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SUMMARY

In the last decade, graphene-based nanomaterials (GBNs) have been proposed as innovative
therapeutic tools in the field of precision medicine for neuroscience applications (Kostarelos K. et
al., 2017; Bramini M. et al., 2018; Cellot G. et al., 2022). In detail, graphene oxide (GO) nanoflakes
with small lateral dimension (s-GO) were found to target specifically and transiently glutamatergic
synapses of the hippocampus in vivo, by reducing the release of neurotransmitter from the
presynaptic terminal (Rauti et al., 2019). Recently, it has been suggested that this precise targeting
of excitatory synapses could be applied to rescue the aberrant glutamatergic transmission
characterizing several brain diseases, from dementia to anxiety disorders. Among these, post-
traumatic stress disorder (PTSD) is related to a hyper-function of the lateral amygdala (LA), a
nucleus involved in the storage of aversive memory induced by stressful events, resulting in long-
term potentiation (LTP) of glutamatergic synapses (Parsons M.P. et al., 2014).

In this framework, in my thesis I have addressed the following issues:

(1) To investigate if s-GO could be used to hamper the aberrantly increased
glutamatergic transmission observed in pathological conditions, such as in the PTSD;

(1)  to identify the subcellular target of s-GO in order to dissect the mechanism of
interaction between the nanomaterial and potentiated synapses;

(111)  to explore the potential of s-GO as nanocarrier in drug delivery systems, by
using neuropeptide Y (NPY) as carried biologically active molecule.

With the aim to elucidate how s-GO interferes at synaptic level with the pathological LTP
underlying PTSD, I developed an in vitro model of amygdala potentiated glutamatergic synapses. In
rat dissociated amygdala cultures, I induced chemical LTP (cLTP) through the brief application of
glutamate (50 uM) that was monitored through patch clamp recordings as a 30-minute-long lasting
increase in the amplitude of spontaneous excitatory postsynaptic currents (SEPSC, Franceschi B.A.
et al., 2021). When s-GO (20 pg/mL) was applied during cLTP induction, the synaptic potentiation
was not expressed. In addition, by combining the recording of miniature postsynaptic currents
(mPSC) with confocal analysis of pre- (VGlutl) and post-synaptic (PSD95) markers, both
informative for modifications in synaptic structure, I detected that in amygdala cultures cLTP
induced a synaptic potentiation characterized by pre- as well as postsynaptic sites of expression. The
application of the nanomaterials during cLTP induction reverted all these plastic changes of
excitatory synapses observed in potentiated cultures.

Next experiments were aimed to identify the subcellular target of s-GO. Once excluded that
the nanomaterial could affect the activity of postsynaptic glutamatergic receptors or could remove
the exogenously applied glutamate, I focused on the dynamics of presynaptic vesicle release as key
mechanism on which s-GO could act to reduce the glutamatergic signalling. Firstly, I performed
real-time imaging of recycling vesicles labelled with the fluorescent styryl dye FM1-43 dye (Betz
W.J. et al,, 1992; Ryan T.A. 1999). Results indicated that s-GO rescued the cLTP dependent
increased mobility of synaptic vesicles from presynaptic sites. Secondly, to directly assess
nanomaterial-induced changes in the probability of presynaptic release at glutamatergic synapses, |
performed dual electrophysiological recordings from pairs of monosynaptically connected excitatory
amygdala neurons. By using a pair pulse stimulation protocol (Gasparini S. et al., 2000; Murthy V.N.
etal., 1997; Zucker R.S. 1989; Debanne D. et al., 1996), I monitored changes in the amplitude of the
consecutive evoked excitatory postsynaptic currents (eEPSC), indicative for modifications in the
probability of glutamate release from presynaptic terminals. While cLTP induced the appearance of
a strong short-term depression of consecutive eEPSC (due to an increment in the probability of
glutamate release), the application of s-GO during cLTP prevented such effect. This result strongly



indicated that the rescue of cLTP expression detected upon application of the nanomaterial was due
to a s-GO mediated decrease in the probability of glutamate release from presynaptic site.

In order to translate the ability of s-GO in interrupting amygdala plasticity from an in vitro
setting to an in vivo condition, colleagues in Prof. Ballerini’s group performed experiments by using
a rat behavioural model of PTSD. In this paradigm, the exposure of rats to a predator odour (a collar
previously worn by a cat) induced an increase in the excitability of LA glutamatergic synapses
(Rosenkranz J.A. et al., 2010), causing the long-lasting anxiety related behavioural responses, typical
feature of the disorder (Dielenberg R.A. et al., 2001). Contextual fear memory and the anxiety-
related response were studied through the avoidance box (Munoz-Abellan C. et al., 2009) and the
elevated plus maze (EPM, Coimbra N.C. et al., 2017), respectively. Results showed that a single
injection of s-GO delivered in the LA during the consolidation of predator odour-elicited plastic
changes was sufficient to prevent long-term aversive memory and long-lasting anxiety-related
responses. Furthermore, the inhibition of anxiety-related behaviours was longer respect to the
persistence of s-GO in the LA, thus corroborating the hypothesis that the nanomaterial hampered the
building up of the pathological plasticity rather than merely interfering with the synaptic
communication between neurons. By using post-mortem LA slices, it was also demonstrated that the
behavioural effects of animals exposed to the predator odour and injected with s-GO arose from a
lack of LTP in amygdala synapses, as dendritic spines of amygdala neurons were decreased respect
to those of untreated stressed rats. All together, these experiments suggest that the nanomaterial,
when administered in the in vivo PTSD model, could ameliorate anxiety-related behaviours by
targeting excitatory synapses. We speculated that the s-GO mediated reduction in the probability of
glutamate release from presynaptic terminals is the core event in preventing the formation of
pathological plasticity and related anxiety-behaviours in the PTSD rat.

Finally, I focused on the potential hold by s-GO as nanocarrier in drug delivery systems for
the treatment of PTSD. In particular, as bioactive carried molecule, we used NPY, a modulator of
neuronal transmission (Colmers W.F. et al., 1988; Klapstein G.J. et al., 1993; Bacci A. et al., 2002)
which has been demonstrated to be involved in several physiological CNS functions, including
modulation of fear and anxiety (Zhang Y. et al., 2021). Nevertheless, the fast kinetic of NPY
degradation limits its use in therapeutic application (Wagner L. et al., 2015), thus the complexation
to nanomaterials might be advantageous to improve its pharmacokinetic properties.

In such a context, I provided some preliminary results to explore the biological effects of s-
GO:NPY complexes, composed of peptides absorbed onto the surfaces of the nanomaterials. By
using acute and sub-acute applications of the complexes while recording spontaneous neuronal
activity on dissociated hippocampal cultures (our standard in testing new nanomaterials, Rauti R. et
al., 2016; Rauti R. et al., 2019; Secomandi N. et al., 2020; Di Mauro G. et al., 2021), we found that
both s-GO and NPY when complexed together were still bioactive on neurons, as they produced
modulatory effects on synaptic activity. In addition, when I investigated their impact on the in vitro
model of amygdala cultures undergone to cLTP, I detected a similar effect of s-GO:NPY or free
NPY in hampering the expression of synaptic potentiation. Preliminary experiments carried out by
my colleagues on the PTSD rat model confirmed that NPY retained in vivo its biological activity
when complexed to the nanomaterials. However, differently from not complexed s-GO effect, the
rescue of the contextual fear memory, but not of the anxiety-related responses, observed in animals
treated with s-GO:NPY or NPY suggested that the drug delivery system could be driven to specific
neuronal circuits by NPY.

In conclusion, this work of thesis characterized in a pathological condition the efficacy of s-
GO, free or in complexation with bioactive compounds, as modulator of synaptic activity and
correlated behaviours, thus identifying a novel nano-tool that might be used for the treatment of
anxiety-related disorders and, more in general, for other neuropatholgies characterized by exceeding
glutamatergic transmission.



INTRODUCTION

1. NANOTECHNOLOGY AND NANOMATERIALS

Nanotechnology, the 21% century technology which deal with matter at the nanometer scale
(1-100 nm), can exploit nanoscience theory to important and useful applications. The origin of
nanoscience concepts, although not explicit, can be ascribed to the Greek and Democritus ancient
time (5" century B.C.), when scientists debated if matter was continuous and infinitively divisible
or composed by indivisible particles which are nowadays known as atoms of 0.1 nm.

Curiously, the most famous and oldest type of dichroic glass is represented by Lycurgus cup,
dating back to the 4™ century AD, due to the presence of nanoparticles (NP) of 50-100 nm in
diameter. However, the origin of nanotechnology as an identified branch of science and engineering
goes back to 1959, when the Nobel Prize laureate and physicist Richard Feynman, presented a lecture
titled “There’s Plenty of Room at the Bottom” during the American Physical Society at the California
Institute of Technology (Feynman R.P., 1960). Feynman is considered the father of modern
nanotechnology which was defined 15 years later by Norio Taniguchi as “the processing of
separation, consolidation, and deformation of materials by one atom or one molecule” (Taniguchi N.
etal., 1974).

Nowadays, after more than 50 years, the interest in, and understanding of nanotechnology
and related applications has constantly increased and its definition has changed to “science,
engineering and technology conducted at the nanoscale (1 to 100 nm), where unique phenomena
enable novel applications in a wide range of fields, from chemistry, physics and biology, to medicine,
engineering and electronics.” (National Nanotechnology Initiative, NNI, ww.nano.gov).

The first book of nanotechnology was published by K. E. Drexler in 1986 entitles “Engines
of Creation: the Coming Era of Nanotechnology” (Drexler E.K., 1986). The book describes as
individual atoms can independently self-assembly and be manipulated, thus generating complex
nanostructures and machines. From this book, the term “nanomedicine” emerged (Drexler E.K. et
al., 1991).

There are principally two distinct ways through which NP can be synthetised: the top-down
and the bottom-up technologies (Fig. 1.1). The first approach started from bulk materials that can be
manipulated by precise techniques such as lithography to get nano-sized particles. Conversely, the
bottom-up strategy permits to build up complex nanostructures form the bases, such as self-assembly
of molecules or atoms which organize themselves by chemical-physical interactions (Bayda S. et al.,
2019). Modern nanotechnology researchers use different instruments with nanometer scale
resolution as the atom force microscopy (AFM) and the scanning probe microscope (SPM) (Binnig
G. et al., 1986). Thanks to these tools, novel carbon chemistries, inorganic NP and materials have
been characterised, such as fullerene or buckybulls (very stable spheres of carbons). Particularly in
the fullerene family, carbon and graphite nanotubes have been introduced in 1991 by lijima (Iijima
S. et al., 1991). Among other properties, they possess strength and flexibility which make them
useful components of nanomedicine devices. In fact, thanks to their nanoscale dimension, these
nanomaterials show advantageous physical and electro-chemical properties. For example, carbon
dots (CD) can be considered a rising star for drug delivery or bioimaging due to their excellent
biocompatibility, good optical and electronic attributes, and low toxicity (Esteves da Silva J.C.G. et
al., 2011).



Bio-nanotechnology is considered one of the most promising areas of nanoscience
application, targeting molecular imaging, drug delivery and diagnosis. In this regard, DNA
nanotechnology and nano-oncology represent two recent concepts. DNA nanotechnology is
considered an interdisciplinary research area which uses biopolymers like DNA for diagnostic and
sensing approaches. The “scaffold-DNA origami” was developed in 2006 by P.W. Rothemund
through “one-pot” reaction of self-assembly DNA nanostructures (Rothemund P.W., 2006).

Regards to nano-oncology, nanomaterials are extremely effective for the delivery of drugs,
therapeutic, cytotoxic agents, and antibodies, exerting anticancer activity or modulating biological
processes without the systemic toxicity related to the traditional chemotherapeutic drugs. An
extensive review (Song W. et al., 2019) reports the application of nanotechnology to microbiome
modulation for cancer therapies/prevention. It is demonstrated that tumour-associated bacteria,
which are found in metastases, cause inhibition and resistance against widely used chemotherapies.
Conversely, nanotechnologies can either block bacteria-secreted toxins carcinogens and
immunosuppressive agents or interact with microscopic metabolites in order to release
chemotherapeutics in the tumour environment.
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Figure 1.1 The concept of bottom-up and top-down technology: different methods for nanoparticles synthesis
(Bayda S. et al., 2019)

An increasing body of research emerged in the last two decades hinting at the potential
contributions that nanotechnologies could make to basic and clinical neuroscience. In fact, the



application of nanotechnology in neuroscience research enables targeting the nervous system at a
fundamental molecular level.

The mammalian brain is composed by around 100 billion of neuronal cells (neurons) and
other 100 billion of non-neuronal cells (glia). The complexity of the human nervous system resides
in the local and long-range connectivity of these cells. Traditionally, electrical activity of single
neurons has been measured by glass or metal microelectrodes, while, more recently, voltage probes,
optical and magnetic methods allow the recording from groups of neurons through optochemistry,
optogenetics or magnetic stimuli, scaling up the complexity of the observed neuronal ensemble.
Nevertheless, all these tools still lack in the systematic manipulation and control of entire neural
circuits with single-cell precision. In this framework, the field of neurotechnology achieves
enormous importance since nanotools can investigate the “big data” of neuronal dynamics with
unprecedented resolution and across several biological length scales, from ten of nanometres for
synapses to ten of centimetres for axonal projections. For instance, injectable mesh nanoelectronics
have allowed for the first time long-term in vivo recordings from single ganglion cells of the retina
in awake animals (Acaron Ledesma H. et al., 2019).

Recently, the miniaturization of the Complementary-Metal Oxide Semiconductor (CMOS)
technology has given birth to novel designs that permit the recording from orders of magnitude more
neurons than before, like flexible and wireless nanoelectrode array for surface recordings, with over
65,000 electrodes (Garcia-Etxarri A. et al., 2021). For deeper recordings, silicon-based probes have
been designed for optical-stimulation and imaging since they have emission and detection pixels
(Segev E. et al., OSA, 2016). Similarly, nanopillars on a surface are used for intracellular recordings
and for chemical sensing (Robinson J. T. et al., 2012). All these nanotools, opposite to the traditional
bulky implantable metal electrodes, interface the nervous system at novel spatiotemporal scale and
with higher biocompatibility with negligible glia activation and scare formation (Zhou T. et al., 2017;
Kotov N. A. et al., 2009). For instance, quartz nanoelectrodes generate long-lasting intracellular
recordings in vivo without mechanical neuronal damage thanks to their few nanometres tip (Jayant
K. et al., 2019). Thus, these devices can be used for patient therapies leading to a personalized
electronic medicine.

Another interesting and promising nanotool which can be exploited in a wide range of
biomedical applications is represented by plasmonic or metal NP. They can be synthesized through
both top-down and bottom-up strategies and with different shapes and resonant frequencies
according to the use. Their plasmonic effect makes NP as optical nano-antennas with signal
enhancements of up to eight orders of magnitude in light driven processes like fluorescence, Raman
scattering, infrared-absorption spectroscopy, or thermal effects (Garcia-Etxarri A. et al., 2021). NP
can be excited by light locally generating high temperatures that, in turns, can be exploited to activate
neurons, as well as to trigger action potentials through the manipulation of membrane capacitance
or thermosensitive channels (Cohen M.R., Moiseenkova-Bell V.Y., 2014). They can be
functionalized to selectively target and activate cells with visible or two-photon light (Fig. 1.2 a,b).

Even smaller than NP, quantum dots (QD) are semiconductor particles with several
advantages compared to classical fluorescence probe, in both optical and stability terms. QD were
accidentally discovered during the purification of single wall carbon nanotubes (CNT) by Xu X. and
collaborators in 2004 (Xu X. et al., 2004). Importantly, QD photoluminescence is modulated by
electric field, in fact, due to the quantum-confined Stark effect (Bar-Elli O. et al., 2018), it shifts in
the emission spectra. These changes in fluorescence intensity are used in neuroscience to optically
measure the neuronal electrical activity. Moreover, QD can be functionalized as NP, allowing the
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measurements of membrane potentials. Interestingly, in 2017, Nag O.K. et al. developed a
nanobioconjugate with QD and fullerene which was attached to the membrane by peptide linkers:
they exploited the electron transfer between QD (donors) and fullerene (acceptors) to visualize
membrane potential in vivo and measure action potentials in vitro (Nag O. K. et al., 2017). Together
with QD, nanodiamonds, nanoscale-level size diamonds with high electrical and magnetic sensitivity
quantum cavities, have been used for the measurement of magnetic fields produced by the firing of
single neurons with a resolution of one microsecond (Barry J. F. et al., 2016).

It is worth to mention another type of NP which exhibit photon upconversion (low energy
photons converted into high energy emitted ones) and thus called upconverted NP (UCNP). Due to
their sensibility to environmental conditions, they could tract pressure changes in animals or neural
circuits. Moreover, UCNP have been used to monitor membrane potential’s fluctuations through
their luminescence, behaving as donors in membrane-bound charges molecule acceptors (Garcia-
Etxarri A. et al., 2021, Fig. 1.2 ¢).
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Figure 1.2 Nanoparticle-based recording and manipulation of neuronal activity. A. Patch clamped neuron
covered with nanoparticles. Inset: nanoparticles attached to the cell membrane through streptavidin—biotin
binding. B. Optically evoked neuronal activity through plasmonically enhanced photothermal stimulation.
Blue lines indicate current injections and green lines indicate laser pulses. C. UCNPs and a charged molecule
in the membrane (DPA) act as donor and acceptor pair in a FRET process. (Garcia-Etxarri A. et al., 2021)
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All these nanotools together with molecular-biology approaches (hybrid nano-genetic tools)
are giving birth to a new scientific field, the NanoNeuro, that is the application of nanoscale
technologies to neuroscience (Garcia-Etxarri A. et al., 2021). Recently, nanowire topography has
been demonstrated to be effective in the study of neural communication, synapse formation and
neurite growth (Gautam V. et al., 2017). The same application, replicating the in vivo neuronal
organization, could led to advances in three-dimensional (3D) neuron cultures and brain organoids
field.

NanoNeuro tools development promises good opportunity for modern neuroscience research
allowing experimental measurements and investigations which were inaccessible to the traditional
techniques and, importantly, at different length scales. According to that, nanostructures with
physical characteristics on the same order as subcellular organelles (i.e., fluorescence nanodiamonds,
photoluminescence QD, engulfed Au nanorods) can pass the plasma membrane of cultured neurons
without any or low cytotoxic effects and allow real-time imaging of axonal transport (Haziza S. et
al., 2017) or the intracellular modulation of calcium level (Fang Y. et al., 2018). Even fine and small
structures like dendrite spines which play important roles in synaptic plasticity and other neural
processes, have been targeted with nano-field-effect transistor (FET) (nanoFETs), nanowire
modulators and QD-coated nanopipettes (Jayant K. et al., 2017) to depict the relationship between
the somato-dendritic excitatory postsynaptic potentials on spine neck resistance.

Considering the range of biological length scale, the blood brain barrier (BBB), a dense tight
junctions made by endothelial cells and blood vessels, represents a limit for the freely passage of
molecules from blood to nervous systems. However, thanks to nanovectors, polymers and magnetic
NP, receptor-mediated endocytosis through the BBB can be enhanced for drug delivery. Another
approach consists of the reversible permeabilization of the BBB through magnetothermal NP, mesh
nanoelectrical scaffolds or optoelectronic devices (Chen Y., Liu L., 2012).

Beyond the BBB, synthetic extracellular matrix-like devices have been recently developed,
creating 3D neural cultures, and investigating neurons development, growth, and activity. For
instance, folded microporous nanoelectronics mesh devises have recorded local fields potentials and
pharmaceutical responses from 3D cultures of neurons (Fig 1.3) through the generation of
interpenetrating recording networks with neurites (Acaron Ledesma H. et al., 2019; Tian B. et al.,
2012). Furthermore, thanks to the great flexibility of these devices, they can be packaged into small
injection vehicles for subcortical brain delivery. Once released, they intimately contact the
surrounding neurons thus recording their activity in freely moving animals at a single-cell resolution
level (Tian B. et al., 2012). In vivo neural stimulation can be achieved through Si nanomembrane
stimulator, as well as with graphene sensors which can be used together with optogenetics or
fluorescence imaging replacing metals or semiconductors (Fig 1.3).
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Figure 1.3. Interfacing 3D neural cultures and the brain (Acaron Ledesma H. et al., 2019).

2. CARBON-BASED NANOMATERIALS: FOCUS ON GRAPHENE

“Carbon is the sixth element in the periodic table, the fourth most abundant element in the
universe and the basic building block for all life.” (Littlejohn S.D. et al., 2014). The abundancy of
carbon is due to its unique electronic structure that permits the formation of several types of bonds.
In fact, carbon with its six electrons (two in the innermost tightly bound shell and four in the outer
valance shell), can undergo three types of hybridization: sp, sp? and sp>. The ability to hybridize
permits the creation of the basic and stable forms of carbon nanomaterials: the zero-dimension (0D)
nano-size balls, the one-dimension (1D) long thin tubes, the two-dimension (2D) single layers and
the 3D crystals. Even if these nanostructures are mainly composed by one element carbon, the
diverse structures exhibit amazing features. These structures comprise CNT, fullerene, diamond, CD,
graphite, graphene and graphene oxide (GO) (Fig 2.1), whose physical and chemical properties are
well summarized in the review of Liu S. et al (Liu S. et al., 2017). Due to carbon extraordinary
properties, more and more nanomaterials continue to be fabricated or discovered. Buckminister-
fullerene (or buckyballs) were discovered in 1985: they are 60 carbon atom-spherical particles (C60)
which resemble a football ball because of their truncated icosahedral structure. C60 and its derivates
(i.e., C20, C32, C60 etc) were discovered in 1985 and immediately raised a lot of interest for their
multiple potential applications in medicine, chemistry and electronics. The discovery of CNT in 1991
derives from C60 fullerene.

The geometries of CNT which are mostly used in biology can be divided into two types
according to the carbon layers: single wall nanotubes (SWNT) of just one layer thick, or multi-wall
nanotubes (MWNT) with concentric layers. Typically, they have a diameter of 1nm but can reach
up to cm of length. The electronic properties of CNT (semiconductive or metallic) derive from their
chirality.

Both 3D diamond and 3D graphite have been known to humans for thousands of years.
Particularly, diamond was used in the Ancient India for jewellery and are characterized by
exceptional hardness and thermal conductivity thanks to the sp® hybridization. The sp? hybridized
graphite is made by layers of graphene which are loosely bound through Van der Waals interaction
from the pz electron in the & orbital and which makes graphite very anisotropic (Littlejohn S.D. et
al., 2014).
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2D Graphene monolayers were recently isolated in 2004 by A. Geim and K. Novoselov on a
Si0; substrate and through a simple mechanical technique of cleavage with scotch tape (Novoselov
K.S. 2004). The importance of this discovery, which was acknowledged by the Nobel Prize for
Physics in 2010, shed light on several thermal, electrical, and mechanical properties of the sp?
hybridized graphene. In fact, graphene obtained a lot of attention in biomedical applications because
of its unique structure: a single layer, one atom thick, two-dimensional array of carbon hexagons.
The very large surface area on both sides and one atomic thickness makes it very useful in innovative
therapeutics, such as drug delivery multifunctional platforms or nano-carriers.

Graphene is an outstanding conductor of heat as well as the world’s thinnest and strongest
material (Han X. et al., 2016). From its discovery, graphene started to be the pillar of science and
engineering and this “graphene explosion of interest” led to the creation of a European initiative
funded by the flagship scheme: the Graphene Flagship (https://graphene-flagship.eu/).

Graphene Graphene oxide Carbon dot

Figure 2.1 Different carbon-based nanomaterial structures (Yan Q.L. et al., 2016).

“Graphene is a wonder material with many superlatives to its name. It is the thinnest material
in the universe and the strongest ever measured.” (Geim A.K., 2009).

Graphene, a 2D sheet of sp>-hybridized carbon atoms formed in honeycomb lattice, led to an
enormous interest among scientists from 2004, when the few-layers graphene (FLG) flakes were
firstly isolated from graphite (Novoselov K.S., 2004). Graphene is the basic building block for
graphitic materials of other dimensions: it can be wrapped up into 0D fullerenes, rolled into 1D
nanotubes and stacked into 3D graphite (Geim A. and Novoselov K., 2007).

There are two principal routes to make graphene. The oldest one, through which graphene
was first isolated, is the previously mentioned ‘“scotch tape” technique. It consists of
micromechanically splitting layered graphite into atomic planes. The second route is less time
consuming and more precise via chemical vapor deposition (CVD) from a non-graphite source.
(Whitener K.E. and Sheehan P.E., 2014). Methods for producing graphene include direct exfoliation

13



in organic liquids, electrochemical exfoliation, solvothermal methods, graphitization, redox
methods, mechanical stripping, graphene thermal/chemical/photothermal (PTT) reduction in GO,
organic synthesis, epitaxial growth by CVD on copper or epitaxial growth on silicon carbide
(Kostarelos K. and Novoselov K.S., 2014).

Graphene has several and important properties which make it useful in various fields, from
physics to medicine. Among the graphene features, the most exciting are its electronic ones which
are unique and diverse compared to other known condensed matter systems. Firstly, graphene has an
electronic spectrum which is described by a Dirac like equation instead of the Schrodinger one. It
consists of electron waves that completely lose their effective mass propagating through the
honeycomb lattice. (Castro Neto A.H. et al., 2009). Moreover, these electron waves are accessible
to various scanning probe since graphene is only one atom thick, therefore they can cover long
distance without scattering. This last property makes quantum effect in graphene very robust even at
room temperature (RT). Graphene boasts incredible chemical, mechanical and thermal properties
too. About graphene chemistry, its surface, which is similar to the graphite’s one, can adsorb and
desorb different atoms and molecules, and reagents can attach to both sides of graphene allowing
stable chemical bonds (Elias D.C. et al., 2009). Moreover, graphene has a high thermal and electrical
conductivity, high carrier mobility (Novoselov K.S., et al, 2005), large specific surface area (Stoller
M.D. Et al., 2008), high transparency (Nair R.R. et al., 2008), as well as high mechanical flexibility.
It is impermeable to gases and could be elastically stretched by as much as 20 % as no other crystals
(Lee C. et al., 2008).

Monolayer graphene and its derivates form a family of nanomaterials which is named
graphene-based nanomaterials (GBNs). The members of this family particularly differ for properties
which are most relevant for their biological effects, such as lateral dimension, surface area,
composition, and purity, as well as density or quality of individual graphene sheets.

Particularly, surface is relevant for the nanomaterial biological interaction (Nel A.E. et al.,
2009): monolayer graphene has the theoretical maximum surface area (m?%/g) of an 2p>-hybridized
carbon sheet since each atom is exposed to the surrounding environment in both sides. The surface
area of GBNs and, therefore, their absorptive capacity for biological molecules, decrease as their
layers increases in number (Sanchez V.C. et al., 2012). Conversely, their stiffness increases with the
third power of layer number and material thickness whose characterization is typically performed
through AFM. Monolayer GBNs are extremely thin and can be deformed by weak forces during the
cellular interaction (i.e., water surface tension), opposite to multilayer rigid GBNs. In addition, the
chemistry of the GBNs surface is very important, since hydrophobic materials have a limit in
biological interactions, hydrogen bonding or metal ion complexing unless stabilized with surfactants.

