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Carbon Nanotube Scaffolds Tune Synaptic Strength
in Cultured Neural Circuits: Novel Frontiers in
Nanomaterial-Tissue Interactions
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A long-term goal of tissue engineering is to exploit the ability of supporting materials to govern cell-specific behaviors. Instructive
scaffolds code such information by modulating (via their physical and chemical features) the interface between cells and materials at the
nanoscale. In modern neuroscience, therapeutic regenerative strategies (i.e., brain repair after damage) aim to guide and enhance the
intrinsic capacity of the brain to reorganize by promoting plasticity mechanisms in a controlled fashion. Direct and specific interactions
between synthetic materials and biological cell membranes may play a central role in this process. Here, we investigate the role of the
material’s properties alone, in carbon nanotube scaffolds, in constructing the functional building blocks of neural circuits: the synapses.
Using electrophysiological recordings and rat cultured neural networks, we describe the ability of a nanoscaled material to promote the

formation of synaptic contacts and to modulate their plasticity.

Introduction

Ongoing efforts in regenerative medicine require the develop-
ment of synthetic extracellular scaffolds customized to provide
unique microenvironments to tissue-specific cell types (Place
et al., 2009). Traditionally, this can be achieved by tissue-
engineering scaffolds enriched by molecular elements that mimic
matrix features (Place et al., 2009). A variety of nanostructures,
such as 3D bioactive scaffolds, have been investigated for tissue
engineering applications (Cui et al., 2010). More recently, several
studies took advantage of more basic chemistry to obtain struc-
turally simple materials, where the topography and nanoscale
dimensions are crucial to promote native protein adsorption,
eventually mediating cell interactions (Woo et al., 2003; Place et
al., 2009). Ultimately, characterizing the relevance of nanoscaled
extracellular features in directing specific cellular processes has
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set the stage for nanoscience and tissue engineering research syn-
thesis (Dvir et al., 2011).

Nerve tissue engineering, which aims at rebuilding lesioned
CNS circuits (Plant et al., 1997; Geller and Fawcett, 2002; Orive et
al., 2009), has increasingly involved nanotechnology for the de-
velopment of supermolecular architectures to sustain and pro-
mote neural regeneration following injury (Silva, 2006, 2009).
For example, a pioneering study used nanofibers to provide optic
tract regeneration in hamsters (Ellis-Behnke et al., 2006). More
recently, complementary strategies emerged, leading to hybrid
systems with macromolecules and/or inorganic components,
such as carbon nanotubes, whose potential applications require
further investigations (Cui et al., 2010; Dvir et al., 2011).

Due to the potential role of the interactions between nanoma-
terials and neurons in guiding the design of future materials for
engineering electrically propagated tissues (Dvir et al., 2011), we
investigated the impact of carbon nanotubes in the assembly of
neuronal circuits in culture. The size, high electrical conductivity,
and large surface area of carbon nanotubes favor their interac-
tions with distal dendrites, promoting the emergence of novel
nanoengineered neural devices (Cellot et al., 2009; Silva, 2009).

Carbon nanotubes have been at the forefront of nanotechnol-
ogy due to their unique features, which allow the development of
a variety of miniaturized devices with remarkable properties.
Single-walled and multiwalled carbon nanotubes (SWCNT's and
MWCNTs, respectively) have attracted tremendous attention as
potential scaffolds for reestablishing the intricate connections be-
tween neurons (Mattson et al., 2000; Hu et al., 2005; Lovat et al.,
2005; Ni et al., 2005; Galvan-Garcia et al., 2007; Cellot et al.,
2009); they are an ideal material for long-term neural implants, as
they enhance electrical recording of neurons in culture and in
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Figure 1.  MWCNT and control substrates show different roughness. A-D, AFM images of
glass substrates coated with MWCNT (A), 3D height profile of the image in A (B), bare glass (C),
and 3D height profile of the image in € (D). The calculated roughness of coated substrates is
30.7 = 4.0 nm, whereas the calculated roughness of bare glass is 0.3 = 0.02 nm.

living animals (Keefer et al., 2008; Shoval et al., 2009) by reducing
the impedance between devices and cell membranes (Kotov et al.,
2009).

In carbon nanotube-neuron hybrid networks, the cultured
neurons always display a boost in signal transmission, which is
detected as an increase in the frequency of synaptic events (Lovat
et al., 2005; Mazzatenta et al., 2007). We recently reported that
direct nanotube-substrate interactions with the membranes of
neurons can affect single-cell activity (Cellot et al., 2009). Here we
use these unique material properties to promote, by carbon
nanotube supporting platforms, network connectivity and syn-
aptic plasticity in mammalian cortical circuits.

Materials and Methods

Synthesis of MWCNTs

MWCNTSs 20-30 nm (Nanostructured & Amorphous Materials), used as
received, were prepared as described previously (Lovat et al., 2005).

Thermal gravimetric analysis (TGA) Q500 (TA Instruments) was used
to record TGA analyses under N, or under air, by equilibrating at 100°C,
and following a ramp of 10°C/min up to 1000°C. In the case of defunc-
tionalized MWCNTSs, the material was analyzed after exposing to high
temperature (350°C) under N,. TGA was routinely repeated to test every
new MWCNT batch.

MWCNT thin film was characterized by sheet resistance measure-
ments obtained using a Jandel four tips probe. Then thickness of the film
was measured by atomic force microscopy (AFM) and conductivity of
the material was extracted. MWCNT-coated glass substrate AFM images
were analyzed by Gwyddion software (free scanning probe microscopy
data analysis software) and average roughness calculated as Rms was
derived (Fig. 1).

