pure MWNT showed only a small
amount of cell death: the toxic effects observed during prolonged culturing, were
due to the accumulation of nanotubes and impurities within the cells.
In addition, the authors observed that low concentrations (up to 10 µg/ml CNT)
did not damage cells but when the dose of the nanoparticles increased (50 µg/ml
– 500 µg/ml) cellular viability decreased and the toxic effects were more evident
in cells treated with less pure CNT samples (Vittorio et al., 2009).
In accordance to these results, Jakubek and coworkes (2009), treated tsA201
human embryonic kidney cell line expressing cloned neuronal Ca2+ channels with
samples of unpurified and differently purified SWNT at different concentrations
(0.1 µg/ml-100 µg/ml). They detected that not purified SWNT induced a dose
dependent blockage a Ca2+ channels which was due to the presence of impurity,
namely yttrium and nickel (Ni2+), as the same CNT sample after purification did
not affect Ca2+ currents (Jakubek et al., 2009).
In this context, Dong and coworkers (2008) studied the impact of different
surfactants employed to suspend SWNT on biological materials: they found that
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reagents such as sodium dodecyl sulfate (SDS) and sodium dodecylbenzene
sulfonate (SDBS), induced toxicity alone on 1321N1 human astrocytoma cells
also in very low doses (i.e. 50 µg/ml), whilst other ones, such as sodium cholate,
did not have toxic effects although used at higher concentrations (Dong et al.,
2008).
All together, these studies show that the toxic effects of CNT are negligible when
low concentrated samples (5µg-10µg) are used, doses that seem ideal to design
and develop nanovectors for drug delivery, but when CNT concentrations are
increased (50µg-500µg), it is necessary to use the best purity sample to reduce
the cytotoxic effects of the residual catalyst and/or surfactant; hence, the need of
CNT characterization is riveted.

1.3 Hippocampal cultures as neural network model
In this section, cultured neural networks are introduced and described. In
general, these model systems are extremely helpful in studying the impact of
interfacing CNT to neurons. In particular, I will focus on dissociated hippocampal
cultures, which are the in vitro model used throughout this study to investigate
neuronal interactions with CNT interfaces.

1.3.1 General features of neural networks
Neuronal

networks

are

computational

systems

devoted

to

information

processing, composed of physically interconnected neurons able to perform a
specific physiological function. Our CNS, indeed thanks to the activity of neural
networks, has the ability to perform complex functions, such as sensory
perceptions, planning voluntary movements, memory, attention, and, of course,
consciousness. The CNS is composed mainly of two types of cells: glial cells,
which are the most numerous and have a supportive, protective and regulatory
role, and neurons, which are the primary computing element. Briefly, neurons
transmit information to other mainly via a pulsed electrical code through
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specialized processes (axons). Each neuron receives variable amount of
converging inputs, that, in the majority of cases, are elaborated at the dendritic
level. At the sites of connection (synapses), information is transmitted across a
synaptic cleft; here, neurotransmitter molecules are released due to APs from the
end of the axon and they diffuse to specific receptors on the receiving neuron.
This process converts the chemical code back into an electrical signal, different
inputs can be integrated and, if the resulting signal possesses the suitable
characteristics, can be transmitted along the next axon. An important feature of
synapses is that they are modifiable according to the prior history of activity in the
system (Kandel, 2000).
How the CNS accomplishes complex functions via the activity of neural networks
has been intensely investigated, ultimately for two main assumptions:
1) the identification of the mechanisms at the basis of the generation of
neural codes may allow the knowledge needed to cure CNS diseases,
where presumably such mechanisms are altered (Eidelberg, 2009);
2) the comprehension of rules underlying CNS processes may lead to the
development of artificial neural network for the improvement of humanmade electronic devices and communication networks (Laughlin &
Sejnowski, 2003)
An example of the study of functionality of neural network aimed at the
understanding of the processes that allow learning, with possible relapses in the
field of artificial intelligence, is the one reported by Marom and Shahaf (2001).
These authors showed, for the first time, that in vitro networks of cortical neurons
could learn arbitrarily-chosen tasks. They focally stimulated cortical neuronal
network on MEA devices at a low frequency (0.3-1 Hz) until a desired predefined
response was observed 50 ms after a stimulus, then the stimulation was stopped
for 5 minutes. The authors observed that upon repeating the stimulation cycles
several times, the desired response was obtained with a progressively reduced
number of stimuli. In other terms, this implies that the network was learning the
task (Marom & Shahaf, 2001).
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On the other hand studies involving the development of artificial neural networks
(ANN) are finding applications in, for example, multivariate analysis for
interpretation of complex data.
For instance, in the biomedical field, ANN are employed in the analysis of
genome sequencing, in the modeling of gene networks, in the DNA and proteins
pattern recognition and in the protein structure prediction (Astion & Wilding,
1992) as well as for differential diagnosis in a wide range of pathologies
(Timmerman, 2004; Zini, 2005; Andriulli et al., 2007).

1.3.2 Biological neural networks
Before employing neural networks to study neuron-nanomaterials interactions, it
is fundamental to understand how biological neural networks develop and work;
for a complete comprehension of neural circuit properties, such investigation
should be conducted at three different resolutions: at single cell level, to
understand which features confer neuronal ability to integrate and retransmit
signals; at synaptic level, to characterize the rules and impact of plastic changes
in transmission efficacy; at global level, to understand how different mechanisms
contribute to the generation of the final output.
In the last decades, several techniques have been employed to address neuronal
circuits, also in respect of these three levels of investigation, often with the final
goal of simultaneously recording the activity of large numbers of neurons.
Neural networks can obviously be studied in vivo to accomplish the “global level
rule” (whether the entire brain or brain large regions), through technologies such
as the functional magnetic resonance imaging (MRI), which is based on the
detection of blood oxygen levels using molecular resonance imaging technology,
or positron emission tomography (PET) scans, where a radiolabeled glucose
analogue is employed to measure metabolic activity. Although such techniques
allow the simultaneous recording of entire brain activity, they are usually limited
by low temporal resolution.
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The use of in vitro models in place of in vivo ones presents several advantages,
among these, the possibility of investigating neural networks with a better spatiotemporal resolution, namely at the cellular and synaptic levels. However, in vitro
models display several limitations. First of all, these models allow the
simultaneous investigation of limited numbers of neurons kept in a artificial exvivo environment. Studying neural networks in vitro cannot be assumed by any
means even close to studying the entire brain behavior, but it helps enormously
in understanding the rules governing neural circuits behavior.
Being aware of such limitations, an approach to study the activity of neural
networks with a higher spatio-temporal resolution consists in electrophysiological
recordings from acute tissue slices isolated from the brain. Although brain slices
are just a little portion of entire CNS, they can be kept alive and functional for
hours, and they preserve the same cytoarchitecture observed in the intact
animal. In these systems it is possible to perform recordings directly from single
neurons by means of intracellular sharp electrode or patch clamp techniques or
from small clusters of neurons by extracellular recordings of field potential or
multi units. These techniques allow to monitor simultaneously a limited number of
neurons and only for the narrow lifespan during the experimental procedure
(Colicos & Syed, 2006).
The last problem can be overcame thanks of the use of dissociated cultures, of
course with the price of an additional step of simplification of the network model.
Neurons dissociated in cell cultures are explanted from their respective areas in
the intact brain, and, upon re-growing in vitro, can recapitulate their connectivity
patterns with the added experimental value of remaining viable for weeks or
months on appropriate substrates and in the presence of trophic factors (Potter
and DeMarse, 2001).
During the dissociation process, the original in vivo cytoarchitecture is lost,
however, neurons, especially obtained from embryo or neonatal rodents, show
an extraordinary ability in re-establishing ex novo synaptic connections, which
present properties resembling to ones seen in vivo.
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Exemplificative is the case of dissociated retinal neurons, which, once grown in
the presence of appropriate growth factors, recapitulate during their development
in culture waves of activity usually detected in the entire retina (Colicos et al.,
2004).
In addition, as dissociated cells can be placed in close contact with their growth
substrate, this provides a unique advantage to develop an entirely new way of
interfacing recording devices with neurons and such knowledge might be
exploited in the field of brain machine interfaces.

1.3.3 Factors involved in the modulation of neural network activity
Both in in vivo and in vitro conditions, the activity of neuronal network is not
always identical over time, but it can be modulated by changes in the intrinsic
electrophysiological properties of single neurons, belonging to the circuit, (Llinas,
1988), or by changes in synaptic interactions (Steriade, 2000), which are not
hard-wired, but rather exhibit a high degree of plasticity. In other terms, the
network plasticity can be defined as the sum of individually summated synaptic
changes that occur in groups of functionally related neurons. CNS network
dynamics are complicated by the fact that changes at a single synapse are
themselves activity dependent and driven by the complexity of the network itself.
Neurons rarely receive inputs from a single source at a given time; the input
signals are thus integrated from many different converging contacts and
subsequently retransmitted in parallel to an equally larger number of targets.
Thus, synaptic plasticity changes at single synapse level can largely modify the
activity of neural networks (Colicos & Syed, 2006).
Dendrites, the structures that receive inputs, are not a tree of passive electrical
cables, but they express a variety of active conductances, such as voltage gated
sodium and Ca2+ channels, which, after generation and propagation of AP in the
axon, may favour or potentiate its backpropagation in dendrites (Holthoff et al.,
2006).
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Such a phenomenon (backpropagating APs), occurs at single neuron level, and
has important implications in the modulation of synaptic plasticity.
In fact, in their pioneering work on pyramidal neurons of acute cortical slices,
Markram and colleagues (1997) discovered that the pairing of a synaptic input
(i.e., excitatory postsynaptic potentials, EPSPs) with an AP, fired during a narrow
time window of several tens of milliseconds in the same cell, produces a long
lasting change in the efficacy of synaptic transmission. The direction of the
change in synaptic transmission was shown to be dependent on the sequential
order of the two events, with a millisecond time precision. If the EPSP comes first
and the postsynaptic AP follows within a time window of typically less than 20
ms, long term potentiation (LTP) of synaptic transmission efficacy is induced. If
the order is reversed, long term depression (LTD) is observed (Markram et al.
1997). The mechanisms underlying timing dependent plasticity have not been
totally understood, however it has been suggested that a crucial role is played by
the backpropagation of APs in the dendritic compartments (Holthoff et al., 2006).
In this context, electrophysiological techniques offer the possibility to characterize
the integrative electrical properties of active neurons by means of specific
protocol of stimulation. For instance, Larkum and collaborators (1999) reported
that bursts of four to five APs (20 to 200 Hz) delivered to pyramidal neurons in
acute cortical slices, elicited large regenerative potentials (afterdepolarization,
ADP) in the distal dendritic zone of the recorded cell. Such an ADP represented
a Ca2+ mediated regenerative potential induced by the summation of
backpropagating APs in dendrites (fig. 1.28). This phenomenon favored APs
generation and thus modifies neural network activity (Larkum et al., 1999).
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Fig. 1.28:
study of integrative properties of a cortical neuron. (A) Reconstruction of a biocytin-filled L5
pyramidal neuron from a 33-day-old rat. (B) Control response recorded at the dendritic
site (top trace) at the critical frequency (90 Hz, solid line) and subcritical frequency (80 Hz,
dashed line).A small depolarization was observable at the soma (arrow,
bottom trace; 90 Hz) corresponding to the fourth broad AP recorded at the dendritic site. (C) After
the addition of the voltage-sensitive calcium channel blocker Cadmium (50 mM), the response
recorded at both sites was similar to the response at subcritical frequencies
(Larkum et al., 1999).

Besides the integrative properties of single neurons, the output of neural network
is controlled by existing interconnections between neurons and by their efficacy
in signaling transmission. An example of such a mechanism is the balance
between inhibitory and excitatory synapses within cortical circuits, which are
modulated both in the immature and in the adult brain, in an activity dependent
way (Liu, 2004).
In fact, it is possible to observe dramatic activity changes by shifting the
inhibitory/excitatory balance, such as the appearance of coordinated firing
pattern and seizure like activity (Romo-Parra et al., 2003; Van Pelt et al., 2005).

1.3.4 Dissociated hippocampal cultures
Dissociated hippocampal cultures are widely used models in neuroscience
research, due to two reasons: hippocampus is a well defined brain region, easily
identifiable for isolation during dissection, and, in this structure, plasticity
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phenomena such as LTP and LTD, presumably involved in synaptic changes
underlying memory and learning, occur (Lynch, 2004). In the field of
nanotechnology applications to neurosciences, this type of bidimensional neural
network in vitro presents further advantages, such as the strong physical
interactions of single cells to the substrate and the accessibility to monitoring the
effects of nanomaterials on neural network activity at different resolution levels.

1.3.4.1 Morphological studies
Banker and Cowan (1977) developed a method for culturing dissociated
hippocampal neurons. Following trypsinization of isolated rat embryonic
hippocampus, the cells were seeded at low density on polylysine-treated
coverslips in an enriched medium. The isolated neurons rapidly attached to the
substrate and initiated process extension (Banker & Cowan, 1977). After a week
in culture, a significant proportion of cells resembled normal pyramidal cells with
a more-or-less triangular shaped soma, a single dominant dendrite-like process
emerging from the apex of the soma, and several "basal dendrites" arising from
the opposite pole of the cell. Comparisons of the lengths of these dendrite-like
processes with those of hippocampal cells visualized in brains of animals
sacrificed at post-natal day fourth showed that in some cases the rate of process
formation in vitro approximates that detected in vivo and that the general shape
of the neurons was remarkably similar to that of immature pyramidal cells
(Banker & Cowan, 1979). Morphological characterization by means of SEM
revealed that dissociated embryonic hippocampal neurons in culture after one
week, presented specializations, which were identified as dendrites or axons
based on their intracellular structures (Bartlett and Banker, 1984a), and at 24
days in vitro, neuronal cell body became larger in diameter, the neurites were
longer and many ultrastructures connected to neuronal activity, i.e. synaptic
vescicles, were visible (fig. 1.29 and 1.30).
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Fig. 1.29:
An electron micrograph illustrating hippocampal neural network reconstituted in vitro.
Calibration bar 100 µm
(Bartlett and Banker, 1984b).

A
B

Fig. 1.30:
An electron micrograph showing pre (A) and post (B)synaptic terminals. Arrows indicate
neurofilaments. Calibration bar 0.5 µm
(Bartlett and Banker, 1984b).

In addition, other cells type, not presenting neuronal specializations, were
identified as glial cells (Bartlett and Banker, 1984b).

1.3.4.2

Functional studies

Cultured brain circuits provide an in vitro simple model of a neuronal network and
offer a variety of investigative levels to answer fundamental questions in
neurobiology such as how neurons reconstruct a functional network, how they
orient their growth trajectory and recognize the target cells, how they rebuild
active synapses, what rules govern such interaction and the nature of the basic
cell circuits that comprise the more complex neuron tissue. In vitro hippocampal
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network activity has been assessed mainly via direct electrophysiological
recordings.
Segal (1983) reported that embryonic dissociated rat hippocampal neurons could
be maintained in culture for 4-6 weeks. During this period, neurons developed a
dense network of interconnections and cell feature a shape with a morphology
similar to that of hippocampal cells in situ. In this work, Segal (1983)
characterized the basic electrophysiological properties of cultured neurons,
including input resistance, resting membrane potential, membrane time constant,
total electrotonic length and spike size. All these parameters were found
comparable to those measured from similar neurons in acute slices.
Depolarization of cells in culture revealed voltage-dependent sodium, Ca2+ and
K+ currents, which were abolished respectively by TTX, cobalt (Co2+),
tetraethylammonium and 4-aminopyridine (Wilcox et al., 1994).
Dissociated hippocampal neurons were able to generate spontaneously electrical
signals (Segal, 1983); both excitatory and inhibitory transmission have been
detected.
Inhibitory post synaptic potentials (IPSPs), spontaneous or evoked ones,
displayed the same reversal potential values of those detected for voltage
responses to gamma aminobutyric acid (GABA) applications and were similarly
blocked by applications of pharmacological blockers of GABA receptors, such as
picrotoxin. The recorded IPSPs presented a relatively long duration and their
decay could be well fitted by a single exponential function with a time constant of
about 20 ms (Segal & Barker, 1984).
In dissociated hippocampal cultures, the administration of glutamate and
aspartate or of excitatory amino acid agonists such as N-methyl-D-aspartate
(NMDA) and kainite (KA), induced depolarizations , whose amplitude was voltage
dependent. Furthermore, NMDA evoked depolarizations were blocked by D-2amino-5-phosphonovaleric acid (APV, Rothman & Samaie, 1985).
By abolishing AP generation with TTX, spontaneous miniature excitatory and
inhibitory post synaptic currents (respectively, mEPSCs and mIPSCs) were found
to persist and were blocked by the same pharmacological antagonists that
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blocked evoked or spontaneous EPSPs and IPSPS (Wilcox et al., 1994). This
combined assay measures three aspects of synaptic function: i. spontaneous
PSCs, generated by AP dependent as well as spontaneous quantal release,
mainly reflect random firing of local neurons and thus provide an index of
changes in network activity and single interneuron; ii. mPSCs measurements are
independent of network function and primarily help to localize the observed
changes in synaptic transmission to pre and/or postsynaptic level; iii. evoked
PSCs will assay mono and polysynaptic projections to the recorded cell.
In the last decades, various approaches have been developed to monitor the
single-neuron, the synaptic and the microcircuit properties in vitro (multi-patch
whole-cell recordings, simultaneous recordings combining different techniques
such as extracellular and intracellular modes). More recently, MEA systems
represent an extraordinary tool to monitor the development of spontaneous
electrical activity of neuronal networks in culture, providing the possibility of
recording neuronal signals simultaneously from different channels and for long
periods of time (fig. 1.31).
Cultured hippocampal networks, despite of the variability in the experimental
strategies adopted, basically due to the variable ages of animals used for the
explant and to the variable cell density used for culturing, usually show a
common developmental trend.

Fig. 1.31:
Dissociated hippocampal culture growing on MEA. The black solid circles are micro-electrodes,
which diameter is 30 µm and space between micro-electrodes is 200 µm
(Li et al., 2005).