The lateral dimension of GBNSs, (their size) covers orders of magnitude, from 10 nm (some
protein size) to > 20 pm (larger than most cells). Lateral dimension of particles influences several
biological phenomena (i.e., cell uptake, BBB transport, renal clearance...), but also deformability
(larger compound are more deformable than smaller ones with the same number of layers). The
lateral dimension of GBNs dictates their route in the cellular environment, since smaller particles
can be phagocyted or endocytosed while larger ones can spread cells around or even be harmful.

Among the most relevant graphene derivates, few-layered graphene (FLG) represents the
precursor or the by-product for the fabrication of monolayer graphene (Novoselov K.S., 2004). FLG
samples, which contains from 2 up to 10 layers of graphene, originate from the powders obtained
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through thermal-exfoliation and can subsequentially be processed into graphene or graphene oxide
(GO).

The latter consists of single-atom thick carbon sheets with carboxylate groups on the
periphery. It is the product of the chemical modification of graphene which is highly oxidized. In
fact, the monolayer GO derived from a strong oxidation of crystalline graphite followed by
sonication, usually in aqueous suspensions (Park S. et al., 2009).

Monolayer GO has a surface area which is similar to the monolayer graphene one, but it is
modulated by atomic-scale roughness because of the random presence of oxygen. The basal surface
can be covered with diverse functional groups, like hydroxyl (-OH), carbonyl (=CO), epoxide (-O-)
or phenol groups, while the periphery contains carboxylate groups which are responsible for the
colloidal stability and the pH dependent negative surface charge. GO stability is very important in
biological experiments since GO is reported to aligned perfectly in GO papers creating interlayer
spaces that are not accessible for biological interactions/aggregations (Zhang L.L. et al., 2010).
Moreover, the negative charge on edges associated to the carboxylate groups makes these regions
hydrophilic, even if its surface is partially hydrophobic, with a water contact angle of 40-50 degrees
(Hasan S.A. et al., 2010; Cote L.J. et al., 2009). Conversely, the unmodified hydrophobic graphenic
domains are able to adsorb dyes or drugs via p-p interactions. This amphiphilic molecule can,
therefore, act as a surfactant or stabilizer of hydrophobic molecules in solution. The wide range of
functional groups that can be attached to its surface through old and new chemical methods are well
suited for thermal/electrical conductance, control optical transparency as well as novel attractive
application areas in green technologies like the use of nuclear wastes or energy storage (Dideikin
AT. And Vul’ A.Y., 2019).

Since GO is a graphene derivate with lower electrical conductivity, in 2007 it was reduced
for the first time through high temperature (24h at 100 °C) with hydrazine (N2H») (Stankovich S. et
a., 2007) generating reduced-GO (rGO). Later, other chemical agents have been used to reduce GO,
like ascorbic acid or sodium borohydride or thiophene which confers to rGO high electrical features
(S1Y. and Samulski E.T., 2008).

According to the surface chemistry, rGO is intermediate in hydrophilicity and basal reactivity
among GBNs because, when the oxygen is removed, basal vacancy defects or holes appear in the
carbon lattice due to the CO/COz liberation. (Bagri A. et al., 2010).

Important to mention is nano-GO (nGO) which is the GO with small lateral dimension, in
particular 5 to 50 nm instead of 50 to 500 nm of GO. Thanks to its small size which increases the
nanomaterial dispersion stability, cell entry, intrinsic optical properties, and the functionalization
ability, nGO are selected for various biomedical application (Gongalves G. et al., 2014).

2.1 GBNs: APPLICATION IN BIOMEDICINE AND NEUROSCIENCE

The different methods of graphene production can produce a layer of graphene with unique
parameters in terms of chemistry and physic (i.e., thickness, lateral extent, functionalization of
surface...) which make it suitable for precise biomedical applications (Fig. 2.1 A). Particularly,
graphene mechanical properties place it among the strongest materials with Young’s modules ranges
between 20-40 GPa, while tensile strength is between 15-520 MPa for graphene cast into films
(Reina G. et al., 2017) These features together with the high flexibility make graphene able to
accommodate on the surrounding biological environment without fatigue, thus permitting the
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development of flexible biomedical electronic implants as integral and structural element. Moreover,
different graphene types can interact with different living cells, tissue, or cell compartments (Fig.
2.1 B). The electronic properties of graphene (e.g., 2 x 10* cm? V! s! carrier mobility and 10'* cm?
carrier density for mechanically exfoliated graphene) are also important for medical purpose (Reina
G. et al., 2017). In fact, it can act as conducting component, support, or electrode in bioelectronic
devices, as well as in optoelectronic stimulation thanks to its broadband absorption and high
transparency in the visible range (2.3 % absorption for single-layered graphene, Kang P. et al., 2016).

(%)
’ Functionalizatlon (%.

4

Figure 2.1 Graphene materials and their biological interactions. a) A parameter space for the most widely
used graphene materials can be described by the dimensions and surface functionalization of the material, the
latter defined as the percentage of the carbon atoms in sp3 hybridization. Green squares represent epitaxially
grown graphene; yellow, mechanically exfoliated graphene; red, chemically exfoliated graphene; blue,
graphene oxide. (B) Possible interactions between graphene-related materials with cells. (a) Adhesion onto
the outer surface of the cell membrane. (b) Incorporation In between the monolayers of the plasma membrane
lipid bilayer. (c) Translocation of membrane. (d) Cytoplasmic internalization. I Clathrin-mediated
endocytosis. (f) Endosomal or phagosomal internalization. (g) Lysosomal or other perinuclear compartment
localization. (h) Exosomal localization. The biological outcomes from such interactions can be considered to
be either adverse or beneficial, depending on the context of the particular biomedical application. Different
graphene-related materials will have different preferential mechanisms of interaction with cells and tissues
that largely await discovery. (Kostas Kostarelos and Kostya S. Novoselov, 2014)

Therefore, graphene and functionalized graphene are applied to disease diagnostic (Tabrizi

M.A. et al., 2019), bio sensing and imaging, antibacterial and antiviral materials (Akhavan O. et al.,
ACS Nano 2012; Akhavan O. et al.,2010), as well as cancer (Sun X. et al., 2018), photothermic
therapy (Akhavan O. et al., 2012b), drug delivery (Wang K. et al., 2021; Gui W. et al., 2018), DNA
sequencing (Nelson T. et al., 2010), stem cell field, tissue engineering and regenerative medicine
(Jiang H. et al., 2018; Liu C. and Luo X., 2021). Thanks to the graphene structure which have
delocalized = electrons, several aromatic molecules can be attached to graphene sheets via m-n
interactions and/or electrostatic interactions improving drug delivery. Moreover, the rich oxygen-
containing functional groups of GO could be directly functionalized by biological ligands to enhance
drug delivery or targeted imaging, either by covalent or non-covalent methods (Georgakilas V. et
al., 2016). In drug delivery nanosystems, a controlled chemical modification permits a fine control
over the amount of drug released in specific tissues. Their surface can therefore be modified with
16



monoclonal antibody, lectins, oligonucleotides, short peptides and so on. Even aptamers A10,
albumin, hyaluronic acid (HA), biotin, chitosan, polyethyleneimine (PEI) or folic acid are used,
while complete hydrophilicity and “invisibility” against phagocytes are obtained by the modification
of the surface through polyethylene glycol (PEG) or PEGylation (Nelson T. et al., 2010; Jiang H. et
al., 2018). In addition, PEGylated graphene sheets show reduced toxicity and increased stability
under physiological conditions (Jiang H. et al., 2018). For the best possible benefits, a graphene-
based drug delivery system would have good biocompatibility and water solubility, as well as high
blood circulation time. For this reason, GO and rGO are often preferred since they show good water
dispersibility together with a very rich surface chemistry. Very recently, F. Yaghoubi and
collaborators developed a GO-based, pH-sensitive drug delivery system by combining Doxorubicin
(DOX), a well-known anticancer drug, with natural medicine curcumin (CUR) to dimmish DOX
side effect and enhance its efficacy (Yaghoubi F. et al., 2022). The drug in the nano-formulation
acquires particular physical and chemical properties and, because of the improved membrane
permeability, its bioavailability is modified.

Functionalization of GBNs have been extensively used for the development of anticancer
drug delivery system. Cancer is one of the major causes of death worldwide and its therapy is still a
health challenge. Indeed, chemotherapy is limited by several factors (i.e., systemic toxicity,
multidrug resistance bioavailability and immunogenicity) that could be overcome with drug delivery
systems. In 2008, Liu Z. et al., demonstrated that PEG-decorated GO as a nanocarrier to deliver
anticancer drugs can improve biocompatibility therapeutic efficacy, bioavailability, circulation time
in the blood stream, cellular uptake, and stability (Liu Z. et al., 2008). In 2019, 6-armedPEG
functionalized GO-nanocarrier has been developed for the anticancer oridonin and methotrexate
(MTX) delivery, (Chai D. et al., 2019). This complex showed higher cellular uptake and anticancer
efficacy against CAL27 tumour cells compared to free drugs. In 2018, a chitosan-graphene drug
delivery system was developed as well (Zhao X. et al., 2018). It consists of a core-shell structure
with GO NP as core and chitosan as surface charge-reversible shell which was linked to graphene
via self-assembly. Through n-n stacking, DOX bound to the core GO. In this formula, chitosan shell
blocked the premature DOX secretion on the medium, which was instead allowed and accelerated
once the coated chitosan was separated by lower pH in cancerous tissues. This type of pH-sensitive
drug delivery system to control the release of drugs at cancer sites is considered a smart platform
where the therapeutic agent can be activated by endogenous or exogenous stimuli. In this regard,
graphene-based platforms conjugated to pH-sensitive ligands are good candidates since they respond
to changes in intracellular signals/tumour microenvironments and have been widely explored (Tu Z.
et al., 2018).

Starting from drug delivery, the use of GBNs has been extended to a flexible plethora of
therapeutic modalities, as gene therapy, immunotherapy, PTT and photodynamic (PDT) therapy
(Fig. 2.2). Gene delivery is a process through which foreign DNA is transferred into target cells to
express an exogenous gene to treat various disease included osteoporosis, cancer, and myocardial
infraction (Liu Z. et al., 2008). The use of graphene and its derivates in gene delivery and
immunotherapy has recently gained attention thanks to their superior transfection efficiency and their
ability to interfere with different cellular signalling and differentiation (Liu Z. et al., 2008; Chai D.
etal., 2019).

The large sp? hybridized carbon area of GBNs allow their interaction with other molecules
along with drugs, like the nucleic acids DNA and RNA. Thus, graphene has been proposed as an
efficient 2D non-viral gene transfer system because its unique properties (protection of nucleic acid
from enzymatic degradation, fats cellular uptake and versatile chemical functionalization among
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others). nGO sheets are reported to be used for gene delivery functionalized with or covalently
bounded to cationic polymers or ligands thus improving their biostability and biocompatibility. A
nanoparticle-based RNA1 delivery platform has been developed to protect siRNA from the activity
of nuclease and deliver it to target cells effectively (Zhao X. et al., 2018). In 2018, GO functionalized
with PEI was developed and loaded with miR-7b plasmid to deliver it into bone marrow
macrophages: it exhibited outstanding transfection efficiency and low toxicity (Tu Z. et al., 2018).
Moreover, the hybrid branched PEI-GO system with high photoluminescence properties and
transfection efficacy allows simultaneously bioimaging and gene delivery.
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Figure 2.2 Schematic of applications of GBNs in diagnosis and therapy (Fo C.Y. and Fu R.Z., 2021)

GBNs high surface-to-volume ratio, small bandgap, excellent conductivity, and tuneable
optical properties make them good candidates for electrochemical sensing, as well as for
fluorescence and plasmonic sensors. Biosensors based on GBNs can detect DNA, proteins, drugs,
cancer cells, glucose etc. According to glucose, its detection is one of the most important biosensing
application because of the wide diffusion of diabetes. Graphene-based glucose sensors are
extensively studied and generally consist of immobilized glucose oxidase and a graphene surface to
detect low glucose concentration. For instance, Zhang et al. covalently connected the amino group
of glucose oxidase to GO through I-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hy-
droxysulfosuccinimide. (Jiang B. et al., 2018). The oxidized glucose levels were evaluated through
changes in the refractive index of the local microenvironment which were in turns converted into
measurable information with a sensitivity of ~ 0.25 nm/mM. Owing to the low cost and high
sensitivity, GBNs have also been used in the selectivity of biomarker detection, for the prediction,
diagnosis, or detection of various diseases. A representative study was that of Nezhad et al. (Khetani
S. etal., 2018) where a PEI-coated graphene electrode covalently bound to glial fibrillary acid protein
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(GFAP) antibody was developed for electrochemical biosensing of GFAP with a dynamic linear
response of 1-100 ng/mL.

The graphene zero bandgap makes it suitable in FET-based biosensors, important for the
detection of DNA and other charged molecules, and, recently, for viruses’ analysis too. (Dong X. et
al.,2010). For instance, the SARS CoV-2- spike antibody was functionalized on the fabricated GFET
for the detection of SARS-CoV-2 (Seo G. et al., 2020).

In addition to biosensing, GBNs are explored for the development of new probes and agents
in bioimaging techniques, which are used in a broad range of biomedical applications such as the
investigation of tissues at the cellular level or for diagnosis. Examples of bioimaging techniques
include magnetic resonance imaging (MRI), X-ray computed tomography (X-ray CT), ultrasound,
radio-wave technology, and others. In addition, optical and electron microscopy (laser scanning
confocal microscopy and liquid cell electron microscopy, respectively) are used to highly magnify
living tissues. GBNs can be exploited in this field either by loading fluorescence probes onto their
surface or by their inherent optical features as Raman signals and quenching (Jampilek J. and Kralova
K., 2021). Conversely to graphene, which has not photoluminescence due to its zero bandgap, GO
emits a broad range of fluorescence from ultraviolet (UV) to near infra-red (NIR) and, therefore, it
has been largely used in cancer cell imaging (Sun X. et al., 2018). In general, diverse GBNs are
considered good candidates in the detection of biomolecules thanks to their high electron transport
rate, elevated tensile strength, T resistance, as well as their large surface area which can be easily
modified for several imaging tools, like PET or MRI (Llenas M. et al., 2019).

In addition, GBNs find applications in medical diagnostic thanks to their small size and
unique physio-chemical features. They can be used in both sensing/enzymatic experiments and in
primary prevention to follow and measure diverse disorders, from metabolic to neurodegenerative
disorders. In terms of preclinical diseases, examples in the use of GBN for diagnosis include rGO-
functionalized BiFeOs for signal amplification in the detection of prostate-specific antigen (PSA)
(Zhou Q. et al., 2018), graphene-based sensors for the detection of dopamine, DA (Yao J. et al.,
2019), and aptamer-modified graphene bioFETs for the detection of human immunoglobulin E
(Ohno Y. et al., 2011).

The high absorption ability in the near NIR region of GBNs and their ability to generate heat
efficiently is exploited in the PTT and PDT therapy. Until recently, the widely used PTT agent was
represented by CNT, but Markovic et al., for the first time, showed as NIR-excited graphene NP
have higher PTT sensitivity and antitumor effect on glioma cells compared to CNTs under the same
irradiation state (Markovic Z.M. et al., 2011).

In cancer field, PTD therapy is a very low invasive approach which, generating ROS by
irradiation of hydrophobic photosensitizers with visible or NIR light, exerts a targeted cytotoxic
effect. However, this technique has some limitations due to the poor hydrophilicity of some
photosensitisers as well as for the low anatomical access of target tissues. These issues are overcome
with the use of GBNs. For instance, Zhou L. et al., developed a GO-based model for PDT where the
hypocrellin A (HA) drug was immobilized on GO surface through m-mstacking interactions and
hydrogen bonding (Zhou L. et al., 2011). In this system HA was efficiently internalized by tumour
cells whose NIR irradiation led to their dead. Furthermore, a mesoporous silica grown on rGO
nanosheets-PEG-conjugated iron-oxide nanocarrier for sonodynamic therapy and ultrasound
hyperthermia has been recently proposed (Han S. et al., 2019). By using ultrasound instead of a laser,
deeper tissues can be easily reached.
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In recent years, the excellent properties of GBNs have started to be exploited in the field of
tissue engineering (TE) and regenerative medicine (RM), emerging interdisciplinary fields with
increasing developments involving the materials science/engineering and organ/cell transplantation
fields (Menaa F. et al., 2015). TE produces biological functional tissues by using scaffold materials
for extracellular matrix stimulation, thus providing the correct microenvironment for cell
differentiation, proliferation, adhesion etc. Fully functional, and biomimetic alternative tissues have
been developed starting from both natural and synthetic biopolymers like polycaprolactone (PCL),
polyacrylamide, polyvinyl alcohol (PVA), etc. All these polymers together with other materials such
as natural proteins (i.e., collagen, keratin, fibronectin), elastomer scaffolds and polysaccharides act
as cell promoters in replacing the damaged tissues. Recently, in order to improve the electrical
conductivity of these materials and their long-term life, nanomaterials like polypyrrole, silver, gold,
CNT and others are also incorporated in substitute bone, cardiac, cartilage, skin, adipose, neural and
musculoskeletal tissues (Llenas M. et al., 2019).

According to the TE of the nervous tissue, neural stem cells (NSCs) have been extensively
used as a promising therapy for various CNS damages as Huntington disease, Alzheimer’s disease
(AD), Parkinson’s disease (PD), traumatic brain injury, spinal cord injury etc. However, to
completely recover a specific impaired neuronal tissue, NSCs must differentiate into an uniaxially
arranged neuronal lineage with a precise set of proteins, wiring projections and ability to secrete
certain neurotrophic factors. This ability is still an effort to reach in nervous TE. Thanks to its
superior performance graphene-based scaffolds have been exploited in this field. A nice example is
given by the recent development of a novel composite scaffold system with aligned electrospun silk
nanofibers and conductive reduced graphene papers (AS-Rgop, Qing H. et al., 2018). This structure
was used to directionally enhance the growth and differentiation of SH-SYSY cells: the cell
cultivation and the correct neurite development and branches was supported by the well-arranged
directional matrix of nanofibers, while the biocompatibility and electrical conductivity of the system
was assured by the rGO papers. In another study, GO has been used to obtain the oligodendrocytes
differentiation starting from NSCs (Shah S. et al., 2014). 2D and 3D graphene-based scaffolds have
demonstrated to be perfect substrates for culturing neurons which exhibit improved adhesion, good
viability and enhanced neurite outgrowth and sprouting (Sahni D. et al., 2013; Li N. et al., 2011;
Bendali A. et al., 2013). For instance, adult hippocampal NSCs grown on 3D graphene-based
scaffolds seem to preferentially differentiate into neurons and astrocytes (Li N. et al., 2013).

The integration of diagnostic and therapeutic approaches, the so-called theranostic field, has
acquired recent advances through the application of GBNs. Recently in this field, scientists
developed a targeted delivery system with nGO conjugated to Poly-lactil-co-glycolic acid (PLGA)
and loaded with the radiosensitizing agent 5-iodio-2-deoxyuridine (IudR) (Kargar S. et al., 2018).
They integrated PTT with this radiosensitizer delivery to synergistically treat glioblastoma
multiforme (GBM) and for the first time studied the combined effect of NIR and X-ray. According
to the potential of GBNs in the improvement of therapeutic approaches, an excellent example is
supplied by the glioblastoma therapy since GBM is one of the most malignant and lethal types of
CNS tumour (Rock K. et al., 2012). Unfortunately, it is also the hardest to cure due to several issues
including drug resistance, impaired drug delivery across the BBB, very delicate surgery procedures
with the risk to damage healthy brain areas. The unique properties of graphene and its derivates make
them very suitable for an engineered and multimodal therapeutic platform, such as co-delivery of
multiple anti-cancer drugs with higher drug loading capacity and accumulation at the disease site
beyond the BBB, thus enhancing the chemotherapy efficacy and decreasing the side effects. A
promising strategy for chemotherapeutics delivery to malignant cells is to functionalize their surfaces
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with ligands whose receptors are overexpressed only on glioma cells and BBB vascular-endothelial
cells, like lactoferrin (Lf), a glycoprotein of the transferrin (Tf)-family. Recently, M. M. Song et al.
developed a dual magnetic and molecular targeting delivery system loaded with the anticancer drug
DOX (Song M.M. et al., 2017). They loaded Lf-conjugated GO with superparamagnetic FE3O4 NP
obtaining greater efficacy and stronger cytotoxicity.

An easier BBB crossing can be achieved by the extremely small, planar and finite graphene
nanoribbons (GNR) or the zero-dimensional graphene-QD, both representing novel and formidable
candidates for chemotherapy. Perini G. et al. (Perini G. et al.,2020) showed as graphene-QD
functionalized to DOX and delivered to in vitro glioma cells can increase the permeability of the cell
membrane through van der Walls interactions, thus indirectly increasing the efficacy of the
anticancer drug (Perini G. et al., 2020).Along with biomedical applications, studies on GBNs are
also motivated by environmental health and safety (EHS) which have the same scientific goal:
unravel the graphene-biological interface.

In the past ten years, the potential toxicity of GBNs has been deeply explored in the EU-
founded Graphene Flagship and elsewhere, both in vivo and in vitro. It is fundamental to evaluate
the safety profile of multiple graphene forms correlating their biological effects and impact on health
to their physiochemical unique properties (lateral dimension, thickness, C/O ratio, functionalization,
charge, surface, shape etc.). The latter are responsible for the fate of the GBNs in the body of an
exposed organism, together with their acquired properties once they contact the surrounding
environment. In fact, the intrinsic properties of the new material can influence their biodistribution,
accumulation in some organs, degradation, and clearance, but the biological milieu with its proteins
and biomolecules can alter these properties and, thus, the biological behaviour of the material
towards different compartments (Ou L. et al., 2016; Scaini D. and Ballerini L., 2018). The portal of
entry of the nanomaterial in animal models (airway exposure, oral administration, intravenous
injection, intraperitoneal injection, and subcutaneous injection) is an important determinant of the
material fate and degree of toxicity. The potential adverse outcome of the nanomaterial exposure is
generally first performed at the cellular level since, once inside the cell, the material could undertake
diverse routes like going to the nucleus or cytoplasm and may show certain cytotoxicity (Fig. 2.3).
Anyway, the in vivo toxic effect of GBNs in animal models have also been investigated (Krishna
K.V. et al., 2013; Kostarelos K. et al., 2017). Unfortunately, the results in the current literature are
often contradictory and this is mainly due to the huge diversity of GBNs and their functionalization
states. For example, in GBM cells, scientists reported that GO flakes did not cause cytotoxicity,
conversely to graphene and rGO which caused sever genotoxicity to U87 cells. This discrepancy was
attributed to rGO and graphene sharp, hydrophobicity and roughened edges through which can
penetrate the lipid membrane directly affecting the nuclear DNA (Foo C.Y. and Fu R.Z., 2021). In
other studies, the presence of oxygen-containing functional groups and electron clouds were
evaluated in terms of anti-cancer effects of GBNs. Briefly, their lower amount in rGO compared to
GO resulted in an increased number of delocalized electrons and, thus, the direct rGO interaction
with cellular structures which are sensible to electrochemical potential, as cell membrane or
mitochondria, Foo C.Y. and Fu R.Z., 2021).
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Figure 2.3 Possible interactions of GBNs at the plasma membrane level, during cell uptake at the nuclear
membrane, and in the cytoplasm where degradation may occur. (Krishna K.V. et al., 2013).

As elsewhere mentioned, functionalization of graphene could improve its bioavailability,
circulation lifetime and anti-cancer properties. It has been evaluated that PEGylation increases
graphene stability and reduces toxicity under physiological conditions (Jampilek J. et al., 2021).
Serval techniques are used to track GBNs in the body, such as TEM, Raman spectroscopy, isotopic
labelling, and rare-earth element labelling. For instance, Liang S. et al. used the La/Ce dual elemental
labelling method to follow the bioaccumulation, route, and clearance of PVP-GO in vivo (Liang S.
et al., 2020). They showed as this system accumulates in the lungs, liver, and spleen and then it is
cleared through the kidney. Similar results were reported for injected PEGylated-I-labelled graphene
sheets (Yao Y. et al., 2020). GBNs degradation is another important topic in biomedicine and
nanotechnological approaches which is also influenced by the physiochemical properties of the
materials and their functionalization. In this regard, a Graphene Flagship study demonstrated that
when GO is functionalized with natural HRP ligands (coumarin and catechol) is degraded at a larger
extent (Kurapati R. et al., 2018). Zhang C. et al. studied the effect of graphene, GO and rGO on
HRP stability showing that only rGO was able to preserve it presumably by scavenging superoxide
radicals and avoiding the enzyme oxidation (Zhang C. et al., 2015).

Furthermore, in several studies PEGylation was demonstrated to reduce the cytotoxic effect
of GO on macrophages, even if it has also been suggested that small, PEGylated GO flakes (200 nm
lateral size) caused a strong cytokine response (Fadeel B. et al., 2018). In the screening of new
materials is also crucial determine its interaction with the immune system and macrophages to
understand if it can be eliminated or if its persistence can cause issues at certain levels. One of the
first studies on that compared the effect of different sizes GO on murine and human macrophages
(Russier J. et al., 2013). The smaller GO (130-270 nm) were internalized in a large amount and
affected more the cell viability compared to the larger one (1320 nm), but all GO sheets arranged
parallel to the cell membrane. Opposite results were achieved by another study that showed no
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differences in cell viability comparing 350 and 200 nm-large GO, which were both internalized in
an energy-dependent manner (Yue H. et al., 2012). A protocol for sterile production of GO with
different lateral dimensions according to Hummers’ method has been established by the Graphene
Flagship and the cytotoxicity assessment was performed (Mukherjee S. P. et al., 2016). The study
concluded that both small and large GO did not cause any toxicity once internalized by human
macrophages. It is important to note that some GBNs have shown antibacterial activity and are
currently being investigated for their usefulness as antibacterial systems (Zhang C. et al., 2015).

In conclusion, more studies are needed to elucidate the biocompatibility and biodegradation
of diverse GBNs, both in vitro and in vivo, with the final objective to make them safer-by-design.