Electron microscopy

Transmission electron microscopy (TEM) analyses were performed on a
TEM Philips EM208, using an accelerating voltage of 100 kV. About 1 mg
of compound was dispersed in 1 ml of solvent. Then, one drop of this
solution was deposited on a TEM grid (200 mesh, nickel, carbon only).
Scanning electron microscopy (SEM) measurements were performed
with a Zeiss Supra microscope. SEM analysis of MWCNTSs was routinely
performed to test every new batch. AFM measurements were registered
with a Veeco V in tapping mode. Phosphorus (n)-doped silicon tips with
a resonance frequency of 273-325 kHz and a constant force of 20—80
N/m were used.
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Primary cultures
Hippocampal neurons were obtained from postnatal rat pups (of either
sex) as previously reported (Lovat et al., 2005), cells were plated on
growth-promoting peptide-free glass (control cultures) or on MWCNT-
treated glass (CNT cultures) coverslips, to investigate growth interfaces
that differed only in terms of electrical conductivity and nanoscaled
structure (Cellot et al., 2009). Cultured cells were used for experiments at
8-14 d in vitro. Neurons were seeded on peptide-free control and
MWCNT substrates with a standard amount of cells (quantified in total
130,000 == 15,000 cells; in a sample of n = 4 cultures). Even in the absence
of exogenous layers of growth-promoting peptides, in our culturing con-
ditions cells attached to the substrates (both glass and MWCNT) within
1 h from the seeding, and then they grew, developing typical neurite
specializations, with a morphology similar to that detected in poly-p-
lysine (Mazzatenta et al., 2007) or RADA16 (Cellot et al., 2009) sub-
strates. To quantify neuronal density (see also Lovat et al., 2005), cultures
(control and CNT) were immunostained following the procedure previ-
ously described (Avossa et al., 2003). Briefly, cultures were fixed with 4%
paraformaldehyde in PBS (20 min), then, upon washout in PBS, incu-
bated in blocking solution and subsequently incubated with rabbit poly-
clonal antibody against 8 tubulin III (1:50 dilution; Sigma-Aldrich).
Upon washout in PBS, cultures were incubated with the secondary goat
anti-rabbit Alexa Fluor 594 (1:500, Invitrogen). We sampled two culture
series (5-7 fields for each slide), and we found similar densities in
B-tubulin ITI-positive cells in the different conditions of growth (1180 =
140 cellsymm?; n = 27 fields, in control, and 1230 = 231 cells/mm?; n =
26 fields, in CNT; 2 culture series, n = 2 coverslips, for each group).
For experiments involving chronic treatments, cultures were incu-
bated at day 4 in vitro with a medium containing 1 uMm tetrodotoxin
(TTX). At day 8 or 9 (after 4-5 d of incubation), the medium was re-
placed with a fresh one, without the blocker, for 2 h before electrophys-
iological recordings. Control cultures were subjected to the same
medium changes without addition of the blocker. In our previous work,
we have confirmed the chemical stability of TTX under these experimen-
tal conditions (Galante et al., 2000).

Electrophysiology

Pair recordings. Paired whole-cell recordings were obtained with pipettes
(4-7 MQ) containing 105 mm K gluconate, 30 mm KCl, 10 mm HEPES, 4
mM MgATP, 0.3 mm GTP, pH 7.35. The external solution contained the
following: 150 mm NaCl, 4 mm KCl, 1 mm MgCl,, 2 mm CaCl,, 10 mm
HEPES, 10 mm glucose, pH 7.4. For experiments where the external
calcium (Ca**) was changed, the Ca*>*/Mg>™ ratio was adjusted accord-
ingly. All experiments were performed at 18—-22°C. Data were collected
using two amplifiers. For current-clamp recordings, we used an Axoc-
lamp 2 series amplifier (Molecular Devices) under bridge balance mode
(that was continuously monitored and adjusted). At —60 mV resting
membrane potential (=0.03 nA negative current injection), we elicited in
the presynaptic cell action potentials (APs) by injecting short (4 ms)
square current pulses (0.5-1 nA).

The postsynaptic cell was voltage clamped, usually at —58 mV holding
potential (not corrected for liquid junction potential, that was 14 mV)
and data were acquired with an EPC-7 amplifier (List); the uncompen-
sated value for series resistance was <8—11 M().

Current and voltage clamp responses were digitized at 10—20 kHz with
the pCLAMP 10 software (Molecular Devices) and stored for further
analysis.

Neuronal passive properties were routinely measured in voltage
and/or current clamp, and were comparable between control and CNT
sampled cells. On average, cell capacitance was 55 * 3 pF (n = 45,
control) and 59 = 4 pF (n = 31, CNT), cell input resistance was 523 * 44
MQ (n = 45, control) and 600 * 54 M() (n = 31, CNT), and resting
membrane potential was —46 * 2 mV (n = 38, control) and —45 * 4
mV (n = 28, CNT).

These values are in agreement either with those measured from neu-
rons cultured in the presence of growth-promoting peptides (RADA16,
see Cellot et al., 2009) and with those reported in the literature (Potthoff
and Dietzel, 1997; Bolton et al., 2000; Kasap Varley et al., 2011). Upon
TTX treatment, neurons exhibit comparable values for capacitance
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Table 1. Properties of CNT pairs

Control (n = 19 pairs) CNT (n = 38 pairs)

Presynaptic AP amplitude (mV) M=*5 104 = 4
Postsynaptic PSC latency (ms) 2103 2302
Postsynaptic PSCrise time (ms) 35+04 45+ 04
Postsynaptic PSC decay time (ms) 36 +2 33+1

Properties of the presynaptic induced APs and of the evoked postsynaptic unitary GABAergic PSCs are compared
between control and CNT neuronal pairs.