75

Neurons usually initiate to generate single spontaneous APs within the first week
in vitro. In the following days, the rate of spontaneous activity increases, due to a
progressive enhancement in synaptic connectivity of the network, however single
APs occur still at random. After the second-third week in culture, APs are
progressively synchronized into bursts of activity (Li et al., 2005), represented by
fast series of spikes of decreasing amplitude, with short inter spike intervals
(Harris et al., 2001). Interestingly, Chen and collaborators (2006) observed that
the firing rate was faster before the initiation of burst and became slower during
the bursting episode. During bursting activity, neighboring electrodes showed a
high degree of synchrony. The authors supposed that such improvement in firing
rate detected before bursting could activate inhibitory interneurons, which,
forming synaptic contacts with several pyramidal neurons, acted as a pacemaker
for the synchronization of network activity. However, the authors pointed out
that, although MEA systems allow a very efficacious monitoring of the activity of
entire network, such approach is insufficient to analyze single neuron activity and
to give information on phenomena occurring at this level (Chen et al., 2006).
Other studies reported that spontaneous neural network activity can be
modulated or drastically changed by focal electrical stimulation through MEA
electrodes, pharmacological manipulations or network segregation (Li et al.,
2005, Chiappalone et al., 2007). By means of asynchronous extra-cellular
electrical stimulation, it is possible to recreate particular cortical activity regimes,
such as the background irregular firing of cortical neurons and the up and down
cortical states.
Compared to MEA systems, a more detailed investigation of synaptic properties
and plasticity can be achieved through the dual recordings approach, because it
can reveal modifications of synaptic operativity and strength. Recording
simultaneously from pairs of hippocampal neurons, Wilcox and coworkers (1994)
elicited APs (under CC conditions) in the presynaptic neurons in a controlled
fashion, and evoked excitatory or inhibitory monosynaptic responses (EPSCs
and IPSCs, respectively) in the postsynaptic ones (under VC conditions). While
excitatory responses were mediated by NMDA or non-NMDA ionotropic
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glutamate receptors, evoked inhibitory currents were due to the activation of
postsynaptic gamma-aminobutyric acid (GABA) receptors. Both types of
transmission displayed short term depression in response to presynaptic high
frequency stimulation (Wilcox et al., 1994).
Segal (1984) reported that connections among adjacent neurons presented more
frequently IPSCs, and that IPSCs and EPSCs can be distinguished on the base
of their decay time constant (being IPSCs significantly longer than EPSCs,
Segal, 1984).
Basarsky and collaborators (1994) investigated the time course of synapse
development in dissociated postnatal rat hippocampal cultures by means of pair
recordings. First of all, by patch clamping single neurons, they found that
spontaneous activity appeared at two days in vitro and in the following days
events frequency increased. They observed that excitatory and inhibitory events
were mediated respectively by AMPA and GABAa receptors, as the
pharmacological treatment with CNQX and picrotoxin removed any network
event. The lack of detectable NMDA components in these responses was
attributed to the lack of extracellular glycine together with the presence of Mg2+ in
the extracellular solution. Therefore, the development of functional synapses was
examined using pair recordings, where putative presynaptic neurons were
stimulated to fire AP and postsynaptic neurons were simultaneously monitored
for the occurrence of correlated PSCs. Bidirectional connectivity was analyzed
for each pair of neurons (fig. 1.32).
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Fig. 1.32:
Evoked and spontaneous synaptic connections in hippocampal neurons 12-13 days after plating
into culture. A: Upper trace, left, recording of spontaneous inhibitory and excitatory synaptic
events. Right, inhibitory spontaneous synaptic events are blocked by bath application of 100 µM
picrotoxin. Lower trace, evoked inhibitory synaptic connections in normal saline (I) or with bath
application of 100 µM picrotoxin (2). B: Upper trace, left, spontaneous inhibitory and excitatory
synaptic events in a different cell than A. Right, excitatory spontaneous
synaptic events are blocked by bath application of 10 µM CNQX. Lower trace, evoked excitatory
connections in normal saline (I) are abolished in the presence of CNQX (2,
Bakarsky et al., 1994).

By day 4, spontaneous synaptic events were detected in 32 ± 13% of all cells
assayed, while evoked connections were only detected in 11 ± 4% of all synaptic
pairs assayed. On day 12, spontaneous events were detected in 86 ± 17% of all
cells assayed, and evoked monosynaptic connections were detected in 75 ± 22%
of all pairs assayed. Both excitatory and inhibitory evoked postsynaptic
responses were found. The temporal pattern of development shows that the
appearance of evoked synaptic transmission was delayed in comparison to that
of spontaneous synaptic events (Basarsky et al., 1994).
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Melnick and colleagues (1999) reported that in dissociated postnatal rat
hippocampal cultures, after two weeks in vitro, about 50-60 % of neuronal pairs
exhibited GABAa receptor mediated IPCS, that were blocked by 10 µM
bicuculline.

1.3.4.3 Synaptic plasticity in neuronal cultures
Dissociated hippocampal cultures have been considered as excellent models to
investigate the generation of plastic changes in neural network activity.
Just to mention some of these studies, Bi and Poo (1998) showed that correlated
spiking in pre- and post-synaptic cultured neurons induced the expression of
persistent potentiation or depression in glutamatergic synapses (Bi & Poo, 1998).
Accordingly, other studies reported the presence of post-tetanic depression or
potentiation in GABAergic synapses (Jensen et al., 1999a; Storozhuk et al.,
2002). Ivenshitz and Segal (2006) demonstrated that long term plasticity of
excitatory and inhibitory transmissions could occur simultaneously, but
independently, to modulate the output of neural networks (Ivenshitz & Segal,
2006).
I will focus, in the following paragraph, on the phenomenon of short term
plasticity at GABAergic synapses.
Activity-dependent depression of IPSPs is a prominent feature of GABAergic
synaptic transmission in the mammalian CNS (Thompson et al. 1993).
In dissociated embryonic rat hippocampal cultures, it has been found that
GABAergic neurotransmission exhibits frequency-dependent modulation. In fact,
paired pulse stimulations of inhibitory postsynaptic currents (IPSCs) evoked with
interstimulus intervals between 25 ms and 4 s, routinely resulted in the
attenuation in the amplitude of the second IPSC. This form of short term synaptic
plasticity is known as paired pulse depression (PPD).
While in hippocampal brain slices PPD is partly due to the activation of
presynaptic GABAb autoreceptors, which leads to a reduction of GABA release
(Davies et al., 1990), this mechanism is not involved in short term depression in
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in vitro conditions, in fact the pre-treatment with three GABAb receptor
antagonists (CGP-35348, saclofen, and phaclofen) does not revert PPD.
However, reducing the probability of release, via administration of baclofen (10
mM), which depresses presynaptic Ca2+ entry through N- and P/Q-type voltagedependent Ca2+ channels, decreased PPD (fig. 1.33, Wilcox and Dichter, 1994).

Fig. 1.33:
Left: image of two patch clamped hippocampal neurons in culture.
Right: traces of pairs of evoked IPSCs under various conditions. CGP-35348 has no effect on the
IPSCs and on the degree of PPD exhibited. Baclofen reduces the amplitude of first response and
PPD is eliminated. The effect is not so strong when baclofen is perfused with CGP-35348
(Wilcox and Dichter, 1994)

Jensen and collaborators (1999b) further investigated GABAergic short term
plasticity in hippocampal culture. Stimuli were generated with an interpulse
interval (IPI) ranging from 25 to 2000 ms and PPD was ascribed to depletion of
releasable vesicles at the active zones in the presynaptic terminals. In fact, by
changing external Ca2+ concentration or by applying the K+-channel blocker 4aminopyridine (4-AP), these authors modified the probability of release at
individual release sites, and these changes were positively correlated to PPD
(fig. 1.34).
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Fig. 1.34:
A: representative traces showing the effect of altering external Ca2+ concentration on IPSCs
evoked by paired presynaptic stimulation (IPI 150 ms). B: traces
showing the effect of 4-aminopyridine (4-AP; 50 mM) on IPSCs evoked by
paired presynaptic stimulation (IPI 150 ms,
Jensen et al., 1999b).

Furthermore, stimuli consisting of trains of 80 pulses were applied and, at all the
frequencies tested (2.5 to 80 Hz), a gradual decrement in amplitude of
consecutive IPSCs (tetanic depression) was detected. Similarly to PPD, tetanic
depression depended on the external calcium concentration (Jensen et al.,
1999b).
Voltage dependent calcium channels seemed to play a crucial role in frequency
dependent depression mechanisms, as indicated by the ability of baclofen (10
µM) to reduce tetanic depression (fig. 1.35, Jensen et al., 1999c).
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Fig. 1.35:
Left: representative traces showing tetanic depression IPSCs in control solution and in the
presence of 10 mM baclofen. Trains at 80 Hz for 1 s were delivered to the presynaptic GABAergic
neuron. Right: histogram showing tetanic depression in control solution and in the presence
of baclofen. Tetanic depression was 20.0 ± 13.5% in baclofen (n= 54)
compared with 55.4 ± 11.8% in control (*P , 0.05,
Jensen et al., 1999c)

As shown in this section, dissociated hippocampal cultures are an ideal and
simple model to study neural behavior. Network activity can be investigated
through electrophysiological techniques at different resolution levels (at the single
cell, synaptic or network level). Furthermore, in these neural networks in vitro
synaptic plasticity phenomena occur and they can be examined quite easily by
means of pair recordings.
These features together with the bidimensional organization of the dissociated
cultures, which allows a tight contact and a strong interaction with the substrate,
make hippocampal cultures one of the best model to explore the impact of CNT
layers on neurons and neural network activity.
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2 Methods
2.1 Preparation of CNT substrates
CNT substrates were provided by Maurizio Prato’s group (University of Trieste;
Organic Chemistry laboratory). The procedure to prepare such substrates follows
mainly the one employed in Lovat et al (2005) with some additional
standardizations in the process to allow more reproducibility of biological effects.
As reported in the introduction, 1,3 dipolar cycloaddition is needed to increase
the solubility of CNT, facilitating dissolution in DMF, allowing purifications and
improving the homogeneity upon the glass substrates. The nanotubes (both
MWNT and SWNT, HiPCO nanotubes, Carbon Nanotechnology Inc., Houston,
Texas) were functionalized via 1,3-dipolar cycloaddition reaction in DMF,
sarcosine, heptanal and after the reaction they were filtered on a membrane and
extensively washed with DMF and dichloromethane (scheme 2.1).

CNT

CNT

Scheme 2.1:
1,3-dipolar cycloaddition, thermal condition on MWNT.

CNT were characterized with TEM (fig. 2.1) and their average length was
calculated. The dispersion ranges from less than 200 nm to 1250 nm (n=91), the
calculated average value being 480 nm (± 250 nm). Furthermore, the metal
content, measured by means of thermal gravimetric analysis was found to be
about 3.9 % and it did not perturb cell viability.
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Fig.2.1 :
TEM image of CNT (scale bar 1 micron). Distribution of CNT lengths.

For deposition on glass coverslips, CNT solution (2 mL) was deposited at 0.01
mg/mL on each glass support and then, after slow evaporation of DMF (100°C),
the substrates were treated for 20 minutes in oven at 350 °C under nitrogen
atmosphere in order to remove the organic functionalization (scheme 2.2).

Scheme 2.1:
schematic representation of MWCNTs depostition over glass substrates and subsequently
defunctionalization.

Resistivity of the CNT deposition was estimated to be 1.0–1.2 Ωmm (SWNT) and
10-20 Ωmm (MWNT), by the 4-wire measurement technique and a Precision
Impedance Analyzer (4294A, Agilent Technology, Santa Clara, CA, USA). CNT
deposition with a uniform cross-section thickness of 50–70 nm was assumed,
based on TEM (sagittal sections, see below) and SEM investigations using
focused ion beam technique.
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2.2 Dissociated hippocampal cultures
Standard dissociated hippocampal cultures were prepared according to Malgaroli
et al (1992) with slight modifications (Tongiorgi et al., 1997). Hippocampi were
dissected from 0- to 3-days-old animals killed by decapitation in accordance with
regulations of the Italian Animal Welfare Act and approved by the local Authority
Veterinary Service. Isolation and slicing were performed in Dissection medium,
which

contained

200 µM

kinurenic

acid

and

25 µM

2-amino-5-

phosphonovalerate. Tissue slices were digested with trypsin in the presence of
DNase in Digestion medium, blocked with trypsin inhibitor on ice, and dissociated
in medium containing DNase. Cells were recovered, washed by a centrifugation
at 500 rpm and plated on peptide-free glass coverslips and on CNT treated glass
coverslips, placed in Petri dishes and cultured in 5-10% serum-containing
Neuron medium in a 5% CO2 humidified incubator for at least a week. Culture
medium was renewed after two days from seeding and contained additionally an
inhibitor of glial cells proliferation, cytosine arabinoside (Ara C).
Dissection medium contained:
-

Hank’s modified (Ca2+ / Mg2+ free) powder to prepare 1 liter

-

NaHCO3 (4.2 mM)

-

HEPES (12 mM)

-

D-Glucose (33 mM)

-

Kineurenic acid (200 uM)

-

D-AP5, D(-)-2-amino-5-phosphopentanoic acid (25uM)

-

5 µg/ml Gentamicin

-

300 mg BSA (fraction V)

-

12 mM MgSO4

Adjusted to pH 7.3.
Digestion medium contained:
-

NaCl (137 mM)

-

KCl (5 mM)

-

Na2HPO4 (7 mM)

-

HEPES (25 mM)
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-

NaHCO3 (4.2 mM)

-

Kineurenic acid (200 µM)

-

D-AP5, D(-)-2-amino-5-phosphopentanoic acid (25µM)

Adjusted to pH 7.4.
250 mL of Neuron medium contained:
-

250 mL MEM

-

1.5 g glucose

-

0.9 g HEPES

-

25 mg apo-transferrin

-

7.5 mg insulin

-

250 µl biotina

-

vitamin B12

-

gentamicin

Adjusted to pH 7.3.
All reagents were purchased from Sigma-Aldrich, Italy.
In some cultures, cells were quantified before seeding through a Burker cell.
Neurons were seeded at the same concentration on CNT and control substrates.
As control, we employed peptides free glass coverslips in order to compare two
abiotic surfaces.

2.3 Electrophysiological recordings and drug solutions
In this thesis, the used electrophysiological technique is the patch clamp
technique via traditional glass pipette. Patch clamp measurements were
performed in according to Sackman and Neher technique (Sackman and Neher,
1986). This method allows to measure small currents (order of magnitude of pA),
generated by neuronal cells with small cell soma (<15 µm maximum diameter),
such as interneurons.
In all the electrophysiological recordings, we used the whole cell configuration
(after formation of a stable tight seal between the cell membrane and the pipette)
by breaking the patched membrane by applying a moderate negative pressure to
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the pipette. In whole cell the inner solution of the pipette communicates directly
with the intracellular space, leaving the seal intact and allowing the recording of
the activity in the whole cell.
We performed both voltage and current clamp recordings: in the former mode,
we controlled the voltage of the cellular membrane and we measured transmembrane currents, in the latter we recorded the variations of membrane
potential, which could be modified through current injections.
Recordings were performed from dissociated hippocampal cultures after 8-10
days in vitro as previously described (Lovat et al., 2005); briefly, coverslips with
cultures were positioned in a Perspex chamber mounted on an inverted
microscope (Eclipse TE 200, Nikon, Japan) and continuously superfused with the
recording solution at room temperature (RT). Neurons were selected for
recordings. Upon visual identification at 40x magnification under DIC microscopy;
in the case of dual recordings, pairs of neurons 50 ± 300 µm apart were chosen.
Patch pipettes intracellular solution contained:
1) for spontaneous activity recordings: 120 mM K gluconate, 20 mM KCl, 10
mM HEPES, 10 mM EGTA, 2 mM MgCl2 and 2 mM Na2ATP (pH 7.35
adding KOH; Carlo Erba, Italy).
2) for assessment of integrative electrogenic properties and pair recordings:
105 mM K gluconate, 30 mM KCl, 10 mM Hepes, 4 mM MgATP, 0.3 mM
GTP, 30 mM KCl (pH 7.35 adding KOH; Carlo Erba, Italy).
Extracellular recording solution contained: 150 mM NaCl, 4 mM KCl, 1 mM
MgCl2, 2 mM CaCl2 , 10 mM HEPES, 10 mM glucose (pH 7.4 adding NaOH).
Reagents, where not differently specified, were purchased from Sigma-Aldrich,
Italy.
All agents were bath-applied; these included 6-cyano-7-nitroquinoxaline-2,3dione (CNQX, Sigma-Aldrich, Italy), gabazine (SR-95531, Sigma-Aldrich, Italy),
nifedipine (Sigma-Aldrich, Italy), nickel chloride (AnalaR-BDH Chemical,
England), cobalt chloride (C-3169, Sigma-Aldrich, Italy), tetrodotoxin (ttx,
Alomone, Israel).
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Whole-cell patch-clamp recordings were obtained at room temperature
employing patch-pipettes (4-7 MΩ), under GΩ patch sealing, using an EPC-7
amplifier (List, Germany) for voltage clamp recordings; in this configuration,
holding potential was set at -58 mV and values of membrane potentials were
systematically corrected for liquid junction potentials and other offset potentials.
The uncompensated value for series resistance was <8-10 MΩ.
In current-clamp recordings, bridge balancing was continuously monitored and
adjusted. Responses were amplified and stored for further analysis, digitized at
10-20 kHz with the pCLAMP 10 software (Axon Instruments, Foster City, CA).
Statistical analysis was performed with pCLAMP 10 and Origin 6 software and
the employed statistical tests were the T-Student, the Chi Square and the
Kolmogorov-Smirnov tests; differences were considered as statistically significant
when P value was less then 0.05.
Capacitance and input resistance were measured both in voltage and current
clamp configurations at resting potential (-58-60 mV). In voltage clamp mode, cell
was stimulated with a 100 ms lasting hyperpolarizing stimulus (5 mV), then, in
the recording, area below capacitative transients was measured 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. In current clamp configuration, a 100 ms
lasting 0.01 nA negative current injection was performed and the resulting
voltage transient was recorded. Input resistance was valued by means of Ohm’s
law and capacitance was calculated as ratio between constant of decay of
voltage transient (fitted with a monoexponential function) and input resistance.