In neuroscience, GO finds relevant implications. Wang K. et al. (Wang K. et al., 2021) have
recently demonstrated as a nano formulation of GO loaded with Dauricine (Dau), greatly reduced
oxidative stress in both in vitro and in vivo AD models through increasing superoxide dismutase
level and decreasing reactive oxygen species and malondialdehyde level. It also alleviated the
cognitive memory deficits and brain glial cell activation in AD mice models. They demonstrated,
therefore, that the combined anti-oxidative stress and anti-inflammatory effect of Dau together with
the inhibition of misfolded aggregated amyloid-p proteins (AB) by GO have the potential to be an
effective agent for a rapid AD treatment. A density functional theory study was recently performed
for future AD drug development and chelation therapy (Liu C. and Luo X., 2021). In details,
scientists tested the potential of diverse molecular and GO chelators, since the elevated levels of
metals (copper, zinc, iron and aluminium) accumulate in senile AP plaques hampering cognitive
functions and brain homeostasis. They calculated the binding energy of each molecule-metal
complex showing as 8-hydroxyquinoline-2-carboxaldehyde 2-furoyl hydrazone (HQFUH) has
coppet, zinc, iron and aluminium ability, while GO complex with a 12.5 % oxygen concentration
holds direct ability to chelate aluminium. Furthermore, graphene QD have been reported for their
application in inhibiting AP peptides aggregation (Liu Y. et al., 2015). Importantly, they show
important advantages compared to other drugs for AD treatment thanks to their low cytotoxicity,
high biocompatibility and small size which permits the BBB crossing. According to this, Kajal Tak
and colleagues synthesized graphene QD from the flowers of Clitoria Ternatea with the help of one-
pot microwave-assisted green synthesis for the treatment of AD (Kajal T. et al., 2020) . Fundamental
in neuroscience is the increment in spatio-temporal resolution to reveal the important working
mechanisms of the brain. The high spatial resolution is essential to determine single unit activity to
catch local information progression at the microscale, while, at the macroscale, it is important to
resolve neural dynamics in large brain areas. The temporal resolution in the brain ranges from
milliseconds and seconds regarding the spiking activity and synaptic transmission, to hours, months
and years regarding memory and learning processes. Although the activity of different brain areas
can be studied indirectly through non-invasive approaches like imaging tools (PET or MRI), the
electrical basis of the brain activity makes electrophysiology essential for both fundamental and
clinical applications (Guimera-Brunet A. et al., 2021). Therefore, state-of-the-art neuroscience
technologies represented by neuroelectronic interfaces with the nervous system, as multichannel
neural probes or recording site architectures (i.e., intracortical implants), represent a decisive
achievement. For instance, retinal or cochlear implants can improve the lives of patients with
damaged receptors transforming sound and light stimuli into electrical signals (Rubinstein J.T., 2004;
Sekirnjak C. et al., 2008). In efforts to cure several neurological disorders like PD (Benabid A.L. et
al., 1987), epilepsy (Nuttin B. et al., 2003) or obsessive-compulsive disorder (Loddenkemper T. et
al.,2001) has been used the so-called deep brain stimulation (DBS) or closed-loop interfaces between
brain activity and motor outputs for spinal cord injuries (Capogrosso M. et al., 2016). This linkage
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of the brain to computers through intracortical, scalp or subdural electrodes is referred to “brain-
computer interface” (BCI), while “neurobionics” is the science of directly integrating electronics
with the nervous system to repair or substitute impaired functions (Rosenfeld J.V. et al., 2017).
Importantly, these neural interfaces must be compatible with the soft, easily damaged, elastic and
curvilinear surface of the brain. In fact, flat or rigid materials of the conventional neural interfaces
can damage living tissues limiting their in vivo applications. Moreover, chronic recordings need a
high signal-to-noise ratio which has to be stable for years. To increment lifetime, the development
of novel devices is based on valid testing protocols and a knowledge of the critical parameters
controlling electrophysiological performance (Harris A.R. et al., 2019). Recent development in
brain-compatible neural interfaces are based on the use of soft-nanomaterials which are more
appropriate for complex neural circuit analysis and modulation, like polyimide (PI, polyethylene
terephthalate (PET), and polydimethylsiloxane (PDMS) (Jeong Y.C. et al., 2020). Advances in
nanoscience technology have a big impact on BCI. CNT and other nanomaterials have been used in
novel electrode designs with anti-inflammatory coatings or mechanically flexibility to minimise
micromotion (Schouenborg J., 2011). In order to improve neural signal recording and stimulation,
conducting polymers as polymer poly (3,4-ethylenedioxythiophene) or PEDOT have been widely
investigated as coating materials for implantable metal electrodes because of their mixed high
electronic-ionic conduction, electrochemical stability and high biocompatibility (Bodart C. et al.,
2019).

Noticeable neural interfaces include also light-emitting diode (LED) or pLED modules as
light sources for optogenetic (Jeong Y.C. et al., 2020), as well as devices for drug release (Jeong Y.C
et al., 2020, Fig 2.4). Some of them include the flexible, paper-like brain surface wrapping electrode
array which read information from a wide-range of cortical surfaces, insertable wrapping electrodes
beneath the skull iIWEBS) and the flexible vertical uLED (f-VLED) system insertable beneath the
skull (ILEBS), which write information on the brain (Fig. 2.4, Jeong Y.C. et al., 2020). In addition,
self-powered flexible energy harvesters and closed loop (MIDAS) and feedback control systems
(Park S.G. et al., 2018) make neural interfaces more useful in behaviour or in the control of specific
symptoms (Fig. 2.4).

1. Flexible reading device
> (IWEBS)
5. Closed-loop control = Wx

Z
(MIDAS) £ v/ 2. Flexible writing device
), 7= , (iLEBS)
e Yo
Py 7. ® < l\
8. / A Y
J \ Vi D S
A \
4}:’.’[ \ 3. Flexible drug delivery device
&7\ . (f-DDM)
\ )\\“ b
4. Self-powered 3 | l “ “x‘ <=
Energy harvester ( v - /\,’\ /4):’ .

Figure 2.4 Bio-compatible materials for use in interface for the modulation of neural circuits and behaviour
(Jeong Y.C. et al., 2020).
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3. GBNs IN NEUROBIOLOGY: A FOCUS ON GRAPHENE OXIDE AND SMALL
GRAPHENE OXIDE

GO surface allows a range of chemical techniques for attachment of functional groups for
electrical/thermal conductance and optical transparency. GO surface modification results in
important enhancement of its physicochemical properties allowing applications in various fields of
biomedicine, including tissue engineering, drug delivery, anticancer therapy and bioimaging (Cao
W. J. et al., 2020; Jagiello J. et al., 2020; Jampilek J. et al., 2021), as well as in green technology
areas like energy storage and nuclear waste (Dideikin AT and Vul’ AY, 2019).

The production of GO by the known methods of Hoffman, Staudenmaier and Brodie, are
based on the application of potassium chloride and nitric/sulphur acid as strong oxidizing agents.
The most popular method by Hommers-Offeman uses a mix of concentrated H>SO4, NaNO3, and
KmnO4 generating a yellow-coloured aqueous suspension of GO particles (Park S. and Ruoff R.S.
2009). Modern methods of GO preparation are instead based on exfoliation and oxidation of graphite
(Rothemund P.W, 2006).

GO sheets are highly hydrophilic thanks to the negative surface charged offered by the
oxygen-containing functional groups such as -OH, -COOH, and epoxide groups which contribute to
its optical and electronic properties too. GO generates stable aqueous dispersions in diverse polar
solutions, while graphene tends to aggregate. Conversely, GO is stable in diverse organic solvents
owing to hydrogen bonding between hydroxyl and epoxy groups on their surface and solvent
interface (Dideikin AT and Vul’ AY, 2019).

GO has both aromatic (sp?) and aliphatic (sp®) domains due to the introduction of oxygen
atoms, which further increases alternative types of interactions with the surface. The -COOH group
permits esterification, covalent acylation and amidation for functionalization on both sides, but
strong cross-linking of GO sheets are also possible through the nucleophilic opening of the epoxide
ring. In addition, non-covalent functionalization of GO surface through cation—n or van der Waals
interactions allow its attachment to nucleic acid or proteins for bio sensing and other cargo molecules
(Georgakilas V. et al., 2016).

Biocompatibility, processing, and toxicity of GO and derivates in the mammalian tissues
have been largely discussed and it has been proven their cytocompatibility both in vivo and in vitro.
Conversely to graphene, which can result in inflammation, cytotoxicity, and genotoxicity due to the
less steric hindrance, GO and derivates are easily internalized by cells and show peculiar antibacterial
properties for TE and RM. During the last decade, several studies reported the use of GO in drug
delivery and cancer therapy. In fact, the covalent and non-covalent modifications of GO are
responsible for UV, pH, T, visible light, electric fields etc. rendering GO with “smart-tumour
responsive properties” (Sharma S. et al., 2020). GO nanocomposites are largely used also for the
PDT and PTT applications for cancer treatments. In fact, the delocalization of its long-chain aromatic
pi-electron clouds allows the absorption in the NIR-region which, in turns, produce heat and
subsequent cell death (Sharma S. et al., 2020).

As previously mentioned, 3D scaffolds based on GO or rGO have widely been used in
regenerative medicine too, since they were shown to boost proliferation and differentiation of stem
cells, even if more studies are needed to overcome some issues related to long term toxicity, immune
response, biotransformation and biodistribution. For example, GO-based hydrogels allow the
differentiation of embryonic NPCs towards both glia and neurons facilitating neurite arborization
and synaptic connections (Rauti R. et al., 2016).
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GO is characterized by different lateral dimensionality. In general, large GO (1GO) has >
1000 nm lateral dimension, while small GO (s-GO) has< 500 nm lateral dimension.

GO with diverse lateral dimensions has been tested in vitro to study its interference with
neural subcellular compartments. Importantly, these dimensions influence the nanomaterial effect
and outcome on neuronal substrates in a radical way. Results showed 1GO toxicity in reducing the
viability of hippocampal neurons, while s-GO interfered with their synapses but did not affect cell
viability (Rauti R. et al., 2016; Rauti R. et al., 2019). These studies showed that s-GO effects on
synaptic activity were specifically and transiently targeting glutamatergic excitatory transmission,
which was downregulated, while the inhibitory one was not affected (Rauti R. et al., 2016; Rauti R.
et al., 2019). This specificity was reported in vitro and in vivo (Rauti R. et al., 2016; Rauti R. et al.,
2019; Cellot G. et al., 2020) The same result was obtained in another recent study which tested s-
GO on amygdala neurons in both in vitro and in vivo conditions (Franceschi B. A. et al., 2021).

The mechanism of s-GO modulation of synaptic activity is not known, even if the dynamic
of presynaptic vesicle recycling seems to be involved, and this has been confirmed in both
hippocampal, (Rauti R. et al., 2016; Rauti R. et al., 2019; Secomandi N. et al., 2020) and amygdala
cultures (Pati et al., in preparation). Rauti R. et al. (Rauti R. et al., 2019) exposed hippocampal
cultured neurons to a growth medium containing nanosheets of graphene or s-GO at a low
concentration (1 to 1o ug/mL, Fonnum F. 1984; Hirai K. et al., 1999; Palazzo E. et al., 2014) and for
1 week. They used both patch clamp and fluorescence imaging to study the effect of these materials
on both the synaptic signalling and the astrocyte-neuron communication.

Bramini M. et al., (Bramini M. et al., 2016) tested monolayer GO flakes with larger
dimensions (100-1500 nm) which were found free in the cytoplasm, in contact with the neuronal
membranes, and internalized through the endosomal pathway. The larger dimension of the used
nanomaterial could justify their data regarding the small enhancement of inhibitory postsynaptic
activity simultaneously at the inhibition of excitatory transmission, as well as the altered lipid and
protein content of primary cortical neurons. In fact, this was accompanied by induction of
macroautophagy and a modified Ca?>" homeostasis which affected both excitatory and inhibitory
neurons. An independent research group (Kang Y. et al., 2020) has recently confirmed the same
results of Bramini et al (Bramini M. et al., 2016) regarding the impact of 1IGO on Ca®" homeostasis
and cytoskeleton following the nanomaterial-synapses interference. Researchers chronically exposed
neurons to rGO which was internalized by them and oxidized via ROS to GO which, in turns, acted
as a neurotransmission modulator. In fact, it depressed neurotransmission by disturbing the actin
cytoskeleton and, therefore, blocking the synaptic vesicles docking and fusion of excitatory
synapses.

Three dimensional organotypic spinal cord cultures have also been used for the investigation
of central nervous system (CNS) tissue reactivity and glial responses upon long-term exposure to s-
GO nanosheets of diverse doses (Musto M. et al., 2019). With this aim, scientists explored the effect
of chronic s-GO accumulation on innate immunity focusing on resident microglia, in both
organotypic slices and isolated neuroglia culture. Through patch clamp recordings of ventral
interneurons and confocal imaging they demonstrated as the accumulation of the nanomaterial led
to a rection of the microglia population which, in turns, may trim down synaptic activity, even if no
active pro-inflammatory responses or neuronal cell death were detected.

However, these differences compared to the effect of s-GO on hippocampal neurons (Rauti
R. et al., 2016; Rauti R. et al., 2019) could depend also on the modified astrocyte physiology and
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subsequent astrocyte-neuron communication induced by the nanomaterial which were observed in
vitro (Chiacchiaretta M. et al., 2018). These authors investigated the long-term exposure of primary
rat cultures to GO flakes (100-1500 nm size) observing important functional alterations in astrocytes
after GO internalization (i.e., upregulation of Na"-dependent glutamate uptake, significant for the
control of extracellular homeostasis). They also investigated the effect of pre-treated astrocytes on
cocultured primary neurons showing an increment in both density and excitability of inhibitory
synapses. Therefore, in the CNS, not only the synaptic activity but also other modes of interneuron
communication systems can potentially be altered by GO, as the astrocyte-neuron interaction. Musto
M. Et al. (Musto M. et al., 2019) further confirmed this theory exploring the ability of astrocytes to
release synaptic-like microvesicles (MVs), which contribute to intercellular communication in pure
glial cultures after 6-8 days-exposure to s-GO and in the absence of cell toxicity. The same authors
extensively demonstrated through different experimental models that the target of s-GO flakes is the
vesicles release at the glutamatergic synapses which is modulated by the nanomaterial without
interfering with complex biochemical pathways (Rauti R. et al., 2019). In cultured hippocampal
neurons, scientists performed a fine electrophysiological study through the study of miniature
postsynaptic currents (mPSC) and pair pulse stimulation, thus directly investigating the interference
of s-GO with the machinery of vesicle release at the presynaptic terminal (Raastad M. et al., 1992;
Zucker R.S. 1989; Manabe T. et al., 1993; Debanne D. et al., 11996) By local delivery of s-GO at
the recorded neurons, they showed as the nanomaterial sheets ultimately deplete evoked release at
the glutamatergic synapses. Furthermore, the authors confirmed the same specific s-GO effect on
more mature glutamatergic synapses of acute hippocampal slices, scaling up the complexity of the
tissue to the third dimension.

Besides in vitro experiments to test the effect of s-GO to interact with the smallest
components of the brain, like synapses and vesicles, and their potential use to manipulate neuronal
function, also in vivo exploration of this nanomaterial has been extensively conducted (Rauti R. et
al., 2019; Cellot G. et al., 2020; Di Mauro G. et al., 2021). Stereotactic injections of s-GO into the
dentate gyrus of the hippocampus of juvenile rats led to a significant and selective reduction of
excitatory synaptic activity compared to saline injection with minimal tissue reaction or reduction in
the number of synapses, as demonstrated by 48h-after surgery ex vivo patch clamp recordings from
brain slices (Rauti R. et al., 2019). Importantly, this dampened glutamatergic signalling in the CNS
was transient and reversible since it recovered 72h after the treatment, supporting a direct and
mechanical interaction at the presynaptic plasma membrane. This result is in accordance with further
investigations where even the downstream outcome in modulation of behaviour relying on the
activation of s-GO-exposed synapses was studied (Cellot G. et al., 2020; Franceschi B.A. et al.,
2021). In the first work, early-stage zebrafish larvae were used as an in vivo model to test s-GO effect
on the nervous system physiology (Cellot G. et al., 2020). In details, once s-GO was microinjected
in the spinal cord of embryonic zebra fish larvae, the excitatory synaptic transmission of the local
neurons was reduced without any effect on spinal cell survival. Notably, the locomotor behaviour of
fish which depends on the spinal network activity, that is the swimming activity, was also modified,
paving the way for use of s-GO as a modulator of CNS function and related behaviours. Moreover,
further in vivo patch clamp recordings of the synaptic input to motor neurons during fictive
locomotion (electrical activity which correlates with bouts of locomotor behaviour in paralysed fish)
confirmed the downregulation of glutamate release from the presynaptic terminals as mode of s-GO
action. Interesting, Di Mauro G. et al., (Di Mauro G. et al., 2021) noticed as different specific GO
chemical properties (diverse oxygen/carbon ratios obtained by GO thermal reduction) differentially
influence the sensory-motor neurophysiology of early-stage zebrafish larvae and, therefore, their
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locomotor behaviour. In particular, GO nanoflakes downregulated their swimming performance,
while rGO boosted it, probably because they interfere with different signalling pathways.

The test of s-GO efficacy in vivo is the ultimate potential of any s-GO in the development of
innovative nanomaterial-based therapeutic tools and medical devices which targets specifically the
glutamatergic synapses which are pathologically dysregulated or exceeded in several diseases (i.e.,
anxiety-related disorders, obsessive-compulsive disorders, seizures, epilepsy, tumour, Tourette
syndrome, autism, and others, Brocke K. S. et al., 2020; Naaijen J. et al., 2017; Macaster F. P. 2010;
Barker-Haliski M. and White S. H., 2015). A relevant study has explored the translational potential
of s-GO to target selectively the glutamatergic synapses in a post-traumatic stress disorder (PTSD)
rat animal model, which is characterized by a hyper-excitability (or long-term potentiation, LTP) of
glutamatergic neurons in the lateral amygdala (LA) (Franceschi B.A. et al., 2021). Scientists
demonstrated that a single stereotactic injection of s-GO precisely to the LA nucleus and during the
consolidation of the pathological plastic changes, was able to hamper LA glutamatergic transmission
and to prevent the PTSD-related behavioural response. They combined behavioural tests with tissue
histology, ex vivo electrophysiology and confocal analysis demonstrating as s-GO was able to
prevent the LTP of amygdala excitatory synapses in vitro, thus impairing long-term aversive memory
retrieval and long-lasting anxiety related responses in vivo. According to the in vivo administration
of GBN:gs, it is worth to mention that a lower tissue reactivity was observed in s-GO injected animals
compared to saline treated ones (Portioli C. et al., 2020) suggests a neuroprotective effect exerted by
the nanomaterial against the tissue damage usually observed upon surgery. The hyperexcitability of
the amygdala glutamatergic neurons is strictly correlated to anxiety-related pathologies and this topic
will be deeply explored in the following chapters.

Of course, the GBNs translation in therapy requires more steps besides the in vivo validation
of the nanomaterial, as the optimization of its best dose and administration way. Regarding the
administration route, intracranial brain injection is not the only way to enter the CNS and cross the
BBB. In fact, several studies proved alternative and successful methods to cross the BBB, like rat
tail vein injection (Sweeney M. D. et al., 2019; Mendoga M. C. p. et al., 2015,156) or nasal/oral
administration (Newman L. et al., 2020). The lateral dimension of the nanomaterial seems to be
important in the outcome of uptake and transportation through the BBB, with larger size nanosheets
showing higher permeability than small size ones (Su S. et al., 2020).

The ability of s-GO to influence and modulate the synaptic activity of neurons makes it the
most promising and interesting among the GBNs components for innovative pharmacological
applications in the field of nanotechnology and precision medicine to treat several CNS disorders.
Moreover, the further functionalization of s-GO could be exploited for drug delivery systems,
allowing to target specific sites in the brain and release the therapeutic agent in a controlled way. In
this regard, recent applications, and state-of-the art-studies of engineered GBNs for the treatment of
brain pathologies have extensively been reviewed by Cellot G. et al., with a particular focus on
untreatable, paediatric disorders (Cellot G. et al., 2022).

4. THE AMYGDALA

“We do not run because are afraid, but we are afraid because we run” (James W., 1890).
These are the words of William James who, exactly as C.G.Lange, suggested that emotions
accompany our physiological responses to the same stimuli, the external ones. Therefore, by the
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simple examination of the physiological responses to the environment, it is possible to study
emotions. Around the same historical period, Charles Darwin gave a strong biological contribution
to emotions in “Expression of Emotions in Men and Animals” indicating that through the
examination of animal behaviour it is possible to study human emotions (Darwin C., 1872).

“Responses that occur when we defend against danger, interact with sexual partners, fight
with an enemy, or have a tasty bite to eat promote the survival of individuals and their species.
Emotional responses are thus inherently interesting and important. So, what happened? Why did
research on the brain mechanisms of emotion come to a halt after mid-century?” J. Ledoux (Ledoux
J., 2020).

Critically to the James-Lange theory, Cannon and Bard developed the first
neurophysiological theory of emotions in 1920 indicating the hypothalamus and its projections to
the cortex and brain stem the original locus of emotions (Cannon W.B., 1927). Later, Papez and
McLean added the forebrain circuits to the emotional circuitry, the so called “visceral brain” or
limbic system and included also the amygdala (Mclean P.D., 1949), an almond-shape structure deep
within the temporal lobe (Fig 4.1).

Figure 4.1 An example of the amygdaloid region as it appears in acutely prepared coronal sections. Left: a
Nissl-stained hemisection of a rat brain around bregma-3. The areas shown in the outlined region are shown
in an acutely prepared coronal brain slice as it appears under brightfield illumination (right). [Adapted from
Paxinos G. and Watson C. The Rat Brain in Stereotaxic Coordinates (2nd ed.). Sydney, Australia: Academic,
1986.]

Soon after the discovery of Kluver and Bucy that several emotion abnormalities (“psychic
blindness” with access of anger or fear, hyperorality, loss of social interactions, hypersexuality...)
occur in monkeys following medial temporal lobe damage (Kliiver H. and Bucy P. C. 1973), it was
demonstrated by Weiskrantz L. that an amygdala damage could generate them too (Weiskrantz L.,
1956). In fact, in 1956, once observed the impairment in acquiring behavioural responses to shock-
predictive clues, Weiskrantz L. concluded by saying that “the effect of amygdalectomy is to make
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difficult for reinforcing stimuli, whether positive or negative, to become established or be recognized
as such” (Weiskrantz L., 1956).

Even if the amygdala is not the only brain area implicated in emotions and emotions are not
the only amygdala’s functions, no other brain areas has been so consistently implicated in the
emotion system from that moment. Moreover, circuitries and functions of the amygdala have been
well-conserved across evolution (McDonald AJ., 1998). Although some species variability, non-
mammalian beings like fishes, birds or reptiles possess an amygdala-like area too, which is very
similar to the mammalian amygdala in terms of functions and circuitry (Jarvis E.D. et al., 2005;
Johnston J.B., 1923; Lanuza E. et al., 1998).

Given that the amygdala is involved in several diseases including autism, addiction, anxiety
disorders and others, the knowledge of its circuitry is of enormous importance. Much of our
understanding about the amygdala role in emotions come from animal studies on Pavlovian fear
conditioning and its consequences which are represented by a variety of autonomic and hormonal
responses. Fear is a normal and common reaction to threatening situations in daily life, but when it
becomes greater than normal or inappropriate, a fear/anxiety disorder starts. A classical fear
conditioning task occurs when a neutral stimulus such as a tone or a light (the conditioned stimulus,
CS) is paired with an aversive stimulus (a foot-shock). The latter produces a fear response or
behavioural state which typically occurs in the presence of danger, such as defensive behaviours
(freezing or escape responses), autonomic nervous system responses (changing in heart rate and
blood pressure), neuroendocrine responses (release of hormones from the pituitary and adrenal
glands) etc. (LeDoux J., 2003). These outcomes are not voluntary or learned, but they are innate,
species-related, and automatically expressed in the presence of appropriate threats or stimuli.
Importantly, following few numbers of pairings (neutral and aversive stimuli), the neutral stimulus
alone becomes sufficient to elicit such behavioural states and this learned behaviour is long lasting
and rapidly acquired (Fig 4.2). Animals also exhibit fear when return to the chamber where the tone-
shock pairing, or shock alone occurred (Maren S. et al., 1997; Phillips R. G. and LeDoux J. E., 1992).
This is the so-called contextual fear conditioning and requires both amygdala and the hippocampus.
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Figure 4.2 Fear conditioning involves the temporal pairing of an innocuous conditioned stimulus (CS), such
as a light or tone, with a noxious unconditioned stimulus, typically foot shock (above). After conditioning
(ac), but not before (bc), the CS enters fear network and activates defence systems typically activated by a
natural threat, such as a predator (below, LeDoux J., 1998).
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Because of the simplicity of that learning task and the physiological similarities between human and
animal fear, the study of fear conditioning represents an important model to understand the
pathophysiology of anxiety disorders in humans as well as learning and memory consolidation
processes.

4.1 NEUROANATOMY AND NEUROPHISIOLOGY OF THE AMYGDALA

In the early 19" century, a group of cells was described by Burdach which are nowadays
known as the basolateral complex. Conversely to the past anatomical literature which considered the
amygdala as a structure with just two subareas (the basolateral and the cortico-medial area),
nowadays the amygdala is conceived as a complex brain structure with several nuclei, each with its
own subdivisions and unique set of afferent and efferent connections, as well as internuclear and
intranuclear connections.

Price et al. (Price J.L. et al., 1987) classified the rat amygdaloid complex into three major
groups (Fig. 4.1.1): the basolateral (BLA) group or complex (a deep group including the basal, B, or
basolateral, BL, nucleus, the lateral nucleus, LA, and accessory basal nucleus, AB, or basomedial
nucleus), the cortical-like group (a superficial group including the cortical nuclei and the nucleus of
the lateral olfactory tract, NLOT), and the centromedial group (medial, M, and central, CeA, nuclei,
as well as the amygdaloid part of the bed nucleus of stria terminalis, BNST).

The LA is subdivided in the smaller celled dorsolateral subdivision, the larger celled
ventrolateral subdivision, and the medial subdivision, while the BL is subdivided into the
magnocellular subdivision and the intermediate and parvicellular subdivisions. Ventrally to the BL,
the AB comprises the magnocellular, the intermediate and the parvicellular subdivision (Pitkdnen
A., 2000; Pitkdnen A. et al., 1997). Together with the NLOT, the superficial and layered cortico-like
nuclei comprise also the bed nucleus of the accessory olfactory tract (BAOT), the anterior and
posterior cortical nucleus (CoA and CoP, respectively), and the periamygdaloid cortex (PAC). The
latter is further subdivided into the medial division, and the sulcal division (Pitkédnen A. et al., 2000;
Price JL et al., 1987). Finally, the CeA has four divisions: the capsular subdivision (CeC), lateral
subdivision (CeL), intermediate subdivision (Cel), and medial subdivision (CeM) (McDonald A.J.,
1982; Jolkkonen E. and Pitkdnen A., 1998). The M has also four subdivisions: rostral, central (dorsal
and ventral), and caudal (Sah P. et al., 2003). In this classification, other amygdaloid nuclei have to
be mentioned: the anterior amygdala area (AAA), the amygdalo-hippocampal area (AHA) with its
lateral and medial subdivisions, and the intercalated nuclei (I), small, clustered nuclei within the fiber
bundles which separate the different amygdaloid nuclei (Sah P. et al., 2003). Recently, it has been
argued that the amygdala complex is a functionally and structurally heterogenous group which must
be divided into four functional systems: the frontotemporal system comprising the BL, the autonomic
system including the centromedial nuclei, the main olfactory and the accessory olfactory systems
with the cortico-like group (Swanson L.W. & Petrovich G.D., 1998).