Table 2. Properties of untreated and TTX treated CNT pairs

TTX-untreated CNT TTX-treated CNT

(n = 13 pairs) (n = 12 pairs)
Presynaptic AP amplitude (mV) 107 =7 104 =9
Postsynaptic PSC latency (ms) 2+03 2*03
Postsynaptic PSC amplitude (pA) 76 = 25 9722
Postsynaptic PSCrise time (ms) 3404 2703
Postsynaptic PSC decay time (ms) 36 +2 34*3

Properties of the presynaptic induced APs and of the evoked postsynaptic unitary GABAergic PSCs are compared
between untreated and TTX-treated CNT neuronal pairs.

Table 3. Carbon nanotubes boost network activity
AMPA receptor-mediated

GABA, receptor-mediated  Total PSC

PSC frequency (Hz) PSC frequency (Hz) frequency (Hz)
Control (n=7)  0.22 + 0.08 0.16 = 0.04 0.38 = 0.11
(NT(n=6) 1.07 = 0.41* 0.94 + 0.27* 2.05 = 0.41*

Hippocampal networks grown on MWCNT substrates display a typical increase in PSCfrequency, in both glutamate-
mediated and GABA-mediated events (*p < 0.05).

(58 = 5 pF n = 26), for the input resistance (597 = 59 M), n = 26), and
for the resting membrane potential (—45 % 3 mV; n = 16).

Monosynaptic connections were recognized by their short latency (<3
ms, Pavlidis et al., 2000), measured between the peak of the elicited
presynaptic AP and the onset of the postsynaptic current (PSC) response
obtained in voltage clamp (Tables 1, 2). We excluded from this study all
recordings where clear bisynaptic connections were present and those
where ongoing spontaneous activity was occasionally superimposed to
the evoked PSCs.

We identified the different populations of evoked PSCs on the basis of
their kinetic properties, reverse potential, and pharmacology (Galante et
al., 2000). In fact, glutamatergic AMPA receptor-mediated PSCs display
fast decay (7= 8 = 1.3 ms, n = 8) inverted polarity around 0 mV holding
potential (n = 3) and were further blocked by application of 10 pum
CNQX (n = 2). GABAergic PSCs display slow decay (7= 34 = 1 ms, n =
57) inverted polarity at —40 mV holding potential, which is close to the
Nernst value for Cl ™~ reverse potential in our experimental conditions
(n = 4), and were fully abolished by administration of 5 um gabazine
(n=11).

In both culture groups (control and CNT), the large majority (>85%)
of monosynaptically coupled pairs displayed evoked currents mediated
by the GABA, receptors; we usually detected only a minority (=15% in
control and in CNT) of AMPA receptor-mediated monosynaptic PSCs.
There are discordant reports (Basarsky et al., 1994; Bi and Poo, 1998) on
the occurrence of GABAergic or glutamatergic monosynaptic connec-
tions in pair recordings in dissociated hippocampal cultures. These dis-
crepancies may involve differences in the culturing procedures, such as
the animals’ age, the cellular density, or the medium composition. How-
ever, our results, which indicate the larger occurrence of inhibitory
monosynaptic connections (when closely located neurons are simulta-
neously patch clamped), are in agreement with other reports (Segal,
1983; Melnick et al., 1999). In addition, when recording spontaneous
activity, the majority of spontaneous PSCs were reported to be glutama-
tergic in our study (Table 3); the higher occurrence of GABAergic mono-
synaptic connections is apparently due to our experimental setting,
which constrains the double recordings to pair of cells located in close
proximity within the field of view. Notably, the coupling probability in
control cultures was within the ranges reported in cultures developed in
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the presence of growth-promoting peptides (Segal, 1983; Kasap Varley et
al,, 2011).

To characterize the short-term dynamics of synaptic contacts, we de-
livered, to pairs of connected neurons, a series of 20 Hz trains (=10
sweeps for experiment); in each sweep, peak amplitudes of PSCs were
measured using as reference baseline the tail of the previous event, all
values were then normalized for the first PSC peak amplitude of each
train. Responses varied from short-term depression, no changes, to
short-term potentiation; the average responses were obtained via
pooling together all recorded pairs for the two groups of culturing
conditions. It is interesting to note that, in dissociated hippocampal
cultures grown in the presence of peptide layering, GABAergic syn-
apses are known to undergo short-term depression in response to
frequency stimulations (Wilcox et al., 1994; Jensen et al., 1999).

In a set of experiments, the probability of having failures during the
train (lack of unitary PSC within 5 ms from presynaptic AP peak) was
quantified within each train. For each synaptically coupled pair, the per-
centage of failures was measured in 10 subsequent sweeps as the rate
between the total number of postsynaptic failures and total number of
presynaptic stimuli. Failures in PSCs were not averaged within the anal-
ysis of the short-term plasticity.

In addition, in each pair, hyperpolarizing current steps (—0.05 nA; 100
ms) were delivered to the presynaptic cell to check the presence of elec-
trical synapses (Zsiros et al., 2007). According to Zsiros et al. (2007), gap
junctions can be identified by the presence of currents in the postsynaptic
neuron coincident to presynaptic hyperpolarizing stimuli. In all our re-
cordings (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
finding gap-junction-coupled pairs, those detected were not further an-
alyzed, and were excluded from any subsequent pair analysis.

When recording spontaneous synaptic currents, CNT neurons, in
agreement with Lovat et al. (2005) and Mazzatenta et al. (2007), dis-
played a typical strong increase in event frequency when compared to
controls. As summarized in Table 3, we found that both AMPA receptor-
and GABA, receptor-mediated components were boosted, in terms of
frequency, by the presence of CNT.