2.4 Preparation of cultures for microscopy
For electron microscopy, dissociated hippocampal cultures were fixed after 8-10
days in vitro, with a solution containing 2.5% glutaraldehyde (Fluka, Italy) in 0.1
M cacodylate buffer, pH 7.2, for 1 h at RT, then washed in cacodylate buffer for
several times.
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For TEM analysis, fixed cultures were transferred into a PBS solution containing
1% osmium tetroxide (Fluka) for 1 h at RT. Cultures were then dehydrated in
graded ethanol and embedded in epoxi resina (DER 332-732). Ultrathin sections
(85 nm) were obtained from cultures, by cutting the samples in a planar and in a
perpendicular (saggital slices) plane to the surface. Sections were then collected
onto 300 mesh Ni2+ grids, stained with uranyl acetate and lead citrate (Fluka) and
examined with a Philips EM 208 by the digital acquisition system GATAN TVC
673.
For SEM analysis, cultures were dehydrated in graded ethanol and then
metalized with about 10 nm of Ni (6 seconds, 300 W, throttle valve 25%, Argon
25 sccm). SEM measurements were carried out with a Zeiss Supra™
microscope.
Cultures for cell counting were fixed with a solution containing 4 %
paraformaldehyde (PFA, Sigma-Aldrich, Italy) in PBS for 30 minutes at RT, then
rinsed several times with PBS and mounted. The fixed cultures were examined
and images were acquired with a digital system (Leika DC 300F).
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3 Aims
CNT are one of the more promising nanomaterials for electronic, computer and
aerospace industry. Recently, these unique materials have been rapidly
developing as a platform technology for a wide range of biomedical applications
in neuroscience. In particular, CNT have attracted tremendous attention as
potential scaffolds for re-establishing intricate connections between neurons.
This interest is partly due to the organized fractal-like nanostructure of random
CNT dispersions on a substrate, together with high ohmic electrical conductivities
across neighbouring nanoparticles. During the last decade, several research
groups have assessed CNT as substrates for neuronal growth, demonstrating
the biocompatibility of these materials.
In this thesis, I investigated specifically the potential of CNT to integrate with
neurons and neuronal function to answer fundamental questions about the
biophysical interactions between nanomaterials and neurons. In this context,
considered the properties of CNT, my specific interest was in understanding how
such nanomaterials could interface single neurons, given that neurons are
biological objects presenting their smallest organization level at the nanometer
scale and neuronal information processing is based on electrical signals. To
address these issues, I employed neuronal cultures, a well known in vitro model
system of mammalian brain networks, developed on a layer of purified CNT for
up to two weeks. Neuronal behavior was investigated by traditional single neuron
electrophysiology.
The work of this thesis has been conducted in the framework of the European
NEURONANO project, whose major aim was to integrate CNT with MEA
technology to develop a new generation of biochips to help repair damaged CNS
tissues. Among our partners, I am particularly indebt with Maurizio Prato and his
co-workers Sara Cipollone, Francesca Maria Toma and Mildred Quintana
(University of Trieste; Organic Chemistry laboratory), which have developed CNT
substrates for neuronal growth.
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Our group described the first reported functional impact of CNT on nervous cells,
that consists in a boosting of neuronal electrical signaling detected as increased
occurrence of spontaneous activity in neural networks (Lovat et al., 2005).
To further examine this effect, we employed dissociated hippocampal cultures
obtained from neonatal rats. We chose this kind of cultured brain circuits to test
CNT substrates, because it provides a simple in vitro model of neural network, in
which neurons extracted from animal brain are able to adhere to the substrate,
then to grow, differentiate and rebuild active synapses (Banker & Cowan, 1977;
Segal, 1984; Wilcox et al., 1994); in addition, hippocampal synapses in vitro have
been found to undergo synaptic plasticity phenomena (Lynch, 2004). The
simplicity of such a model, together with the wide variety of investigative levels it
concedes, allowed to elucidate the impact of interfacing CNT with neurons from
many points of view.
The general aim of the present study was to understand the mechanisms leading
to the boost in activity of neuronal networks developed integrated to CNT.
The specific goals of this work were:

(1) To study the effects of CNT on synaptic dynamics through dual
electrophysiological recordings;
(2) To investigate the effects of CNT on single neuron electrogenesis.
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4 Results
4.1 Brain circuits developed on CNT substrates
The major aim of my thesis was to investigate the impact of CNT substrates on
neuronal biophysics properties and on neuronal network behavior. To this end
we developed cultured neuronal networks chronically grown on CNT substrates,
neurons were subsequently investigated by traditional single cell patch clamp
technique.

4.1.1 CNT layers as substrates for neural growth
Thanks to our ongoing collaboration with M. Prato’s laboratory, we used, for all
the experiments reported in this thesis, purified SWNT and MWNT layers. To
apply CNT layers in biology, a fundamental requirement is CNT stability in
physiological solutions. The long term and stable retention of CNT films was
assessed by SEM investigation of glass coverslips, layered by purified CNT films,
upon long term incubation in culture medium (fig. 4.1 and 4.2).

Fig. 4.1 :
SEM images of SWCNT at different magnifications.
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Fig.4.2 :
SEM image of MWNT.

SEM images showed that CNT deposited on glass coverslips uniformely covered
the support surface and formed a dense nanomesh, which was preserved also
after incubations longer than 1 week in biological solution.
A further tool provided by nanotechnology, to characterize structures of
conductive materials with dimensions in the nanometer scale, is the AFM,
employed in scanning tunnel mode (STM). This technique allowed to image the
tridimensional structure of CNT carpets (z axis is represented by a gray scale,
fig.4.3).
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Fig.4.3:
STM images of MWCNT substrates at different magnifications.
Courtesy of Denis Scaini.

CNT appeared organized in complex scaffolds done of small fibers or tubes;
SWNT were organized in bundles of 50-100 nm diameter, while MWNT layers
were formed by a nanomesh of single nanotubes, which per se presented
diameters in the 50-100 nm range: this explains the similarity of SWNT and
MWNT carpets in the reported SEM images. In both cases, CNT showed variable
length, between 200 nm and 1 µm. The thickness of the layer was approximately
in the range of 50-60 nm.
After this initial assessment, we developed dissociated hippocampal cultures,
from newborn rats, on two substrates: CNT layers, (employing both MWNT and
SWNT), and control substrates, which, in our case, were represented by peptide
free glass coverslips (see methods).
In all our experiments we obtained comparable results between SWNT or
MWNT, therefore any measurements obtained from these two experimental
groups, were pooled together and collectively reported as CNT.
We seeded control and CNT substrates with a standard amount of cells
(quantified in total 130000±15000 cells, n=4 cultures). We report that cells
attached to the substrates within an hour from the seeding, then they grew,
developing typical neuritis specializations; after 6-7 days in cultures, neurons
start to establish contacts to one another, developing into a complex network. At
9 days in vitro, we quantified cellular density in the two conditions of growth by
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counting neurons, in bright field microscopy, identified on the basis of their
morphology, in ten randomly chosen optical fields in culture coverslips previously
fixed in PFA. In agreement to Lovat et al (2005), we detected a similar neuronal
density (control: 1450±80 cells/mm2; CNT: 1240±90 cells/mm2, n=4 cultures)
between control and CNT cultures (fig.4.4).

Fig.4.4:
Bright field images of dissociated hippocampal cultures grown on control glass substrate (left)
and on CNT layer (right);the cellular density in the two conditions is similar. In the second picture,
the black spots and lines are CNT under cells. Calibration bar, 200 µm.

TEM allows to study neural morphology and interaction with growth substrates at
nanometer level. We employed such a tool to characterize in detail, neurons and
neuron/CNT interactions when cells are grown on stably retained CNT carpets. In
fig. 4.5, an example of such an experiment is shown. A TEM ultrathin planar
section, obtained from cultured neurons, grown on CNT layer, is visualized and
shows healthy neural structures (the asterisk indicates mitochondria, while R the
ribosomes) and synapses (squares); G is indicative of a portion of a glial cell,
identifiable by the intense electron density of its cytoplasm (Peters et al., 1991).
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Fig. 4.5:
TEM planar section of neurons grown on CNT carpet.

To address the interactions between neurons and CNT substrates (MWNT in this
case) we investigated a series of TEM sagittal sections, that allow direct
visualization of the interface between CNT layers and neuronal membranes.
These sections appear as shown in the upper part of fig. 4.6, where the black
lines correspond to the sagittal section of CNT layers, while the gray structures
are portions of neurons which sat on the substrate; in these micrographs and in
the magnifications below, it is possible to appreciate the presence of
discontinuous points of intimate contacts between CNT and neuronal
membranes. These ultra structural interactions between nanotubes and neuronal
membranes were observed in all sections explored.
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Fig. 4.6:
Sagittal sections of neurons on MWNT substrates.

Interestingly, we observed similar tight interactions between CNT and neural
membranes also by means of SEM, which preserves tridimensional structures of
the analyzed specimens. SEM micrographs (fig. 4.7) displayed the presence of
CNT below and around neuronal specializations. In some instances, when
monitoring smaller neuritis (not shown) CNT structure and dimension resembled
that of distal neuritis to such en extent, that, in some cases, it was difficult to
distinguish between the biological structure and the nanomaterial.
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Fig. 4.7:
SEM images of neurons on MWNT substrates. The second picture is a further magnification of
the area included in the square in the top one.

Moreover, by means of SEM, we individuated some CNT, which formed bridge
like structures on neuronal membranes: an example is showed in the fourth
micrograph of fig. 4.8.
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Fig. 4.8:
SEM images of neurons on MWNT substrates: each micrograph is a magnification of the square
in the previous one.

As in the case of TEM micrographs, it was not possible to extrapolate whether
CNT were in tight contact with, or penetrated, the biological membranes,
however the observed strong interaction between neural structures and not
biological materials is totally innovative and we hypothesized that such
interactions, given the mechanical and physical, conductivity in particular,
properties of CNT, could have a not negligible effect on neuronal functionality.

4.1.2 Neuronal passive properties are unchanged by chronic growth
on CNT supports
By using single cell patch clamp technique, (current and voltage clamp
configurations), we compared neurons grown on control (glass) substrates or on
pure CNT layers. To this aim, we measured three main passive parameters: the
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membrane capacitance, the input resistance and the resting membrane potential.
Such properties are commonly used as indicators of neuronal functional and of
development stage conditions: in detail, membrane capacitance is an indirect
measure of cellular dimension, input resistance is related to the number of leak
channels expressed in neuronal membrane and resting potential is a relatively
stable, ground, value of transmembrane voltage, which neuron shows when it is
not undergoing to active signals such as APs (Kandler, 2000).
The tab 4.1 shows the absence of statistically significant variations in all the
considered parameters.
Tab 4.1:

Capacitance

Input resistance

Resting potential

(pF)

(MΩ)

(mV)

Control (n=52)

63±4

605±33

-47±1

CNT (n=72)

61±3

558±24

-49±1

This result indicates also that we performed experiments from an homogeneous
neuronal population, in terms of development and morphology. The detected
values are in agreement with those previously reported (Lovat et al., 2005;
Mazzatenta et al., 2007) and with those reported in literature (Wu et al., 1994;
Potthoff et al., 1997; Bolton et al., 2000).
In a second set of experiments, we estimated, in control and CNT neurons, the
time constants (τ) characterizing the electrotonic length of neuritis. To this aim,
we delivered, under current-clamp mode, brief (5-10 ms) hyperpolarizing (-0.03
nA) square current pulses (D’Aguanno et al., 1986; Holmes et al., 1986). Voltage
transients were normalized and fitted with a sum of 6 exponentials (W(t) = C1
exp(-t / τ1) + … + C6 exp(-t / τ6; fig.4.9). As shown in fig.4.9, no differences were
reported between the two groups of cultures (control and CNT) in these values,
indicating the substantial similarities in passive properties of these cells.
However, these results should not

be considered definitive, as dissociated

hippocampal cultures are constituted by a wide variety of neurons, presenting
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anatomical, morphological and functional features also considerably changeable.
Such variability might have limited our ability to monitor the changes induced by
the presence of CNT layers.

Fig 4.9.:
Analysis of electrotonic length. Left, example of a normalized voltage transient recorded in current
clamp configuration from single neuron fitted with the equation reported in the text. Right, plot
showing the couples (Ci, τi) best fitting the exponential transient in the data recorded in
hippocampal neurons. No difference were detected between neurons on glass and on CNT.

4.1.3 Basic features of AP recorded from control and from CNT
neurons
We recorded spontaneous activity in current clamp configuration from neurons
cultured under both growth conditions. As previously reported (Lovat et al.,
2005), APs frequency was increased in CNT neurons (0,11±0,03 Hz control vs
0,44±0,17 Hz CNT, recorded at -60 mV, n=34 cells, P value < 0.05, Student’s Ttest).
We further analyzed in detail the properties of APs to verify that the reported
changes in frequency were not accompanied by a different expression, under
CNT condition, of sodium or K+ channels, which are responsible for AP kinetic
properties, or for AP threshold (Naundorf et al., 2006).
In the tab 4.2, all measured kinetic parameters related to spontaneous APs are
summarized, and are not modified by the presence of CNT.
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Tab 4.2:

Peak

Area

Half-width

Rise Time

Decay

amplitude

(mV*ms)

(ms)

(ms)

Time

(mV)
Control (n=14)

68 ±5.5

CNT (n=20)

62 ±5.2

(ms)
143.5
±6.3
137 ±8.4

2.1 ±0.2

1.16 ±0.1

2 ±0.3

2.2 ±0.2

1.1 ±0.1

2.26 ±0.2

The similarity of spontaneous APs in the two conditions of growth is qualitatively
appreciable in fig. 4.10, were glass and CNT AP tracings are superimposed,
each representing an average of 100 APs.

Fig. 4.10 :
Spontaneous APs are similar in neurons grown on glass and on CNT. The two traces are means
of 100 APs recorded from two neurons in the two conditions of growth.

For AP threshold analysis, neurons were held at -60 mV RMP by negative
current injection (for glass, -0.02± 0.003 nA, n=24; for CNT, -0.02±0.005 nA,
n=19). The threshold for AP generation was assessed via injection of positive
current steps (4 ms duration) and was similar (~ -45 mV) between neurons grown
on glass and those grown on CNT.
In the next series of experiments, we investigated the properties of APs evoked
by short pulses of positive current (4 ms,1 nA). Also in this experimental
paradigm, we could not detect any difference in AP peak amplitude (control
116±3 mV, n=48, CNT 111±2 mV, n=66). Finally, we measured the appearance
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of AP after-potentials, which are known to regulate neuronal intrinsic repetitive
firing (Young & Yang, 2004); we studied it either after single AP induction (similar
condition as above) or by delivering longer depolarizing current steps (10 ms,
0.15–0.3 nA; n=38). In both cases, we could not observe any difference between
control and CNT neurons, in fact in both groups AP were followed mainly by an
afterhyperpolarization (AHP, with amplitude around -3 mV in both groups) or by
the absence of any changes in membrane potential (measured at 45 ms after
AP, fig. 4.11). Under these experimental conditions no after depolarization were
observed in control and CNT neurons. Usually fast AHPs in Ca2+ cultured
neurons are related to the activation of large-conductance Ca2+ activated K+
channels (Lancaster et al., 1991), notwithstanding the general relevance of
AHPs, any further characterizations were beyond the scope of this work.

Fig.4.11 :
Left, evoked single spikes show similar amplitude and shape in the two growth conditions,
generally showing hyperpolarization or neutral response after APs. The red dashed line is
identical to the glass spike and it is added to facilitate the visual comparison. Right, probability of
having hyperpolarization after spike elicited with 4 ms or longer depolarization. The percentage is
similar between glass and CNT.

4.1.4 Summary of the main results of this section
We have succeed in culturing dissociated hippocampal cultures on CNT
substrates showing long term and stable retention of films for weeks in culture
medium. We observed that healthy neurons attached to the substrates, grew and
developed similarly to cells on peptide free glass coverslips, that represent our
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control. These results are also confirming previous reports from other groups
(Mattson et al., 2000; Hu et al., 2004; Hu et al., 2005; Liopo et al., 2006; GalvanGarcia et al., 2007).
By using electron microscopy, we imaged the shape and morphology of cultured
neurons together with their interactions to CNT and we described, for the first
time, the presence of points of tight contact and bridge-like structures between
the CNT layers and the neural processes.
All in all our SEM investigations confirm that the shape and dimension of neurons
grown on CNT are in the normal ranges, usually detected in these cultures, as
also previously shown by immunocytochemistry investigations (Lovat et al., 2005;
Mazzatenta et al., 2007).
Our TEM approach, in particular the sagittal section analysis, has documented
the presence of recurrent tight contacts between neuronal membranes and CNT,
which are stably linked to the growth platform, almost suggesting the
establishment of “hybrid” structures. Given that CNT are conductive materials
and neurons ultimately integrate electrical signals, we hypothesized that such
structures may have a strong impact on neuronal function, indeed leading to the
reported increased in network activity (Lovat et al., 2005; Mazzatenta et al.,
2007). Nevertheless, when studying the membrane passive properties, the
kinetic features of spontaneous and elicited APs and the appearance of AP
afterpotentials, we did not detect any significant difference between neuron in
control and in the presence of CNT. This indicates, from one hand, the overall
good conditions of growth of neurons on CNT, but also hints at a more complex
mechanisms governing the impact of CNT on neuronal network activity.
We decided to investigate this issue by an in depth characterization of synaptic
activity.
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4.2 The occurrence of spontaneous excitatory and
inhibitory post synaptic currents is boosted by CNT
growth platforms
4.2.1 Spontaneous neuronal network is boosted by CNT
The first description of the impact of CNT substrates on the activity of cultured
neuronal network was reported by Lovat et al (2005) in terms of an increase of
the occurrence of spontaneous PSCs.
Our first aim was to confirm such results in our dissociated hippocampal cultures
by recording spontaneous activity from single neurons. Similarly to Lovat et al
(2005) we used single voltage clamped neurons to monitor the activity of the
networks grown for 8-10 days on control and CNT substrates. In cultured
hippocampal networks, PSCs belong to two major categories, excitatory and
inhibitory, mediated by glutamate AMPA and GABAa receptors activation,
respectively (Segal & Barker, 1984; Rothman & Samaie, 1985). Voltage clamp
configuration allows the identification of AMPA receptor mediated or GABAa
receptor mediated PSCs on the basis of their different pharmacology, kinetic
properties and reverse potential.
When PSCs were recorded from CNT neurons, in agreement with Lovat et al
(2005) and Mazzatenta et al (2007), we detected the typical strong increase in
event frequency when compared to that of PSCs recorded form control sister
cultures (average values in controls 0.54±0.13 Hz, n=17; in CNT, 1.63±0.38 Hz,
n=19 cells, P<0.05, Student’s T-test, see sample tracings in fig. 4.12, values
summarized in tab 4.3).
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Fig. 4.12:
Exemplificative voltage clamp recordings of spontaneous activity showing the increase in the
frequency of spontaneous PSCs in a CNT neuron in comparison to a control one.

We further investigated whether both the AMPA and GABAa receptor mediated
components contributed to this increased activity. To this aim, we identified
AMPA receptor mediated PSCs by their fast decay time constant (τ ~3 ms;
fig.4.13, top), these events were readily blocked by application of CNQX (10 µM)
and reversed polarity at 0 mV holding potential (not shown). Conversely, GABAa
receptor mediated PSCs, displayed a typical slow decay time constant (τ ~20 ms;
fig.4.13 bottom) and were abolished by application of gabazine (10 µM) and their
reverse potential was estimated at -40 mV (not shown). All these values are in
accordance to previously reported ones (Segal & Barker, 1984; Rothman &
Samaie, 1985)
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Fig. 4.13:
Dissection of spontaneous excitatory and inhibitory events: single events were isolated from the
recordings in fig. 4.12 and mean traces were obtained in the different conditions of growth and
identified on the basis of decay time.