According to afferent and efferent connections of the amygdala, several works demonstrate
as they are very similar across species, even if the physiology of the rat amygdala has been the most
explored through anterograde and retrograde tracers (McDonald A.J., 1998; Pitkdnen A., 2000; Sah
P. et al., 2003).

The main amygdala inputs can be grouped into sensory inputs which come from the sensory
areas of cortex and thalamus (olfactory, somatosensory, gustatory and visceral, auditory, and visual
modalities), polymodal inputs whose sources include hippocampus perirhinal or prefrontal cortex,
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and inputs which arise from the hypothalamus and brain stem and are related to autonomic and
behaviour systems (Fig. 4.1.2).

Basolateral nuclei

Cortical nuclei

Centromedial nuclei

dorsal

lateral medial
lateral
ventricle

Figure 4.1.1 Nuclei of the rat amygdaloid complex. Coronal sections are drawn from rostral (A) to caudal
(D). Abmc, accessory basal magnocellular subdivision; Abpc, accessory basal parvicellular subdivision; Bpc,
basal nucleus magnocellular subdivision; e.c., external capsule; Ladl, lateral amygdala medial subdivision;
Lam, lateral amygdala medial subdivision; Lavl, lateral amygdala ventrolateral subdivision; Mcd, medial
amygdala dorsal subdivision; Mcv, medial amygdala ventral subdivision; Mr, medial amygdala rostral
subdivision; Pir, piriform cortex; s.t., stria terminalis. (Sah P. et al., 2003).

The major source of sensory information to the amygdaloid complex arises from the
glutamatergic projection of layer V pyramidal neurons of the cerebral cortex, or, more generally,
from unimodal association areas of the temporal cortex (Ottersen O.P. et al., 1986; Amaral D.G and
Insausti R., 1992). These sensory projections end to the lateral amygdaloid nucleus and have been
implicated in a variety of sensory systems together with emotional learning and processes. For
example, the auditory processing modality of the LA originate in a thalamic cell population called
posterior intralaminar nucleus which receives auditory inputs from the inferior colliculus and is
linked to medial geniculate body, MGB (Ledoux J.E. et al., 1990). Since the importance of the LA
in emotional and sensory functions, a lesion of it produces disruptive outcomes disconnecting the
entire amygdala from the environmental inputs. The effect of this disconnection is evident in several
behavioural tasks and emotional responses, like the classical fear conditioning (LeDoux J.E.,
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Cicchetti P. et al., 1990). In the past, several studies in non-human primate showed as subtotal lesions
of the LA lead to the loss of fear and the Kluver-Bucy syndrome because of interrupted sensory
information to the central nucleus of the amygdala (Zola-Morgan S. et al., 1991).
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Figure 4.1.2 Inputs from cortical sensory areas and thalamus terminate primarily in the LA; Pyramidal
neurons of the lateral nucleus (LA) receive convergent excitatory synaptic inputs conveying conditioned and
unconditioned stimuli and are the site of synaptic plasticity responsible for acquisition of conditioning.
Monoamine neurotransmitters released in emotional situations, such as norepinephrine (NE) released from
projections of the locus ceruleus, positively modulate plasticity of excitatory synapses in LA neurons both
directly and via inhibitory effects on feedforward GABAergic interneurons. The LA projects to the BA; the
BA is interconnected with the ventromedial prefrontal cortex (vmPFC) including the orbitofrontal cortex
(OFC) and ventral anterior cingulate cortex (ACC) as well as the dorsal ACC hippocampal formation, and
striatum and projects to the CeM, which provides the main output of the amygdala to the hypothalamus and
brainstem, including the parabrachial nucleus. Control on the CeM involves multiple disinhibitory networks
mediated by different subsets of GABAergic neurons in the IC and CeL. A subset of BA neurons project to
the dorsal anterior cingulate cortex (dACC), which is also engaged in fear conditioning and is involved in
behavioral arousal. Fear extinction involves an interactive network that includes the amygdala, the
ventromedial prefrontal cortex (vmPFC) including the orbitofrontal cortex (OFC), and the anterior
hippocampus. The vimPFC participates in fear extinction via an excitatory input from the OFC to GABAergic
neurons of the IC, which gate the BA inputs to the CeM. (Benarroch E. E., 2016)
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Besides fear conditioning, the lateral nucleus of the amygdala has also been implicated in
conditioned place preference learning in rodents, an appetitive emotional reaction proven by
suppling reinforcing stimuli (i.e., foods) in a certain place. In this case, the amygdala lesions interrupt
the flow of sensory information from the nucleus accumbens whose lateral/basolateral areas are
associated to reward by connecting with DA containing terminals (Ldoux J.E., 1992). Together with
acoustic inputs to the amygdala, also visual ones originate from thalamic and high-order visual areas
(Sah P. et al., 2003), while gustatory and visceral information arise from their primary areas of the
anterior and posterior insular cortices as well as subcortical structures. They all reach the dorsal
subdivision of the LA, central nucleus, and posterior basal nucleus. Conversely, primary
somatosensory areas send few projections directly to the amygdaloid complex, which, instead,
receives somatosensory afferents via the dysgranular parietal insular cortex of the parietal lobe.

Information regarding behaviour and reward circuits in rats converge to the prefrontal cortex
whose afferents reach the basal nucleus of the amygdala. The latter is the main target of hippocampal
inputs too, while the central, lateral, and medial nuclei receive inputs from the hypothalamus. Finally,
brain stem inputs (midbrain, pons, and medulla) have the central nucleus as the major target. The
central nucleus of the amygdala plays important roles in the expression of behavioural and autonomic
responses, as it regulates the cholinergic arousal system of the neocortex. In fact, the cholinergic
neurons of the nucleus basalis which project to the neocortical level permit emotional information
evolution by the amygdala to affect memory, attention, perceptual and other cognitive pathways
occurring at the neocortex.

Regarding efferent projections from the amygdala, the basolateral complex (AB, B, LA)
sends information from glutamatergic pyramidal-like neurons to hippocampus, perirhinal cortex and
nucleus accumbens (Pare D. et al., 1995). The reciprocal interactions between amygdala and
hippocampus have strong implications for the emotional regulation of episodic memory: inputs from
the amygdala to the hippocampus, supplying an event-related emotional importance, support
episodic memory consolidation; inputs from hippocampus to the amygdala furnish contextual
information regarding such event. The central nucleus is important in the activation of autonomic
and hormonal systems which are responsible of behavioural and visceral responses to fear (freezing,
potentiated startle, change in blood pressure and heart rate, stress hormones’ release...). Therefore,
the central nucleus projects to hypothalamus, BNST, midbrain, pons and medulla. All these
projections trigger endocrine and autonomic responses to stress like activation of the adrenocortical
axis or sympathoexcitaion. In turns, the BNST and CeA have strong projections to ascending
cholinergic and monoaminergic neuron groups (noradrenergic locus coeruleus, dopaminergic
substantia nigra and ventral tegmental area, cholinergic nucleus basalis, serotonergic raphe..) which
innervate regions of the temporal lobe and forebrain memory systems.

Importantly, the cellular composition of BLA and CeA is different, with the one of BLA
which resembles the cerebral cortex (mostly pyramidal-like spiny glutamatergic projection neurons)
and the one of CeA which is similar to the striatum or globus pallidus (with highly branched spiny
y-aminobutyric acid (GABAergic interneurons). In the BLA, the sparsely spiny local GABAergic
neurons are mostly parvalbumin (PV)-containing neurons and somatostatin (SOM) neurons which
contact the soma/proximal dendrites and distal dendrites of glutamatergic neurons, respectively.
Electrophysiological recordings from animal models revealed as the majority of BLA neurons are
regular spiking neurons exhibiting spike frequency adaptation because of the differential expression
of Ca?"dependent and voltage-gated K channels (Tully K. et al., 2007). In emotionally arousing
conditions, stress hormones, as norepinephrine (NE) and glucocorticoids, by reducing this spike
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frequency adaptation, can enhance the excitability of the BLA neurons (Duvarci S. et al., 2007).
Conversely, in the CeA, the large number of GABAergic neurons seem to innervate local inhibitory
cells in brain stem nuclei (Pitkdnen A. et al., 1994). Between the CeA and BLA, it has been found
another interconnected group of GABAergic neurons which is known as intercalated cell mass (IC)
and which provides an important source of inhibition (Marowsky A. et al., 2005; Ehrlich J. et al.,
2009).

Together with afferent and efferent connections, anatomical track tracing studies combined
with electron microscopy analysis of synapses and branches reveal that extensive intranuclear and
internuclear connections in the amygdala further process locally all the information arriving in the
amygdala before their correct behavioural outcome. It has been proposed that the basolateral nuclei
represent the primary area for the entering information, while the centromedial nuclei act as an output
station after a predominantly lateral to medial progression of the information (Pitika Nen A., 2000).
In a simple depiction of amygdala intrinsic connectivity, multiple axon collaterals from the LA form
en passant excitatory synapses with interneurons and projection neurons of the BA, thus integrating
the cortical sensory information. In turns, the BA projects to the CeM which supplies the main
amygdala output towards the brain stem and hypothalamus (Fig 4.1.2). Anyway, the physiology
under the local connections of the amygdaloid complex is still elusive: reconstructed neurons seem
to have a very complex structure and distribution with cell bodies and large dendritic trees often
localized in different subdivisions. For instance, BA neurons influence CeM neurons not only via
direct glutamatergic excitation, but also through disynaptic GABAergic inhibition sending axons to
the CeL and IC-located interneurons, which in turns send inhibitory projections to the CeM
(Benarroch E. E., 2016). Moreover, intercalated inhibitory circuitries add further complexity to the
regulation of activity within the LA, BA, IC, CeL and CeM (Fig. 4.1.2)

The amygdaloid complex is involved In a variety of memory- and learning-related tasks.
Electrical stimulation of the amygdala elicits fear and anxiety responses (Kaada B.R.., 1951; Gloor
P., 1990), while its lesion blocks some types of unconditioned fear (i.e., freezing, heart rate,
analgesia, Blanchard D.C., Blanchard R.J., 1972; Bellgowan P.S. et al., 1996), as well as the
acquisition of both active avoidance- (escape from fear) and passive avoidance-conditioned
responses (Sah P. et al., 2003). Together with fear and aversive stimuli, a direct role of the amygdala
has also been seen in conditioning with appetitive stimuli (food, sex, drug), or in the acquisition and
consolidation of memories that evoke an emotional response (Neugebauer V. et al., 2000; Sutherland
R.J. et al., 1990). Electrophysiological studies, lesion approaches in animal models, neuroimaging
(particularly MRI) experiments and neuronal recordings in patients after surgery for temporal lobe
epilepsy (TLE), have largely contributed to the comprehension of the human amygdala’s function
and circuitry behind it. Studies on human amygdala confirm its fundamental role to link
representations of the concept of fear to visual representations of a facial expression (Benarroch E.E.,
2016). Recordings taken from patients with implanted electrodes demonstrated that the amygdala
encodes the subjective judgment of emotional faces, predominantly responding to eye contact but
without the involvement of an intact primary visual cortex (Wang S. et al., 2014; Burra N. et al.,
2013). Moreover, bilateral human amygdala lesion impairs the recognition to fear in facial
expression even if the recognition of facial identity is maintained (Adolphs R. et al., 1994).

4.2 NEUROPATHOLOGY OF THE AMYGDALA

Physiological dysfunctions of the amygdaloid complex are responsible for a variety of
syndromes with different manifestations. The previously mentioned KBS (Kliiver H. and Bucy P.,
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1973) is characterized by changes in eating and sexual behaviours, inappropriate object recognition
(visual agnosia), excessive oral exploration of objects, loss of fear or anger (placidity) and other
specific hallmarks. In humans, these symptoms have been observed after many lesions affecting the
amygdala including TLE (Nakada T. et al., 1984) or limbic encephalitis (Conlon P. et al., 1988), and
in neurodegenerative disorders including AD (Kile S.J. et al., 2009). Patients with mesial TLE
(MTLE) or with hippocampal sclerosis (HS) show epileptogenic clinical features which involve the
amygdala, like sensation of fear, temporal lobe seizures, olfactory hallucinations, recall of memories
with a strong emotional component, anxiety, or depression (Benarroch E.E., 2016). Moreover, an
increment of the amygdala volume has been detected in 14 % of patients affected by HS or MTLE
(Coan A.C. et al., 2013). The balance between the activity of both the amygdala and ventromedial
prefrontal cortex (vmPFC) results altered in most cases of psychiatric disorders including anxiety
disorders, social anxiety disorders and PTSD. In fact, an enhanced activity of the amygdala has been
detected in anxious individuals exposed to both threat-related and no-threat related stimuli, while a
reduced activity of the amygdala because of an increased top-down regulation of it mediated by the
vmPFC, has been recorded in situations of reduced anxiety (Somerville L.H. et al., 2004; Hare T.A.
et al., 2008). Particularly, PTSD is a disorder in which a person who has directly experienced a
traumatic event develops a characteristic set of symptoms. Recent revisions in the DSM-5 (American
Psychiatry Association, 2013) categorize symptoms into four clusters: intrusion/re-experiencing
symptoms, avoidance symptoms, negative cognitions and mood, and symptoms of hyper-arousal”
(Kirkpatrick H.A. et al., 2014). In other words, PTSD is a failure of recovery which is in partly due
to an impaired fear learning. The latter sees the involvement of the hippocampus, amygdala and
vmPFC (Bonne O. et al., 2001; Craske M.G. et al., 2008), and, in particular, an alteration in the
inhibitory control mediated by the vmPFC towards the amygdala (Kirkpatrick H.A. et al., 2014).
Some studies reported that amygdala activation is positively correlated with PTSD symptom severity
(Shin L.M. et al., 2010).

Anxiety disorders are the most prevalent psychiatric disorders in the world (Kessler R.C. et
al., 2012). Specific/isolated phobias are the most prevalent anxiety disorder, followed by panic
disorders (PDA), social anxiety disorders/social phobia (SAD) and generalized anxiety disorders
(GAD) (Kessler R.C. et al., 1994). The amygdala together with medial prefrontal cortex are
considered the main regions involved in these diseases (Shin L.M. et al., 2010). In PDA, patients
experience recurrent, unexpected panic attacks (discrete episodes of intensive fear, sympathetic
nervous system arousal and discomfort occurring in the absence of true danger) along with a
persistent worry about the implications of the attack or an important change in behaviour related to
the attack (American Psychiatric Association, 2013). Relative to one of the neurocircuitry involved
in PDA, the “fear network” including amygdala, hippocampus, thalamus, and brain stem is
hypersensitive. In addition, the frontal cortex does not inhibit the amygdala trough top-down
inhibition, resulting in magnified amygdala activity and exaggerated activation of the entire fear
network (Gorman J.M. et al., 2000). SAD is characterized by a persistent and marked fear of social
or performance situations involving scrutiny by people (American Psychiatric Association, 2013).
The fear of embarrassment can result in avoiding the social situations, as well as impairment in
occupational and social functioning. GAD is characterized by excessive diffuse anxiety, which is
difficult to control, with patients experiencing irritability, fatigue, sleep and concentration difficulties
and restlessness (American Psychiatric Association, 2013).

Moreover, dementia with Lewy Body (LB) pathology, PD or a-synucleinopathy (i.e., AD
with amygdala LB) see an involvement of the amygdala, particularly of the BLA and cortical nuclear
complex, which may contribute to anosmia or visual hallucinations (Yoshimura N. et al., 2005). In
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fact, at the early stages of AD, the amygdala represents one of the most vulnerable areas of the brain,
since its atrophy may play a role in cognitive/behavioural alterations and memory decline (Poulin
S.P.etal,2011). A lack of dopaminergic modulation of the amygdala has been found in PD patients,
together with a reduced response to facial expressions of fear (Yoshimura N. et al., 2005; Tessitore
A. etal., 2002).

4.2.1 Abnormal hyperexcitability of glutamatergic neurons: a common base of
neurodisorders

Effective information managing in the brain demands a precisely regulated balanced between
excitatory and inhibitory activity (E/I balance, Shew W.L. et al., 2011; Yizhar O. et al., 2011). A
slightly and persistent perturbation of this delicate balance could lead or contribute to main defects
which, in turns, may manifest as brain diseases named “synaptopathies”. In general,
neurodegenerative or neurodevelopmental diseases can be linked to an altered excitatory (Fig
4.2.1.1) or inhibitory (Fig.4.2.1.2) synapse physiology. In the pathophysiology of several of these
disorders, including affective, psychiatric, and degenerative disorders, an increasing importance has
been attributed to the glutamatergic excitatory activity. In fact, glutamate neurotransmitter has a
peculiar role in the CNS and its abnormal, toxic accumulation results to an hyperfunction of the
glutamatergic system. Glutamate acts upon two main neurotransmitter ligand-gated ionotropic
receptors, NMDA and AMPA receptors which are crucial in synaptic plasticity and transmission
(Strack S. et al., 1998).

Autism spectrum disorders
Alzheimer disease
Parkinson disease

BDNF uptake
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Figure 4.2.1.1 Schematic overview of excitatory synapse-linked disease mechanisms. Functional overview
of the excitatory synapse with main proteins and pathways affected in ASD, AD, and PD. Proteins and
pathways are colour-coded for each disorder. Dashed line divides the pre-synaptic part into dopaminergic and
glutamatergic terminals. In AD, the post-synaptic action of Ab oligomers and tau aggregates result in
deregulation of NMDA receptors, cellular stress, and decreased protein synthesis. Ab oligomers further act
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through interaction with neuroligin-1 and mGluRS5 to impair neuronal homeostasis. Pre-synaptic disturbances,
including impaired BDNF transport and excessive D-serine production, have also been associated with AD.
Such abnormal molecular cascades ultimately result in defective LTP and memory. In PD, defective
autophagy and a-synuclein-mediated mislocalization of SNARE complexes associate with decreased DA
release and mitochondrial function. This leads to increases in oxidative stress, likely driving impaired
dopaminergic tonus and neuronal death that are characteristic of PD. (Lepeta K. et al., 2016).

AMPA receptors consist of 4 subunits (gLuR 1-4) and depolarize the postsynaptic membrane
through Na® influx, while NMDA receptors, through their Ca*" influx, their voltage-dependent
opening mechanism, and their coupling to intracellular signalling molecules, are crucial in signal
transduction and synaptic response modulation (Strack S. et al., 1998).

Several novel genetic mutations which affect synapse formation and functions have been
related to autism spectrum disorders (ASD) and epilepsy (Huguet G. et al., 2013). Despite the fact
that these variants are very diverse affecting all phases of neuronal excitability (i.e., anchoring
synaptic machinery, neurotransmitter release, control of neural network or subcellular signalling
processes, Huguet G. et al., 2013), they seem to share a common pathway (Shew WL et al., 2011).
In fact, a core process underlying ASD pathogenesis has been proposed and rely upon the imbalance
between the excitatory and inhibitory circuitry in neocortical areas (Huguet G. et al., 2013). In ASD
etiology, genetic variants in the subunits of NMDA receptors (GluN2A and GluN2B subunits)
affecting synaptic plasticity seem to be implicated (Won H. et al., 2012). Mice lacking exon 7 of the
post-synaptic protein scaffold shank (Shank?2 -/- mice) showed up-regulation of NMDA receptors in
synaptosomes, increased NMDA-dependent LTP and enhanced NMDA/AMPA ratio (Etherton M.R.
etal.,2011). Also in AD, one of the most prevalent neurodegenerative disorders (60% of all dementia
cases, Gray E.G. et al., 1987), NMDA seems to play a critical role. Most of the common therapies
furnish symptomatic relief by decreasing the NMDA receptor function at excitatory synapses or
increasing the cholinergic signalling, even if they do not treat the underlying cause of disease
(Pickrell A.M. et al., 2015).

This E/I imbalance is recognized as a cause for epilepsy and seizures too: an hyperexcitability
has been linked to sodium or calcium channelopathy which altered the membrane depolarization or
to greater glutamate release/enhanced number of glutamatergic synapses. Another key factor in the
pathogenicity of epilepsy is represented by neuromodulators as neuropeptides and small molecule
co-agonists whose role is the regulation of homeostatic plasticity and network dynamics. Among
them, brain-derived neurotrophic factor (BDNF) seems to facilitate epileptogenesis trough TrkB,
while neuropeptide Y (NPY) was shown to repress hyperexcitation in human epileptic tissues
(Lepeta K. et al., 2016).

Synapse alterations pave the way also for the PD progression trough dysfunctions in
mitochondria physiology, autophagy, and protein trafficking (Pickrell AM et al., 2015; Hunn BH et
al., 2015. In particular, a-syn is one oligomerization-prone chaperone which causes delocalization
of SNARE protein complexes linked to reduce DA release (Fig.4.2.1.1, Rockenstein E. et al., 2014).
A risk factor for OD and stroke is represented by traumatic brain injury (TBI), a temporal or
permanent impairment of brain function due to an external mechanical force to the head (Jamjoom
A.A.B.etal, 2021). Even if synaptopathy in TBI is a very complex and multifaceted process, several
studies demonstrate as oxidative stress, glutamate excitotoxicity and inflammation play crucial roles
in its pathophysiology (Jamjoom A.A.B. et al., 2021). For instance, elevated glutamate levels in TBI
have been linked to abnormal intracellular Ca®" levels and subsequent neuronal death (Nilsson P. et
al., 1996). This increment in the intracellular Ca*" leads to the expression of GluR2-lacking AMPA
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receptors which are more permeable to Ca®" and, thus, exacerbate excitotoxic neuronal death within
one hour after injury (Contractor A. et al., 2015).

Increasing evidence suggests that network hyperexcitability and neuronal hyperactivity
including altered excitatory synaptic connections and function, altered ion channels’
conductance/expression, and reduced inhibitory circuitry leading to an E/I imbalance, could be
relevant point of convergence in the pathophysiology of Fragile-X-syndrome, FXS (Contractor A.
et al., 2015). FXS is a leading inherited cause of autism and ID due to the expansion and hyper-
methylation of CGG-repeats around the FMR1 gene and subsequent silencing and loss of its protein
product Fragile X mental retardation protein, FMRP, (Liu X. et al., 2022). This protein is a well-
conserved neuronal RNA-binding protein which regulates (probably as translational repressor) a lot
of neuronal mRNAs (approximately 4-8% of all mRNAs in the brain) covering a wide-range of
effects on neuron functions. In fact, the targets of these mRNA include ion channels, pre- and
postsynaptic proteomes, transcription factors and chromatine-modyfing proteins. The disruption of
these targets perturbs a lot of signalling pathways which are essential for the maintenance of neural
network stability and physiological synaptic function (Bhakar A.L. et al., 2012) leading to the
generation of the circuitry hyperexcitability of FXS. The most observed synaptic plasticity
phenotype in FMR1 KO models is excessive mGluR 1/5-dependent long-term depression (LTD) at
excitatory synapses (mediated by post-synaptic AMPA receptors’ internalization, Liu X. et al.,
2022), probably because FMRP acts as a negative feedback regulator limiting mGluR-mediated
protein synthesis (Bear M.F. et al., 2004), even if it is unclear how this exaggerated mGluR-LTD
plays a part in network hyperexcitability in FXS. A possible hypothesis is a subsequent stimulation
of protein synthesis in dendrites which facilitates the LTP priming (Raymond C.R. et al., 2000) or
extended epileptiform discharges (Bianchi R. et al., 2009).
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Figure 4.2.1.2 Schematic overview of inhibitory synapse-linked disease mechanisms. Functional overview
on the inhibitory synapse with main proteins and pathways affected in hyperekplexia, DS, and epilepsy.
Proteins and pathways are colour-coded for each disorder. Dashed line divides the scheme into glycinergic
and GABAergic synapse. The major cause of hyperekplexia is defective glycinergic signaling resulting from
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mutations in genes involving subunits of GlyRs, glycine transporter, or GlyR-interacting proteins. E/I
imbalance underlies deficient synapse function in epilepsy and DS. In epilepsy, abnormal excitatory tonus
results from decreased GABA release and concurrent enhanced glutamatergic neurotransmission. In DS, an
over-inhibition of synapses by increased GABAergic circuitry and endocytic dysfunction is considered the
main synaptic hallmark of the disease. (Lepeta K. et al., 2016)

Dysfunction in corticolimbic glutamatergic neurotransmission may contribute to or account
for the schizophrenia symptoms and manifestation (Uno Y, Coyle JT, 2019; Coyle JY, 1996).
Schizophrenia is a chronic and severe psychiatric disorder with a profound impact on society and
individual’s life. It is characterized by both positive (i.e., hallucinations, disorganized thinking,
delusions) and negative symptoms (i.e., diminished emotional expressions, alogia, asociality), as well
as cognitive defects (in attention, working memory, and executive function (Uno Y. and Coyle J.T.,
2019). The anaesthetics ketamine and phencyclidine (PCP), have been seen to induce schizophrenic-
like symptoms, including also negative and cognitive symptoms in healthy humans (Javitt D.C. and
Zukin S.R., 1991). Since the binding sites for ketamine and PCP are non-competitive antagonists of
the NMDA subtype of glutamate receptor, it was proposed that schizophrenia results from
hypofunction of NMDA receptors (Javitt D.C. and Zukin S.R., 1991). In fact, the endogenous NMDA
receptor antagonist N-acetyl-aspartyl glutamate seems to have enhanced activity in the frontal cortex
and hippocampal formation in patients of schizophrenia, as well as clinical studies with drugs that
enhance NMDA receptor function have shown a reduction in negative symptoms and cognitive
defects in patients with chronic schizophrenia (Coyle J.T., 1996).