Miniature PSC. Single-neuron voltage-clamp recordings of spontane-
ous synaptic activity were performed in the presence of 1 um TTX at 8—9
d in vitro. TTX is a well known voltage gated, fast Na * channel blocker,
that inhibits AP generation. Thus, spontaneous events recorded in the
presence of TTX, termed miniature PSCs (mPSCs), rely on the AP-
independent stochastic fusion of neurotransmitter vesicles at the presyn-
aptic membrane and their frequency is traditionally accepted to be
proportional to the number of synaptic contacts (Raastad et al., 1992).
The occurrence of the AMPA mPSCs was predominant in comparison to
that of GABA ,-mediated ones (identified as previously described). The
relative lack of GABA ,-mediated mPSC in cultured hippocampal net-
works has been previously reported (even in the presence of growth-
promoting peptides; Wilcox et al., 1994; Chudotvorova et al., 2005; Singh
et al., 2006; Marchionni et al., 2009) and prevented any further quanti-
fication and reliable statistical analysis, while AMPA receptor-mediated
mPSCs in CNT networks displayed a significant increase in frequency
when compared to controls (in control 0.23 * 0.03 Hz, n = 55 cells; in
CNT 0.48 = 0.08 Hz, n = 56 cells; p < 0.05), while their mean peak
amplitude value was not changed (in control 92 * 4 pA, n = 55;in CNT
97 = 6 pA, n = 56). The results obtained by single-neuron voltage-clamp
recordings of glutamatergic miniature spontaneous synaptic currents
suggested the occurrence of a parallel increase in glutamate-mediated
synaptic contacts in CNT cultured networks.

Immunofluorescence staining

Hippocampal neurons were fixed with 4% paraformaldehyde/4% su-
crose in PBS for 10 min. Free aldehyde groups were quenched in 0.1 m
glycine in PBS for 5 min, and the neurons were blocked in 1% fetal bovine
serum (FBS) in PBS for 30 min to prevent unspecific binding of antibod-
ies. To label only surface GABA , receptors, neurons were incubated with
(rabbit) polyclonal antibody against the N-terminal of y2 subunit (1:100;
Alomone Labs) for 1 h. They were then permeabilized with 0.1% Triton
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X-100 in PBS for 2 min and blocked again in
1% FBS in PBS for 30 min. After incubation
with (mouse) monoclonal antibody against the
vesicular GABA transporter (VGAT; 1:200;
Synaptic Systems) for 1 h, they were incubated
with a mixture of secondary antibodies (Alexa
Fluor 488 goat anti-mouse, 1:500 and Alexa
Fluor 647 goat anti-rabbit, 1:500) for 45 min.
Both secondary antibodies were obtained from
Invitrogen.

Confocal imaging

Confocal Imaging was performed using a
Nikon Eclipse Cl1si Confocal Microscope. Im-
ages were acquired with a 60X 1.4 NA oil-
immersion objective, additionally magnified
threefold, so that all the images have the same
dimension. Stacks of z-sections with an inter-
val of 0.2 wm were sequentially scanned twice
for each emission line to improve the signal/
noise ratio. Offline analysis of the confocal
images was performed using ImageJ (http://
imagej.nih.gov/ij/) and Z-projection of the
stack of images was obtained.

Analysis for colocalization

Analyses of the cluster density of synaptic con-
nections were performed using Meta-Morph
Imaging System (Universal Imaging). GABA
receptor and VGAT intensities in the entire im-
age were analyzed. Images were segmented to
select immunofluorescent puncta over back-
ground labeling, and clusters were defined as
>3 pixels as determined by visual inspection.
Integrated Morphometry Analysis function of
MetaMorph was used to quantify the number
of clusters. For the analysis of colocalization, a
binary mask of the segmented image for each
channel was created and overlapping regions
with >2 pixels were defined as colocalized.
Seven to ten images randomly selected for each
culture series (control and CNT neurons; three
different culture series) were quantified.

Statistics

To compare datasets, parametric and nonpara-
metric tests (Student’s ¢ test or Kolmogorov—
Smirnov test) were used, and p < 0.05 was
considered significant, unless otherwise indi-
cated. Tests for normality and comparisons of
distributions were made using Kolmogorov—
Smirnov tests. Values in text represent mean *
SEM for normally distributed data, where n =
number of cells, unless otherwise indicated. For
measurement of the PSC amplitude ratio, at least 10

Cellot et al. ® Nanoscaled Material Promotes Synapse Formation

B

= N N
a o O

Relative frequency (%)
[6,]

o

200 400 600 800 1000 1200
Length (nm)

O
O

1001 1004
el <
< 2 954
£ 60 =
Kol =l
(] (0]
= 40 2 901
20
—r— 85-—.—0—.—0—.—0—.—0

200 400 600 800
Temperature (°C)

200 400 600 800
Temperature (°C)

F 100 - *

pa
@
o
‘e
L

Current clamp

Voltage clamp

Control CNT

Figure2.  Physical-chemical characterization of MWCNT substrates and their impact on hippocampal network connectivity. 4,
TEM image of functionalized MWCNTSs. The image shows the good dispersibility of MWCNTs in dimethylformamide (DMF). B,
Length distribution plot of MWCNTs. The average length (480 == 26 nm; n = 91) of a sample of individualized MWCNTs was
measured by processing TEM images. C, TGA analyses under nitrogen (left) and under air (right). TGA analysis provides information
about content of organic moieties bound to MWCNTS (inert atmosphere, like N,) or about metal residue content (oxygen atmo-
sphere), as a function of the high temperature. In the first plot (left), the black curve shows the metallic content of MWCNTS. In the
second plot (right), the dark-gray curve represents functionalized MWCNTs, with an amount of 0.062 mmol/g of functional groups.
These functional groups were removed with an annealing at 350°C in inert atmosphere, and the light-gray curve refers to the
annealed material; note that here the material is not losing weight during the analysis. D, SEM image of a sample MWCNT-glass
substrate ready for neuronal cell growth. After depositing MWCNTSs on the coverslips, the substrates were annealed and subse-
quently SEM imaged to assess the integrity of MWCNTs after defunctionalization. Note the continuity of the carbon nanotube film
over the glass support. E, Bright-field image of the experimental setting for dual electrophysiological recordings: the presynaptic
neuron is stimulated (under current-clamp configuration, left) to fire APs. The presence of monosynaptic connections to the
postsynaptic cell (right) is assessed by voltage-clamp detection of unitary synaptic currents. Scale bar, 15 um. F, Carbon nanotubes
substrates increase synaptic connectivity in cultured hippocampal networks. In the plot, the coupling probability, measured as
percentage of monosynaptically coupled pairs, is shown (small filled dots) for five different culture series (between 11and 26 pairs,
in both control and in CNT neurons, were recorded from =10 coverslips in each series). In each culture, the coupling probability is
higher for neurons grown on MWCNTs when compared to that of controls. The difference in mean values, reported as larger dots
laterally, is statistically significant (n = 85 and n = 87 pairs, in control and in CNT, respectively; *p << 0.05).