When analyzing AMPA and GABAa receptor mediated PSCs in neurons grown in
control or on CNT, we could not detect statistically significant differences
between the two populations in terms of kinetic properties (for AMPA receptor
mediated PSCs: in control, rise time: 1±0.1 ms and decay time 3.4±0.3 ms, n=16,
on CNT, rise time 1.3±0.3 ms and decay time 3.1±0.4 ms, n=12. For GABAa
receptor mediated PSCs: in control, rise time 2.1±0.1 ms and decay time 20±1.2
ms, n=17; on CNT, rise time 2.2±0.1 ms and decay time 21.7±1.5 ms, n=16).
Conversely, we found a slight increase in the peak amplitudes of both types of
currents in CNT neurons when compared to control ones, but it was not
statistically significant (AMPA receptor mediated PSCs: in control 114±15 pA,
n=16, on CNT 139±22 pA, n=12; GABAa receptor mediated PSCs: in control
116±10 pA, n=17; on CNT 147±18 pA, n=16, fig. 4.13).
As summarized in tab. 4.3, we found that both excitatory and inhibitory
components were boosted, in terms of frequency, by the presence of CNT.
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Tab 4.3:

AMPA receptor

GABAa receptor

Total PSC

mediated PSC

mediated PSC

frequency

frequency (Hz)

frequency (Hz)

(Hz)

Control (n=17)

0.35±0.11

0.19±0.04

0.54±0.13

CNT (n=19)

1.06±0.35

0.57±0.13

1.63±0.38

4.2.2 Miniature

postsynaptic

currents

are

improved

by

CNT

substrates
In order to investigate which synaptic structures are involved in the boosting of
neural network activity detected on CNT substrates, we performed single neuron
voltage clamp recordings of spontaneous synaptic activity in presence of 1 µM
TTX at 8-9 DIV.
TTX is a well known voltage gated, fast Na+ channel blocker, thus it inhibits AP
generation, the spontaneous events recorded during its administration, termed
mPSCs, rely on the AP-indipendent stochastic fusion of neurotransmitter vesicles
at the presynaptic terminal membrane. As reported in the literature (Wilcox et al.,
1994), mPSCs can still be identified as belonging to excitatory or inhibitory
synapses on the basis of their pharmacological and kinetic properties.
Accordingly, we found that in our control and CNT cultures AMPA receptor
mediated mPSCs (τ ~ 4 ms) were predominant, while GABA a receptor mediated
mPSCs (τ ~ 20 ms) occurred very rarely (less than 0.05 Hz in both conditions,
fig. 4.14).
However, the extremely reduced occurrence of mIPSCs in comparison with
mEPSCs one is reported in literature (Wilcox et al., 1994) and mIPSC
frequencies less than <0.1 Hz are common for hippocampal cultures developed
in growth conditions similar to our ones (Singh et al., 2006; Marchionni et al.,
2009). Since the detection of spontaneous IPSCs in our cultures indicates the
presence of GABAergic synapses, we can suppose that the majority of mIPSCs
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presented too small amplitude to be detected at our recording potential, probably
due to a still immature synaptic structure. Consistently with such hypothesis, it
has been found that the artificial premature expression of K+–Cl− cotransporter
KCC2, which usually occurs in the second postnatal, in dissociated hippocampal
culture at 10 DIV promoted the formation of GABA receptors clusters in
postsynaptic membrane, which corresponded functionally to an increase in
frequency and amplitude of mIPSCs (Chudotvorova et al., 2005).
The difficulty in collecting large numbers of GABAa receptor mediated mPSC,
force us to restrict the study of CNT impact on frequency and amplitude of
mPSCs to the sole glutamate component.

Fig.4.14 :
mPSCs recorded in control and in presence of CNT. In both the conditions, excitatory events are
predominant.

As shown in fig. 4.15 and tab 4.4, kinetic properties of recorded events, typical of
AMPA receptors mediated currents, were found similar between control and CNT
neurons (Tab. 4.4).
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Fig.4.15 :
Single events extracted and aligned from upper traces. White superimposed traces correspond to
the electronic average of all collected events.
Tab 4.4:

Rise time

Decay time

(ms)

(ms)

Control (n=55)

0.73±0.05

3.40±0.27

CNT (n=56)

0.86±0.08

3.73±0.35

In accordance to the previously shown data concerning spontaneous PSCs, we
detected an increase in the frequency of mPSCs recorded in neurons grown on
CNT carpet in comparison to those grown in control conditions

(Fig. 4.17,

control: 0.23 ± 0.03 Hz, n=55; CNT: 0.48 ± 0.08 Hz, n=56, P<0.05, Student’s Ttest), while the mean value of mPSC peak amplitudes was similar between the
two groups (Fig. 4.15 and 4.16, control: 92 ± 4 pA, n=55; CNT: 97 ± 6 pA, n=56).
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Fig. 4.16 :
Mean frequency and amplitude of mPSCs recorded in the two conditions of growth.

mPSCs frequency is a widely accepted index of the number of active zones or of
synaptic contacts at presynaptic terminals, while mPSCs amplitude is connected
to the amount of neurotransmitter receptors expressed at the postsynaptic
membrane (Raastad et al., 1992), thus the improvement of neural network
activity detected in presence of CNT seems to be mainly related to modifications
occurring at the presynaptic level.

4.2.3 Summary of the main results of this section
The boosting of neural network activity brought about by CNT substrates is in
terms of increased frequency of spontaneous events, both PSCs and mPSCs.
In our culturing conditions both AMPA and GABAa receptor mediated events are
present, and display the expected kinetics and pharmacology. The proportion of
excitatory and inhibitory trasmission (65% of AMPA receptor mediated PSCs) in
network activity in control corresponds to those reported in literature (VicarioAbejon et al., 1998). We found that the boosting of neuronal network activity was
due to a balanced increase in both the components (three fold increase for the
frequencies of both spontaneous excitatory and inhibitory postsynaptic events).
Such result indicates that CNT support the activity of neural network without
destroying the balance between excitatory and inhibitory components.
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The CNT induced improvement in network activity was detected also when we
abolished AP dependent release of neurotransmitters with TTX to study
stochastic release of neurotrasmitter vesicles at the presynaptic terminal. We
found that in both the conditions of growth, almost all mPSCs were represented
by AMPA receptor mediated events and we ascribed this phenomenon to a
typical aspect of not totally mature hippocampal cultures.
Although limited to the excitatory component, the analysis of mPSCs resulted
efficacious in investigating at least one of the possible mechanisms involved in
the CNT-dependent improvement of network activity. The increased frequency of
mPSCs strongly suggests an increased number of synaptic contacts in
CNT/hybrid networks. Several mechanisms could be accounted for this effect,
however we excluded, first of all, that the increase could be generated by a
different rate of cells adhering to CNT surfaces, as we quantifyed neural density
in the two conditions of growth, without finding significant differences of the
measured values between CNT and control samples (see section 4.1). These
results confirm our previous studies, where neuronal density (8-10 days in vitro)
in CNT and controls cultures was quantifed via immunocytochemistry
experiments (see Lovat et al., 2005; Mazzatenta et al, 2007).
The rate of neural activity might be further modified by changes in the
connectivity of the network in terms of increased number of synaptic contacts,
this being supported by the increased frequency of mPSCs, and/or by
modification of synaptic efficacy.
We further addressed this issue, via the next series of experiments, focussing on
the properties of synaptic contacts between pairs of monosyanptically connected
neurons.
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4.4 Pairs recordings: CNT support network connectivity
and affect synaptic short term plasticity
4.4.1 CNT increase connectivity of neural networks and modify short
term plasticity of synapses.
Simultaneous dual patch clamp recordings of monosynaptically connected pairs
of neurons is a technique commonly employed to characterize synapses in
cultured neuronal networks, and has been used for analyzing, in particular, short
term plasticity behavior or synaptic efficacy in general at central synapses
(Markram et al., 1997).
We perform recordings from hippocampal neurons at 8-10 days in vitro. Upon
visual identification of pairs of neurons, 50 ± 300 µm apart, at 40x magnification
under DIC microscopy (see methods), we performed dual electrophysiological
recordings by using the patch clamp technique. One of the two patched cells, the
putative presynaptic neuron, was held under whole cell current clamp mode at 60 mV, and APs were elicited via suprathreshold square current steps (4 ms
length) injected at the soma. The postsynaptic neuron, was simultaneously
monitored under whole cell voltage clamp mode, held at -58 mV to characterize
the monosynaptically evoked PSCs (fig. 4.17).
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Fig. 4.17:
Schematic representation of recording from pairs of hippocampal neurons.

We quantified the “rate of connectivity” in neuronal control and in neuronal CNT
networks as the probability (%) of finding monosynaptically coupled pairs of
neurons. Monosynaptic PSCs were defined as postsynaptic responses starting 5
ms from the peak of presynaptic APs (Basarsky et al., 1994). In addition, in each
pair, hyperpolarizing current steps were delivered to the presynaptic cell to check
the presence of electrical synapses (Zsiros et al., 2007). According to Zsiros and
collaborators, gap junctions were identified by the presence of outward currents
in the postsynaptic neuron coincident to presynaptic hyperpolarizing stimuli. In all
our recordings (n=166 pairs in control and n=138 pairs in CNT) we detected only
a small fraction of gap junction-coupled neurons (2% in control and 4% in the
presence of CNT). Due to the low probability of founding gap junction-coupled
pairs, those detected were not further analyzed, and were excluded from any
subsequent pair analysis.
In both culture groups (control and CNT, n=163 and n=133, respectively) the
large majority (>90 %) of monosynaptically coupled pairs, displayed evoked
PSCs (ePSCs) mediated by GABAa receptors, with only a minority (8% in both
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groups) of AMPA receptor mediated monosynaptic ePSCs. We identified
GABAergic ePSCs based on the usual criteria: PSCs kinetic properties,
pharmacology and reverse potential. ePSCs displaying fast decay (τ 6 ± 0.6 ms,
n=7) inverted polarity at about 0 mV holding potential (n=2), in agreement with
the reverse potential given by the Nernst equation, calculated for our intra- and
extra-cellular ionic concentrations. ePSCs displaying slow decay (τ 29 ± 0.8 ms,
n=87) inverted polarity at -40 mV holding potential, the Nerst value for Cl- reverse
potential in our experimental conditions (n=5). In both cases, GABAergic or
glutamatergic ePSCs (n=8) were further blocked by applications of 5 µM
gabazine or 10 µM CNQX, respectively.
There are discordant evidences (Basarsky et al., 1994; Bi and Poo, 1998)
reported in literature, concerning the occurrence of GABAergic or glutamatergic
monosynaptic connections in pairs recordings in dissociated hippocampal
cultures. This might be due to the variability in culture preparations, such as the
animals age, cellular density, medium composition, etc.; however our results,
indicating predominant inhibitory monosynaptic connections in pair recordings,
are in agreement with some reports (Segal, 1984; Melnick et al., 1999). Given
that the majority of spontaneous PSCs were reported to be glutamatergic in our
study, we hypothesized that that limited dimension of the 40x optical field were
we visually patched clamp neuron couples, imposes a strong constrain in the
selection of pairs, in particular we were limited to monosynaptically coupled pairs
at maximum distance of 300 µm.
Therefore, the following analysis of monsynaptically coupled pairs of neurons, is
focused on GABAregic ePSCs.
Under this experimental condition, we detected an increased connectivity
between neurons grown on CNT carpet in comparison to control ones. In
controls, the probability of finding monosynaptic contacts was 39% (n=149 pairs),
such a percentage was significantly (Chi square test, P<0.05) increased to 58 %
(n=122 pairs) in neurons grown on CNT substrates (see histograms in fig. 4.18).
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Fig. 4.18 :
GABAergic monosynaptic connections are increased in presence of CNT.

In order to describe this increased connectivity, we calculated that the
connectivity ratio (% of CNT coupled pairs)/(% of control coupled pair) was 1.49.
Such an increase in monosynaptically coupled neurons, although documented
only for the GABAergic component of the network, supported the notion, already
suggested for glutamatergic mPSCs, that CNT substrates potentiate network
activity via an increase in the number of synaptic contacts.
In the next set of pair experiments, we investigated the properties of
simultaneous pre- and post-synaptic signals in controls and CNT. We observed
that, for similar amplitudes of the evoked presynaptic AP in control and CNT
(mean values, respectively 108 ± 5 mV, n=44 and 108 ± 4 mV, n=56) of the
amplitude of the evoked presynaptic AP, the GABAergic ePSCs displayed a
different mean amplitude in the two growth conditions (fig. 4.19).
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Fig. 4.19 :
Exemplificative traces of presynaptic stimuli and postsynaptic responses in control and in
presence of CNT.

We measured, for each monosynaptically coupled postsynaptic neuron, the
mean amplitude of the ePSCs (failures, although rare, see below, were excluded
by this analysis), to calculate the mean peak amplitude values of all ePSCs in
control and in presence of CNT. ePSCs mean amplitude in CNT neurons was
reduced when compared to that of control ePSCs (in control 84±17 pA, n=43, in
presence of CNT, 72±13 pA, n=56). However, this difference was not statistically
significant when tested with statistic tests for normally distributed data (Student’s
T-test). Since these values are not described by a normal distribution, we built
cumulative probability curves for the amplitude distribution (control and CNT),
such distributions were statistically significant when tested via the KolmogorovSmirnov test (p value<0.05, fig 4.20). Thus, ePSCs were usually larger in control
condition, than in presence of CNT.
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Fig. 4.20:
ePSCs peak amplitude: (A) mean values and (B) amplitude distribution curves for neurons in the
two conditions of growth.

The kinetic parameters of the ePSCs were similar in the two considered
conditions (in control: rise time 4±3 ms, decay time 30±7 ms, n=36; in presence
of CNT: rise time 5±3 ms, decay time 29±8 ms, n=51) and similar to those
reported in literature (Segal & Barker, 1984; Melnick et al., 1999). After
characterizing pre- and post-synaptic signals, we investigated the impact of CNT
on synaptic efficacy. We studied short term synaptic plasticity in pairs of
monosynaptically coupled neurons, by analyzing GABAergic ePSCs frequency
responses to presynaptic trains of six APs delivered at 20 Hz (Fig. 4.21).
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Fig.4.21 :
Exemplificative traces recorded from pairs of neurons in control and CNT substrates.
Upper part, recordings in current clamp configuration from presynaptic neurons; below, evoked
responses monitored in voltage clamp configuration in postsynaptic neurons.

To quantify short term plasticity changes, we performed, in each pair of coupled
neurons, ten consecutive trials delivering presynatic trains of 6 APs at 20 Hz. In
each trial, we measured the peak amplitude, i.e. from the baseline, of each
consecutive ePSC, excluding failures (that were quantified separately, see
below). By averaging the 10 different trials, we obtained the mean amplitude for
the first, second, …, sixth ePSCs. In order to compare results from different cell
pairs, we normalized, in each pair, the amplitude of the 5 consecutive ePSCs to
that of the first evoked response. With these experiments, we could identify 3
categories of synapses: i. those undergoing synaptic depression, where the
normalized amplitude of ePSCs was <0.9 (see example in fig.4.21 left); ii. those
displaying “neutral” behavior, where the normalized amplitude of ePSCs fall in
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the 1.1- 0.9 range; and iii. those undergoing synaptic facilitation, where the
normalized amplitude of the ePSCs was > 1.1 (see example in fig.4.21 right).
In fig. 4.22, the plot summarizes the normalized peak amplitude values of ePSCs
in respect to the stimulus number, in two groups of neurons, displaying either
depression (black squares, control cultures, n=26 pairs) or facilitation (gray
squares, CNT cultures, n=21 pairs). The histograms in fig. 4.22, summarize the
distribution of depressing or facilitating GABAergic synapses in pairs recorded
from the two groups of cultures. In controls (n=45 pairs), 71% of pairs showed
synaptic depression, with only a minority of neutral (11%) or facilitating
responses (18%). Conversely, CNT pairs (N=57), displayed synaptic facilitation
in 45% of recordings, with increased probability of neutral responses (19%) and
decreased probability of synaptic depression (38%), when compared to controls.
All these differences were statistically significant (Chi square test, P<0,05; fig.
4.22).

Fig.4.22 :
CNT promote facilitation in short term plasticity of synapses. Left, normalized trends for facilitating
synapses developed on CNT and depressing ones in control. Right, probability of finding
depression, neutral response and facilitation in the two conditions of growth.

Differently form recordings of single ePSCs, responses to trains of APs often
displayed failures (lack of evoked event within 7 ms) in the subsequent ePSCs.
We quantified, in each coupled pair, the % of failures in ten subsequent trails
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(total number of postsynaptic failures/total number of presynaptic stimuli), then
we plotted the cumulative probability distribution of failures for control and CNTneurons. The cumulative plot is shown in fig. 4.23, where the control distribution
curve is shifted to the right of the CNT distribution one, indicating that control
pairs had a higher probability of failures than CNT ones (mean failures rate: in
control, 19%±4, n=44 and on CNT substrates,

11%±2, n=56). This different

probability distribution is statistically significant (Kolmogrov-Smirnov test; P value
<0,05).

Fig. 4.23 :
CNT improve efficacy of synaptic transmission by decreasing the probability of failures. Gray line,
shifted on the left in comparison with control (black) one, shows that in presence of CNT is less
likely to have failures in ePSCs.

4.4.2 Are CNT induced changes in network efficacy and rewiring,
activity-dependent?
We investigated if neuronal activity was necessary to produce the CNT induced
changes in neuronal network activity, both in terms of number of synaptic
contacts and of synaptic efficacy. To this aim, we incubated at 4 DIV cultures in
the presence of TTX, to chronically remove APs generation. At 8-9 DIV, after 2 h
washout of TTX, we performed the usual dual electrophysiological recordings
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from pairs of treated or untreated neurons (subjected to the same medium
changes), both from control and CNT cultures.
When comparing pairs of monosynaptically coupled neurons under control or
CNT conditions, we observed that, despite TTX removal of firing activity for
several days, the connectivity ratio was similar to that of untreated samples, and
was significantly increased in the presence of CNT (connectivity ratio in TTX 1.27
vs connectivity ratio in untreated cultures 1.49, n=50 for control and n=35 for
CNT, see fig. 4.24).

Fig. 4.24 :
Left, scheme of treatment. Right, TTX incubation did not affect the connectivity of neural network.