4.2.1.1 Anxiety-related pathologies

Dysfunctional amygdala neuroplasticity due to physiological changes in principle
glutamatergic output neurons often causes alterations of intrinsic amygdala neurocircuits. The
hyperexcitability of the amygdala leads to anxiety which is present in both animal models and human
patients affected by neurodegenerative (i.e., AD; Klein R.C. et al., 2014), neurodevelopmental
(autism, fragile x syndrome, attention-deficit hyperactivity disorder/ADHD, Martin B.S. et al., 2014;
Hadley D. et al., 2014) and neuropsychiatric disorders (PTSD, addiction, Duval E.R. et al., 2020
Truitt W.A. et al., 2007). Particularly, the pathologically enhanced excitability in BLA neurons,
which bi-directionally communicates with prefrontal cortex, hippocampus, nucleus accumbens and
other brain regions regulating motivation, stress responses and cognition, is linked to behavioural
diseases characterized by excessive emotional responses to fear and anxiety-inducing stimuli, as well
as altered motivation, cognition, and autonomic activities (Prager E.M. et al., 2016). In fact, the
orchestrated somatic and behavioural responses to stressful stimuli in the BLA involve the activity
of the principal, pyramidal glutamatergic output neurons and the local GABAergic interneurons
which co-ordinately participate in the local circuits like feed-forward and feedback inhibition.
Preclinical studies show that mouse strains differ in anxiety-related responses to chronic stress in a
manner parallel by diverse stress-induced changes in glutamatergic signalling in the BLA. Moreover,
Thomas Kash’s lab demonstrated that alterations in gene expression of the GluN1 NMDA and GluK1
kainate receptors in the amygdala are linked to stress-induced alterations in anxiety-like behaviours
in the C57BL/6J mouse strain (Masneuf S et al., 2014). The same group further elucidated changes
in BLA glutamate neurotransmission due to stress through in vivo behavioural pharmacological and
ex vivo physiological approaches. They suggest the presence of a stress induced BLA glutamatergic
neuronal network hyperexcitability and a compensatory increase in GABAergic neurotransmission,
with GluK1 agonism enhancing GABAergic inhibition and preventing behavioural sequelae of stress
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(Masneuf'S. et al., 2014). In fact, together with the important role of excitatory synaptic transmission
in stress-induced synaptic plasticity in the amygdala, several lines of evidence also point to a central
role for GABAergic inhibitory transmission in gating these effects (Davis M. et al., 1994). In fact,
the GABAergic intraneuronal network regulates the excitability of amygdala principal neurons and
thus determining behavioural outcomes to anxiety/fear-involved external stimuli. Therefore, stimuli
that induce acute stress or tissue damage could pathologically alter this inhibitory network causing
hyperexcitability of principal glutamatergic neurons which results in behavioural disorders like
generalized anxiety and PTSD.

The excitability of principal neurons can also be altered by synaptic signalling governed by
dysfunctional neurotrophines or receptors, as BDNF, important for memory consolidation of fear
and conditioning and extinction (Chhatwal J.P. et al., 2006). In regards, it has been shown as a single-
nucleotide polymorphism in its gene (Val66Met), which causes dysfunctional BDNF signalling in
humans (Egan M.F. et al., 2003), was sufficient to alter glutamatergic projections from BLA to CeM
in mice (Galvin C. et al., 2015). Norepinephrine (NE) is another modulator of the intrinsic
excitability of BLA neurons, through the activation of their B-adrenergic receptors. In vivo
iontophoresis of NE in behaving rodents that undergo Pavlovian fear condition attenuated both
spontaneous and evoked firing of action potentials in single BLA neurons recorded in vivo (Buffalari
D.M. and Grace A.A., 2007). Even if this inhibitory effect was mediated by a2-adrenoreceptors, NE
had also a smaller, excitatory effect through the activation of B-adrenergic receptors. The latter
mediate both the facilitative effect of NE on memory consolidation and the excitatory effects in BLA.
In fact, these receptors modulate the intraneuronal trafficking of calcium-activated potassium
channels (SK) which, in turn, control the afterhyperpolarization (AHP) of the neuronal membrane
(Faber E.S. et al., 2008). Thus, NE and chronic exposure to stress intensively activate f-adrenergic
receptors which reduce SK channels activity: the followed decrement of AHP augments neuronal
firing in both dorsal striatum and BLA (Hopf F.W. et al., 2010). The latter effect is particularly
interesting because SK channels seem to be located in the immediate proximity of NMDA receptors
in the dendritic spines of BLA neurons, which explains how they can regulate synaptic plasticity so
efficiently (Hopf F.W. et al., 2010).

These findings indicate that NE could have an overall inhibitory effect on spontaneous
spiking in most BLA neurons but an excitatory effect on a smaller subset of neurons to amplify the
signal-to-noise ratio in those neurons that are involved in memory modulation (Roozendaal B. et al.,
2009). Together with NE, the other monoamine neurotransmitters serotonin (5-HT) and DA have
long been associated with fear and anxiety, therefore drugs that alter monoaminergic functions are
often effective in a wide range of anxiety disorders (Forster G. L: et al., 2012). Increased 5-HT
release or activity of serotoninergic neurons in the amygdala have been observed in response to
restraint or footshock, or in association with expression of conditioned fear behaviour (Mo B. et al.,
2008; Zanoveli J.M. et al.,, 2009; Yokoyama M et al., 2005). In vivo recordings and
immunocytochemical analysis have shown that the ability of 5-HT to inhibit glutamatergic activity
in the LA is dependent on the presence of corticosterone (Stutzmann G.E. et al., 1998). However,
other electrophysiological studies in LA slices have showed as in vitro delivery of high stress level
of corticosterone results in a reduction of GABAergic inhibitory transmission along with an
enhanced intrinsic excitability of principal excitatory neurons (Duvarci S. and Pre D., 2007).
Together these studies lead to hypothesis that the direction of corticosterone effects on amygdala
function depends on its concentration and that stress-induced amygdala activation and inhibition may
be tightly coupled.
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A strong body of evidence involves the corticotropin-releasing factor (CRF) as an important
mediator of fear and anxiety (Butler P.D. et al., 1990; Basso A.M. et al., 199; Kikusui T. et al., 2000;
Bledsoe A.C. et al., 2011), as well as in anxiety disorders (Risbrough V.B. et al., 2006), being a
modulator of amygdala monoaminergic activity in response to anxiogenic stimuli. Like anxiogenic
and fearful stimuli, central infusion of CRF or CRF receptor agonists increases 5-HT, NE and DA
levels in the amygdala, and stress-induced increases in monoamine levels in the amygdala are
prevented by CRF receptor antagonists (Forster G. L. et al., 2012).

4.2.1.2 Lateral amygdala as a neuronal substrate for fear conditioning

Thanks to studies over the last 50 years, it is well recognized that the amygdaloid complex
plays a central role in a variety of learning- and memory-related tasks, but its key role in Pavlovian
fear conditioning and fear-motivated operant conditioning is the most studied since it has obvious
implications for understanding anxiety disorders.

Excitatory amino acid receptors in the amygdala play a crucial role in synaptic transmission
and plasticity of sensory projections and the consequent emotional processing. Synaptic plasticity
determines the induction of memories through experience (LeDoux J.E., 1992) and LTP is the most
studied form of plasticity. It consists of the strength of the efficacy of synaptic transmission because
of high frequency stimulation of an afferent pathway (tetanizing). As in several hippocampal regions,
also in the amygdala LTP is mediated by excitatory amino acids (glutamate) receptors which are
highly concentrated in the lateral and basolateral nuclei. Therefore, the stimulation of the thalamus-
amygdala projections or the external capsule (cortico-amygdala projections) induces the LTP in the
LA (Chapman P.F. et al., 1990), while the blockade of NMDA receptors influences the fear memory
acquisition (Miserendino M.J. et al., 1990).

Studies in rodents both in vivo and in vitro reveal as the LA is the critical site of synaptic
plasticity for the acquisition and maintenance of Pavlovian fear response and the BLA is thought to
be critical for remote fear memories (Pape H.C. and Pare D., 2010). Rosenkrantz and Grace, by using
intracellular recordings in vivo, showed as pairing an odour (CS) with a foot-shock (US) enhanced
the amplitude of the response to the paired odour, while the response to an unpaired odour is
unaffected (Rosenkranz J.A. and Grace A.A., 2002). This result indicates that LA plasticity is of an
associative nature and not due to processes like sensitization. A scheme of the pathways to the
amygdala for the most studied auditory modality is provided in figure 4.2.1.1.
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amygdala pathways involving the B and accessory basal AB nuclei. CE, in turn, controls the expression of
defense responses, including behavioral, autonomic nervous system (ANS), and hormonal (HPA,
hypothalamic—pituitary—adrenal axis) responses. (LeDoux J.E., 1998).

Mechanistically, the LTP in the amygdala (that is the acquisition and storage of fear-related
memories) results from coincident activation of one weak input (the CS) and a strong one (the US)
to a single cell. For the principle of associativity of LTP (Bliss T.V. and Collingridge G.L, 1993),
initially only the strong input is able to activate the postsynaptic neuron (with a strong depolarization
or repetitive action potential firing), but the pairing stimulation potentiates the weak input which
undergoes LTP and becomes able in driving the postsynaptic neuron too. /n vivo studies (Rogan
M.T. et al., 1997) and acute amygdala slice preparations (McKernan M.G. et al., 1997) show as in
the LA the CS-US pairings enhance measures of excitatory synaptic plasticity probably because of
potentiation of sensory inputs onto LA neurons. This experience-dependent synaptic strengthening
permits the activation of LA neurons by the presentation of the CS only. In regards, an optogenetic
study expressed the excitatory channelrhodopsin2 (ChR2) in LA principal neurons which were
simultaneously and reversibly photoactivated when paired with an auditory cue, allowing for their
use as a substitute for the foot-shock US in conditioning freezing (Johansen J.P. et al., 2010). Again,
another study briefly photoactivated ChR2-expressing LA axonal terminals from the MGm and
auditory cortex substituting for a tone CS when paired to a foot-shock leading to synaptic
potentiation and conditioned freezing (Nabavi S. et al., 2014).

Importantly, alternative mechanisms to classical LTP may occur in the LA during fear
conditioning, as demonstrated by a study where the plasticity of CS occurred despite the lack of
relevant postsynaptic depolarization during the paired stimulation (Rosenkranz J.A. and Grace A.A.,
2002).

Ehrlich I. et al. (Ehrlich 1. et al., 2009) demonstrated as both principal glutamatergic neurons
and GABAergic interneurons of the LA receive cortical and thalamus excitatory inputs, and probably
they converge onto the same postsynaptic dendrites of the principal glutamatergic LA neurons.

Several studies demonstrated input specificity of LA plasticity by revealing that LTP occur
only at those inputs which underwent paired stimulation (Pape H.C. and Pare D., 2010). Even tetanic
microstimulation of the MGB (rather than a sensory CS) paired with a US resulted in conditioned
fear behaviour and LTP-like increment of evoked field potentials in LA, confirming this associative
form of LTP (Kwon J.T. et al., 2009). It has been showed both in vivo and in vitro (Sah P. et al.,
2003) that a rise in postsynaptic calcium is required for the induction of LTP at either cortical or
thalamic inputs to BLA neurons. Some earlier controversial studies in vitro (Huang Y.Y. and Kandel
E.R., 1998; Chapman P.F. et al., 1990) questioned if the NMDA receptors’ activation was required
for this LTP induction. The activation of L-type voltage-gated calcium channels (VGCCs) for LTP
induction was also observed by paring action potentials with thalamic excitatory postsynaptic
potentials (Weisskopf M.G. et al., 1999). Anyway, behavioural studies where NMDA receptor
antagonist AP5 blocked the acquisition of fear conditioning challenge the notion that NMDA-
mediated plasticity is the process supporting the acquisition and storage of fear-related memories
within the amygdala (Lee H.J. et al.,2001; Fendt M., 2001). Nowadays, the consensus is that
postsynaptic LTP induced by weak stimulation protocols is dependent on NMDA receptors, while
stronger induction protocols (i.e. pre and postsynaptic pairing) may also require the VGCC activation
(Pape H.C. and Pare D., 2010).

According to the expression of LTP, at thalamo-LA synapses it is expressed postsynaptically
being linked to postsynaptic AMPA receptor trafficking (Rumpel S. et al., 2005), while the LTP at
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cortico-LA synapses is mostly expressed presynaptically with a cAMP/pKA-dependent increase in
the probability of release (Huang Y.Y. and Kandel E.R., 1998; Tsvetkov E. et al., 2002). This agrees
to the fact that LTP induction at thalamic and cortical inputs involves NMDA receptors, which are
predominantly located at postsynaptic and presynaptic sites, respectively (Pape HC and Pare D.,
2010). Moreover, the LTP gating at both synapses is modulated by several neuromodulators which,
by acting on the local inhibitory neurons, control the activity of LA principal glutamatergic neurons
in the emotional inputs (Bissicre S. et al., 2003)

While the LA is the major site of termination from both thalamic and cortical inputs, the
central nucleus is the interface with motor system for the control of conditioned outcomes (LeDoux
J.E., 1992). In other words, while the LA is implicated in the acquisition and consolidation of
conditioned fear responses, the CE is involved in their expression, via its projections to the brain
stem and hypothalamus.

In the first demonstration of optogenetic projection-specific manipulation in a freely moving
animal, the increased/decreased of transmission between LA and central nucleus was shown to cause
the reduction/augmentation of anxiety-related behaviour, complementing the fMRI studies (Janak
P.H. and Tye K.M., 2015).

Finally, it is worth to mention the maintenance, the reconsolidation and the extinction of fear
memory. The maintenance sees the involvement of the actin cytoskeleton which rearranges and
structurally modifies synapses. The reconsolidation of fear memory occurs when a memory-
associated environmental clue reactivates previously acquired fear memories and alters them (Nader
K. et al., 2000). During this labile state, memories are altered through protein-synthesis inhibitors
(Nader K. et al., 2000) or with non-invasive presentation of non-fearful presentation in mice, rats,
and humans (Janak P.H. and Tye K.M., 2015). The process known as fear extinction consists in the
gradual abolition of the fear response through a repeated exposure of the initial neutral stimulus
without the following aversive stimulus. This is due to the formation of a new inhibitory memory
via an active learning process which is time- and context-dependent. In fact, the fear reactions can
re-occur if a new neutral stimulus is presented in a new context (Benarroch E.E., 2015).

5. DYSFUNCTIONAL PLASTICITY: LTP IN HEALTH AND PATHOLOGY

During the first half of the twentieth century, Santiago Ramon y Cajal proposed that synapses
are the sites at which memories are stored and where one neuron can influence the excitability of
one other. Soon after, Jerzy Konorsky introduced the term “synaptic plasticity” (Bliss Tim V.P. et
al., 2018), which refers to the ability of synapses to change their tonus/structure at either pre- or
postsynaptic compartment following persistent electrical activity. This feature of synapses permits
learning and memory processes to occur. At the same time, Donald Hebb introduced the
“neurophysiological postulate” asserting that the effect of the simultaneous pre- and postsynaptic
activity is the strengthening of the synaptic connection between pre- and postsynaptic neuron (Bliss
Tim V.P. et al., 2018). From that moment it has been tried to demonstrate the long-lasting synaptic
plasticity in mono-synaptic neural pathways of the CNS by giving tetanic (high frequency) stimuli
to the presynaptic cell and obtaining a transient increment of synaptic efficacy named as post-tetanic
potentiation (Bliss Tim V.P. et al., 2018). Another approach consisted in delivery trains of stimuli at
10 Hz to the axons projecting to the hippocampus getting “frequency potentiation”, that is a rapid
increment of neurons firing action potentials during the train (Gloor P. et al., 1964). Unfortunately,
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these protocols ensured an efficacy in strengthening that was too short-lived (few minutes) to be
linked to a putative learning and memory mechanism. Only in 1966, Terje Lomo succeeded in
demonstrating a long lasting (some hours) increment of synaptic evoked responses in the dentate
gyrus of the hippocampus after repeated high-frequency stimulations (Lemo, T., 1966).

5.1 MOLECULAR AND PHYSIOLOGICAL MECHANISMS OF LTP

“...I saw that the field spike and excitatory postsynaptic potential (EPSP) potentiation that
occurred during tetanization, persisted afterwards. I presented this observation in August 1966 at the
XII Scandinavian Congress of Physiology in Turku (Abo), Finland. Figure 1 (Fig. 5.1.1) shows one
of the figures that I presented at that meeting. There is marked frequency potentiation during each
train of stimuli at 12 Hz (a), persistent potentiation after each train and increasing potentiation until
apparent saturation after successive trains (b, c) (see figure legend). In the abstract from that meeting,
I described the result as “an example of a plastic change in a neuronal chain, expressing itself as a
long-lasting increase of synaptic efficiency. The effect, which may last for hours, is dependent upon
repeated use of the system”. In my notes from that time I wrote: “If it is correct that the hippocampus
is involved in memory function, this is a region where one should expect long lasting changes in
synaptic efficiency to occur”, and further: “The phenomenon may represent a kind of banung of
individual synapses and may have relevance to theories of learning” (Bahnung, misspelled in my
notes, means facilitation or opening, and is a German term now used to describe LTP). Probably to
the surprise of many today, I did not immediately follow up on this result.” Terje Lemo, Discovering
Long-Term Potentiation (LTP)— Recollections and Reflections on what came after (Lemo T., 2018).

Learning is considered the mechanism through which new information is acquired, while
memory is the mechanism by which that knowledge is retained (Lynch M.A., 2004). Information
storage in neural circuits relies on Hebbian forms of synaptic plasticity, attributable to LTP or LTD.
Once LTD is inducted, the potentiated synapses are submitted to a positive feedback loop of synaptic
strengthening and circuit hyperexcitability (Turrigiano G.G. and Nelson S.B., 2000; Turrigiano G.G.,
2008). Conversely, LTD weaken the synapses in an activity-dependent manner and if it persists
would lead to their silencing (Collingridge G.L. et al., 2010). Several areas in the brain play a role
in consolidation of different forms of learning and memory, but the hippocampus’ role has been
recognized as vital in the formation of declarative memory, that is the synthesis of episodic and
semantic memories. According to this, it is nice to mention the observations od Scoville and Milner
(Scoville W. and Milner B., 1957) who, in 1957, diagnosed anterograde amnesia in the H.M.
epileptic patient after the bilateral removal of hippocampus.

Bliss and Lomo originally described LTP as the manifestation of two physiological
conditions (Lemo T., 2018). The first is the increment in synaptic strength which is measured as an
increase of the initial slope/magnitude of the EPSP, followed by enhanced postsynaptic receptor
number/efficacy and/or enhanced presynaptic neurotransmitter release. The second component of
LTP described by Bliss and Lomo is referred to as EPSP-slope (E-S) potentiation, that is the
increased probability of the postsynaptic cell to fire an action potential at a constant strength of
synaptic input (Lemo T., 2018). The most extensive studied form of LTP occurs in the hippocampus
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Figure 5.1.1 From Lomo T., 2018

at excitatory synapses between the Schaffer collaterals and CA1 pyramidal neurons
(Fig.5.1.2 a. b., Malenka R.C. et al., 1989; Madison D.V. et al., 1991)

In the LTP literature, three defined terms are widely used to describe the molecular
mechanisms of LTP: the induction mechanism refers to transitory events which trigger the LTP
formation; the maintenance mechanism refers to the persisting biochemical signal that occurs in the
neuron; this persisting biochemical signal plays atop an effector (i.e., glutamate receptor) resulting
in the expression mechanism of LTP (Sweatt J.D., 1999).

Other key important terms are used to define the different phases of LTP which, in turns,
time the three different described mechanisms. These phases are sequentially induced overtime
through repeated trains of high frequency stimulation at the CA1 area of the hippocampus defining
the LTP. The first phase is defined initial-LTP (Roberson E.D. et al., 1996) or short-term plasticity
and consists of a persistent-form of NMDA receptor-dependent plasticity which lasts for 30-45
minutes and does not need any kinase activity to be induced/expressed. It anticipates the so following
early-LTP (E-LTP) and late-LTP (L-LTP) phases. After ~30 minutes, the persistent activation of
protein kinases is essential for the following early-LTP (E-LTP) phase which lasts 2-3 hours. Finally,
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changes in gene expression are needed for the induction of the last late-L TP phase (L-LTP) which
lasts many hours.

Finally, more defined terms describe the basic properties of LTP (Fig. 5.1.2 c.): input
specificity (when LTP is induced at one set of synapses on a postsynaptic cell, neighbouring
synapses, which are not affected by the stimulation, do not show LTP), cooperativity (a significant
number of presynaptic fibres must be simultaneously activated to evoke LTP) and associativity (low-
intensity stimulation of two pathways or higher intensity stimulation of weak inputs, converging on
the same cell, is sufficient for the induction of LTP, Bliss T.V. and Collingridge G.L., 1993).

Studies in hippocampus show as the LTP induction needs a rise in postsynaptic Ca* since
the injection of calcium chelators in the postsynaptic cells block hippocampal LTP induction. In the
classical LTP model, the peculiar step is characterized by the depolarization of the postsynaptic
neurons which permits the removal of the Mg?* blockade from NMDA receptors and their activation.
The channels of these receptors allow Ca®" to enter and rise in the postsynaptic neurons to trigger
signal transduction cascades which, in turn, start the molecular changes of LTP (Bliss T.V. and
Collingridge G.L., 1993). The depolarization needed to activate NMDA receptors is due to AMPA
receptors during titanically induced LTP or to backpropagating action potentials (Magee JC and
Johnston D, 1997). Anyway, NMDA receptor-independent forms of LTP have also been described,
both postsynaptic forms where calcium arrives from VGCCs (Wyllie D.J. et al., 1994) or calcium-
permeable AMPA receptors (Mahanty N.K. and Sah P., 1998), as well as presynaptic forms (Nicoll
R.A. and Malenka R.C., 1995).

Figure 5.1.2 Basic
properties of  LTP
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specificity and
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controlateral CA3 cells to Cal cells ). b) An example of LTP in the perforated pathway recorded in vivo. The
graph plots the slope of the rising phase of the evoked response (population e.p.s.p.) recorded from the cell
body region in response to constant test stimuli, for 1 h before and 3 h following the tetanus (250 Hz, 250 ms)
delivered at the time indicated by the arrow. Representation traces before and after LTP are illustarted at the
top of the plot: note the increase in slope of the population e.p.s.p and the increase in size of the superimposed
population spike ( downward deflaction). ¢c) Demonstartion of the propeties of coopeartivity, input-specificity
and associativity. The top diagram show the experimental arrangement in area CA1 of the hippocampal slice.
Two indiepndent set of afferent fibers converging on a common population of cells are activated by
stimulating electrodes (S1 and S2) placed either side of the extracellular recording electrode. The stimulus
intensities are adjusted so that S1 acttivates fewer fibers than S2. The slope of the popualtioon e.p.s.p. in
repsonse to stimuli delivered alternatively to S1 and S2 at 15 s intervals are plotted as a function of time.
Arrowds denote episodes of tetanic stimulation to S1 (the stron pathway, solid arrows). The tetanus to S1
produced a rapid decaying phase of PTP, lasting 2-3 min, with a small tail of STP but not stable increase of
synaptic transmission; the intensity of the tetanus was below the cooperativity treshold for LTP. The srtronger
tetanus to S2 (first filled arrows) produced PTP and LTP, but there was no tranfer of the effect to the first
input (test shocks to S1 were out of phase with the high-frequency bursts to S2), demonstarting the input-
specificity of LTP. The coincident activation of a weak, subtreshold input with a strong input induced
associative LTP in the weak input. The traces above the graph illustrate field e.p.s.p. evoked by test shocks in
S1 and recorded in the synaptic layer, before and after the induction of associative LTP. (Bliss T.V. and
Collingridge G.L., 1993).

A signalling transduction cascade for LTP has been presented graphically by Sweatt JD
(Sweatt J.D., 1999; Fig. 5.1.3) and consists of three wide temporal steps:

1. the transient activation of second messenger-dependent protein kinases leads to temporary
effects for both E-LTP and L-LTP induction. Particularly for L-LTP induction, the transcription
factor CREB has been demonstrated to be a prominent effector (Sweatt J.D., 1999);

2. the persistent activation of second messenger-independent protein kinases as PKC and
CAMKII leads to long term effects which maintain the increased excitability and synaptic strength
in E-LTP. Regarding the CaMKII activation, it is thought to represent a critical step. The active
CAMKII permits the phosphorylation of existing, and insertion of additional AMPA receptors at the
synaptic membrane facilitating postsynaptic response (Fig.5.1.4) (Nicoll R.A. and Malenka R.C.,
1995). More than 30 isoforms of CaMKII represent one of the most prevalent proteins in neurons
(1-2% of the total). Even if it is expressed both pre- and postsynaptically, in the postsynaptic density
it 1s higher expressed since it controls the calcium oscillations. In fact, CaMKII seems to be a
mediator of peculiar importance in linking transient calcium signals to synaptic plasticity (Lynch
M.A., 2004), as demonstrated by two independent groups in 1989 which reported as CaMKII
inhibitors blocked LTP in CA1 (Malinow R. et al., 1989; Malenka R.C. et al., 1989). It has been
proposed that this protein, once active, contributes to the morphological changes that distinguish the
more persistent phases of LTP. Indeed, CaMKII binds to several postsynaptic density proteins like
a-actinin and PSD95 as well as densin-180, the synaptic adhesion molecule.

The active form of CaMKII phosphorylates also cytoskeletal proteins which are pivotal in
the cytoskeletal regulation like microtuble-asscociated protein 2 (MAP2) and neurofilament L.
Moreover, some of the CaMKII substrates include presynaptic proteins like synapsin, synaptogamin
and synaptophysin which play important role in the neurotransmitter release which, in turn, is
enhanced in LTP (Lynch M.A., 1998).
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A great deal of evidence suggests that increased AMPA receptor expression on the
postsynaptic membrane is likely to be another primary requisite for the LTP expression. Studies on
LTP-linked changes in CA1 neuronal sensitivity to ionophoretically applied glutamate receptor
ligands represent the first findings about the modulation of postsynaptic AMPA receptor expression
after LTP induction, and in particular an increased number of receptors (Davies S.N., 1989). The so
called “silent synapse theory” of LTP started with the discovery of functionally silent synapses
because of lack of AMPA receptors, although the presence of NMDA receptors (Liao D. et al., 1995;
Isaac J.T. et al.,, 1995). However, stimulus-induced LTP in the hippocampus resulted in the
recruitment of AMPA -receptor-mediated responses because of the postsynaptic insertion of these
receptors after LTP induction (Liao D et al., 1995; Isaac J.T. et al., 1995). These and other works
contributed to the theory that AMPA receptor expression is a dynamic cellular process being
controlled by a cycle of exo- and endocytosis. In cultured cells it has been showed that this process
is modulated also by LTP-mediated NMDA receptor activation, which leads to the recruitment of
more AMPA receptors and to increased AMPA-mediated miniature EPSPs (Liao D. et al., 2001).
Moreover, it seems that silent synapses exhibit a developmental profile: the number of synapses
expressing NMDA but not AMPA receptors in the developing hippocampus (Liao D. et al., 1999),
cerebellar granular cells (Losi G. et al., 2002) and thalamocortical synapses (Feldman D. et al., 1999)
decreases with age. LTP may therefore lead to the conversion of these synapses from silent to non-
silent and this is fundamental in the modulation of experience-dependent changes in these circuities.
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Figure 5.1.3 Core signal transduction pathways operating in LTP. This schematic diagram shows several of
the signal transduction pathways documented as operating in LTP in hippocampal area CAl. (A/K)
AMPA/KA receptors; (CaM) calmodulin; (NMDA) NMDA receptor; (NOS) NO synthase; (O2—) superoxide
anion; (AC) adenylyl cyclase; (PKC) oxidized, autophosphorylated (persistently activated) PKC or the
autonomously active proteolytic form of PKC (z isoform); (CaMKII*) CaMKII, either transiently or
persistently activated; (I1) protein phosphatase inhibitor 1; (VGCC) voltage-gated calcium channels; (K+)
voltage-dependent K channels; (rsk2) ribosomal S6 kinase 2. (Sweatt J.D., 1999).