content. Given all the variables in the synthesis, purification and

consecutives sweeps were averaged. Therefore, also the steady-state response
during trains was determined as the average of =50 responses.

Results

Characterization of carbon nanotube scaffolds

Carbon nanotubes can be obtained by means of different produc-
tion procedures (arc discharge, laser ablation, and chemical vapor
deposition), which may lead to SWCNT or MWCNT production,
depending on the temperature and gas pressure used during the
process. Such procedures may affect carbon nanotube impact on
biological systems in general and on neurons, in particular. In addi-
tion, several postsynthetic approaches may indirectly mediate the
biological effects of carbon nanotubes, together with their variable
dimensions, lengths, number of walls, degrees of purity, and metal

functionalization of carbon nanotubes, we performed a first set of
experiments to provide an accurate chemical-physical characteriza-
tion of MWCNT supports, before their use in neurobiological
applications.

This assessment was also crucial to confirm the method used,
to test every new batch of MWCNTs and to avoid having mis-
leading evaluations of the neurobiological effects emerging from
MWCNTs not properly purified (Cellot et al., 2010). In fact,
regardless the accepted great potential of carbon nanotubes, their
widespread adoption for biological and medical applications re-
quires a cautious approach due to their potential toxicity to the
environment and human health (Kotov et al., 2009; Sucapane et
al., 2009; Cellot et al., 2010).
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Figure 3.  MWCNT substrates increase the number of GABAergic synaptic contacts and tune PSC amplitude without affecting

PSC kinetics. A, Confocal images of hippocampal neurons in culture (9 d in vitro) in control (a) and CNT (b) identifying the
presynaptic VGAT (green) and the postsynaptic y2 subunit of GABA, receptors (red). a, Hippocampal neurons cultured on un-
treated glass coverslips. Scale bar: 10 wm. a7-a3, Higher magnification of the region highlighted by the white box in a showing
the VGAT (green) and GABA, receptor y2 subunit (red) clusters. Colocalization of VGAT and GABA, y2 clusters identify synapses.
Scale bar: 2 um. b, Hippocampal CNT neurons. Scale bar: 10 m. b7— b3, Higher magpnification of the region highlighted by the
white box in b. Note the increased number of the VGAT (green) and GABA, receptor -y2 subunit (red) clusters and of colocalized
VGAT and GABA,, y2 clusters. Scale bar: 2 um. ¢, Histograms summarize results from three different culture series. CNT neurons
display 1.6 times as many synapses compared to control neurons (252.0 == 20.1and 401.3 == 31.5 synapses in control and CNT,
respectively; n = 24 and n = 28 fields for control and CNT, respectively; **p << 0.001). B, Unitary synaptic currents in control and
CNT pairs. Top row, Electronic averaging of 10 consecutive APs exemplifies the shape of the induced presynaptic spikes. Bottom
row, Averaged traces of 10 postsynaptic currents recorded in control (left) or in the presence of CNT (right). Note the smaller peak
amplitude in the PSC recorded in the CNT neuron pair. In the inset below, the unitary PSCs are scaled and superimposed to
emphasize their similarity in the rise and decay times. €, Cumulative amplitude plots of PSCs in neurons grown in control (n = 10
pairs) and in CNT (n = 14 pairs). Note the significant (*p << 0.05) decrease in the PSC peak amplitudes in CNT neurons.
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mosphere, and we further assessed the effi-
ciency of this treatment using both TGA
(Fig. 2C, right plot) and SEM (Fig. 2D). As
indicated by Figure 2D, the carbon nano-
tube layer displayed a homogenous distri-
bution that resulted in a large continuous
carpet for the growth of brain explants.
The mean roughness of the purified
MWCNT film, measured by AFM (see
Fig. 1), was 30.7 £ 4.0 nm. This value
allows the occurrence of tight contacts
between the neuronal membranes and
the substrate (Silva, 2006; Cellot et al.,
2009). To complete the MWCNT layer
characterization, the film conductivity was
extrapolated using MWCNT sheet resis-
tance and AFM measurements, and was cal-
culated to be 3.82 X 10° S/m (Wu et al.,
2004).

We used these substrates to grow rat dis-
sociated hippocampal cultures with the aim
of investigating the impact of carbon nano-
tubes on synapse formation and function.

Carbon nanotube scaffolds enhance the
formation of GABAergic synapses
To determine how nanoscaffolds influ-
ence synapses, we examined and com-
pared neuronal networks sustained by
nanotube meshwork with those grown on
a control substrate (named CNT and
control, respectively). The electrophysio-
logical properties of the synapses were
measured using simultaneous whole-cell
recordings from pairs of interconnected
neurons (Fig. 2E). Paired recordings al-
low a detailed examination of the evoked
transmissions of isolated synaptically cou-
pled neurons of a known type. APs were
evoked in the presynaptic cell and the re-
sulting GABA, receptor-mediated (see
Materials and Methods) unitary PSCs
were examined in the postsynaptic ele-
ment (PSC delay ~2 ms; Table 1).