These findings suggest that, APs are not involved in the increased synaptic
coupling induced by CNT carpets, which favor the formation of synaptic contacts
regardless of network firing activity.
Also in treated cultures, the majority of pairs of monosynaptically coupled
neurons, displayed GABAergic synapses (94% in control, n=50 and and 97% in
CNT, n=35). We compared the features of evoked presynaptic APs and
postsynaptic ePSCs between untreated and TTX treated neurons. In pairs
recorded from CNT, we did not find significant differences between treated and
untreated cultures (fig. 4.25, for untreated CNT neurons, APs amplitude 96±8
mV, n=12; ePSCs peak amplitude 67±26 pA n=12; for TTX treated CNT neurons,
APs amplitude 106±6 mV, n=20, ePSCs peak amplitude 66±14 pA, n=20) and
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we obtained similar results for control neurons (for untreated control neurons,
APs amplitude 101±4 mV, n=29; ePSCs peak amplitude 99±27 pA n=29; for TTX
treated control neurons, APs amplitude 104±5 mV, n=23, ePSCs peak amplitude
112±31 pA, n=23)
When plotting the cumulative probability distribution of ePSC peak amplitude
values, a statistically significant difference was detected between control and
CNT (both TTX-treated and untreated CNT). The graph in fig. 4.25 illustrates that
ePSCs were usually smaller in presence of CNT, with or without TTX treatment,
in comparison to control. These results suggested that also CNT induced
decreased amplitude of ePSCs is a synaptic modification promoted regardless of
firing activity (summarized in fig. 4.25).

Fig.4.25 :
Left, TTX treatment does not affect basic properties of pre- and post- synaptic signals. Right,
neural activity is not responsible for the decreased amplitude of ePSCs on CNT substrates.

We next analyzed TTX treatment impact on CNT effects on synaptic plasticity. To
this aim, a protocol similar to that reported before was used, namely, in
monosynaptically coupled pairs, we delivered short trains of 6 APs at the
presynaptic site at 20 Hz and measured the monosynaptic ePSCs at the
postsynaptic one. We performed all the analysis accordingly to what reported
above.
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CNT-induced modification of short term plasticity was found to be tightly
dependent on APs. In fact, as the exemplificative traces show in fig. 4.26, we
observed that the majority of synapses developed on CNT substrates, but in
absence of neuronal activity due to the presence of TTX, showed depression in
short term plasticity, in opposition with untreated CNT neurons, which presented
the previously characterized facilitation in consecutive ePSC. In other terms,
when APs were abolished, synapses on CNT layers resulted similar to ones in
control condition.

Fig.4.26 :
Exemplificative traces recorded from TTX untreated and treated pairs of neurons on CNT
substrates. Upper part, recordings in current clamp configuration from presynaptic neurons;
below, evoked responses monitored in voltage clamp configuration in postsynaptic neurons.

These results are summarized in fig. 4.27, where the plot summarizes the
normalized peak amplitude values of ePSCs in respect to the stimulus number, in
two groups of neurons, displaying either facilitation (light gray squares, untreated
CNT cultures, n=6 pairs) or depression (dark gray squares, TTX treated CNT
cultures, n=18 pairs). The histograms in fig. 4.27, summarize the distribution of
depressing or facilitating GABAergic synapses in pairs recorded from the two

124

conditions of growth. In untreated CNT (n=16 pairs), 50% of pairs showed
synaptic facilitation, with only a minority of neutral (16.5%) or depressing
responses (33.5%). Conversely, TTX treated CNT pairs (n=21), displayed
synaptic depression in 86% of recordings, with reduced probabilities of neutral
responses (9%) and synaptic depression (5%), when compared to untreated
CNT. All these differences were statistically significant (Chi square test, P<0,05;
fig. 4.22).

Fig.4.27 :
Left, normalized trend of consecutive ePSCs in facilitating synapses developed on CNT layers
and in depressing synapses of CNT neurons after TTX treatment. Percentages of depression,
neutral response and depression in synapses developed on CNT in presence or absence of TTX.

Similarly, in control cultures, TTX treatment, increased the number of synapses
displaying synaptic depression (untreated control: depression 61%, neutral
response 16% and facilitation 23%, n=31 pairs; TTX treated control: depression
78%, neutral response 13% and facilitation 9%, n=23 pairs).
Also, the efficacy of neuronal transmission measured in terms of failure
probability seemed to be activity dependent, as TTX treated CNT neurons
showed a higher probability of failures in ePSCs when compared to untreated
CNT neurons (Fig. 4.28, mean value of failure, untreated neurons: 9±4% n=11;
TTX treated neurons 23±5% n=21; statistically significant, Kolmogorov -Smirnov
test) .
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Fig.4.28 :
CNT increased efficacy of neural transmission measures as minor number of failures is activity
dependent.

4.4.3 Mechanisms of CNT induced modification of short term
plasticity
Our experiments showed the CNT ability to transform depressing synapses in
facilitating ones. Some studies reported that a possible mechanism underlying
changes of short term plasticity in CNS synapses is the modification of probability
of release in presynaptic terminals (Dittman & Regehr, 1998; Dittman et al.,
2000). The probability of release is controlled by Ca2+ concentration in presynatic
compartment, which is related, at least in part, to previous neural activity
(residual Ca2+). Synapses which present high probability of release are
characterized by large amplitude of the first evoked responses, followed by
smaller responses, while low probability of release is accompanied by small
amplitude of first ePSC and facilitating behavior of consecutive responses.
In our experiments, we detected that synapses developed in presence of CNT
showed small peak amplitude of first ePSCs and facilitating consecutive
responses, in opposition to control depressing ones, where the amplitude of first
ePSC appeared larger (fig. 4.20).
We investigated both in control (n=3 pairs) and in the presence of CNT (n=3
pairs) how short term plasticity of

hippocampal synapses developed in vitro

could be modified by changing the probability of release through variations of
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external Ca2+ concentration. We found that, in both the conditions of growth,
lowering external Ca2+ concentration (from 2 to 1,5 mM), reduced the amplitude
of first ePSC (0,47±0,07%, n=4) and the trend of depression in following
responses was either less evident or converted into clear facilitation in both
groups. Vice versa, elevation of external Ca2+ concentration (from 2 to 2,5 mM)
promoted an increase in first ePSC peak amplitude (1,45±0,35%, n=4) together
with a modification of short term plasticity towards depression. An example is
reported in fig. 4.29.

Fig. 4.29:
Short term plasticity is modulated by changing the probability of release at presynaptic terminal.
2+
Variations of external Ca concentrations determine modification of the amplitude of the first
ePCS and of the trend of consecutive responses. Left, recordings from a pair of neurons grown
on CNT substrate. Right, trend of consecutive normalized peak amplitude in presence of different
2+
Ca concentrations.

Probability of release is known to control also the probability of failure in
postsynaptic response, however we could not value this parameter in our
cultures due to the restricted number of experiments.

4.4.4 Summary of main results of this section
The experiments reported in this section showed that, at least in part, the
increase in spontaneous activity of neurons grown on CNT substrates is
attributable to an improved connectivity of the network.
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In particular, thanks to pairs recordings, we characterized an improvement in the
probability of finding GABAergic monosynaptic contacts in the presence of CNT
in comparison to control; we could not assess similarly glutamatergic synapses,
due to limits in our experimental setting (restricted optical field) that probably
influenced the selection of the pairs type. Nonetheless, mPSCs of glutamatergic
nature indicated an increased number of synapses also in this network
component.
Apparently, TTX chronic block of APs during culturing, did not influence this
parameter, suggesting that CNT could support per se, directly, regardless of
firing activity, the formation of new synaptic contacts.
It is known that the prolonged blockade of neural network activity promotes
changes in synaptic strengths, which are named as homeostatic plasticity
(Turrigiano et al., 1998), however, in literature, chronic incubations (3 days) of
dissociated hippocampal cultures with TTX have been reported not to affect the
number of neurons, and, in detail, of GABAergic cells identified through
immunofluorescence technique (Kawai et al., 2002). In addition, also very
extensive (15 days) block of activity through TTX treatment does not perturb the
segregation of excitatory and inhibitory synaptic terminals in hippocampal
cultures, although they can reduce the extent of dendritic arborization (Benson &
Cohen., 1996). Thus, TTX does not modify the connectivity of the network and it
can be employed as a tool to study activity dependent changes of synaptic
plasticity.
Furthermore, these experiments, in which we found that the promotion of
connectivity in presence of CNT was unaffected by TTX treatment, indicate that
the increased number of synaptic contacts is directly promoted by the presence
of CNT and, at least partly, independent from further CNT induced modifications
on neural activity, for instance, changes in single neuron electrical properties.
Here we show for the first time that CNT are able to induce modifications in short
term plasticity of GABAergic synapses. In fact, in accordance to our report, in
dissociated hippocampal cultures GABAercic synapses are known to undergo
depression in response to frequency stimulation (Wilcox and Dichter, 1994;
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Jensen et al., 1999b, Jensen et al., 1999c). The interactions with substrates of
CNT promoted a tuning towards facilitation of these synapses. The reported
smaller first ePSC amplitude values in CNT neurons, when compared to controls,
might be indicative of an undergoing change in the probability of release (Dittman
& Regehr, 1998; Dittman et al., 2000) at CNT presynaptic terminals. In fact, we
could tune facilitation towards depression by simply varying the external [Ca2+]
and, accordingly, the first ePSC amplitude, indicating that a decreased release
probability in CNT-neurons could explain the changes in short term plasticity.
Against this interpretation, we found that TTX-treated CNT neurons, although
maintaining smaller amplitude values in the first ePSCs (when compared to
control ePSCs), did not show frequency facilitation. The lack of facilitation in TTX
treated CNT synapses indicated also the activity-dependent nature of this effect
of CNT substrates.
The interpretation of these results is further complicated by the analysis of
failures in controls or in the presence of CNT. Despite the virtual absence of
failures in the first ePSC responses, in both control and CNT pairs, when we
tested frequency responses, failures were occurring at variable rates in
subsequent ePSCs at 20 Hz. CNT substrates significantly decreased the % of
failures upon frequency stimulation, when compared to controls. What are the
mechanisms underlying these decreases? Certainly the decreased % of failures
is removed by TTX treatment of CNT neurons, and, interestingly, this is
accompanied by the removal of CNT induced synaptic facilitation. Thus
elucidating the mechanisms of failures might provide insights into CNT facilitatory
mechanisms, that are activity-dependent ones, but dissociated from the
increased connectivity. Decreases in % of failure are usually typical of synapses
with either high probability of release (Jiang et al., 2000) or that present an
increased number of release sites (Kobayashi et al., 2008). Are CNT synapses
enriched with high release probability? This is not in accordance with the smaller
amplitude (when compared to control synapses) of the first ePSCs detected in
CNT. In addition, the experiments where we varied external [Ca2+] to modulate
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short term plasticity, suggested that CNT synapses exhibited a low probability of
release in standard ACSF.
On the other hand, an increased number of release sites at CNT presynaptic
terminals could account for the decrease in % of failures and is in agreement with
the detected improvement in connectivity. Still, it is not clear how, upon TTX
treatment, connectivity preserve the CNT induced improvement, but % of failures
and facilitation behaviour are similar to controls.
In this context, our collaborator Michele Giugliano (Department of Biomedical
Sciences, University of Antwerp) exploited mathematical modelling to describe
the phenomenology underlying modifications of short term plasticity detected in
presence of CNT. He employed a phenomenological model of homosynaptic
short-term plasticity (Tsodyks and Markram, 1997), which is fully described by
four parameters: absolute synaptic efficacy (A), which is an indicator of PSCs
amplitude, utilization of synaptic efficacy (U), that is related to the probability of
release, recovery from depression (τD) and recovery from facilitation (τF),
parameters dependent on various factors, i.e, residual Ca2+.
To report our results through the model, for each pair of neurons in control and
on CNT substrates, an averaged trace was obtained from ten recordings of
synaptic responses to 20 Hz trains of presynaptic APs and it was analyzed by
means of a procedure of simulated annealing optimization (Press et al., 1992) to
identify the four best fit parameters of the model. In this process, both in control
and CNT conditions, the mathematical analysis unveiled an additional slow
component of postsynaptic response (fig.4.30).
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Fig. 4.30:
The trace obtained by electrophysiological recordings (black), was mathematically (red) described
with a model to extrapolate parameters characterizing the mechanism of short term plasticity. The
slow synaptic component, unveiled by the model, is indicated in blue.

The analysis of pairs of neurons in control (n=10) and in presence of CNT (n=29)
showed that the facilitation in short term plasticity in CNT neurons resulted from a
statistically significant (P value < 0.05, Student’s T-test) reduction of absolute
synaptic efficacy (A), together with a faster recovery from depression (τD) and a
slower recovery from facilitation (τF), while utilization of synaptic efficacy (U)
appeared unmodified. (fig. 4.31).

Fig. 4.31
Left, scheme of temporal dynamics occurring at presynaptic terminal during active signaling; the
role of the four parameters of the model is illustrated; right, means values for the four parameters
in control and in presence of CNT.
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The interpretation of the model indicates that facilitation in short term plasticity in
presence of CNT is due to a reduction in PSCs amplitude, although it seems not
to be related to a variation in probability of release. In addition, the facilitation
might stem from other properties of synapse, which make faster the recovery
from depression and slower the one from facilitation. The model partially
confirmed our results, however it should be considered that it requires a
simplification of real data, where, for instance, changes in failure probability are
not examined.
The discussion on the mechanisms underlying modification of synaptic activity in
presence of CNT is surely still open. In this context, transmission electron
microscopy to analyze the number of release sites would be useful in order to
understand which morphological and structural changes occur in synapses
developed on CNT in comparison with control ones.
A reasonable hypothesis to explain our results consists in supposing that in
synapses developed on CNT substrates both the probability of release is
decreased (smaller first ePSCs, facilitation in short term plasticity) and the
number of release sites is increased (decreased failure probability, boosted
PSCs frequency and coupled pairs), but other phenomena occur concomitantly.
Synaptic vesicles, in fact, are reported to exist in different functional states within
the presynaptic terminal, with some vesicles associated with cytoskeletal
elements, some one docked at active sites, and other ones undergoing
endocytosis and refilling (Heuser et al., 1979). Vesicles belonging to different
pools are released with different kinetic properties and various factors can
promote their allocation and fusion with neural membrane.
It is likely that the amplitude of first ePSCs depends on the “primed” pool of
vesicles, that are readily released in relation with the basal probability of release
of synapse, while amplitude of consecutive ePSCs is more sensible to the
characteristics of “back located” pools of vesicles, whose probability of release
can be modified by external factors (Debanne et al., 1996), such as the
accumulation of Ca2+ in presynaptic terminals (residual Ca2+) due to frequency
stimulation, in our case.
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This hypothesis is supported by the fact that in our cultures failures usually did
not occur in the first ePSCs of the series, but they did in the following responses.
Thus we might envisage a scenario were CNT improve the number of synaptic
contacts, in an activity-independent manner, contextually, via activity-dependent
mechanisms, CNT increase the number of release sites and the behaviour of
synapses via changes in the kinetic of presynaptic residual Ca2+. Thus we further
investigated single neuron properties.

4.5 Impact of CNT on single neuron electrogenic
properties
4.5.1 Characterization of neural electrogenic properties
While we investigated the mechanisms involved in the CNT induced increase in
neural network activity, connectivity and synaptic facilitation, we speculated that
such changes might be related, at least in part, to altered single cell electrogenic
properties.
We have initially assessed that membrane passive- and AP-properties were not
altered in neurons grown on CNT layers in comparison to control ones. We
decided to investigate whether CNT can modify other electrogenic properties,
potentially involved with synaptic efficacy and plasticity.
In particular we decided to study CNT effects on single neuronal integrative
properties. In a first set of experiments, to maximize the interactions between
regenerative properties in proximal and distal areas of a single neuron, we
adopted the critical frequency (CF) stimulating protocol (Larkum et al., 1999).
All recordings were performed from single neurons (control and CNT) at 8-10 DIV
in the presence of GABA and glutamate receptor blockers, CNQX and gabazine,
in order to pharmacologically decouple cells from one another, while maintaining
single cell integrative properties intact.
In current clamp configuration, with RMP maintained at – 60 mV, we induced
single neurons to fire series of 6 APs at different frequencies, ranging from 20 Hz
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to 100 Hz, by injecting, at the cell soma, brief suprathreshold depolarizing current
steps (1 nA, 4 ms). Neuronal electrogenic properties were characterized by
investigating the presence of an additional somatic membrane depolarization
after the last AP of the train (fig. 4.32).

Fig. 4.32:
Example of stimulation protocol (20 Hz) and of recordings at different frequency of stimulation.
The yellow showed area corresponds to the time window where afterpotential was analyzed.

Such an after-depolarization (ADP) has been found to be the hallmark of a Ca2+mediated event of integration, based on the successful summation of
backpropagating APs in the distal, dendritic compartments, activating low
threshold Ca2+ channels (Larkum et al., 1999; Larkum et al., 2007, fig. 4.33).
After its generation at the axonal hillock, an AP usually propagate along the
axon, but it can also back-propagate in the dendritic tree if specific active
conductances, such as voltage gated sodium and Ca2+ channels, are expressed.
The presence of such depolarizations is important because it can influence the
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integration of input signals and the generation of subsequent APs (Holthoff et al.,
2006).

Fig. 4.33:
Schematic representation of backpropagation of APs in dendritic compartments. At t0,
single neuron receives many synaptic inputs from neighbour cells through dendrites; at t1, if the
threshold is reached, AP is generated and it propagates along the axon, but also in dendrites; at
2+
t2, thanks to the presence of voltage gated Ca channels expressed in dendrites, the signal can
backpropagate, rendering neuron more excitable.

We measured, in control and CNT neurons, the appearance of ADP after trains
of APs. We obtained mean tracings upon repeating ten trials of stimulation for
each frequency tested. We computed the area under-trace in a 100 ms time
window, starting 50 ms after the last AP of the train, taking as a reference the
resting membrane potential. We categorized the neural responses into three
classes: i. after hyperpolarization (AHP, area<0 mV*ms); ii. neutral response
(NR, 0>area<100 mV*ms) and, iii. after depolarization (ADP, area>100 mV*ms).
In our experimental condition, under CF protocols of stimulation, neurons
responded with the same kind of afterpotential (AHP NR or ADP) at all frequency
tested, only small differences were detected (see below).
Control neurons (n=48) showed, in the majority of cases, an AHP (47%) or a NR
(25%), while ADP (28%) was relatively rare. On the contrary, in CNT neurons
ADP was the predominant response (54%) and the frequency of AHP and NR
appeared reduced (respectively 28% and 18%, n=66) when compared to
controls.
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Fig.4.34 :
Upper part, schematic representation of 80 Hz stimulation protocol. Below, exemplificative mean
traces for a control neuron presenting AHP and CNT one with ADP. On the right, the two after
potential responses are magnified and superimposed.

Fig. 4.34 showed two examples of 80 Hz trains of elicited APs recorded in
neurons grown in the two different conditions: after the last APs of the series,
they present respectively an AHP (control) and an ADP (CNT) and, on the right,
the regions in the squares are magnified and superimposed to better display the
different afterpotential response in relation to the resting potential (dotted line).
As reported in fig. 4.35, where the distribution of area values for all neurons in
the two conditions are shown, neurons grown on CNT layers had a higher
probability to generate an ADP upon firing a train of APs in comparison to control
ones. In addition, as the cumulative probability curves show, ADP were larger in
presence of CNT than in control (P value<0.05; Kolmogorov-Smirnov test).
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Fig.4.35:
Left, distribution of afterpotential areas for 80 Hz stimulation in the two conditions of growth. In
comparison with glass, distribution for CNT neurons is shifted on the right, in the range of positive
areas, indicating a higher probability to have ADP in presence of CNT. Right, cumulative
probability distributions for control and CNT neurons indicate that ADP are larger in presence of
CNT than in control.