49



3. the alteration of gene expression/protein synthesis leads to the long-lasting effects of L-
LTP. The ultimate effectors of the different pathways for this alteration have not been completely
identified yet, but AMPA receptors, potassium channels and cell surface structural models are the
major candidates (Sweatt J.D., 1999). Several studies indicated that LTP relays on a cascade of
cellular signalling events which are activated by an increment of intracellular cAMP concentration;
among these events there is the PKA activation, which, in turns, leads to activation of transcription
factors such as CREB and translation (Lynch M.A., 2004). For instance, in pre-frontal path granule
cells synapses L-LTP was inhibited by the PKA inhibitor Rp-cAMPs and mimicked by the adenylate
cyclase activator forskolin (Lynch M.A., 2004) proposing that the primary effect of PKA was to
promote protein synthesis. Another downstream consequence of increased cAMP concentration is
the activation of the mitogen-activated protein kinase (MAPK/ERK) which can exerts various
outcomes because of its myriad substrates (Lynch M.A., 2004). ERK relevance in LTP expression
came out once it was demonstrated that its inhibition resulted in LTP suppression (English J.D. and
Sweatt J.D., 1997). In particular, it seems that ERK is important during both the E- and L-LTP
exerting its effects by phosphorylating potassium channels and synapsin 1. Specifically, a decrease
in voltage-dependent activation of Kv4.2 would lead to increased excitability and, thus, LTP (Sweatt
J.D.,2001); ERK-mediated phosphorylation of synapsin I reduces synapsin-actin building, a process
that induces vesicle movement to the active zone augmenting the probability of release (Greengard
P.etal., 1993).
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Figure 5.1.4 Among the consequence of the increase in intracellular Ca** concentration ([Ca*'];) which
accompanies N-methyl-D-aspartate receptor (NMDA-R) activation is increased CaMKII activity which exerts
multiple actions. One significant effect is increased AMPA conductance as a result of AMPA receptor
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(AMPA-R) phosphorylation and increased recycling of AMPA-R, which is due to CaMKII-induced changes
in cytoskeletal proteins. NSF, N-ethylmaleimide- sensitive factor (Lynch M.A., 2004).

LTP can last from diverse hours to even weeks, depending to the experimental approach.
Besides molecular changes affecting the protein synthesis and gene transcription, LTP is maintained
in time thanks to morphological changes as the enlargement of dendritic spines or occurrence of new
ones (Malenka R.C. and Bear M.F., 2004).

Although the locus of LTP expression, if pre- or postsynaptic, has been largely debated and
is still source of controversy, there is convincing evidence that postsynaptic changes in AMPA
receptors play an important role for LTP expression. In new-born rats it has been showed that
postsynaptic modifications relay mostly to the increase of AMPA receptors’ responsiveness (by
CAMKII-mediated phosphorylation of GluR1 subunit, Barria et al., 1997) or AMPA receptors’
number (by their selective and rapid CAMKII-mediated up-regulation and trafficking, Lu W. et al.,
2001). Conversely, in mature animals a rapid surface expression of NMDA receptors has been
detected under LTP (Grosshans D.R. et al., 2002). Relative to LTP-induced presynaptic
modifications, enhanced neurotransmitter release from synaptic vesicles has been detected
(Zakharenko S.S. et al., 2001; Tyler W.J. and Pozzo-Miller L.D., 2001).

5.2 EXPERIMENTAL APPROACHES TO INDUCE LTP

The scientific discovery of LTP of synaptic transmission (Bliss T.V. and Lomo T., 1973) and
its counterpart LTD (Lynch G.S. et al., 1977) gave rise to a cascade of neurobiological studies which,
finally, resulted in the widely accepted hypothesis that synaptic plasticity is necessary and sufficient
for memory formation (Letzkus J.J. et al., 2007). In fact, during the first decade after the LTP
discovery was announced, there were some scepticisms that it could serve as a memory mechanism,
because of the needed conditions to induce it. Experimentally, hundreds of electrophysiological
studies over the years developed several paradigms of LTP to model synaptic plasticity. Only in the
Erik Kandel’s lab, 77 papers were published on mechanisms of learning in Aplysia (Larson J. and
Munkécsy E., 2015).

Nowadays, LTP is considered a widely accepted process that link synaptic plasticity with
both physiological processes (memory) and pathological conditions (i.e., neurological disorders
which affect synapses). Parallels between hippocampal LTP and behaviourally defined memory have
been critically studied founding similarities, as rapid induction, strengthening by repetition, long-
lasting processes, dependence on NMDA receptor activation and correlations of LTP decay with the
time course associated with normal forgetting (Otto, T. et al., 1991). More recently, scientists
provided a direct demonstration that hippocampal LTP is induced by learning (Whitlock J.R. et al.,
2006) and that the process required to maintain LTP sustains spatial memory (Pastalkova E. et al.,
2006).

5.2.1 Electrically-induced LTP protocols

All these studies tried also to identify electrical stimulation protocols to induce and mimic
the physiology under the formation of new memories. In these electrically induced LTP protocols,
the strength of synaptic efficacy is controlled by the frequency of synaptic activation. Brief and high
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frequency bursts (~100 Hz) result in LTP or long-lasting increase in the strength of synaptic
transmission, while prolonged low frequency stimulations (~1 Hz) result in LTD or a persistent
reduction of synaptic transmission (Bliss T.V. and Collingridge G.L., 1993; Malenka R.C. and Bear
MEF, 2004).

Whitlock JR et al. (Whitlock J.R. et al, 2006) observed that high-frequency stimulation
(HFS)-induced LTP in rats produced the same changes in hippocampal glutamate receptors as did
one-trial inhibitory avoidance learning, directly demonstrating learning-induced LTP in CA1l. High
frequency potentiation/tetanus consists in a train (s) of 50-100 stimuli (Fig 5.2.1.1a, square pulses)
at 100 Hz (Bliss T.V. and Collingridge G.L., 1993) and are effective for inducing both NMDA
receptor -dependent and independent forms of LTP.

A. Square Pulse (100Hz)

B. Theta Burst (SHz)

L1l

C. Primed Burst

Figure 5.2.1.1 Pulse sequence dimensions. (A) Representation of a 100 Hz square pulse, commonly  used
for LTP induction. The pulse width=0.1 ms; interpulse interval=9.9 ms and the pulse length is 10 ms. (B)
Representation of a theta burst stimulation pattern commonly used for LTP induction. This stimulation
protocol illustrates four 100 Hz pulses applied in rapid succession, 5 times/s. The pulse width=0.1 ms (not
shown); interpulse interval=9.9 ms; interburst interval =169.9 ms; burst length=200 ms. (C) Representation
of a primed burst protocol that is used to induce LTP. The pulse width=0.1 ms (not shown); interpulse
interval=9.9 ms; interval between primed burst +4=~40 ms; primed burst interval=170 ms. (Albensi B.C. et
al., 2006)

52



However, the “strong stimulation” (Vertes R.P., 2005) of three 100 Hz trains (100 pulses for
1 s repeated 3 times with an interval ranging from 0.5 to 10 s for a total of 300 pulses) is effective at
producing the 3 h-long lasting L-LTP which involves protein synthesis (Albensi B.C. et al., 2006).
Conversely, the “weak stimulation” of a single 100 Hz train (100 pulses over 1s, Vertes R.P., 2005)
leads to the 1-3h long-lasting E-LTP which is protein synthesis-independent.

Since naturally occurring firing of hippocampal neurons in living animals probably do not
fire at 100 Hz for one full second but typically fire for only 30-40 ms bursts of 3 to 4 spikes (Albensi
B.C. et al., 2006), standard HFS patterns appear questionable. For this reasons, other electrical
protocols for inducing LTP (Rose G.M. and Dunwiddie T.V., 1986; Pavlides C. et al., 1988) were
developed and appeared physiologically closer to what occur in the hippocampus during episodes of
learning and memory in living animals (Table 1, Albensi B.C. et al., 2006).

Representative electrical stimulation protocols for inducing synaptic plasticity

Protocol type/ Pulse frequency Total no. of No. of bursts/burst Trains” (i.c., Intervals Reference(s)
expected response (Hz) pulses/pulse duration a sequence
duration (j1s) of bursts)

LFS/LTD 1 900/100 1/15 min 1 ~999.9 ms IPI (Albensi and Mattson, 2000)
LFS/LTD 3 900/100 1/5 min | ~333 ms IPI (Mockett et al., 2002)
LFS/LTD 3 1800/100 1/10 min | ~333 ms IPI (Mockett et al., 2002)
LFS/no change 10 900/200 1/90 s 1 ~99.8 ms IPI (Adams and Dudek, 2005)
HFS/LTP 50 50/200 1/1s | ~19.8 ms IPI (Adams and Dudek, 2005)
HFS/LTP 100 100/200 1/1s 1 9800 ps IPI (Herandez et al., 2005)
HFS/LTP 100 300/200 s 1 9800 ps IPI (Hernandez et al., 2005)

10 s IBI
Theta/LTP 100 4/100 1/40 ms | 9900 ps IPI (Morgan and Teyler, 2001)
Theta/LTP 100 40/100 5/40 ms 2 9900 ps IPI (Morgan and Teyler, 2001)

(repeated at ~5 Hz) 200 ms IBI

10 s ITI
Theta/LTP (in vivo) 400 5/150 3/12.5 ms | 2-3 s IBI (Hyman et al., 2003)
Primed Burst/LTP 100 5 (1+4)/100 2 (PB+4)/~40 ms | 170 ms PBI (Rose and Dunwiddie, 1986;

Diamond et al., 1988)

Abbreviations: Hz=hertz; HFS=high frequency stimulation; IBI=interburst interval; IPI=interpulse interval; ITI=intertrain interval; LFS=low frequency
stimulation; LTD=long-term depression; LTP=long-term potentiation; min=minutes; ms=milliseconds; No.=number; NR=not reported; PB=primed burst;
PBI=prime burst interval (time between first pulse and the onset of 4 pulses of 100 Hz); s=seconds; jis=microseconds.

* 1t should be noted that some investigators use the terms burst and train interchangeably, but we have defined a train to be a sequence of bursts.

Table 1. Adapted from Albensi B.C. et al., 2006.

Theta burst stimulation (TBS) protocols (Fig. 5.2.1.1.b) started to be tested once it was
observed that rat hippocampal EEG waveform was dominated by a 5 to 12 Hz (theta, o) frequency
during learning-related exploratory behaviours (Grastyan E. et al., 1959). Pavlides C et al (Pavlides
C.etal., 1988) shown that the LTP in the dentate gyrus of anesthetized rats were much more efficient
when the stimulation trains were delivered during the positive phase (peak) of theta, while the same
type of burst given during a trough of the theta oscillation induced LTD (Huerta P.T. and Lisman
J.E., 1995). In TBS, the lack of feed-forward inhibition allows temporal summation of EPSPs which
activates NMDA receptors. This disinhibitory process referred to as “priming” involves presynaptic
GABA autoreceptors that inhibit GABA release. Moreover, Nguyen et al (Nguyen P.V. et al., 1994)
showed that theta burst protocols in CA1 mouse hippocampal slices induced an LTP of >180 min
duration, demonstrating that these protocols were also effective in inducing long-lasting LTP. -In
summary, the TBS discovery (Larson J. and Munkacsy E., 2015) to effectively induce LTP was
significant for three mayor reasons: first, it showed that spontaneously occurring patterns of neuronal
firing (complex-spikes) could induce LTP if well timed; second, the optimal repetition rate
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corresponded to the hippocampal theta rhythm frequency; third, patterned stimulation paradigms
allowed the uncovering of several events that contribute to LTP induction.

Rose GM and Dunwiddie T.V. (Rose G.M. and Dunwiddie T.V., 1986) in 1986 was among
the firsts to report that another protocol, the primed bursts (PB), was effective in inducing LTP as
HFS enhancing the population spike (PS) amplitude (i.e., PB-PS 243 % baseline, HFS-PS 331 %
baseline). PB stimulation protocol typically consists in five pulses at 100 Hz where the first pulse
precedes the last 4 ones by 170 ms (Tablel, Albensi B.C. et al., 2006). In the same period, Larson
and Lynch (Larson J. and Lynch G., 1986) conducted a study in CA1 hippocampal slices where they
hypothesize that a burst of synaptic activity may result in a diffuse priming effect which alters the
postsynaptic response to the high frequency activity (Albensi B.C. et al., 2006).

Besides the previously described frequency-dependent protocols to induce LTP, other
relevant protocols are paring-dependent, where the synaptic strength is controlled by the coincidence
of presynaptic activation and postsynaptic depolarization. A lot of studies have addressed the
importance of the temporal order of pre- and postsynaptic spiking in long term modification of a
variety of glutamatergic synapses, defining the “critical window” for spike timing (Dan Y. and Poo
M.M., 2006). The duration of coincident activation can cover a range of time going from several
hundred msec to just one pre- and postsynaptic action potential. This latter case consists in a specific
form of timing-dependent LTP (tLTP) termed spike-timing dependent plasticity (STDP). As
illustrated in Figure 5.2.1.2, LTP is induced when presynaptic spiking precedes postsynaptic spiking
(“pre-post”, positive timing) within a window of several tens of msec, while LTD is induced through
spiking of the reverse order (“post-pre”, negative timing). In other words, STDP is a form of
bidirectional plasticity in which the temporal order of pre- and postsynaptic action potentials on a
precise timescale of msec triggers changes in synaptic scale (Dan Y. and Poo M..M, 2006).
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Figure 5.2.1.2. Induction and Expression of Spike-Timing-Dependent Plasticity (STDP) (A) After a stable
baseline period, STDP is typically induced by repeated pairings of single presynapticand postsynaptic spikes.
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In its classic form, STDP depends on the order and milli second-precision timing of spikes: multiple pre
before-post spike pairings induce timing-dependent long-term potentiation (t-LTP), whereas post-before-pre
pairings induce timing-dependent long-term depression (t-LTD). The magnitude of change, as an indicator of
synaptic plasticity,is defined as a percentage change in synaptic weight from baseline. (B) The classic Hebbian
STDP window: induction protocols with positive (pre-before-post) spike timing intervals induce synaptic
potentiation; protocols with negative (post-before-pre) spike timing intervals induce synaptic depression. (C
and D) The relative spike timing is not the sole determinant governing timing-dependent plasticity. Instead,
STDP is malleable. Both the magnitude (C) and the temporal requirements for STDP (D) can be modulated
(Brzosko Z. et al., 2019).

In Hebbian STDP, LTP occurs when presynaptic spikes precede postsynaptic spikes by ~0
to 20 ms (positive At), whereas LTD occurs when post leads pre by ~0 to 20-100 ms (negative At)
(Feldman D.E., 2012). Anyway, STDP do not depend only on spike timing, but also on firing rate,
synaptic cooperativity (the need for multiple coactive inputs to generate sufficient depolarization or
spiking to drive LTP) and postsynaptic voltage (Markram H. et al., 1997). Hebbian-STDP at
glutamatergic synapses is ruled by the same signalling pathways that rule most correlation-
dependent, classical LTP and LTD: NMDA receptor-dependent LTP and NMDA receptor-dependent
LTD, where paired presynaptic vesicle release and postsynaptic depolarization trigger calcium influx
through postsynaptic NMDA receptors and VGCCs.

Briefly, induction of t-LTP involves several mechanisms: (1) removal of the Mg2+ block
from the NMDA receptors, (2) inactivation of A-type currents and activation of Na+ channels to
improve signal propagation and (3) AMPA receptors depolarization to boost NMDA receptor
calcium signal (Inglebert Y. and Debanne D., 2021). However, the NMDA receptors are the major
player since their blockade prevent the induction of LTP.

STDP has been demonstrated in vivo and ex vivo at both excitatory (Inglebert Y. and Debanne
D., 2021; Markram H. et al., 1997; Bi G.Q. and Poo M.M., 1998) and inhibitory synapses (Ormond
J and Woodin M.A., 2009; Takkala P. and Woodin M..A, 2013), as well as in different brain areas
in a range of species, from locust and xenopus through rodents to non-human primate and humans
(Brzosko Z. et al., 2019). Therefore, STDP is nowadays considered a biological plausible model for
synaptic modifications occurring in vivo, since its physiological relevance has been assessed
(Caporale N. and Dan Y., 2008).

Classically, STD is local in nature, involving only the pre- and postsynaptic neurons (and
maybe supporting glial cells), detecting the timing of arrival of presynaptic action potentials at the
bouton and back-propagating spikes (bAP) at the dendrite (Fig. 5.2.1.3).

Figure 5.2.1.3 Induction of STDP by pairing
EPSP i . . .
e presynaptic spikes and associated EPSPs with

postsynaptic spikes. (modified from Bi G.Q. and Poo,

—) bl 1998)

postsynaptic

presynaptic spike

spike
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5.2.2 lontophoresis or chemically-induced LTP

Electrically induced protocols for the induction of LTP have furnished an enormous
contribution for the understanding of synaptic plasticity and related memory and learning processes,
both in vitro and in vivo. However, conventional electrophysiological LTP induction protocols
through standard electrode stimulation involve just a small set of synapses which are intensively but
transiently activated. Moreover, these highly localized protocols make it very hard to analyse
molecular and cellular changes associated with LTP since most imaging and biochemical studies
require a large fraction of potentiated synapses. Therefore, chemical protocols for inducing LTP
(cLTP) also have been developed and have gained in popularity (Aniksztejn L. and Ben-Ari Y.,
1995; Otmakhov N. et al., 2004). cLTP consists in the strengthening of synaptic transmission using
compounds such as neurotransmitter, neuromodulators, drugs, chemical agents, and others which are
chronically or acutely administered to the culture. In this way, the very easy and manageable bath
application of these compounds can activate the entire neuronal network maximizing the likelihood
of detection of molecular and morphological changes in neurons involved (Molnar E., 2011).

Over the last twenty years, several protocols of cLTP have been developed for
electrophysiological studies as the investigation of the NMDA receptor dependent LTP. Originally
these protocols were used in brain slices (Otmakhov N. et al., 2004; Turner R.W. et al., 1982; Kopec
C.D. et al., 2007; Hosokawa T. et al., 1995) and further adapted to induce LTP in homogenous
neuronal cultures (MacDonald J.F. et al., 2001; Salter M.W., 2001). In fact, dissociated neuronal
cultures have the obvious advantage to make individual living cells and their synapses more
accessible compared to the brain in vivo where synapses are densely packed together. Dissociated
cells grow as a monolayer where all the membrane proteins, as the surface-expressed
neurotransmitter receptors, are easily accessible for immunocytochemical/biochemical assays. In
addition, once cultured, the dissociated cells are postmitotic (already committed to their
differentiation) meaning that they maintain all their properties in the dish (i.e. expression of ion
channels, organization of the cytoskeleton components, characterization of specific synapses).. The
characterization of these plasticity models based on neuronal cultures demonstrates that they share
the same key features of the NMDA-dependent LTP of neurons in slices. In fact, also in neuronal
cultures c-LTP needs NMDA receptor activation and a rise in postsynaptic intracellular Ca2+ levels
(Molnar E., 2011). All protocols of c-LTP aim to produce a synchronized, temporary, and powerful
Ca2+ influx through NMDA receptors in response to synaptically released- or exogenously applied-
glutamate.

A common form of cLTP is the glutamate-induced LTP. This protocol was applied in both
hippocampal (Malgaroli A. and Tsien R.W., 1992) and amygdala neuronal culture (Franceschi B. A.
et al., 2021) by brief (30 s) challenge with exogenous L-glutamate (50 uM). Another approach to
induce cLTP in hippocampal neuronal culture is the synaptically release of L-glutamate elicited by
30 s challenge with hypertonic (400 mosM) Mg**free solution supplemented with 100 mM sucrose
(Malgaroli A. and Tsien R.W., 1992). Glutamate application produces a long-lasting LTP of the
amplitude of spontaneous postsynaptic currents (sPSC) and evoked excitatory postsynaptic currents
(eEPSC) as well as of the frequency of miniature excitatory postsynaptic currents (mEPSC,
Malgaroli A and Tsien RW, 1992). In hippocampal slices, a LTP induction protocol using glutamate
iontophoresis was developed without afferent stimulation too (Cormier R.J. et al., 1993). The authors
demonstrated that iontophoresis LTP was Ca " dependent, it was blocked by ME-801, and occluded
tetanus induced LTP (Cormier R.J. et al., 1993). Importantly, iontophoresis LTP was induced when
excitatory postsynaptic potentials were completely blocked by adenosine plus tetrodotoxin (TTX),
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suggesting constraints on the involvement of presynaptic mechanisms and putative retrograde
messengers in LTP induction and expression (Cormier R.J. et al., 1993).

Another cLTP induction protocol named aminophosphonovaleric acid (APV) pre-
conditioning of neuronal culture (APV-pre cLTP) was applied by (Liao D. et al., 1999) who cultured
hippocampal neurons in the presence of APV, NMDA receptor antagonist. They obtained an
upregulation of these receptors as well as an enhanced proportion of “silent synapses” that expressed
NMDA receptors only. Exposure of these APV preconditioned (APVpc) neurons to an APV and
Mg?* free medium for 3 min favours activation of the NMDA receptors and increases correlated
activity of neurons in the culture. This process requires an increment of intracellular calcium level,
and it is associated with either the formation of novel dendritic spines and the pruning of older ones
(Molnar E., 2011; Goldin M. et al., 2001).

The pre-conditioning of neurons with APV is required also for the glycine-induced cLTP
protocol. Once the APV is removed, the synaptic activation of NMDA receptors is further enhanced
by glycine stimulation (100-200 uM for 5-10 min) in Mg**free medium often with Ca** elevated to
3mM to develop Glycine-cLTP (Shahi K. and Baudry M., 1993; Goldin M.. et al., 2001; Lu W et al.,
2001). This LTP form is blocked by APV, MK-801 or BAPTA chelator which increases Ca2+
buffering in the postsynaptic cells (Lu W et al., 2001). Moreover glycine-LTP occurs with an
increased clustering of AMPA receptors at dendrites and insertion of native or recombinant AMPA
receptors (Molnar E., 2011). This facilitated AMPA insertion into excitatory synapses occurs via
SNARE-dependent exocytosis during LTP since it is blocked by intracellular tetanus toxin (Lu W.
et al., 2001). Through this approach Ivenshitz M. et al (Ivenshitz M. and Segal M., 2006) observed
an enhanced network activity and synchronization resulting in a long-lasting strengthening of
excitatory connections and weakening of inhibitory ones up to 1h after the conditioning.

This induction protocol has been widely used in both slices (Makino H. and Malinow R.,
2009; Otmakhov N. et al., 2004) and neuronal cultures (Oh M.C. et al., 2006). A very sensitive form
of cLTP is based on the increment of intracellular cAMP level through a 16-min long application of
adenyl cyclase activator forskolin (50 pM) and the phosphodiesterase inhibitor rolipram (0.1 uM) in
Mg?" and 2-Cl-adenosine free artificial cerebrospinal fluid (forskolin/rolipram-induced cLTP,
Otmakhov N. et al., 2004; Oh M..C et al., 2006). Through the rising of cAMP, the synaptic activation
is bypassed and a direct activation of PKA and the following pathways of synaptic plasticity are
achieved (Otmakhov N. et al., 2004). In fact, a direct activation of both transcription and transitional
pathways underlying the consolidation and maintenance of the L-LTP have been observed (Brandon
EP.. et al., 1995; Bolshakov V.Y. et al., 1997). For long-term changes in network activity, brief and
transient (3*1 s) depolarization of neurons by high K" application (90mM) is commonly used (KCI-
depolarization-induced cLTP) in both neuronal cultures (Appleby V.J. et al., 2011; Fitzjohn S.M. et
al., 2001; Wu G.Y. et al., 2001; Nash J.E. et al., 2009) and brain slices (Lengyel 1. et al., 2004;
Migues P.V. et al., 2006). As a result, synaptic NMDA receptors are activated by endogenous release
of glutamate with temporal windows that resemble the in vivo ones (Fitzjohn S.M. et al., 2001). The
rapid depolarization induced by KCI-LTP depends on NMDA receptors and postsynaptic Ca** levels
and it leads to an increment of mEPSC frequency (Fitzjohn S.M. et al., 2001). Finally, it is worth to
mention the so-called calcium-evoked dendritic exocytosis (CEDE) from the postsynaptic neurons
by the activation of CAMKII. This is achieved by 1 min-long application of the Ca®" ionhophore
A23187 at ImM (Maletic-Savatic M. et al., 1998). CEDE is regulated developmentally and within a
time course which is parallels to the expression of aCAMKII (Maletic-Savatic M. et al., 1998).
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CEDE is likely to be involved in structural and functional modification of spines since
organelles that undergo CEDE often are found on the base of spines (Maletic-Savatic M. et al., 1998).
At this site, it may contribute to synaptic plasticity involving changes in receptor/channel density,
release of active compounds affecting pre- and postsynaptic function, and/or growth of synaptic
structures.

6. IN VITRO MODELS OF POTENTIATED AMYGDALA GLUTAMATERGIC
SYNAPSES TO EXPLORE NANOMATERIAL INTERACTION

The brain is by far the most complex biological organ of the human body, and both its
physiology and pathology are still not fully understood. This is mainly due to the limited accessibility
and experimental freedom which make the observation and manipulation of in vivo brain processes
very complex. Due to this lack in understanding and measuring the important pathological processes
in brains’ patients, a lot of neurological disorders are usually classified and diagnosed by the
occurrence of clinical symptoms. For instance, LB are strongly associated to PD but also to Dementia
with LB and the diagnosis discrimination is often based on the temporal evolution of symptoms (le
Feber J., 2019).

Animal models whose primary criterion is the ability to recapitulate clinical symptoms
represent an important tool to obtain new insights of brain disorders. Nevertheless, it is also known
that these symptoms may be due to different mechanism respect to the ones leading to the human’s
disorders. In consequence, promising therapeutic approaches in animal models cannot be totally
translated to the clinic (van der Worp H.B. et al., 2010).