Figure 2 Freports the percentage of cell
pairs that exhibited a detectable unitary
connection (coupled pairs) for controls

After functionalizing MWCNTSs with a 1,3-dipolar cycloaddi-
tion (Georgakilas et al., 2002; Lovat et al., 2005; Mazzatenta et al.,
2007; Cellot et al., 2009), we obtained a carbon nanotube solution
and deposited it onto glass coverslips in controlled amounts (see
Materials and Methods). Before film deposition, the nanotubes
were characterized using TEM and TGA. The TEM analysis (Fig.
2 A) indicated a typical dispersion of MWCNTs with a diameter
range of 20—30 nm. The MWCNT lengths (Fig. 2 B) were distrib-
uted in the 100—1250 nm range. These values are below those that
have been reported to induce serious inflammatory responses
after abdominal administration of MWCNT solutions in rodents
(Poland et al., 2008). Another equally important characteristic
(in terms of toxicity) is the carbon nanotube metal content (tested
in cell lines, Vittorio et al., 2009); TGA under air (Fig. 2C, left) indi-
cated that this value was <<4% in our samples. After deposition, the
MWCNT layers were defunctionalized by annealing under inert at-

and CNT networks. The coupling probability was significantly
increased (from 33 = 5% to 60 = 2%; p < 0.05) by the presence
of carbon nanotubes, with a connectivity ratio (CR = CNT cou-
pling probability/control coupling probability) of 1.8, while the
neuronal density was unaffected (see Materials and Methods).
This finding is in agreement with our previous results (Lovat et
al., 2005; Mazzatenta et al., 2007; Cellot et al., 2009), in which
MWCNT or SWCNT substrates strongly increased the frequency
of spontaneous synaptic events, and it suggests that an enhanced
number of synaptic contacts are constructed under the guidance
of nanotube layers in networks of similar size.

To estimate whether changes in synaptic density may account
for the enhanced coupling probability observed in CNT neurons,
cultured hippocampal neurons were coimmunostained for the
v2 subunits containing GABA , receptors and for VGAT, the ve-
sicular GABA transporter considered a GABAergic presynaptic
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marker (Dumoulin et al., 2000). The pu- A

tative colocalization of presynaptic VGAT

and postsynaptic y2 (examined in double 8,
staining experiments and quantified by ~ §
confocal analysis) reliably indicates a 3
GABAergic connection (Dumoulin etal., g

2000). As shown in Figure 34, a signifi- &

cant increase in VGAT immunoreactivity g R
was found in CNT neurons stained for & ~

v2 (Fig. 3Ab-b3) indicating an enhance-
ment of GABAergic innervation (the av-
erage number of colocalized clusters was
252.0 = 20.1 and 401.3 = 31.5, in control
and CNT neurons, respectively; p <
0.001; Fig. 3A, histograms in ¢) when
compared to controls (Fig. 3Aa—a3).

The increased GABAergic innervation
was associated with a significant reduc-
tion in amplitude of GABA ,-mediated
PSCs (on average the peak amplitude of
PSC was 188 = 13 pA and 93 = 8 pA, in
controls and in CNT, respectively; Fig.
3B) in the absence of any effect on success
rate, latency, rise, and decay time values
(see summary in Table 1). In addition, as
shown in the cumulative plot of Figure
3C, peak PSC amplitudes for control pairs
were distributed to the right of CNT (the
two curves were significantly different;
p < 0.05).

58 mV  Control

-58 mV

CNT

Postsynaptic neuron (VC)

Figure 4.

Carbon nanotube scaffolds remove
GABAergic short-term depression

A striking feature of neuronal transmis-
sion is the short-term dynamics of syn-
aptic connections that governs their
processing abilities (Zucker, 1989); that is,
the synapses may display a transient alter-
ation in strength when activated repetitively. To assess whether
carbon nanotube scaffolds affect GABA ,-mediated short-term
plasticity, in a second set of experiments trains of six spikes at 20
Hz were elicited in presynaptic neurons and repeated 10 times at
10 s intervals. As indicated by Figure 4 A, in controls, the ampli-
tude of GABAergic currents became progressively smaller (the
amplitude of the sixth PSC was 40 = 4% of the first one; Fig.
4 A, B), indicating short-term synaptic depression (Abbott et al.,
1997). This depression was associated with 17 = 7% of failures in
subsequent PSCs during the train (n = 12 pairs).

In contrast, in CNT neurons the amplitude of GABA,-
mediated PSC remained stable, or slightly potentiated (on aver-
age, the amplitude of the sixth PSC was 86 * 18% of the first one;
Fig. 4A, B), without PSC failures during the train response. This is
further quantified in Figure 4C, in which the cumulative plots of
PSC peak amplitudes obtained in CNT pairs were distributed to
the right of those of control pairs (a statistically significant differ-
ence; p < 0.05).

Changes in short-term synaptic depression between controls
and CNT neurons may underline modifications in the probabil-
ity of GABA release. To further address this point, we changed the
probability of release in CNT neurons by changing the extracel-
lular Ca** concentration. By increasing the [Ca*"], from 2 mm
to 2.5 mM, we increased the amplitude of the first PSC (from 42
PA to 51 pA; superimposed blue trace in Fig. 4D, right) and
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MWCNTs growth substrates affect short-term synaptic plasticity. A, Train of six current pulses at 20 Hz evoked
precisely timed APsin the presynaptic neuron (top traces). Bottom, Representative averaged traces of monosynaptic PSCs recorded
during the train, from control and CNT postsynaptic neurons. Note thatin CNT neurons, trains of APs do not induce PSCs short-term
depression. B, The plot summarizes results from different neuronal pairs. In each neuron, PSCamplitudes are normalized to that of
the first PSC of the train. Recordings are from a sample of 10 pairs of control neurons (red dots) and from 14 pairs of CNT neurons
(black dots). Note the statistically (*p << 0.05) significant differences. C, Significant (*p << 0.05) differences in the short-term
dynamics of monosynaptic PSCs are indicated by the shift in the cumulative amplitude plots of PSCs (PSC amplitudes are average
values for each episode of the train). Nineteen pairs (red line) and thirty-eight pairs (black line) were analyzed for control and CNT
neurons, respectively. D, Calcium dependence of short-term depression, in control, and of short-term potentiation, in CNT neurons.
Average traces (4 sweeps) of train stimulation from a control pair (left) and a CNT one (right) for two different [Ca Z+]0. Note the
changes in the amplitude of the first and the sixth PSCs of the train when the standard [Ca® ], (black traces) is decreased (control,
left) or increased (CNT, right) (superimposed blue traces).