Note that, differently from other reports (Kampa et al., 2006),values of AHP and
ADP areas were not significantly changed upon increasing the stimulation
frequency (fig. 4.36)

Fig.4.36 :
ADP values for CNT (gray triangles, n=28) and AHP ones for glass neurons (black triangles,
n=19) appeared to increase with a smooth relation to stimulation frequency.
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4.5.2 CNT induced ADP is a Ca2+-mediated phenomenon
Similarly to the Ca2+ mediated phenomenon observed in acute cortical slices
(Larkum et al.,1999), in our dissociated hippocampal cultures grown on CNT
substrates the presence of the ADPs, their dependence on trains of APs and
their larger area in comparison with control are suggestive of the occurrence of
integration of backpropagating APs. We further supported such hypothesis, by
showing the Ca2+ dependence of this event.
In our experiments, we showed that ADP was abolished by treatment with Co2+
(3 mM, n=3), which is a not specific Ca2+ channel blocker, and by coapplication
of 10 µM nifedipine and 50 µM Ni2+ (n=10), that respectively are low and high
voltage gated Ca2+ channels inhibitors (fig. 4.37).

Fig. 4.37:
2+
Effect of Ca channel blockers on ADP in CNT neuron: the images show the last APs of elicited
2+
train and the afterpotential response. Left, 3 mM Co abolishes the ADP; right, pharmacological
dissection of ADP by means of coapplication of low and high voltage gated calcium channels
blockers.

This result suggests the involvement of different types of Ca2+ channels, which
are known to be expressed differently along the dendritic tree (Seamans et al.,
1997). High and low voltage activated Ca2+ channels were thus equally involved
in the generation of the detected ADP (nifedipine abolished ADP area 61 ± 5 %,
n=10). Interestingly, Ni2+ at our tested concentration, specifically blocks T
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channels (Christie et al., 1995), such conductances are known to be expressed
in particular at distal dendritic sites (Christie et al., 1995; Magee et al., 1999) thus
indirectly supporting the involvement of the distal compartment in ADP
generation.
The application of the same blockers to AHP-displaying control neurons further
increased (by 500±113%) the AHP (n=6, fig. 4.38).

Fig.4.38:
2+
Ca channels blockers increase AHP area in control neurons.

We put in evidence at least four factors that show that CNT support the
integration of backpropagating APs (the ADP, its dependence from train of
stimulation, its increased area in CNT compared to control and its abolishment by
means of Ca2+ channels blockers), however in the next paragraph diverse ADP
generation mechanisms are discussed and excluded.

4.3.1 CNT induced ADP is not a K+-mediated phenomenon
Our experiments suggest that CNT can modify neural electrogenic properties by
increasing individual cell integration of backpropagating APs in distal dendritic
compartments.
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The block of ADP generation through treatment with specific channels blockers
(Co2+, nifedipine and Ni2+) strongly support the hypothesis that the CF induced
ADP in CNT neurons, is a Ca2+ mediated process, as reported in literature
(Larkum et al., 1999).
However, ADP could arise from CNT induced alterations of extracellular ions
concentrations. Hypothetically, the nanostructure of CNT could provide artificially
small nanodomains closed to neural membrane surfaces, where ions
concentration, such as [K+], might abnormally be increased after a series of high
frequency APs, as those induced by CF protocols. Altered extracellular K+
clearance could lead to the appearance of ADP.
We have no tools to induce a selective, transient and local increase in external
[K+], thus, to test the above mentioned hypothesis, we varied grossly the
extracellular [K+], and stimulate via CF protocols control neurons.
As shown in fig. 4.39, increases of external [K+], (from 6 mM to 20 mM) promoted
a modification in single APs duration, which became slower in comparison to
those recorded at 4 mM [K+]. Such long lasting repolarization of AP was
extended to the membrane potential in the time window where usually ADP was
quantified. Was that the mechanisms of ADP? We believe that this was not the
case, since we needed, to induce such an ADP, to apply 10 to 20 mM [K+], a
concentration rarely reached by bundles of high frequency-firing axons in
peripheral nerves (Inoue et al., 1997), in addition the kinetic of this depolarization
was completely different from that of the ADP detected in CNT neurons, and, in
those neurons, we never observed larger APs (n=5).
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Fig.4.39:
+
Increases in external K concentration do not generate ADP detected in presence of CNT. Two
examples of control neurons stimulated at 80 Hz are reported, one presenting AHP and the other
+
ADP. In both the cases, increasing doses of K in external solution make single APs larger and
modify the membrane potential at the end of the train of stimulation, but with kinetic
characteristics different from CNT induced ADP (in the magnification on the right).

Accordingly, the magnification on the right in fig. 4.39 illustrates the different
shape between the “classic” ADP detected in CNT neurons and that generated
by increasing external [K+] in control neurons.
In addition, when we treated control neurons showing AHP with 10 mM [K+], the
prolonged AP became even larger when applying Co2+ (3 mM, fig. 4.40 top
tracings, n=3), e resulted opposite to the experiments on CNT neurons, where
this agent fully blocked ADPs. Applying 10 mM [K+] in control neurons displaying
ADP (fig. 4.40, bottom tracings) fully prevented this phenomenon and further
application of Co2+ prolonged AP depolarization that became even wider than
that reported in high [K+] alone (fig. 4.40).
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Fig.4.40:
2+
2+
Treatment with the Ca channel blocker Co does not revert the modifications induced by
+
increased external K concentration. Examples of control neurons stimulated at 80 Hz and
presenting either AHP or ADP.

We further excluded the involvement of K+ in ADP generation in CNT neurons, by
using a specific blocker, 4-aminopyridine (4-AP 50 µM to 1 mM), of D-type K+
channels. These channels are selectively expressed in distal dendritic
compartments of hippocampal neurons and were reported to inhibit ADP (Mezt et
al., 2007).
We blocked D-type K+ currents by treating neurons with 4-AP to in order to to test
whether such manipulation could generate the ADP. We characterized the
impact of increasing (from 50 µM to 1 mM) concentrations of 4-AP on
electrogenic properties of control neurons at 7-8 DIV, without detecting any
significant modification in single APs and in ADP or AHP expression after CF
train.

Interestingly, we observed that treatment with 100 µm 4-AP in older

neurons (9 DIV) promoted a response in terms of AP increased amplitude
(before treatment, 117±5 mV; after treatment, 131±5 mV, n=5) and longer
duration (measured at – 50 mV: before treatment, 5.3±0.6 ms; after treatment,
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8.2 ±1.7 mV, n=5), indicative for an expression of D-type K+ channels in our
cultures at later stages of neuronal maturation. Although at 9 DIV, 4-AP was thus
efficacious in blocking D-type K+ channels, leading to a modification in APs
characteristics, this drug was never inducing a clear ADP in control neurons (fig.
4.41).

Fig. 4.41:
+
Two examples of the effect of D-type K channels blocker 4- aminopyridine: APs shape and
amplitude are modified, but integrative properties are unchanged (stimulation frequency: 20 Hz).

All together, these experiments showed that alternative phenomena, such as
local modifications in extracellular [K+], were not involved in the generation of
ADP in CNT neurons. We also excluded, by experiments with 4-AP, that ADP in
CNT neurons might stem from a toxic effect of CNT. In literature, in fact, it is
reported that impurities of CNT production process can act as inhibitors of K+
channels in neurons (Xu et al., 2009). Although the CNT that we employed were
carefully purified and showed stably retention on glass support, we were able to
confirm that ADP was not the mark of toxicity on K+ or Ca2+ channels. Thus our
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hypothesis of CNT enhancement of the dendritic ability to backpropagate APs
holds the best promises.

4.5.3 Contribution of CNT nanostructure and CNT conductive
properties to ADP induction
CNT are nanomaterials mainly characterized by two features: their nanostructure
and their excellent electrical conductivity.
Our electrophysiological experiments highlighted the extraordinary impact of
such nanomaterials on electrogenic neuronal ability. We design a series of
experiments to dissect which of these CNT properties could be mainly involved in
affecting neuronal behavior.
To this aim, we used as growth substrates, two different classes of materials
characterized either by high conductivity in the absence of nanostructure, or by a
clearly documented nanostructure, in the absence of conductivity.
We

grew

dissociated

hippocampal

RADARADARADARADA-COHN2)

peptides,

cultures
a

self

on

RADA16

assembling

(Ac-

material

characterized by nanometer scale features in the absence of conductive
properties, and Indium Tin oxide (ITO), a type of conductive glass lacking of
tridimensional nanostructure. We used two different ITO substrates displaying
different resistance ranges: one with resistivity values (5 Ω mm) comparable to
nanotubes coverslips (1-1.2 Ω mm) and a second one with lower resistivity
(0.005 Ω mm).
Studies of the nanostructure of such materials, by means of AFM, confirmed
RADA 16 formed a tridimensional scaffold comparable to that of MWNT or
SWNT, while ITO presented a flat surface, deprived of such a scaffold (fig. 4.42).
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Fig.4.42:
AFM images showing the nanostructure respectively of MWNT, RADA 16 and ITO substrates.

Neurons attached and grew, displaying the usual healthy morphology on all the
tested substrates (fig. 4.43 for RADA 16).

Fig.4.43:
AFM images of a neuron grown on RADA 16 substrates (left); magnification of detail in the yellow
square, showing how RADA 16 nanostructure resembles the one of neural dendrites (right).

Membrane passive properties were used as a benchmark of neuronal viability
and of neuronal properties, and were similar in all tested growth conditions, as
summarized in Tab 4.5.
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Tab 4.5:

Capacitance

Input resistance

Resting potential

(pF)

(MΩ)

(mV)

CNT (n=72)

61±3

558±24

-49±1

RADA 16 (n=40)

66±4

641±38

-46±1

Less conductive

54±3

678±61

Not measured

69±6

576±51

-51±2

ITO (n=11)
More conductive
ITO (n=18)

We tested the ability of these substrates in modifying electrogenic properties of
neurons by applying the CF protocol (Larkum et al., 1999) and we observed that,
for both ITO substrates and RADA 16 peptide layer, the profile of afterpotential
responses were similar to that detected in control neurons displaying in the
majority of cases AHP or NR responses and only in a small subset of neurons
ADP (fig. 4.44).

Fig. 4.44:
Exemplificative traces recorded from neurons in the different conditions of growth show the AHP
is the predominant phenomenon in presence of RADA 16 and ITO coverslips, in opposition with
the ADP detected on CNT.
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The tab. 4.6 summarizes these results.
Tab 4.6:

AHP

NR percentage

ADP percentage

percentage

(%)

(%)

(%)
CNT (n=72)

27

21

52

RADA 16 (n=40)

37,5

35

27,5

Less conductive ITO

61,5

23

15,5

41

33

26

(n=26)
More conductive ITO
(n=27)

Similarly, in fig. 4.45, the distribution of the area-under-trace in the time window
considered for the quantification of afterpotential responses, shows that materials
proving either nanostructure or good conductive properties alone, are not able to
mimic CNT effects on neurons when challenged by CF protocols. In other terms,
this means that both nanoscaffold and low resistance exhibited by CNT are
necessary to promote the generation of ADP.
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Fig. 4.45:
Distribution of areas measured in the time window previously considered for afterpotential
responses. While CNT responses are mainly distributed on the right in the range of positive
areas, all the other substrates present distributions shifted on the left in the range of AHP.

4.5.4 Summary of main results of the section
By using well characterized protocol of stimulation to study neural electrogenic
properties, we found that CNT reengineered integrative electrical abilities of
hippocampal neurons in vitro, promoting the generation of a membrane
depolarization following a train of APs. Such ADP has been previously correlated
with a Ca2+ mediated phenomenon of integration of backpropagating APs in
distal dendritic compartments, indicative for an electrical coupling between soma
and dentrites (Seamans et al., 1997; Larkum et al., 2007).
Our results suggest that the mechanism at the basis of ADP generation in CNT
neurons requires Ca2+ entry via voltage gated channels. In particular, ADP
sensitivity to Ni2+ strongly supported the role of dendritic Ca2+ currents in CNT
induced modification of neuronal integrative properties (Christie et al., 1995;
Magee & Carruth, 1999).
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This hypothesis was further strengthen by the fact that frequency stimulation was
needed to induce the ADP, as single APs were usually followed by AHP or NR.
Even if inhibition of dendritic K+ channels was reported to participate to ADP
generation (Metz et al., 2007), we excluded this possibility through experiments
in which in control neurons either 4-AP was administered or external K+
concentration was changed, without converting AHP in ADP. The modifications
of APs shape and amplitude were indicative of the efficacy of the treatments,
which, instead, were unable to generate ADP with characteristics comparable
with CNT induced ones.
By employing as substrates for neuronal cultures, materials presenting specific
properties such as RADA 16 (tridimensional nanoscaffolds) and ITO (conductive
coverslips) and then testing neurons grown on them with the CF protocol to study
electrogenic properties, we observed that, in the majority of cases, neuronal cells
displayed AHP, a result suggestive of the required co-expression of CNT
properties to promote the appearance of ADP.
On the other hand, we imaged by TEM the presence of discontinuous points of
tight contacts and bridge like structures between CNT and neurons (fig. 4.6, 4.7,
4.8), indicative for the development of hybrid nanotubes-neuronal units.
Considered all these evidences, we put forward some speculative hypothesis on
CNT/neuron nanoscale interactions able to change neuronal responses.
Based on the good conductive properties of CNT, together with the observed
tight contact, a possibility is that hybrid CNT-neuronal units supported the
backpropagation of APs, mediating an electrical shortcut between adjacent
compartments on dendrites. Such hypothesis has been supported through
mathematical modeling by our collaborator Michele Giugliano (Department of
Biomedical Sciences, University of Antwerp). He represented single neuron by
using an equivalent electrical circuit, where the variation of R is employed to
describe the electrical coupling between somatic and dendritic compartments in
the different conditions of growth. He supposed that in the presence of CNT, the
value of R was lower than in control glass condition, then he simulated trains of
six APs occurring in model neuron. As it is possible to see in fig. 4.46, simulation
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with parameter of control condition resulted in AHP, while one with lower R value
generated an ADP.

Fig. 4.46:
The electrotonic hypothesis. In A, scheme of CNT-neuron interaction, characterized by the
presence of hybrid structures. In B, equivalent electrical model of neuron on CNT layer: the cellsoma acts as a generator Vs during a spike, the somato-dendritic attenuation is modelled by a
resistor Ra, the shunting effect of the bulk electrolyte is represented by R0-C0 parallel. The
intracellular interface CNT-electrolyte is also represented by a R-C parallel. This circuit model
allow to analyze within the passive propagation properties of the somato-dendritic coupling (i.e.
Vd << Vs) the physical conditions that might underlie the nanotubes-mediated boosting of the
somato-dendritic coupling. In C, simulations of trains of APs in neuronal models, showing CNT
neurons (high conductance) or control (low conductance) properties.

Such electrotonic shortcut should occur only with rapid active signals, namely
APs, as the characterization of electrotonic length of neuritis reported in Section
3.1 did not highlight any difference between control and CNT neurons.
Alternatively, the presence of tight contacts between CNT and neuronal
membranes, through the interaction with cellular cytoskeleton, could induce
morphological modifications or changes in distribution of Ca2+ channel in
dendrites, promoting the formation of clusters, however such an effect could not
be unmasked in our recordings neither by alterations in membrane passive
properties nor in single APs shape and after potentials.
This issue might be further investigated by alternative approaches, such as dual
electrophysiological recordings at single neuron level and Ca2+ imaging. For
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instance, the backpropagation of APs might be monitored in detail by patch
clamping simultaneously the cellular soma, where APs trains can be elicited by
means of CF protocol, and the dendrites. If the backpropagation of APs was
promoted by CNT, we would detect at dendritic level larger spike in neurons
grown on CNT than in ones in control. Unfortunately, differently from tissue
slices where this technique is employed (Larkum et al., 1999), in dissociated
cultures successful and stable patch clamp recordings from dendrites are
impaired, because of the flattening and mechanical instability of dendrites grown
in vitro conditions without the tridimensional architecture of the tissue.
Considered that ADP is Ca2+ mediated process, an alternative approach to
monitor the backpropagation of APs directly in dendrites might be the
employment of Ca2+ imaging by means of fluorescent indicators. However, even
the application of this method is limited by the presence of CNT layers. In fact,
since CNT are reported to strongly adsorb light (Mizuno et al., 2009) and to be
photoluminiscent (Wang et al., 2004), this would lead to an interference with the
fluorescent signals generated by the Ca2+ indicator in our recording conditions
(i.e. inverted microscope).

4.6 Speculating on the interplay between CNT induced
effects in potentiating neural network performance
4.6.1 CNT induced ADP promote longer burst of activity
Since we observed single neuron integrative electrical properties were boosted
by the presence of CNT, we speculated which effect such increased excitability
could have at neural network level.
Our collaborator Michele Giugliano (Department of Biomedical Sciences,
University of Antwerp) employed a traditional mathematical modeling strategy to
predict the effect of single neuron ADP on the entire network activity. He built a
neural network model, constituted by a population of 50 randomly connected
individual model neurons like those described in section 4.3.5., and after
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functionality parameters were fixed on the basis of classical models (Marom &
Shahaf, 2001), he simulated via computer neuronal network activity in the two
conditions of growth by varying single model neurons properties respectively as
control and CNT.
Neural network model generated irregular episodes of synchronous spontaneous
firing, namely burst, comparable to ones occurring in in vitro cultures (Lovat et
al., 2005; Mazzatenta et al., 2007). The prediction of the model was that by
mimicking the presence of additional ADP in single neurons, the frequency of
bursts in the network activity did not increase, but the duration of single burst
became longer (fig. 4.46).

Fig. 4.46:
Prediction of neural network model.
The two conditions of growth in real cultures (CNT and control) were simulated by varying degree
of somato-dendritic coupling in single model neurons (upper panel: low coupling corresponding to
control; lower panel: strong coupling typical of CNT-neurons). The network model predicts that,
as intuitively expected, the presence of ADP following a burst of closely fired somatic spikes may
prolong neuronal firing, only when the somato-dendritic
coupling is strong (simulations reported on the right).

We verified model prediction by monitoring the activity of biological neural
network through electrophysiological recordings. We performed voltage clamp
recordings where single neurons were used as probe to sense presynaptic
network activity. For each trace, burst events were collected and aligned to
obtain an average. We observed the mean duration of bursts in presence of CNT
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(n=3 cells) was longer than one in control (n=3 cells) and we quantified such
difference, measuring the area under trace for single bursts (n=785, nanotubes;
n=413, control) and building the cumulative probability curves: the CNT curve,
shifted on the right, indicated a much higher probability to have events clustering
in presence of CNT (Kolmogorov-Smirnov test, P value < 0.05, fig. 4.47).