An interesting and valid option to overcome these limitations is represented by the in vitro
conditions (acute or organotypic brain slices or cultured isolated neurons) which offer much more
accessibility and less complexity to study synaptic function in brain physiology and disorders and to
develop valid treatments. Acute slices can be used for several hours and, recently, also longer
(Buskila Y. et al., 2014), allowing the electrophysiological study of single or more neurons in a
controlled system which is isolated form the rest of the brain. Organotypic slices resembles a more
in vivo structure with a long-time experimental window, even if they are technically more
challenging (Hutter-Schmid B. et al., 2015). Alternatively, neuronal cell cultures are obtained from
embryonic or new-born rats/mice whose neurons are plated on coated coverslips or multi-electrode
arrays (MEAs). Neuronal cell culture exists in the field of neurobiology research for more than a
century and its refinement has progressed steadily since its inception. In addition, the differentiation
of iPSCs into neurons has become a valid tool in disease modelling. After a maturation period of ~
3 weeks, neurons develop in vitro forming branches, neurites, axons and dendrites with stable firing
patterns. Newly formed synapses are glutamatergic or GABAergic with the latter exerting a net
excitatory effect until 10 days in vitro (Ben-Ari Y., 2002). Although dissociated neurons loose the
structural connections of in vivo conditions which are instead partially maintained in brain slices,
these models are enormously applied to explore basic physiological neuronal functions as well as
relevant brain disorders like circulation disorders, excitability disorders and memory disorders (le
Feber J., 2019). In fact, they are extremely useful thanks to their fastness and simplicity of
application and production. Moreover, the literature is extremely well characterized and their data
about the study and evaluation of cellular behaviour in highly controlled systems are easily
comparable.
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Together with the study of disease pathophysiology, other scientific project deal with these
models, as the identification of novel biomarkers, the exploration of toxic effect mediated by
chemical compounds (McCool B.A. et al., 2003) the evaluation of interaction between neurons and
nanomaterials, as well as for high-throughput drug screening. The in vitro conditions are faster and
cheaper respect to the in vivo ones, even if they present some limitations too, as life span, cell
composition or brain structure preservation (le Feber J., 2019). Moreover, its high experimental
freedom is not always translated to treatment since the less free clinical practice (i.e., drugs may not
pass the BBB or may cause systemic issues.

6.1 IN VITRO AMYGDALA CULTURES: A NEURAL NETWORK MODEL

The current notions about the roles of amygdala in human beings is due to enormous research
and laboratory investigation on the neural pathways and physiological mechanisms of the rodent
emotional behaviour (Gallagher M. and Holland P.C., 1994). Several works are based on the
electrophysiological activity of various amygdala nuclei during a behavioural task (Rogan MT and
LeDoux JE, 1996) or after a selective lesion (Killcross S. et al.,, 1997), leading to a deeper
understanding of amygdala connectivity at molecular, cellular, and functional levels. However, the
simplest, cheapest and fastest tool to study the complex circuitry underlying the amygdaloid complex
of the human brain or to model pathological dysfunctions of it, is represented by the in vitro culturing
of rat isolated amygdaloid cells (Kaneda M. and Akaike N., 1989; Lin C.H. et al., 2001; McCool
B.A. and Farroni J.S., 2001; Meis S and Pape H.C., 1997). In fact, the amygdaloid bodies has a
restricted anatomical access which limits specific experimental studies of synapses in vivo.
Therefore, a more simplified model of amygdala circuitry, as in vitro neuronal cultures, is extremely
important. In particular, this model has turn to be essential for the exploration of the interference
between synapses and nanomaterial in the nanobiotechnology field, as well as for the screening of
new drugs/biomolecules and nanosized material that might have potential therapeutical applications.

In 1996, two isolated group developed to different protocols to acutely isolate and dissociate
rat amygdala neurons, both from Sprague-Dawley rats 1 to 3-weeks old and started from transverse
slices (400-500 um-thick) which were cut from tissue block of the brain using a vibroslice (Wang
S.J. et al., 1996; Viana F. and Hille B., 1996). Wang SJ et al. (Wang SJ et al., 1996) isolated the
amygdala regions under a stereomicroscope and dissected from the brain slices with a scalpel.
Neurons were dissociated by trituration through a fire-polished Pasteur-pipette with 1mm-tip
diameter and allowed to settle in coated coverslip (Wang S.J. et al., 1996). During the following
years, the same approach was used by other groups (McCool B.A. and Farroni J.S., 2001; Lin C.H.
et al., 2001) who isolated basolateral amygdala neurons from coronal brain slices of juvenile rats
(from post-natal days, P, 10-28). On the other hand, F. Viana and B. Hille (Viana F. and Hille B.,
1996) dissected the amygdala from the slices under a binocular microscope (20x) with a home-built
micro puncher consisted of a sharpened 18-gauge stainless steel tube (1.2 outer diameter). Tissue
pieces containing the amygdala were digested for 20-30 min and triturated by aspiration in a graded
series of fire polished Pasteur pipettes (Viana F. and Hille B., 1996). They directly pipette the cell
suspension into the recording chmabers (Viana F. and Hille B., 1996).

Other groups (Budde T. et al., 1992; Meis S. et al., 1996, Meis S. and Pape H.C., 1997)
developed another protocol to isolate rat amygdala neurons with the use of minimal enzymatic
treatment from Long Evans rats of P12-16. The basolateral amygdaloid complex was dissected under
stereomicroscopic control from the amygdalostriatal transition area, caudate putamen and central
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amygdaloid nucleus, external capsule, and piriform cortex by
three cuts (Fig. 6.1.1). After 22—-30 min of incubation in digestion
enzyme, tissue was repeatedly rinsed with enzyme-free solution
and neurons were mechanically dissociated by trituration of a
single slice with fire-polished Pasteur pipettes and transferred into
a recording chamber.
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Figure 6.1.1 Schematic drawing of rat amygdaloid areas dissected for

dissociation of cells (modified from PAXINOS, G. AND WATSON, C. The Rat Brain in Stereotaxic
Coordinates. San Diego, CA: Academic, 1986).

Recently, Secomandi N. et al (Secomandi N. et al., 2020) developed and validated an easily
accessible and simplified in vitro model of amygdala neural network through an enzymatic and
mechanic dissociation protocol of the amygdala nuclei collected from 8/10 days old Wistar rats. The
activity of the in vitro amygdala network was investigated through path clamp technique and used
as a screening tool to target synapses towards development of future anxiety disorder treatments.
The electrophysiological characterization showed that, when the tissue of origin is collected from
adolescent animals and cells are allowed to differentiate in vitro for 8-12 days, cultures have single
cell and synaptic features resembling those of in vivo amygdalar neurons of juvenile animals.. (Fig.
6.1.2).

Thereafter, the same experimental dissection protocol was applied by the same group
(Franceschi B.A. et al., 2021) to mimic the hyperexcitability observed in anxiety disorders. In
particular, the authors potentiated the in vitro amygdala circuitry through a cLTP protocol and tested
the ability of s-GO in interfering with potentiated synapses.

Figure 6.1.2 Schematic representation of dissociated amygdalar culture procedure: brains isolated from
juvenile rats are sliced (left); amygdaloid nuclei are precisely isolated by a biopsy punch (in green) and
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enzymatically dissociated to get pure cultures (right). The remaining tissue is stained with Nissl procedure
(middle) to confirm the sampling of the amygdalae (Secomandi N. et al., 2020).

7. INVIVO MODELS OF ANXIETY DISEASES

Anxiety disorders, like PTSD, are difficult to model in animals since they are complex
phenotypes diagnosed by patient interviews and influenced by both genetic and environmental
factors. Nevertheless, mammals show biologically preserved neurobiological and behavioural
outcomes to valent stimuli which permit the use of rodent models of anxiety disorders. In fact, since
anxiety disorders derive from traumatic experiences, rodent models can mimic stress induction and
disorder development. These preclinical models have the advantage to manipulate stress type,
intensity, frequency, and duration, thus recapitulating the disorder’s phenotype which is, in turns,
measured through different behavioural tests. Moreover, to inform anxiety model validity and
importance to human psychopathology, rodent models incorporate individual, sex, strain, and stock
differences, as well as early life stress effects, biomarkers, stringent success criteria for drug
development, Research Domain Criteria, technological advantages, and cross-species comparisons
(Verbitsky A. et al., 2020).

One of the major limitations in deciphering mental disorders through human investigations
is that these diseases are variable and seldom studied throughout disorder development, observing
population already exposed to uncontrolled stressors. The diagnosis of PTSD is established when an
individual, once experienced a traumatic event, passes a symptom threshold for three clusters: re-
experiencing (involuntary re-living the traumatic event in several ways), avoidance (individual
efforts to emotionally and physically avoid persons, places..) and hyperarousal (heightened
physiological reactivity as exaggerated startle response, hypervigilance..). Conversely, animal
models permit to longitudinally monitor PTSD development pre-trauma through post-trauma with
controlled stressors. Particularly, rodent represent key models to learn about PTSD induction,
facilitating target identification for therapies, and testing drugs for human treatments (Verbitsky A.
et al., 2020). Since animal models are simplified representation of PTSD, they are expected to
capture PTSD symptomatology (face validity), etiology, (construct validity), treatment/drug
response (predictive validity), and to differentiate between those with and without PTSD
(discriminant validity) (Willner P., 1986; Belzung C and Lemoine M., 2011). Five criteria for the
face validity of translational models were defined by Yehuda R. and Antelman SM. (Yehuda R. and
Antelman SM.., 1993): 1. the stressor induces PTSD biological and behavioural outcomes; 2.
responses are intensity-dependent; 3. biological alterations persist or progress; 4. biobehavioural
alterations are bidirectional; 5. outcomes have inter-individual variability caused by genetic,
environment or both.

In both animal and human, a similar network of brain structures regulates fear learning,
therefore the leading experimental model to study how organisms learn to predict danger based on
experience is classical fear conditioning (LeDoux J.E., 2000). Animal models for anxiety disorders,
like PTSD, are exposed to different types of stressors which develop anxiety-like behaviours
assessed by standard tests (EPM, open field, social interaction test, acoustic startle test). Paradigms
model PTSD through the application of social, physical (inescapable footshock, underwater/forced
swim paradigm, immobilization) and psychological stressors (i.e., housing instability, social defeat,
or isolation), individually or in combination. Stressors can vary along different dimensions like
frequency (single or repeated), duration (acute or chronic), and controllability (controllable or not).
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For all stressors, peripheral biologic correlates of PTSD have been evaluated, typically satisfying
construct validity. For instance, strong hypothesis about the hyperactivity of the corticotropin-
releasing hormone system involved in PTSD have been verified also in rodents (Siegmund A. and
Wotjak C.T., 2006). Physical stressors are advantageous for their simplicity in procedure, ease of
scaling and clear symptom impact. They include underwater trauma, electric shock,
restrain/immobilization stress, and single prolonged stress (Verbitsky A. et al., 2020). Physical and
psychological stressors are largely used to differentiate individual variability and include social
defeat and predator stress (Verbitsky A. et al., 2020).

In humans and particularly during development, prior exposure to a traumatic event may
cause long term hormonal anomalies and enhanced risk of PTSD occurrence (Delahanty D.L. and
Nugent N.R., 2006). Pioneering investigations with Harlow’s monkey (Young LD. et al., 1973)
examined the impact of early life stressor and maternal separation showing as neonatal separation
increases anxiety upon exposure to important stress later in life (Diehl L.A. et al., 2012). Moreover,
when juvenile rats are exposed to important psychological stressor are more incline to manifest
anxiety-like phenotype once re-exposed to the same stressor in adulthood (Cohen H. et al., 2007).

Animal behavioural tests mimic the tests performed in humans and are used to assess stress
effects allowing scientists to make inferences on rodent psychology. Many of these tests were
validated and developed in rats, but later they had been adapted on mice too. Rats are considered the
species of choice in preclinical studies since they have a great performance in operant tasks and
because they are large enough in size to test compounds for toxicity and perform other invasive
techniques. On the other hand, mice are advantageous for their breeding, group housing and genetic
modifications.

In addition, genetic models from both rat or mouse strains have been developed to exhibit
abnormal fear extinction or high level of anxiety (Holmes A. and Singewald N., 2013; Neumann [.D.
etal., 2011).

In summary, animal models provide an important tool to investigate the pathophysiology of
anxiety disorders since they circumvent different problems and limitations associated to human
studies: (1) in animal models all aspects of the stressor can be manipulated including intensity, type
and timing; (2) through these manipulations, pre-existing factors can be separated from those
acquired after stress exposure; (3) more ethically acceptable and invasive techniques can be
performed in animal models. However, behavioural, and neurobiological understanding of animal
models has still to be refined, focusing on sex differences, early life stress effects, biomarkers,
individual variability and behavioural test batteries, stringent success criteria for drug development,
technological advantages and so on (Verbitsky A. et al., 2020).

8. NEUROPEPTIDE Y: ALTERNATIVE STRATEGIES FOR THE THERAPY OF
ANXIETY DISORDERS

Anxiety disorders are the most prevalent psychiatric disorders and are associated with ahigh
burden of illness (Bandelow B. et al., 2017). Whether or not these diseases are becoming more
prevalent in recent years is not well documented with anxiety disorders being often underrecognized
and undertreated in primary care. In fact, there is evidence for substantial undertreatment of anxiety
disorders: in a large European study, only 20.6% of participants with an anxiety disorder sought
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professional help. Of those participants who contacted health care services, 23.2% received no
treatment at all, 9.6% received only psychological treatment, 30.8% received only drug treatment,
and 26.5% were treated both with drugs and psychotherapy (Bandelow B. et al., 2017). It seems that
women are 1.5 or 2 times more likely than men to receive a diagnosis of anxiety disorders (Bandelow
B. etal., 2015).

Not all anxiety disorders have to be treated with therapies when symptoms are transient or
mild, but treatments are indicated when marked distress and several complications occur in the
patient (i.e suicide ideation, secondary depression, alcohol abuse). Treatment recommendations are
based on guidelines for anxiety disorders (Bandelow B. et al., 2012; Bandelow B. et al., 2015). First
line drugs are the selective 5-HT-reuptake inhibitors (SSRIs), and 5-HT-NE reuptake inhibitors
(SNRIs). The onset of the anxiolytic effect of these drugs has a latency of 2-6 weeks and after the
second week the adverse effects start to be stronger, like jitteriness and increased anxiety. Some
SSRIs and SNRIs are inhibitors of cytochrome P450 enzymes and hence may interact with other
psychopharmacological drugs for medical illnesses (Cipriani A. et al., 2009); moreover, withdrawal
reaction may occur once stopping their treatment (Cipriani A et al., 2009). Other therapy options
include pregabalin, tricyclic antidepressants (TCAs), moclobemide, buspirone.

Pregabalin is a calcium modulator acting at the a2d subunit of voltage-gated calcium
channels, it has sedating properties with an earlier onset of efficacy compared with antidepressants.
However, there were concerns about the abuse of pregabalin in individuals suffering from substance
abuse and withdrawal syndromes after abrupt discontinuation (Bandelow B. et al., 2017).

TCAs are a second-generation antidepressant in the treatment but the frequency of adverse
events is higher, while buspirone, a 5-hydroxytryptamine receptor 1A (5-HT1A) agonist, has been
shown in some controlled studies to be effective in the treatment of GAD. However, in the United
States, 55% to 94% of patients with anxiety disorders are treated with benzodiazepines (Stahl S.M,
2002). The anxiolytic effects of benzodiazepines begin soon without leading to insomnia or
jitteriness, but they are not recommended for daily use. In fact, their usage is associated with CNS
depression, resulting in fatigue, dizziness, increased reaction time, impaired driving skills, and other
adverse effects. Even cognitive functions may be impaired, and dependency may occur after long
term administration (Schweizer E. et al., 1990).

Current medication for anxiety disorders is suboptimal in tolerability, leading to an urgent
need for improved and novel treatments. Considering the current knowledge about the relevant
neurocircuitries and neurobiological mechanisms underlying pathological fear and anxiety, the
search for compounds with novel mechanisms of anxiolytic action should be considered an
innovative approach. For example, ketamine, riluzole, xenon and the neurosteroid aloradine, but also
NMDA, L-DOPA, endocannabinoids and D-cycloserine are promising novel candidates currently in
clinical development, some also showing efficacy in fear extinction learning in humans (Sartori S.B.
and Singewald N., 2019).

Available data point for novel pharmacological treatments of stress-related disorders, as
anxiety and depression, regards the potential of the neuropeptide Y (NPY) system. Anti-stress
actions of NPY involved diverse brain areas, with the most extensive data available for amygdala
and hippocampus, and some data for areas within the septum, and locus coeruleus (Fig 8.1).
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Figure 8.1 Schematic illustration of the NPY
system in the brain. Neural pathways utilizing
NPY as a neurotransmitter and brain regions
expressing NPY Y1 and Y2 receptors are shown.
Depicted regions that are both modulated by
NPY and important for the regulation of fear and
anxiety include the ventromedial PFC (vimPFC),
the amgydala (amyg), the hippocampus (hippo),
the periaqueductal gray (PAG), and the locus
coeruleus (LC). Red = Y1 receptor, blue = Y2
receptor and purple =both Y1 and Y2. (Kautz M.
et al., 2017)

NPY is a 36 amino-acids peptide belonging to the pancreatic polypeptide family (including
the peptide YY, PYY, and the pancreatic polypeptide, PP) with widespread functions in the CNS
and periphery in both behavioural and physiological terms (Sabban E.L. et al., 2016). NPY is highly
evolutionary conserved, being one of the most abundant peptides in the mammalian nervous system,
and its regulation is mediated by at least 5 diverse G-protein coupled receptors (Y1, Y2, Y4, Y5 and
Y6; Michel M..C et al.,, 1998). Originally, the proposed Y3 receptor was characterized
pharmacologically in bovine adrenal chromaffin cells, to be later found in several rat organs, but it
has not been confirmed as a cloned entity receptor (Yulyaningsih E. et al., 2011).

NPY was discovered in the 1982 and described as a co-transmitter of sympathetic neurons
modulating the actions of norepinephrine in the cardiovascular system (Wu G. et al., 2011), but later
many other important functions of NPY have been discovered, particularly within the CNS. Among
the physiological functions of NPY, there are the regulation of food intake, energy balance
homeostasis, reproduction, sleep, inflammatory processes, tissue growth and remodelling, blood
pression and memory. Moreover, NPY plays a key role in the control of anxiety related behaviours
modulating fear and responses to stress. In particular, the potential role of NPY in the
pathophysiology of anxiety and mood disorders has widely been explored. Preclinical and clinical
studies have shown the involvement of NPY in these diseases including PTSD, depression,
substance-abuse disorders, epilepsy, and other neurological disorders (Brothers S.P. et al., 2010). In
regards and considering the hyperexcitability observed in this kind of neuronal pathologies, NPY
has been shown to inhibit glutamate release within the hippocampus (McQuiston A.R. and Colmers
W.F., 1996).

NPY expression is widespread among several brain areas. In particular, it has been detected
in elevated quantity in cell bodies and fibres within cortical and subcortical regions which are
involved in fear and anxiety, detection, and arousal, including amygdala, hippocampus, basal
ganglia, cortex, PAG and locus coeruleus (Kask A. et al., 2002). In the brain, the NPY receptors are
differentially distributed and, in particular, autoradiography demonstrates that the concentration of
human Y1 is elevated in the dentate gyrus, hypothalamus, cortex, thalamus and caudate putamen;
conversely, Y2 is found in the cerebral cortex, amygdala, hippocampus, striatum and nucleus
accumbens (Hostetler E.D. et al., 2011; Caberlotto L. et al., 2000).

Shared properties between sedative compounds (i.e., benzodiazepines, alcohol, barbiturates)
and NPY have been supported by EEG experiments in awake animals (Heilig M., 2004). In fact,
intracerebroventricular (ICV) administration of NPY decreases EEG power generally, particularly
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acting on amygdala and cortical regions which is a shared pattern with benzodiazepines (Ehlers C.L.
et al., 1997). Conversely, low NPY levels in the brain have been observed in a rat model of PTSD
(Cohen H. et al., 2012). Even behavioural studies demonstrate that high doses of NPY administration
antagonize behavioural outcomes of stress. Particularly, through the EPM, (Pellow S et al., 1985),
the social interaction test (File S.E., 1980), the light-dark compartment test (Pich EM et al., 1993)
and the Vogel punished drinking conflict test (Heilig M. et al., 1989), it was demonstrated that NPY
at lower doses mimics anti-anxiety action of benzodiazepines, suggesting a common core-process
under fear and stress-related behaviours. Finally, in the fear-potentiated startle test (based on fear
potentiation and not on behavioural inhibition) the anti-anxiety effect of NPY has been demonstrated
too (Broqua P. et al., 1995), providing further supporting that the observed NPY outcomes are linked
to emotions. In other study, ICV administration of NPY in spontaneously hypertensive rats (SHR)
led to anxiolytic outcomes by enhancing the exploratory activity in the light-dark compartment test
(Pich E.M. et al., 1993).

Importantly, it seems that the magnitude of behavioural anti-stress actions of NPY surpasses
that of other endogenous compounds, as seen also in genetically modified animals (Heilig M., 2004).

Findings coming from a large range of studies suggest that the anxiolytic effect of NPY is
primary mediated by the Y1 receptor which requires the full length NPY sequence for recognition
and activation (Heilig M., 1995). More recent studies using Y 1-receptor knockout mice confirmed
that Y1 receptor is necessary for the anxiolytic effects of ICV-administered NPY (Karlsson RM. Et
al., 2008). Anti-stress actions of NPY are mimicked by Y1-receptor agonists, and blocked by Y1
antagonists, although Y5 receptors may substitute for Y1 actions in some cases (Heilig M., 2004).
However, administration of an Y1 receptor agonist in the amygdala did not ameliorate the expression
of conditioned fear, and Y1 antagonist failed to block the NPY anxiolytic outcome when co-infused
to NPY (Fendt M. et al., 2009). Probably, there is a multi-level interaction between Y1 and the other
receptors in the regulation of fear expression. However, conversely, Y2 receptor antagonists
produces anti-stress effects, as the Y1 agonists, as potentiation of Y2 signalling seems to be
anxiogenic (Kautz M. et al., 2017). The mechanism of this effect seems to relate to the presynaptic
location of Y2 on NPY-ergic neurons where it controls the endogenous NPY release: acting as an
autoreceptor, Y2 activation leads to a reduction of NPY release through a negative feedback loop
while its blockage leads to a potentiation of presynaptic NPY release (Kautz M. et al., 2017).
Therefore, in contrast to Y1, potentiation of Y2 signalling may be anxiogenic. The Y2 is also
involved in the NPY-regulated vascular effects, such as angiogenesis and blood pressure modulation,
together with the regulation of circadian rhythm, feeding response and bone formation (Wu G. et al.,
2011).

All these notions originally came from the observation that the full-length NPY peptide
produced an anxiolytic-like effect in the EPM and Vogel test (Heilig M. et al., 1989), whereas the
C-terminal (maybe the Y2- selective fragment) did not. Conversely, administration of a selective Y2
agonist was shown to increase the preference of mice for the closed arms of the EPM, consistent
with an anxiety-producing effect (Kautz M. et al., 2017). Antisense oligonucleotides targeting Y1
receptor confirmed these data on EPM, inducing behavioural anxiety-like effects opposite to those
seen after NPY administration (Wahlestedt C. et al., 1993).

It has been proposed that also Y5 receptor could be involved in emotion together with Y1, as
in food intake regulation. Supporting this hypothesis, when NPY3-36 was administered into the
amygdala, the Y5 rather than the Y1 receptor accounted for the anxiolytic action (Sajdyk T.J. et al.,
2002; 2002a) even if in the EPM or open field test the selective Y5 antagonist CGP71683A failed to
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influence anxiety-related behaviour (Kask A. et al., 2001). Anyway, little is known regarding the
specific role of Y4, Y5, and Y6 receptors in humans. The Y4 was the third one to be cloned and it
was found to be one of the most rapidly evolving G-protein -coupled receptor known (Raposinho
P.D. etal., 2001). Evidence suggests that Y4 may play a role in the regulation of energy homeostasis
and reproduction (Heilig M. et al., 1989), but recent findings indicate that, together with Y5, it may
be involved also in depression-like behaviours (Serensen G. et al., 2004). Knock-out studies of
theY4 receptor in rodents found an anxiolytic effect in the OF, EPM and light—dark box tests, but
also an impairment in fear extinction (Kautz M. et al., 2017). The interactions between Y2 and Y4
receptors have been found to increase the anxiolytic effect of the Y4 receptor removal in Y2/Y4
receptor double knockout conditions (Kautz M. et al., 2017). The Y5 receptor has been shown to
reduce energy expenditure, inhibit reproductive hormone release, regulate brain excitability, induce
feeding behaviour and regulate circadian rhythm (Wu G. et al., 2011). The Y6 receptor is a truncated
receptor in many mammals including humans because of a mutation. Anyway, it is transcribed at an
abundant level in several tissues in humans, like skeletal muscles, intestine, colon and adrenal gland
(Yulyaningsih E. et al., 2011).

The arrival of subtype selective, NPY receptor antagonists, as the first member BIBP3226,
has led to a more detailed analysis. BIBP3226 binds Y1 both in vivo and in vitro producing
anxiogenic-like effects, but it has limited solubility and produces non-receptor side effects (Heilig
M., 2004). Later, the structurally related Y1 antagonist BIBO3304 arrived showing improved
affinity, higher solubility and lacking the non-specific side effects. Intra-amygdaloid administration
of BIBO3304 blocked anxiolytic-like effects in the social interaction test (Heilig M., 2004). While
ICV-administered NPY has been shown to inhibit acoustic startle and fear-potentiated startle,
BIBO3304 led to a deep deficit in extinction retention (Gutman A.R. et al., 2008). On the other hand,
consistent with the anxiogenic effect of Y2, administration of the Y2 antagonist BIIE0246 showed
an increment in time spent in the open arm of the maze (Heilig M., 2004).

Initially, it was thought that the central amygdala was the target of NPY effect, but following
works has re-evaluated the data, reporting is the lateral/basolateral amygdala complex in mediating
anti-stress effects of NPY within the amygdala (Sajdyk T.J. et al., 2002; 2002a). Administration of
diverse types of selective Y1 antagonists into lateral ventricles or the basolateral nucleus of the
amygdala induced anxiogenic outcomes in rats (Wu G. et al., 2011).