abolished the short-term potentiation, suggesting an increase in
the probability of GABA release (the amplitude of the sixth PSC
changed from 219% to 84% of the first; Fig. 4D, right). Accord-
ingly, decreasing the [Ca®"], from 2 mM to 1.5 mMm in a control
pair, reduced the amplitude of the first PSC (from 107 pA to 73
PA; superimposed blue trace in Fig. 4 D, left) and, concomitantly,
reduced the extent of short-term synaptic depression (the ampli-
tude of the sixth PSC varied from 20% to 47% of the first; Fig. 4D,
left). Data were confirmed in n = 3 control and n = 3 CNT pairs.
These results indicate the involvement of release-dependent
mechanisms in the shifting dynamics of CNT synapses (Dittman
and Regehr, 1998; Dittman et al., 2000).

Carbon nanotube-driven changes in synaptic dynamics
depend on network activity and spike propagation

In our previous work (Cellot et al., 2009), we have shown that the
conductivity of carbon nanotubes, together with their direct
junctions to neurons, favor the generation of back-propagating
APs which in turn may contribute to synaptic dynamics. Back-
propagating APs are involved in spike-time-dependent plasticity
(Markram et al., 1997; Dan and Poo, 2004), in the regulation of
local synaptic feedback, and in the Ca*"-dependent release of
messengers, ultimately controlling activity-dependent changes
in synaptic efficacy (Waters et al., 2005; Zilberter et al., 2005;
Kuczewski et al., 2008). In principle, promoting the back-
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Figure 5.  TTX chronic incubation removes MWCNT substrate changes in PSC short-term

plasticity. A, Chronic removal of APs is achieved by incubating cultures with TTX for 45 d. At
8-9 din vitro, upon 2 h of TTX washout, pair recordings are performed. B, Averaged traces are
obtained by delivering 10 consecutive trains of stimuli (6 pulses at 20 Hz) in untreated (above)
and TTX-treated (below) neuronal pairs of sister CNT cultures. Note the appearance of short-
term depression in TTX chronically treated CNT cultures. C, The plot summarizes results from
different neuronal pairs, taken from untreated and TTX-treated sister CNT cultures. In each
neuron, PSCamplitudes are normalized to that of the first PSC of the train. Recordings are from
asample of six pairs of untreated CNT (black dots) neurons and from seven pairs of TTX-treated
CNT neurons (green dots). Note the statistically significant (*p << 0.05) differences. D, Signifi-
cant (*p < 0.05) differences in the short-term dynamics of monosynaptic PSCs are indicated by
the shift in the cumulative amplitude plots of PSC (constructed as in Fig. 4). Seven pairs (black
line) and six pairs (green line) were analyzed for untreated and TTX-treated CNT neurons,
respectively.

propagation of APs could contribute to the carbon nanotube-
induced changes in synaptic dynamics.

To test whether the nanotube-driven changes in synaptic func-
tion required network activity and spike propagation, control and
CNT neurons were chronically exposed (for 4-5 d) to 1 um TTX
(see Materials and Methods and sketch in Fig. 5A for the experimen-
tal design). After chronic treatment (followed by TTX washout), we
performed standard dual electrophysiological recordings from both
control and CNT neurons to compare TTX-treated and untreated
neurons. Also in the case of the TTX-treated cultures, recorded pairs
displayed GABAergic synapses in the large majority (=80%) of the
monosynaptically coupled neurons, exhibiting features in the pre-
synaptic and postsynaptic signals that were similar to those mea-
sured in untreated samples (Table 2).

TTX treatment did not modify the CNT-induced increase in
the CR (1.9 in TTX-treated vs 1.8 in untreated cultures; n = 10
and n = 25 pairs, control and CNT, respectively), but it converted
the CNT-induced short-term synaptic potentiation into short-
term depression.

When trains of APs were evoked, chronic deprivation of net-
work activity caused a reversion of the changes induced by carbon
nanotubes in the synaptic frequency-dependent dynamics. The
sample tracings of Figure 5B indicate that CNT synapses undergo
short-term depression upon TTX treatment, just as the control
synapses do (the plot in Fig. 5C summarizes data from pooled
untreated and TTX-treated CNT pairs). This is further quantified
in Figure 5D, in which the cumulative plots of PSC peak ampli-
tudes obtained in CNT pairs were distributed to the right of those
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of TTX-treated CNT pairs (a statistically significant difference;
p <0.05). Conversely, TTX-treatment of the control cultures did
not affect the amplitude of the first PSC, nor did it affect the
dynamics of the synaptic responses, which retained their short-
term depression (the amplitude of the sixth PSC changed from
52 * 13% to 30 = 7% of the first, respectively untreated control
cultures, n = 10 and TTX-treated ones, n = 11).

Discussion

The results presented here provide new knowledge about the
functional interactions between neuronal networks and nano-
scaled growth supports. Our study reveals for the first time that
(1) carbon nanotubes are able to promote an AP-independent
increase in the global connectivity of hippocampal networks and
(2) the synapses that are newly formed in the presence of carbon
nanotubes display different short-term synaptic dynamics, and
the expression of such a change requires network activity and
spike propagation.