Fig. 4.47:
CNT neurons present longer duration of burst in comparison with control. Left, mean traces of
burst in the two conditions of growth. Right, cumulative probability curves obtained by measuring
area under burst.

4.6.2 Overview: many CNT induced effects participate to the boosting
of spontaneous network activity.
The major aim of this thesis was to investigate the impact of CNT on the
biophysical properties of neurons. Can CNT, simply due to their intrinsic
structure, directly improve the functional rewiring of neuronal network? Is this
network enhancement ultimately linked to the nanoscale physical interactions
between CNT and neurons?
To this aim, we designed an experimental model, in which glass coverslips totally
and stably covered with purified CNT films were employed as substrate for
growing dissociated hippocampal cultures.
We investigated, mainly by means of patch clamp technique, CNT impact on in
vitro hippocampal network at different levels, detecting several effects.
The main findings of this exploration have been:
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1) CNT boost spontaneous activity of neural network. We obtained this result
by means of single cell voltage clamp recordings, where we employed
single neurons as probes to monitor the activity of the network. We
observed that the improved activity involved both the excitatory and
inhibitory components of the network, as both AMPA and GABAa
receptors mediated PSC frequencies were increased in the presence of
CNT platforms; however the relative frequency of the AMPA receptor
mediated PSC appeared more increased than that of GABAergic PSCs.
In addition, we monitored activity independent stochastic release of
neurotrasmitters by recording spontaneous activity in presence of TTX,.
We found a large increase in mPSC frequency, although we isolated and
analysed the AMPA receptor mediated componet only. GABAa receptor
mediated mPSCs were very rare in the absence of APs in our model
system.
2) CNT increase neuronal connectivity and turn synaptic depression into
synaptic facilitation in monosynaptically coupled pairs of neurons. In our
model system, the large majority of coupled pairs of neurons displayed
monosynaptic GABAa receptor mediated ePSCs. We reported that the
probability of finding GABAergic monosynaptic contacts between pairs of
neurons was increased in the presence of CNT; moreover, while in control
condition, in case of presynaptic ripetitive frequency stimulation,
postsynaptic neurons responded predominantly with frequency depression
in ePSCs amplitudes, on CNT the prevalent behaviour was a clear
facilitation.
3) CNT increase integrative electrical properties at single neuron level. By
current clamp single neuron recordings, we found, on CNT substrates, the
presence of an ADP after trains of APs, which represented the hallmark of
a Ca2+_mediated integration of backpropagating APs in distal dendritic
compartments. Electrophysiological recordings combined with electron
microscopy and mathematical modelling allowed to formulate the
electrotonic hypothesis, according to which CNT, thanks of their
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nanostructure interacting with neuronal membranes and to their good
conductive properties, might mediate an electrical shortcut between
somatodendritic compartments.
As shown in the summarizing scheme, some of the changes in neuronal and
synaptic behaviours due to CNT substrates, may not to be inter-independent.

CNT good conductive properties

Improved integrative properties
(single cell recordings)

CNT nanostructure

Longer duration of
burst of activity
Increased connectivity
(miniature PSCs and dual recordings)

Higher frequency of
coincident APs
in the network

Facilitation

Boosted

in

spontaneous activity

short term plasticity

First of all, CNT are characterized by good conductive properties and by a
defined nanostructure; as the use of alternative substrates (RADA 16 and ITO)
showed, both these features are required to modify neuronal electrogenic
properties. Apparently, CNT nanostructure can also act as a supporting scaffold
which promotes synaptic formation.
We suggest, in fact, that the boost in spontaneous network activity may rely on
two CNT-mediated mechanisms: the increased number of synaptic contacts
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(and/or presynaptic release sites), measured as increased frequency of mPSCs
and further supported by the results of pairs recordings (higher probability to
finding monosynaptic contacts, reduced failure rates) and the modifications of the
electrogenic properties at single cell level, that make neurons more excitable.
On the other hand, mathematical modelling together with electrophysiological
recordings indicated that the improved ability in integrating electrical signals of
neurons on CNT carpets promotes the generation of longer burst of activity, that
means an higher number of coincident events at the network level. Coincident
events in pairs of neurons forming synapses have been found to modulate
synaptic plasticity (Markram et al., 1997), so that this might explain at least in
part the induction of facilitation in short term plasticity.
Actually, the modification of short term plasticity highlighted by pairs recordings in
the presence of CNT is a very complex issue, where discordant results emerged
(smaller ePSCs amplitude together with a decreased failure probability, both
accompanying facilitation); however, TTX experiments supported strongly that
the CNT induction of facilitation is activity dependent, as, when APs generation is
blocked, synapses developed on CNT substrates presented depressing
behaviour. Therefore, it is interesting to note how facilitation rises from the
activity of neural network together with the presence of CNT: this indicates an
outstanding degree of integration between neural network and this peculiar
nanomaterial.
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5 Appendix
In this section I decided to summarized some additional series of experiments
that were performed in relation to the thesis main subject. Although
representative, these results are often preliminary, therefore I found it more
correct to describe them separately. I am currently working on these topics and I
hope to clarify several of these issues in the next future. The topics addressed in
this Appendix are mainly related to
A. brain-derived neurotrophic factor (BDNF) treatment of CNT and control
cultures, to address the mechanisms of CNT effects on synapses,
B. the assessment of the impact of different CNT substrates on neuronal network
behavior
C. the investigation of soluble CNT as drug delivery systems.

5.1 Role of Brain Derived Neurotrophic Factor (BDNF) in
CNT induced effects on neural activity
5.1.1 Effect of BDNF on synaptic transmission in hippocampal
cultures
BDNF, a member of the neurotrophin growth factors family abundantly expressed
in the CNS, is emerging as one important mediator of activity dependent
modifications in synaptic strength and network refinement in vivo (reviewed in Lu,
2003).
In dissociated embryonic hippocampal cultures, chronic treatment with BDNF
promotes the formation of novel synapses, comprising excitatory and inhibitory
ones, leading to increased network spontaneous activity. BDNF was also
reported to induce, in GABAergic but not in glutamatergic neurons, morphological
modifications such as the enhancement of dendritic tree complexity and the
promotion of axonal elongation (Vicario-Abejon et al., 1998).
Bolton and collaborators (2000) observed that the mechanisms underling BDNFdependent synaptic potentiation differed between excitatory and inhibitory
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synapses. BDNF increases the amplitude of AMPA receptor mediated mEPSCs.
This change is traditionally related to postsynaptic mechanisms. Contextually,
BDNF boosts the frequency of mIPSCs, traditionally related to presynaptic
terminals (Bolton et al., 2000).
Also, Yamada and coworkers (2002), reported that chronically administered
BDNF promoted a selective increase in immunoreactive signals of glutamic acid
decarboxylase (GAD), a GABA-synthesizing enzyme. GABAergic, but not
glutamatergic neurons presented a larger soma after BDNF treatment (fig. 5.1;
Yamada et al., 2002).

Fig.5.1:
BDNF treatment induces an increase of the level of GAD expression. A-D, Representative
images of cultures kept in the absence (A, B) or presence (C, D) of 50 ng/ml BDNF for 7 d. DIC
images (A, C) were obtained from the same microscopic fields of view as anti-GAD images (B,
D). "Hotter" colors in B and D correspond to higher immunoreactivity for GAD on an arbitrary
pseudocolor scale. Scale bar, 20 µm. E, BDNF induced a significant increase in GAD
immunoreactivity. **p < 0.01
(Yamada et al., 2002).

In addition, Ohba and coauthors (2005) suggested that BDNF, via TrKB
receptors, promoted a potentiation in the presynaptic machinery at GABAergic
synapses. By trasfection techniques, these authors expressed in hippocampal
neurons defective form of TrKB receptors and treated cells with BDNF, observing
that in this condition the frequency of spontaneous IPSCs was decreased in
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comparison with neurons not expressing the truncated form of the receptor (fig.
5.2; Ohba et al., 2005).

Fig. 5.2:
Contribution of BDNF-TrkB signaling: BDNF increases GABA-release probability recorded in
lacZ-expressing neurons (control) but not in truncated TrkB-expressing neurons. (A) Traces of
spontaneous GABAergic postsynaptic currents recorded from lacZ- or tTrkB-expressing neurons
cultured in the presence or absence of 10 ng/ml BDNF for 48 h from 7 days in vitro. Scales, 100
pA, 5 s. (B) The difference is statistically significant (*P < 0.05,
Ohba et al., 2005).

Furthermore, BDNF application rescued the TTX induced weakening of
GABAergic synapses in hippocampal circuits in vitro (Swanwick et al., 2006),
indicating that BDNF scaled the strength of inhibitory synapses in an activity
dependent manner.
Recently, a novel mechanism regulating neuronal BDNF release during
development and plasticity has been suggested. By transfecting dissociated
hippocampal neurons in culture with green fluorescent protein (GFP)-tagged
BDNF,

Kuczewski

and

coworkers

(2008)

found

that

spontaneous

backpropagating APs (b-APs), but not synaptic activity alone, led to a Ca2+dependent dendritic release of BDNF-GFP (fig. 5.3; Kuczewski et al., 2008).
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Fig. 5.3:
Backpropagating APs trigger dendritic BDNF secretion through membrane depolarization. a, Left,
Representative trace of synaptically induced b-APs produced a dendritic BDNF-GFP secretion;
right, the arrow indicates the arrival of the first AP. b, BDNF-GFP secretion did not occur when
APs were prevented by QX314 in the recording pipette. c, Membrane depolarization to –40 mV,
with QX314 in the pipette, produced a BDNF-GFP secretion even in the absence of APs,
Kuczewski et al., 2008).

5.1.2 Could CNT induced release of BDNF promote synaptic
plasticity?
In our experiments, in dissociated hippocampal cultures, backpropagation of APs
was rendered more effective by CNT layers integrated to neuronal membranes.
In addition, synapses developed in the presence of CNT showed remarkable
modifications in synaptic plasticity. Could these two phenomena be correlated?
Could improved backpropagation of APs, through BDNF release, be at the origin
of synaptic transformations brought about by CNT? To test such hypothesis, we
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performed two series of experiments, where we administered to control and CNT
hippocampal cultures exogenous BDNF, either chronically or acutely, in the
presence of TTX, to remove backpropagation of APs and synaptic facilitation
(see above).
We first treated control and CNT cultures, where APs were blocked by 1 µm TTX,
with 20 nM BDNF for 4-5 days beginning at 4 DIV. After the treatment, we
analyzed network activity by means of dual recordings and upon washout of TTX
and BDNF.
Surprisingly, in both the investigated conditions, BDNF treatment increased (from
<10% to 25% and to 28%, control, n=13 and CNT, n=11, respectively) the
probability of finding fast ePSCs in neighboring neurons. Fast ePSCs were
identified as AMPA receptor-mediated events on the basis of their reverse
potential (0 mV; n=2). Usually, fast ePSCs were followed by disynaptic slower
events, thus preventing any further analysis in the absence of synaptic blockers
or at the standard Vh (fig. 5.4).

Fig. 5.4.:
Recordings from a pair of neurons developed on control substrate in presence of 20 nM BDNF for
four days. The arrow indicates the presence of a fast decaying response, recognizable as AMPA
receptors mediated current, followed by a bisynaptic response, presumably GABAa receptors
mediated one.
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BDNF treatment did not induce facilitation in short term plasticity of GABAergic
synapses in controls, nor rescued facilitation in the TTX treated CNT-GABAergic
events, as all the analyzed pairs in control or CNT-TTX treated pairs showed,
after BDNF incubation, either depression (78%) or neutral response (22%, n=9),
a distribution similar to that of untreated controls (fig.5.5).

Fig. 5.5 :
Chronic treatment with 20 nM BDNF does not mimic CNT induced short term plasticity of
GABAergic synapses.

In a second set of experiments, we applied 20 nM BDNF acutely (10 min) to
control pairs of neurons displaying frequency depression or neutral responses,
but also in this case we could not detect substantial modifications in the
amplitude of first ePSCs (ratio amplitude after and before BDNF treatment:
1.17±12%, n=4) and in the trend of the 5 consecutive responses (fig.5.6).
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Fig. 5.6:
Acute treatment with 20 nM BDNF does not mimic CNT induced short term plasticity of
GABAergic synapses. Left, exemplificative traces, right trend of consecutive normalized peak
amplitude responses.

5.1.3 Main results of the section
Since neurotrophic factors, such as BDNF, have been reported to strongly
modulate the activity of neural network and considered that BDNF release can be
promoted by backpropagating APs (Bolton et al., 2000; Ohba et al., 2005;
Swanwick et al., 2006; Kuczewski et al., 2008), we investigated the possibility of
an indirect contribution of CF induced-ADP to the short term plasticity at
GABAergic synapses.
To this aim, we treated either chronically (4 days) or acutely (10 minutes)
neurons with 20 nM BDNF, however we observed both treatments were unable
to turn depressing synapses detected in pairs of control neurons or of TTXtreated CNT ones, (where APs backpropagation was blocked), into facilitating
ones. Although these results suggest that alternative mechanisms, either than
BDNF release, are involved in CNT mediated potentiation of synapses, BDNF
can not be entirely ruled out, since we did not test directly the effects of TrkB
receptor block (Ohba et al., 2005).
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5.2 Effect of varying CNT layers physical properties on
dissociated hippocampal cultures.
During the last three years, while we were investigating the interactions between
CNT and neurons, we also screened different types of CNT substrates.
Here we briefly report the results of some of these tests, that can provide further
information concerning the mechanisms underlying CNT effect on biological
structures.

5.2.1 Glass

slides

coated

with

covalently

immobilized

CNT

monolayers carrying positive charges
In the framework of the NeuroNano project, our collaborator, Martin Stelzle, from
NMI, Tubingen, Germany, prepared coverslips covered by CNT monolayers,
covalently immobilized to the glass support and carrying positively charged
residues (-NH2).
We first assessed the membrane passive properties of control neurons and of
neurons grown on CNT-NH2 monolayers, without finding any significant
difference between the two conditions of growth (tab 5.1).
Tab 5.1:

Capacitance

Input resistance

Resting potential

(pF)

(MΩ)

(mV)

Control (n=25)

54±4

656±59

-43±1

CNT-NH3 (n=41)

55±3

575±42

-43±1

Second, we examined if CNT-NH2 low-density monolayers, could induce
modification of integrative electrogenic properties of single neurons.
We performed CF experiments at 8-9 DIV, without detecting the shift towards
ADP (control: AHP 42%, NR 33% and ADP 25%, n=12; CNT-NH3: AHP 56%,
NR 30% and ADP 14%, n=23) reported for CNT thicker layers.
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5.2.2 Water soluble CNT substrates
To layer CNT films on glass supports we have to render CNT soluble, and this is
achieved through CNT functionalization and dispersion in DMF, a classical
solvent, which is reported to exert toxic effects in humans (Hamada et al., 2009).
Although DMF was thouroughly removed from standard CNT layers, in
collaboration with Maurizio Prato, we tested an innovative strategy to prepare
CNT substrates in order to eliminate any risks of residual solvent toxicity. As
illustrated in the following SEM micrographs, stable CNT substrates were
obtained, substituting in the reaction distilled water for DMF, but the films showed
a high degree of dis-homogeneity, with “holes” in the CNT distribution, where
empty areas were alternated to areas with dense clusters of CNT (fig. 5.7).

Fig. 5.7:
Two exemplificative SEM micrographs of water solved CNT inhomogeneous substrates.

Nevertheless, we cultured hippocampal neurons on such substrates and we
studied neural responses. At SEM, we imaged neurons that showed, when
grown on CNT clusters, tight points of contacts as previously observed (fig. 5.8 ).
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Fig.5.8:
Details of a neural growth cone interacting with CNT substrates.

Secondly, we employed electrophysiological tools to characterize the neuronal
functionality when growing in discontinuous layers of CNT.
By pair recordings, we observed that neurons grown on inhomogeneous
substrates presented functional responses placed in between those recorded
from controls and homogeneous CNT neuron pairs.
In fact, as shown in fig. 5.9, the probability of finding monosynaptically coupled
pairs of neurons was 53% (n=30) on inhomogeneous CNT layers, which was
lower than in the presence of standard CNT substrates (58%, n=122), but higher
than that measured on control substrates (39%n=149).

Fig. 5.9:

166

Comparison of coupling percentages in glass control, inhomogeneous and homogeneous CNT
substrates.

Furthermore, a similar result was obtained also for the short term plasticity of
synapses, measured as trend of consecutive ePSCs induced by a 20 Hz train of
APs: fig. 5.10 shows that coupled neurons on inhomogeneous CNT, displayed
depression in 38% of pairs, neutral response in 31% and facilitation in 31%
(n=13), in opposition with the amount of depressing synapses detected in
controls (71%, n=149) and the prevalent facilitation of traditional homogeneous
CNT substrates (42%, n=122).

Fig. 5.10:
Comparison of behaviour in short term plasticity of synapses developed in glass control,
inhomogeneous and homogeneous CNT substrates.

It is interesting to note that for both the reported analysis the difference was
statistically significant (Chi square test, P value <0.05) between glass and
inhomogeneous CNT substrates, but not between the two kinds of CNT layers.

5.2.3 Main results of the sections
We reported here two examples of CNT substrates presenting modification in
physical parameters in comparison with “traditional” layers.
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In the first case, we cultured dissociated hippocampal neurons on CNT
monolayers carrying positive charges and we tested by means of single cell
patch clamp recordings the neuronal integrative electrical properties.
We found that such substrates were ineffective in promoting the integration of
backpropagating APs, measured in terms of appearance of ADP. We could not
distinguish if the lack of effect was due to either low quantity of CNT in the
monolayer

or

to

variation

in

CNT

conductive

properties

induced

by

functionalization or to the presence of the functional groups which did not allow a
direct interaction with neuronal membranes. Although preliminary, these results
indicate that a powerful tool to investigate the mechanisms underlying CNT
impact on neural network activity consists in the controlled tuning of CNT
physical properties.
In the second series of experiments, instead, we tested water solved CNT
inhomogeneous substrates by means of dual elecrophysiological recordings. In
this case, the effects, quantified in terms of synaptic coupling probability and
behavior in synaptic short term plasticity, were intermediate between those
measured in controls and those in CNT. Such results were in agreement with the
SEM characterization of the substrates which showed wide areas of the glass
coverslip uncovered by CNT.
Considered together, these experiments, where changes in biological responses
were obtained by varying the physical properties of CNT layers, indicate that, the
standardization and the characterization of employed nanomaterials will be
fundamental to achieve and control modulations in neural activity.