MWCNT scaffolds may lead to the increased connectivity by
promoting synaptogenesis. This could be achieved either directly
(providing unnatural biomimetic cues) or indirectly (modulat-
ing the deposition of an extracellular matrix, ECM, more permis-
sive for synapse construction, Berardi et al., 2004).

Nanomaterial’s direct impact on cell assemblies, in engi-
neered tissue scaffolds, is currently used to compensate for the
low strength or low electrical conductivity of biomaterials (Dvir
etal., 2011). In addition, topographical features expressed by the
incorporated nanomaterials, together with their physical and
chemical properties, may provide to neurons a wealth of infor-
mation (Place et al., 2009; Dvir et al., 2011). Direct interactions,
due to the formation of spontaneous tight junctions, as described
in carbon nanotube hybrids with neuronal membranes (Cellot et
al., 2009) or with lipid bilayers (Zhou et al., 2007), may influence
mechanical forces involved in adhesion processes and, ulti-
mately, all these factors may affect synapse stabilization.

Alternatively, MWCNT nanoscaffolds may influence cell as-
semblies indirectly, via a control of the ECM deposition. It has
been shown that cultured neurons are able to construct perineu-
ronal net (PNN)-like structures (Miyata et al., 2005; Dityatev et
al., 2007; Frischknecht et al., 2009). We may speculate that
MWCNT scaffolds alter ECM deposition in cultured neurons,
ultimately influencing synaptogenesis (Berardi et al., 2004).

To distinguish between these two hypotheses requires further
investigations, beyond the present one, and requires on one hand the
design of experiments using specific tools, such as AFM in liquid
environment, addressing the membrane adhesion at the nanoscale,
and on the other that of experiments designed to compare the dis-
tribution and formation of PNN in the two culture groups, and
linking such changes to electrophysiological recordings.

An alternative possibility is that the detected improved con-
nectivity may be due to the presence of MWCNT-mediated
shortcuts at the network level, artificially and directly connecting
neurons, similar to those hypothesized at the single-cell level (ar-
tificially connecting distal neuronal compartments; Cellot et al.,
2009). The low occurrence of direct electrical connections be-
tween pairs of neurons belonging to the two groups of cultures,
control and CNT, seems to exclude this possibility.

In CNT networks, the increased connectivity contributes in
boosting spontaneous synaptic activity, leading to an increase in
PSC frequency, which may in turn affect the adaptability of the
network (Ivenshitz and Segal, 2010). In this respect, the smaller
amplitudes of the evoked unitary PSCs in CNT networks may be
due to a general homeostatic optimization of synaptic strength as
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a function of the number of synaptic contacts and activity (Iven-
shitz and Segal, 2010; Pozo and Goda, 2010).

The amplitude of unitary synaptic currents is regulated by
several presynaptic and postsynaptic factors (Atwood and Karu-
nanithi, 2002; Schneggenburger et al., 2002; Zucker and Regehr,
2002). Unfortunately, the virtual absence of GABAergic minia-
ture PSCs (see Materials and Methods) did not allow investiga-
tion of the potential contribution of postsynaptic changes or
quantification of the GABA quantal content.

Nonetheless, in our experiments, the reduced PSC amplitude
observed in CNT synapses seems to reflect a lowered probability
of GABA release. This is strengthened by the reported ability of
carbon nanotubes to influence short-term synaptic plasticity, in-
ducing a substantial reversion of short-term depression at CNT
synapses, and by the reported dependence of short-term plastic-
ity from the [Ca*"], (Atwood and Karunanithi, 2002; but see
also Zucker and Regehr, 2002). Thus, due to a negative feedback
process, did the persistent elevation in synaptic contacts in CNT
neuronal circuits decrease presynaptic release at CNT synapses,
ultimately leading to local changes in short-term plasticity?
Against a straight compensatory hypothesis, we observed that,
after chronic TTX treatment, CNT pairs maintain the usual CR
increase, but unitary PSCs tend to show larger amplitudes, ac-
companied by short-term depression. On the other hand, AP
removal per se did not affect control neurons.

It might not be a coincidence that carbon nanotubes were not
able to induce synaptic plastic changes in the absence of APs. We
recently reported that carbon nanotube growth substrates favor
the generation of back-propagating APs (Cellot et al., 2009). At
the time, we could not establish whether enhanced dendritic re-
generative properties had a role in regulating synaptic contacts.
Now we know that the increased connectivity brought about by
carbon nanotubes does not rely on such a phenomenon. How-
ever, improved dendritic regenerative properties in CNT neu-
rons may be responsible for synaptic dynamics tuning.

It is tempting to speculate, that carbon nanotube-induced
changes in synaptic dynamics are not a mere compensation of the
increased connectivity. Rather, the specificity of conductive car-
bon nanotube/neuron interactions, by favoring the back propa-
gation of APs (Cellot et al., 2009), allows neurons to interpret
substrates and to tune their synaptic activity. The ability of car-
bon nanotubes to interact with neuronal processes may help us to
understand the normal physiological mechanisms, such as back-
propagating APs in real neuronal networks, that are involved in
the modulation of core synaptic properties.

Our novel findings may lead to the exploitation of artificial
submicroscopic man-designed devices that cooperate to neuro-
nal network activity, generating hybrid structures able to cross
the barriers between artificial devices and neurons.

The development of hybrid neuronal-nanomaterial networks
holds the potential to improve our knowledge on the adhesive
interactions that cells are able to probe and respond to. This
innovative technology will potentially allow addressing key fac-
tors in the cellular microenvironment able to influence cell be-
havior via a chemical and physical code. This system can be used
as a platform to examine cell detection of, and reactions to, envi-
ronmental physical features. In addition, hybrids able to boost
synaptic performance may be exploited to test information pro-
cessing in neuronal networks.
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