5.3 Soluble CNT as carrier systems for brain drug
delivery
Another emerging application of CNT to the CNS consists in their employment as
carrier system for drug delivery. It has been found, in fact, that their nanometer
scale size allows quick internalization into cells and, in addition, they can be
easily chemically manipulated to design multi- function system (Pantarotto et al.,
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2004; Kam et al., 2004). However, the first requirement CNT has to satisfy to be
used as therapeutic system is that of biocompatibility, i.e. we have to investigate
CNT toxicity when internalized by CNS neurons. To verify this point, we tested
the effects of soluble CNT, administered at different concentrations, on cultured
hippocampal networks.
For our experiments, we employed two groups of nanotubes:
1) functionalized CNT carrying cell adhesion peptides, provided by Alberto
Bianco (Institute of Molecular and Cellular Biology, Strasbourg), which were of
two types: i. carrying the peptidic sequence Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP,
Pep 1), which is a fibronectin-derived peptide able of increasing integrinmediated cell adhesion; and ii. carrying the amino acid sequence Ile-Lys-Val-AlaVal (IKVAV, Pep 2) characteristic of laminin domains;
2) functionalized CNT with the fluorescent probe fluorescein isothiocyanate
(FITC), provided by Maurizio Prato (University of Trieste; Organic Chemistry
laboratory Department of pharmacological sciences, University of Trieste).
The synthetic procedure was similar for the two groups and the final products
differed only for the functional groups linked to the CNT which were in both cases
MWNT (scheme 5.1 and fig. 5.11).

Scheme 5.1:
synthesis of CNT conjugated (Pep 1 and 2).
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Fig. 5.11:
Schematic representation of CNT-FITC.

Dissociated hippocampal cultures at 8 DIV were incubated with a final
concentration of 1 µg/mL peptides conjugated CNT for 8 hours or with CNTFITC at 1 or 2,5 µg/mL concentrations for 2 hours at 37°C, then, at the end of
incubation time, the culture medium was replaced with a fresh one to remove all
nanoparticles.
The presence of CNT within cells was assessed by means of confocal
microscopy (using FITC conjugated CNT) and TEM, while the CNT functional
impact was evaluated at different time points from CNT washout, via
electrophysiological recordings.

5.3.1 CNT pass through neuronal membranes and distributed in the
cellular cytoplasm
For this series of experiments, Alberto Bianco provided us with doubly
functionalized peptide–nanotube conjugate containing FITC.
Upon washout, hippocampal cultures treated with CNT were fixed in 4% PFA at
the end of the incubation time (8 hours) and after 24 and 48 hours from the
beginning of incubation, then coverslips were prepared for confocal microscopy.
Fig. 5.12 shows that, on the basis of FITC fluorescent signal, CNT passed
through cellular membrane and distributed within the cells, which could be
recognized for morphological features as glial cells and neurons; however, the
distribution seemed not to be homogeneous, as a cellular compartment,
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presumably the nucleus, did not present the fluorescent signal. Fluorescent
signal persisted up to 48 hours from the beginning of incubation.

Fig. 5.12:
Confocal microscopy images of fluorescent CNT carrying peptides cell adhesion inside neural
and glial cells at different times from beginning of incubation (8 hours). The scale bar corresponds
to 30 µm.

By using immunofluorescence technique, in collaboration with Micaela Grandolfo
(International School for Advanced Studies, Trieste) we further investigated the
cell phenotypes and the CNT intracellular distribution. In these series of
experiments, incubation lasted only 2 hours, however it was sufficient to fill cells
with

CNT-FITC

and

immunofluorescence

technique

confirmed

previous

hypothesis: both neurons (MAP2 positive) and glial cells (GFAP positive) were
filled by CNT in hippocampal cultures (fig. 5.13).
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Fig. 5.13:
Confocal microscopy images of hippocampal cultures incubated with CNT-FITC (2 hours). As it is
possible to observe from the use of specific antibody, both glial (blue, GFAP) and neural (red,
MAP2) cells are filled by CNT(green).

CNT-FITC were further tested in another type of culture presenting a more
complex cytoarchiteture: organotypic spinal

cord slices. By means

of

immunofluorescence technique, it was possible to observe that also in this case
both glial and neural cells displayed intracellular CNT-FITC distribution and, in
addition, DAPI labeling of nuclei showed that CNT did not enter in such cellular
compartments (fig. 5.14).
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Fig.5.14:
Confocal microscopy images of organotypic spinal cord slices incubated with CNT-FITC (2
hours). As it is possible to observe from the use of specific antibody, both neural (left, red, MAP2)
and glial (right, red, GFAP) cells are filled by CNT(green), but in both the cases the nuclei (blue,
DAPI) are not affected by the treatment.

TEM analysis confirmed that the fluorescent signals detected inside cells were
due to the physical presence of CNT trapped within the cytoplasm: fig. 5.15
illustrates the CNT penetrated neuronal membranes and single CNT were found
in the cellular cytoplasm.
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Fig. 5.15:
TEM micrographs of dissociated hippocampal cultures incubated with soluble CNT. Left, a bundle
of CNT is located in proximity of a neuronal process and a single nanotubes departing from the
bundle takes contact with neural membrane. Right, the arrows indicate two nanotubes inside the
cell cytoplasm. Calibration bar: 3 µm (left), 1 µm (right).

5.3.2 Assessment of neuronal network functionality after soluble
CNT incubation through electrophysiological recordings
We performed a functional analysis of hippocampal cultured neurons incubated
with soluble functionalized CNT at various concentrations and for different
periods of time by means of patch clamp technique.

5.3.2.1 Eight hours incubation with 1 µg/mL CNT carrying cell adhesion
peptides
In a first set of experiments, we characterized the electrophysiological responses
of neurons treated with CNT functionalized with GRGDSPC (Pep 1) or IKVAVC
(Pep 2) peptide sequences, respectively, by employing as control the incubation
with peptides alone or that of CNT without peptides. At 8 DIV, neurons were
incubated for 8 hours at 1 µg/mL [CNT]; at the end of the incubation time, culture
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medium was replaced with fresh one and neurons were maintained in culture for
further two days.
We started the investigation by analyzing some neuronal passive properties,
commonly used as indicators of neuronal functional conditions: capacitance and
input resistance were analyzed under voltage clamp conditions at 24 and 48
hours from the beginning of incubation and they were similar between the
different conditions (tab 5.2; since data at the two time points were comparable,
they were pulled together).
Tab 5.2:

Capacitance

Input resistance

(pF)

(MΩ)

CNT alone (n=18)

54±4

653±54

CNT-GRGDSPC (n=31)

48±3

579±40

GRGDSPC peptide (n=34)

48±2

623±46

CNT-IKVAVC (n=19)

47±4

570±66

IKVAVC peptide (n=21)

46±3

646±52

As cortical primary neuronal cultures display prominent spontaneous electrical
activity after the first 6 days in vitro (Lovat et al., 2005), we studied whether
incubating neurons in the presence of CNT functionalized with peptides modified
neuronal spontaneous activity.
To this aim, we recorded spontaneous activity in voltage clamp configuration
from single neurons: in each tested treatment, the neuronal activity was detected
as inward currents, corresponding to synaptic events, of variable amplitude, and
characterized by heterogeneous kinetic properties (fig. 5.16). Such events
represent a mixed population of inhibitory and excitatory PSCs, as reported in
previous studies on cultured hippocampal neurons (Lovat et al., 2005).

175

Fig.5.16:
Tracings represent spontaneous synaptic activity recorded from neurons (8 DIV) after CNT, CNTGRGDSPC and GRGDSPC incubation at 24 h washout. Below each recording, on the right, the
magnifications show the presence of heterogeneous events, representing the activation of mixed
synapses impinging on the recorded neurons.

We quantified the amount of spontaneous activity as frequency of spontaneous
events at two time points (24 and 48 hours) from beginning of incubation, but we
could not detect any significant difference between the different treatments
(mean values in tab 5.3).
Tab 5.3:

24 hours

48 hours

Spontaneous

Spontaneous

activity rate (Hz)

activity rate (Hz)

CNT alone

1.1±0.2 (n=15)

1.1±0.3 (n=5)

CNT-GRGDSPC

1.1±0.1 (n=20)

1.0±0.4 (n=8)

GRGDSPC peptide

0.8±0.2 (n=18)

1.4±0.3 (n=9)

CNT-IKVAVC

1.4±0.3 (n=10)

Not measured

IKVAVC peptide

0.8±0.3 (n=5)

Not measured
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Considered that some papers reported that soluble CNT inhibit voltage
dependent channels expressed in neuronal cells (Xu et al., 2009; Belyanskaya et
al., 2009), we examined this issue by valuing the possible effect of our
treatments on inward and outward currents elicited in neurons via depolarizing
voltage steps, preceded by a hyperpolarizing stimulus to remove possible
inactivation of voltage-gated channels (fig. 5.17).
We quantified peak amplitude of inward and outward currents to the membrane
capacitance value of each recorded cell to obtain densities of currents and to
compare these values among the different treatments.

Fig. 5.17:
Stimulating protocol (upper trace, voltage steps) and superimposed current recordings obtained
from representative neurons treated with CNT alone (black line), CNT- GRGDSPC (light grey),
and GRGDSPC peptide (dark grey). Bottom tracings: magnification of the recording area
indicating (arrows) the presence of inward and outward currents elicited by the voltage step.

We found that current densities were similar under the different incubations
(pulled data for 24 and 48 hours, tab 7.3) and moreover their values were in
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agreement with previous studies on hippocampal cultures (Wu et al., 1994;
Potthoff et al.,1997).
Tab 5.4:

Inward current

Outward current

density

density

(pA/pF)

(pA/pF)

CNT alone

19±3 (n=17)

27±3 (n=18)

CNT-GRGDSPC

20±3 (n=27)

29±2 (n=31)

GRGDSPC peptide

16±2 (n=30)

26±2 (n=34)

CNT-IKVAVC

17±5 (n=12)

22±2 (n=15)

IKVAVC peptide

16±3 (n=18)

22±2 (n=15)

5.3.2.2 Two hours incubation with 1 µg/mL CNT-FITC
We repeated the previous experiments, incubating cell cultures with the same
dose of CNT (1 µg/mL) for a shorter time period, but monitoring neuronal
response, upon washout of CNT, just at the end of the incubation and after 72
hours.
At these two time points, we measured some neuronal membrane passive
properties, namely the capacitance and the input resistance. As shown in tab5.5,
neurons were unaffected by the treatment.
Tab 5.5:

Capacitance (pF)

Input resistance (MΩ)

2 hours

72 hours

2 hours

72 hours

55±4(n=23)

68±4(n=20)

678±47(n=23)

522±56 (n=20)

61±3 (n=9)

70±4 (n=14)

680±79 (n=9)

573±74 (n=14)

Control
(untreated
neurons)
CNT-FITC

Then, we analyzed the effect of CNT-FITC on the activity of neuronal network in
terms of frequency of spontaneous events monitored under voltage clamp
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configuration. We found that also after three days from the incubation, neurons
presented a network activity fully comparable to that of untreated neurons (tab
5.6).
Tab 5.6:

Spontaneous activity rate

Control

2 hours

72 hours

0.94±0.16(n=23)

1.06±0.27(n=20)

0.70±0.14 (n=9)

1.17±0.26 (n=14)

(untreated neurons)
CNT-FITC

5.3.2.3 Two hours incubation with 2.5 µg/mL CNT-FITC
In this last series of experiments, we tested the effect of two hours incubation
with a higher dose (2.5 µg/mL) of CNT-FITC. We characterized passive
properties and spontaneous activity frequency at three time points from the
beginning of the incubation: 2, 24 and 48 hours.
We observed, that at this dose, CNT-FITC promoted a statistically significant
(Student’s T-test, p value <0.05) decrease in input resistance at the end of the
incubation time; however, such reduction was transient and after 24 hours the
average input resistance value was comparable to that of untreated neurons.
Capacitance, indeed, was similar between treated and untreated neurons at all
the considered time points (tab 5.7).
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Tab 5.7:

Capacitance (pF)

Control

2 hours

24 hours

48 hours

55±4 (n=23)

59±4 (n=20)

58±3 (n=30)

58±5 (n=19)

54±4 (n=20)

57±3 (n=34)

(untreated neurons)
CNT-FITC

Input resistance (MΩ)
2 hours

24 hours

48 hours

Control

679±47 (n=23)

617±54 (n=20)

626±54 (n=30)

(untreated neurons)

*
573±58 (n=20)

620±45 (n=34)

CNT-FITC

453±63 (n=19)

Furthermore, we monitored the effect of CNT treatment on the spontaneous
activity of neural network (fig. 5.18) at the three different time points from the
beginning of incubation, without finding any significant difference (mean value in
tab 7.7). Such values were in agreement with ones previously reported for
hippocampal cultures (Wu et al., 1994; Potthoff et al.,1997).
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Fig.5.18:
Tracings represent spontaneous synaptic activity recorded from neurons (9 DIV) incubated with
2.5 µgr/mL CNT-FITC and untreated neurons at 24 h washout. Below each recording, on the
right, the magnifications show the presence of heterogeneous events, mediated by various
postsynaptic receptors.
Tab 7.7:

Spontaneous activity rate
2 hours
Control

24 hours

0.95±0.16(n=23)

48 hours

1.13±0.17(n=20) 1.35±0.27(n=30)

(untreated neurons)
CNT-FITC

0.85±0.21 (n=19)

1.04±0.18

0.98±0.21(n=34)

(n=20)

In addition, we also characterized the inward and outward current densities
(current amplitude normalized to capacitance values), stimulated by voltage
steps of various amplitude (150 ms depolarizing voltage steps preceded by a
hyperpolarizing stimulus to remove possible inactivation of voltage gated
channels). We compared these current densities recorded in untreated neurons
and in ones treated with CNT-FITC at 2, 24 and 48 hours from the beginning of
incubation without finding significant differences. In fig.5.19, it is possible to
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observe that I-V curves obtained for the two conditions pooling together data at
different time points are exactly superimposed.

Fig.5.19:
I-V curves for untreated and CNT-FITC treated neurons are fully super imposed. Neurons were
stimulated with depolarizing voltage steps of various amplitude, preceded by a hyperpolarizing
stimulus to remove possible inactivation of voltage gated channels.

5.3.3 Main results of section
Our results showed the feasibility of soluble CNT to be employed as carrier
system for future drug delivery in neurons.
In agreement with data reported in literature (Pantarotto et al., 2004; Kam et al.,
2004), by means of soluble CNT labeled with a fluorescent molecules, FITC, we
could observe through confocal microscopy, that the nanotubes were able to
pass across neuronal membranes and filled cells, both neurons and glial cells.
We detected such phenomenon in simpler cell culture model, namely dissociated
hippocampal culture, but also in systems presenting a more complex
cytoarchitecture, such as organotypic spinal cord slices. We found that CNTFITC distributed homogeneously in the cytoplasm, while nuclei were not affected
by the presence of the nanotubes. The result was further confirmed through TEM
which allowed to image nanotubes inside the cells.
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A fundamental requirement to employ these system as therapeutic carriers
consists of verifying their lack of citotoxicity, then we tested the effect of soluble
diversely functionalized CNT on the functionality of single neurons and neuronal
network, by incubating neurons at different concentrations (1-2.5 µgr/mL) and for
various periods of time (2-8 hours). To this aim, we used patch clamp technique
in voltage clamp configuration to assess membrane passive properties,
spontaneous activity of neuronal network and current densities generated by
depolarizing voltage steps, at different time points from the beginning of
incubation (just at the end of the treatment, at 24 and 48 hours).
Summarizing the results of electrophysiological experiments where different
protocols of incubation were employed, we found that:
(i)

soluble CNT did not affect spontaneous activity rate of neuronal
network, up to three days after the incubation;

(ii)

although some papers (Xu et al., 2009; Belyanskaya et al., 2009)
reported CNT inhibitory activity on channels expressed in neuronal
membranes, no changes were detected in current density in neurons
treated with soluble CNT in comparison with untreated control; we
suggested that the high degree of purity of our CNT preparation is
crucial to avoid toxic effects in neurons;

(iii)

the only CNT induced variation we detected in neuron properties was a
reduction in input resistance just at the end of incubation with higher
dose of CNT-FITC (2.5 µgr/mL), however such lowering was transient
and already after 24 hours the value was fully comparable with one of
control. It is tempting to speculate, that CNT passing across cell
membranes could temporarily alter its structure and this might be
recorded as decreased input resistance.

Considered together, these results indicate that properly purified soluble CNT
might be employed as vectors for drug or other molecules (i.e., cDNA)
delivery in nervous tissue, in fact they are able to reach cellular cytoplasm,
without altering neuronal functionality. The study is surely at embryonic stage,
because many issues should be still clarified (mechanism of entry; if , how

183

and when CNT are ejected from cell, etc.), however this is a first promising
step towards an innovative application of CNT in neuroscience.
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6. Conclusions
CNT, thanks of their outstanding chemical and physical properties, have been
widely employed in several fields, such as electronic, computer and aerospace
industry; moreover, in the last decades, these unique materials have been
proposed and studied as a platform technology for a biomedical applications in
neuroscience.
In this thesis, I investigated the biophysical interactions between CNT and
neurons in hybrid systems composed of dissociated hippocampal cultures grown
on CNT layers stably deposited on glass supports.
By means of SEM and TEM, I imaged points of tight contacts between CNT and
neuronal membranes, which, considered the good conductive properties of the
nanomaterial, suggested possible functional modification of neural electrical
activity in these systems.
Therefore, the activity of neuronal network developed on CNT carpet was
investigated by using patch clamp technique. It was observed that the typical
strong increase in spontaneous PSCs frequency previously reported (Lovat et al.,
2005; Mazzatenta et al., 2007) concerned both excitatory and inhibitory
components of the network and it could be mainly related to presynaptic
modifications, as the increased mPSCs frequency indicated.
The causes of such an increase were multiple: I identified some of these as
neural activity dependent, while other ones were activity independent.
Since neurons on CNT substrates showed an improved capability in integrating
backpropagating APs, detected in terms of ADP at the end of train of APs, it was
hypothesized that this increased single neuron excitability could participate to the
boosting of activity at the network level. Furthermore, it was found that neuronal
activity in presence of CNT was able to induce modification of short term
plasticity at synapses. These are examples of changes in neural activity on CNT
substrates, which require that neurons make active signaling.
On the other hand, experiments where neural network activity was chronically
blocked showed that CNT improved the amount of network connectivity in activity
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independent way, probably acting per se as a scaffold which supported synaptic
contact formation.
In conclusion, the increased performance of neural network in the presence of
CNT is generated by the interplay of various mechanisms, which can be activity
dependent or independent. However, the common feature of all these functional
modifications is that they are in the direction of potentiation of synaptic
communication.
Thus, the employment of such nanomaterials for neural interfaces or in the
development of novel repair strategies, appeared promising and innovative, but
we have to consider, when designing novel CNT based brain machine interfaces,
the ability of CNT in promoting the potentiation of neural signaling.
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