Under the light of translational and therapeutic research, NPY is acquiring a lot of attention
for the treatment of PTSD and other anxiety-disorders. Nevertheless, according to the therapeutical
development with NPY, it is important to note the difficulties associated with the nature of peptides
in general, including the short half-life, the obstacle in bypassing the BBB and the acid environment
of the gastric mucosa. Moreover, many peptides largely act in the periphery of the CNS too, their
introduction could result in unwanted side effects. Particularly the lack of passage across the BBR
renders both oral and parental administration routes unavailable in peptide-based treatments of CNS
disorders. Anyway, the intranasal administration of NPY seems to be the most promising in reaching
the CNS since it avoids the BBB and affects multiple sites within the brain through intracellular
neuronal olfactory and extracellular trigeminal-associated pathways (Kautz M. et al., 2017). A
scientific group reported that intranasal NPY administration prior to a stressor, attenuated PTSD
behaviours after 7 days post-stress, while its administration 7 days following stress, reversed these
pathological behaviours (Kautz M. et al., 2017). A human phase I clinical trial of NPY administered
intranasally in patients with PTSD is currently underway as an initial translational test of NPY as a
therapeutic strategy for PTSD or other anxiety disorders (Clinicaltrials.gov, ID:NCT01533519).
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In addition to the intranasal route, the potentiation of the Y1 signalling has become a
promising strategy in PTSD treatments. For example, the Y1 receptor [Leu31,Pro34]-agonist NPY
was found to inhibit the glutamatergic pyramidal neurons (Molosh A.L. et al.,, 2013), while
anxiogenic effects are provided by the Y1 gene knockout (Olesen M.V. et al., 2012). However,
administration of an Y1 receptor agonist in the amygdala was unsuccessful in ameliorating the
expression of conditioned fear and, when NPY was co-infused with an Y1 receptor antagonist, the
antagonist failed to impede the anxiolytic effect of NPY, suggesting a multi-level interaction between
Y1 and the other Y receptors in the regulation of fear expression (Kautz M. et al., 2017).

In conclusion, currently available medications for mood and anxiety disorders have limited
efficacy, with a significant percentage of patients showing partial response or treatment resistance
(Trivedi M.H. et al., 2006). The consequent need for novel drugs which target other than
monoaminergic systems, together with the vast discoveries on the NPY involvement in anxiety and
mood disorders, make NPY system a promising goal for the development of personalized and
innovative treatment interventions.

Nanomedicine and drug delivery systems offer a valid alternative route for the development
of safe, selective, and potent compounds with activity at NPY receptors that achieve adequate brain
exposure.
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AIMS OF THE STUDY

To date, GBNs, with their outstanding and peculiar properties, have received extensive
attention as tools for a wide range of biomedical applications in neuroscience (Kostarelos K. et al.,
2017; Bramini M. et al., 2018; Cellot G. et al., 2022). Thanks to their nanoscale dimension, these
nanomaterials show advantageous physical and electro-chemical properties, together with strength
and flexibility, making them useful components of nanomedicine devices (Bayda, S. et al., 2019). In
addition, they show great potential in the fields of drug deliver, diagnosis or bioimaging systems due
to their good biocompatibility and low toxicity (Geim A.K. and Novoselov K.S., 2007).

Considering neurons as biological objects with their smallest organization level at the
nanometer scale (i.e., dendritic spines and synaptic vesicles), GBNs emerge as promising
nanotechnology tools for the manipulation of the mammalian CNS function with potential relapses
for physiological studies as well as for the development of novel approaches for the treatment of
neuropathology (Feng L. et al., 2014). It is therefore extremely urgent to investigate the interaction
between nanomaterials and neuronal function, with a focus on the precise mechanisms of action of
the nanomaterial at the subcellular level.

Our group previously reported that s-GO nanoflakes targeted excitatory synapses of
hippocampal neurons, by downregulating specifically and transiently their glutamatergic synaptic
transmission (Rauti R. et al., 2016; Rauti R. et al., 2019). Owing to this ability, s-GO have been
proposed as an alternative nano-based approach for the treatment of neurodiseases characterized by
abnormal glutamatergic signalling, including anxiety disorders. Among these, PTSD exhibits
alterations in the amygdala neuronal circuitry, that are due to a pathological long-term enhancement
in excitatory neurotransmission of the LA (Cortese and Phan, 2005) and that correlates with the
emergence of anxiety-related behaviours.

In this framework, the aims of my thesis were the following:

e To investigate if s-GO could be used to hamper the aberrantly increased
glutamatergic transmission observed in pathological conditions, such as in the PTSD;

e to identify the subcellular target of s-GO in order to dissect the mechanism of
interaction between the nanomaterial and potentiated synapses;

e to explore the potential of s-GO as nanocarrier in drug delivery systems, by
using neuropeptide Y as carried biologically active molecule (complexes in which the
peptides were adsorbed on nanomaterial surface).

To address these issues, I developed an in vitro model of potentiated amygdala cultures, thus
recapitulating the LTP of amygdala glutamatergic neurons observed in anxiety disorders. The
accessibility of such paradigm to a variety of techniques, including dual patch clamp recordings to
monitor eEPSC, live imaging with a styryl FM dye to assess vesicles dynamics at the presynaptic
sites and confocal microscopy to image synaptic structures allowed me to investigate the impact of
s-GO, alone or complexed to NPY, on synaptic function undergone to LTP.

My in vitro experiments were completed and corroborated by treating a rat behavioural model
of PTSD with s-GO injections in the LA (work done by other collaborators in Prof. Ballerini’s group
under the supervision of Dr. Audrey Franceschi Biagioni).
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This thesis generated three manuscripts, one already published (Franceschi B.A. et al., 2021)
and two at draft stage.
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Engineered small graphene oxide (s-GO) sheets were previously shown to reversibly down-regulate gluta-
matergic synapses in the hippocampus of juvenile rats, disclosing an unexpected translational potential of these
nanomaterials to target selective synapses in vivo. Synapses are anatomical specializations acting in the Central
Nervous System (CNS) as functional interfaces among neurons. Dynamic changes in synaptic function, named
synaptic plasticity, are crucial to learning and memory. More recently, pathological mechanisms involving
dysfunctional synaptic plasticity were implicated in several brain diseases, from dementia to anxiety disorders.
Hyper-excitability of glutamatergic neurons in the lateral nucleus of the amygdala complex (LA) is substantially
involved in the storage of aversive memory induced by stressful events enabling post-traumatic stress disorder
(PTSD). Here we translated in PTSD animal model the ability of s-GO, when stereotaxically administered to
hamper LA glutamatergic transmission and to prevent the behavioral response featured in long-term aversive
memory. We propose that s-GO, by interference with glutamatergic plasticity, impair LA-dependent memory
retrieval related to PTSD.

1. Introduction treat pathologies involving alterations in excitatory neurotransmission.

New biotechnology-based therapeutic interventions for brain pa-

Emerging evidence in mammals indicates the amygdala complex as
the brain structure implicated in the development of anxiety disorder
[1-3]. In animal models, core behavior related to anxiety can be induced
by responses to fear stimuli [4,5] and previous elegant experiments
suggested that the over-activation of distinct populations of basal
amygdala neurons, such as glutamatergic ones effectively sustain fear
behavior [6-8]. Moreover, dysfunctions in the glutamatergic system
have a primary role in several brain diseases [9] and severe mood dis-
orders are increasingly associated to altered synaptic plasticity [10]. In
such a context, the glutamatergic system, known to play a major role in
tuning neuronal plasticity [11,12], may represent a promising target to

thologies have involved engineering of novel nanomaterials, such as
graphene, the one carbon atom thick 2-dimensional (2D) material [13].
Graphene or its derivatives such as its oxide form, graphene oxide (GO),
have been exploited as components of bioelectronic devices, as (nano)
vectors in drug-delivery platforms and engineered as promising tissue
scaffolds [14-17]. We have previously shown the ability of small gra-
phene oxide nanosheets (s-GO), to transiently impair glutamatergic
transmission in the rat hippocampus, both in vitro and in vivo, presum-
ably with a direct interference with the presynaptic glutamate release
machinery [18]. More recently, additional studies sustained s-GO syn-
apse specificity and kinetics when injected in specific Central Nervous

Abbreviations: EPM, elevated plus maze; EPSC, glutamatergic postsynaptic currents; IPSC, inhibitory postsynaptic currents; LA, lateral amygdala; OF, open field

apparatus; s-GO, small graphene oxide.
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System (CNS) areas and further showed in zebrafish larvae in vivo that
s-GO injected directly to the spinal cord were able to reduce gluta-
matergic transmission, effectively impairing locomotor behavior [19].
In the current work, a rat model of an anxiety disorder (post-traumatic
stress disorder (PTSD)) was established, and a suspension of thin s-GO
nanosheets was administered in a single dose in the LA to prevent
pathological long-term enhancement in excitatory neurotransmission.
Behavioral studies combined with tissue histology, confocal microscopy
and ex vivo electrophysiology, demonstrated that s-GO sheets were able
to block LA glutamatergic synaptic plasticity in vitro, to impair long-term
aversive memory and long-lasting anxiety-related responses in vivo.

2. Material and methods
2.1. Graphene oxide material synthesis and characterization

s-GO solution was prepared by the modified Hummers‘ method as
previously described [20], using graphite powder (Sigma-Aldrich) as a
starting material [21] and under endotoxin-free conditions [22]. The
physicochemical characterization of the s-GO sheets was performed as
previously described [23] and is summarized in Table S1.

Scanning electron microscopy (SEM) was performed using a FEI
Magellan 400 L XHR SE microscope equipped with a newly developed
electron column with a monochromator, UC (UniColore) Technology.
Landing energy of 20.00 kV and beam current of 0.10 nA were used and
signal was acquired with secondary electrons through-lens detector
(TLD). 20 pL of s-GO solution at 100 pg/mL were deposited on an ul-
trathin carbon film on lacey carbon TEM grid and dried for at least 24 h.
Lateral dimension distribution was performed by manual counting of the
longest sheet dimension on Image J software. The oxidation of the
material has been studied by several techniques such as Raman spec-
troscopy, surface charge ((-potential) measurements, TGA and XPS
analysis (Table S1).

Animals, overall experimental design and surgery: All experimental
procedures were carried out in accordance with the Italian law (decree
26/14) and the EU guidelines (2007/526/CE and 2010/63/UE) and
were approved by the Italian Ministry of Health (n. 689/2017-PR). Male
adult Wistar rats weighed 230-250 g (n = 60) were used to perform the
in vivo experiments. Food and water were provided at libitum. The
enclosure was maintained at 20 + 2 °C on a light-dark cycle (lights on
from 7 a.m. to 7 p.m.). Behavioral experiments were performed between
9 a.m. and 2 p.m. Rats undergoing surgical procedures were deeply
anaesthetized. Analgesic and antibiotic medications were administrated
postoperatively. All experimental procedures were planned to minimize
the number of animals used and their suffering. We evaluated the
aversive memory by the odor avoidance box, which consisted of a
rectangular arena (40 x 26 x 36 cm) with black acrylic-plexiglass walls
covered with a transparent plexiglass lid. At one side of the arena, an
alligator clip fixed in the wall is positioned 4 cm above the floor. In the
opposite direction, a smaller box (20 x 26 x 22 cm) covered with a black
plexiglass lid is positioned, named hide box. The arena and the hide box
were separated by a small 6 x 6 cm square hole allowing free access to
both chambers. Rats were placed (10 min) inside the hide box with free
access to the arena for 3 consecutive days to habituate to the apparatus.
On the fourth day, the time spent in the following defensive behavior
was recorded: head out (namely, the rat scanning the environment from
a protected position, measured as poking of the head, or of head and
shoulders, outside of the hide box but with the bulk of the rat body inside
of it). Rats were divided in two groups (n = 6 per group), exposed to a
piece (2 cm) of an unworn collar (UC), without any cat odor, and the
group exposed to the collar previously worn by the cat, named worn
collar (WC). Collars were worn by an encaged cat. Rats were re-exposed
(10 min) to the context, arena without the cat collar to evaluate the
aversive memory related to the conditioned fear. Behaviors were
analyzed during the re-exposure to the context at 2 days and 6 days post-
exposure. Long-term anxiety-related behavior was measured using the
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elevated plus maze (EPM). This apparatus consisted of four arms (50 x
10 x 40 cm), two open arms (without walls) and two closed arms (with
40 cm high walls) connected by a central square (10 x 10 cm). The maze
was elevated 50 cm from the ground. Rats (n = 6 per group) were placed
in the closed arm and were allowed to freely explore the apparatus for 5
min. Duration and frequency of entrance in the open and closed zone
was evaluated. Entry into a zone was scored when the center-point of the
rat’s body was within it. We adopted an anxiety index which was pre-
viously validated [24] and calculated for each rat based on the EPM
behavioral scores. In this scoring system, high anxiety index values
represent an elevated anxiety-like behavior expression. The following
formula was applied:

anxiety index = 1- [(time spent in the open arms/ total time in the maze) +
(number of entries to the open arms/ total time of maze exploration)]/2.

Exploratory and locomotor activities of rats (n = 6 per group) were
measured by the open field (OF) apparatus, a square arena with the 60
x 60 cm transparent plexiglass walls and the floor divided into 16 sec-
tions (15 x 15 cm). Number of crossings (considered when the rat
crossed the border line of each section with four paws) were analyzed
following the EPM testing. All behavioral tests were performed under 40
Ix luminosity and videorecorded for off-line analysis. The XPloRat
software [25] was used to score the behaviors. Animals were anaes-
thetized with intraperitoneal injection of ketamine (Ketamine Imal-
gene®, Merial Laboratories) and xylazine (Sedaxylan®, Dechra
Veterinary Products) at 92 mg/kg and 10 mg/kg body weight, respec-
tively, and fixed in a stereotaxic frame. A stainless-steel guide cannula
(outer diameter, 0.6 mm, and inner diameter, 0.4 mm) was implanted in
the diencephalon aimed to the LA. The upper incisor bar was set at 3.3
mm below the interaural line so that the skull was horizontal between
bregma and lambda. The guide cannula was vertically introduced using
bregma as the reference and the following coordinates: A.P.—3.48 mm,
M.L.—5.2 mm and D.V.—7 mm, according to Ref. [26]. At the end of the
surgery, the acrylic resin and two stainless steel screws were used to fix
the guide cannula in the skull. In order to protect the guide cannula from
obstruction a stainless-steel wire was used to seal it. Three days later,
rats were gently wrapped in a cloth and held while they received a
random treatment into LA of either s-GO (50 pg/mL) or ACSF solution
(composition described below) delivered by a needle (0.3 mm of outer
diameter) linked to a syringe (Hamilton) through a polyethylene tube.
The injection needle was inserted through the guide-cannula until it
reached the LA (1 mm below the guide-cannula). 48 h later animals were
submitted to the behavioral testing.

2.2. Histology, microscopy and image analysis

Rats were anaesthetized as described above and submitted to the
transcardial perfusion with 0.1 M PBS followed by 4% formaldehyde
(prepared from fresh paraformaldehyde; PFA, Sigma, St Louis, MO,
USA) in PBS. The brain was removed from the skull and prepared as
described previously [27]. Briefly, brains were post fixed, cryoprotected,
frozen on dry-ice and sectioned on a cryostat (Microm HM 550, Thermo
Fisher Scientific). The brain slices (30 pm coronal sections) were
mounted on glass slides and processed according to either cresyl violet
staining or immunohistochemical methods. Brain slices were stained in
0.1% cresyl violet (Sigma) solution for 5 min, rinsed in distilled water
twice for 2 min each wash and dehydrated in a graded ethyl alcohol
series: 50%, 70%, 95% and 100%. Thereafter, they were cleared in
xylene for 3 min and mounted with Permount (Fisher Scientific). His-
tological sections were analyzed and images were acquired using a Leica
DM6000 upright microscope with a 2.5 x dry objective. Alternatively,
brain slices were washed out with 0.1 M PBS, incubated with a blocking
solution composed of 3% BSA, 3% FBS, and 0.3% Triton X-100 in PBS for
45 min at room temperature (RT). The primary antibodies anti-ionized
calcium-binding adaptor molecule 1 (Ibal; Wako, specific marker for
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microglia, 1:500) and mouse anti-glial fibrillary acidic protein (GFAP;
Sigma-Aldrich, specific marker for glial cells, 1:400, diluted in saline and
5% fetal bovine serum), were incubated overnight. Sections were
washed 3 times for 5 min each, incubated with the secondary antibodies
(1:400) AlexaFluor 488 goat anti-mouse (Thermo Fisher Scientific) and
AlexaFluor 594 goat anti-rabbit, (Thermo Fisher Scientific), for 3 h in
the dark and washed. Nuclei were labeled with DAPI (Invitron, 1:500) in
PBS for 25 min at RT. All slides were cover slipped Fluoromounting [18].

Using a Nikon AIR confocal microscope, equipped with argon/
krypton, helium/neon, and UV lasers images were acquired with a 40 x
(1.2 NA) objective and confocal sections were acquired every 0.5 pm up
to a total Z-stack thickness of 20 pm. Gain, pixel-resolution, and expo-
sure time remained constant for all images. From each section, we
selected six regions of interest (ROI, 320 x 320 pmz), where the cell
densities of Ibal and GFAP positive cells were calculated and normal-
ized for those of the contralateral hemisphere. In order to investigate the
presence of s-GO in the LA 48 h after injection, the same brain slices
immunolabelled for DAPI, GFAP and Ibal were visualized using the
reflection mode property during the confocal acquisition [28] at 40 x
(1.2 NA) with ROI of 140.77 x 140.77 pmz.

Image analysis was performed using Volocity software (Volocity 3D
image analysis software, PerkinElmer, U.S.A.).

2.3. Immunohistochemistry and golgi-staining and quantification of
dendritic spines

After behavioral experiments, a group of rats (n = 8) re-exposed to
the context (6 days) were anaesthetized as described above and decap-
itated, their brains were collected and prepared to the Golgi-Cox stain-
ing protocol [29]. Briefly, brains were incubated in the Golgi-Cox
solution (1% potassium dichromate, 0.8% potassium chromate and 1%
mercuric chloride) in the dark at RT for 25 days. After that, brains were
incubated in sucrose solution at 30% for 24 h and sectioned in coronal
sections (400 pm thickness) at the level of the amygdala using a vibra-
tome (Leica VT100S). Brain slices were mounted onto microscope slides
with Permount (Fisher Scientific). Histological sections were analyzed
and images stacks of the LA neurons were acquired using a Leica
DM6000 upright microscope with a 63 x oil immersion objective. The
serial section images were aligned and dendritic spines of pyramidal
neurons were blind analyzed [30] in RECONSTRUCT software (http:
//synapses.clm.utexas.edu/tools/reconstruct/reconstruct.stm; RID:
SCR_002716). Dendrite originating directly from the cell body with a
length of 70 pm from its origin was analyzed [31,32]. All dendrite
protrusions were considered as spines, regardless to their morphological
characteristics.

2.4. In vitro amygdala preparations

All experimental procedures were carried out in accordance with the
Italian law (decree 26/14) and the EU guidelines (2007/526/CE and
2010/63/UE) and were approved by the Italian Ministry of Health (n.
689/2017-PR, n. 22DAB.N.1Z8 and n. 22DAB.N.1WO). For acute slices
male P12-P16 juvenile Wistar rats (n = 17) were used. Briefly, after
being decapitated, the brain was quickly removed from the skull and
placed in ice-cold solution containing (in mM): sucrose 215, KCl 3.5,
NaH,PO4 1.2, NaHCO3 25, CaCly 2, MgCl; 1.3, glucose 25 and ascorbic
acid 4, saturated with 95% 03-5% CO; (pH 7.3-7.4). Coronal amygdalar
slices (300 pm thick) were cut with a vibratome (LeicaVT1000S) and
stored at room temperature in a holding bath containing 130 mM NacCl
instead of sucrose that was gassed with 95% 0,-5% CO- (artificial ce-
rebrospinal fluid solution, ACSF).

For cultures, postnatal P7-10 Wistar rats were used. Dissociated
amygdalar cultures were prepared as previously described [33]. Briefly,
brains were quickly removed and cut in coronal sections (400 pm
thickness) using a vibratome (Leica VT1008S). Three sections at the level
of the amygdalar complex were collected using the following
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coordinates: Bregma —1.8 mm, —2.4 mm and 2.8 mm [34]. From these,
the amygdaloid complex was visually identified under a dissection mi-
croscope and dissected using a biopsy punch. The collected tissue was
enzymatically and mechanically dissociated and cells were seeded onto
poly-L-ornithine-coated glass coverslips at a density of 800 cells/mm?
and maintained in controlled conditions (at 37 °C, 5% CO2) for 8-12
days prior to voltage-clamp recordings.

2.5. s-GO treatments in vitro

Acute slices were incubated for 5 h with 50 pg/mL of s-GO, added
directly to the ACSF, and as control, sister slices were kept in ACSF alone
(saline-treated). At the end of incubation time, an individual slice was
transferred to a submerged recording chamber and continuously
perfused at 33-34 °C with ACSF. In the experiments in which s-GO were
applied acutely, a gravity driven perfusion system was used and a so-
lution of 10 pg/mL s-GO was applied at a speed of 2 mL/min for 5 min. In
the experiments on dissociated cultures, s-GO were applied at a con-
centration of 20 pg/mL for 30 s through the perfusion system in com-
bination with 50 pM of glutamate.

2.6. Electrophysiology

Patch clamp whole-cell recordings were obtained with glass pipettes
(resistance 5-7 MQ) filled with the following solution (in mM) 120 K
gluconate, 20 KCI, 10 HEPES, 10 EGTA, 2 MgCl,, 2 NayATP (pH 7.3,
osmolarity adjusted to 300 mOsm). The extracellular solution was ACSF
for acute slices, and for dissociated cultures, the following saline solu-
tion (in mM): 150 NaCl, 4 KCl, 2 CaCly, 1 MgCl,, 10 HEPES, 10 glucose,
pH 7.4. Principal neurons of the lateral amygdala were visually identi-
fied thanks to their typical pyramidal shape [35] with an upright mi-
croscope (Eclipse FN1; Nikon, Japan) equipped with differential
interference contrast optics and digital videocamera (Nikon, Japan).
Data were collected by Multiclamp 700 A patch amplifier (Axon CNS,
Molecular Devices) and digitized at 10 KHz with the pClamp 10.6
acquisition-software (Molecular Devices LLC, USA). Membrane poten-
tial values were not corrected for the liquid junction potential that was
of ~15 mV (calculated with the Clampex software; Molecular Devices,
Sunnyvale, CA, USA). The stability of the patch was checked by repet-
itively monitoring the input and series resistance during the experi-
ments. Cells exhibiting 15% changes were excluded from the analysis.
The series resistance was <20 MQ and it was not compensated. Input
resistance and cells capacitance were measured online with the mem-
brane test feature of the pClamp software. In pyramidal neurons in the
LA slices, cell capacitance, input resistance and resting membrane po-
tential did not show any statistically significant difference between in
s-GO treated and saline treated neurons (p > 0.05, Table S2).

In current clamp experiments, 1 s long lasting steps of positive cur-
rent with increasing amplitude (10, 20, 30, 40, 50, 60, 70, 80, 90, 100
pA) were injected in pyramidal cells from a resting membrane potential
of —65 mV. Both s-GO-treated and untreated neurons showed compa-
rable firing properties (Fig. 4C), measured as threshold for action po-
tential, amount of injected current needed to reach it and action
potential amplitudes. No statistically significant differences were
observed between the two groups (p > 0.05, Table S2).

In the experiments where slices were chronically incubated in s-GO,
the glutamatergic synaptic activity was recorded at a holding potential
of - 65 mV, in the presence of gabazine (10 pM; a blocker of GABAy
receptor mediated postsynaptic currents). EPSCs were collected from
traces and averaged (showed in Fig. 4F) and no differences were
observed in their amplitude (in saline-treated neurons: 9 + 1 pA and in s-
GO-treated ones: 8 + 2 pA), rise time (in saline-treated neurons: 1.2 +
0.2 ms and in s-GO-treated ones: 1.1 4 0.1 ms) and decay time constant t
(in saline-treated neurons: 5.4 + 0.9 ms and in s-GO-treated ones: 4.7 +
0.4 ms) when incubated with s-GO (n = 8 cells) in respect to control (n =
9 cells; p > 0.05). After recording spontaneous activity for 8 min as
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baseline, LTP was induced in dissociated cultures by applying 50 pM of
glutamate for 30 s, while the membrane potential of the recorded cell
was depolarized from —58 mV to +4 mV (under voltage clamp mode).
The effects of LTP induction were monitored for 30 min by measuring
EPSC and IPSC frequencies and amplitudes. The values reported are
averages calculated between 24 and 30 min after LTP induction and
normalized for the pre-treatment baseline values. In the experiments of
s-GO application through the perfusion system in acute slices and in
dissociated cultures, sPSCs were recorded in the absence of any drugs
and were analyzed offline using the software AxoGraph X (Axograph
Scientific), which exploits a detection algorithm based on a sliding
templates to separate EPSCs and IPSCs on the basis of their different
decay times (see Results). For each recording, events were collected and
averaged to measure the peak amplitude and kinetic properties on the
resulting trace. The decay time of PSCs was calculated by fitting the
decaying phase of the current with a mono-exponential function. In
paired recordings, the presynaptic neuron in current clamp mode was
held at —70 mV (by < 0.02 nA negative current injection), and action
potentials were evoked by delivering short (4 ms) positive (1 nA) square
current pulses. Monosynaptic connections were identified by their short
delay (<3 ms) [18], measured between the peak of the evoked action
potential and the onset of the unitary evoked PSCs. Recordings of EPSCs
and IPSCs at different holding potentials were used to extrapolate I/V
curves (Supplementary Figure S2).

2.7. Data analysis and statistics

Data from independent groups of animals exposed to the cat collar
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were checked for normality and homogeneity and analyzed using Stu-
dent’s unpaired two-tailed t-test. All comparisons between more than 2
or 3 groups were made with one-way ANOVA and two-way ANOVAs,
respectively, followed by Bonferroni post hoc test. For electrophysio-
logical data, Shapiro-Wilk normality test was applied to evaluate the
statistical distribution of the data sets. Statistically significant difference
between two data sets was assessed by one-way ANOVA (if distributed as
a Gaussian distribution) or by Mann-Whitney test (if not). In experi-
ments obtained from dissociated amygdalar cells, for parametric data,
the statistically significant difference among the three groups was
assessed through one-way ANOVA, using Holm-Sidak’s multiple com-
parisons test for post hoc analysis. Not parametric data were analyzed
with Kruskal-Wallis test and post hoc analysis was done with Dunn’s
multiple comparison test. All values are expressed as mean + SEM. P-
value < 0.05 was considered statistically significant and n is the number
of animals if not otherwise stated.

3. Results

The produced biology-grade s-GO dispersion [18] was characterized
by AFM and SEM; in both measures s-GO flakes displayed a similar range
of lateral dimensions: 0.06-1.7 pm by AFM (Fig. 1A and B) and 0.10-2.0
pm by SEM (Fig. 1D and E). Fig. 1C shows s-GO thickness, that ranged
between 1 and 1.5 nm in accordance with single or few-layer sheets. The
oxidation of the material was analyzed by Raman spectroscopy, surface
charge ((-potential) measurements, TGA and XPS analysis, these mea-
sures are summarized in Table S1.

Structural and morphological characterization of s-GO sheets by
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AFM: (A) height image; (B) lateral dimension distribution (based on 123
sheets); (C) cross section analysis highlighted by the dashed line in the
height image; and by SEM: (D) micrograph; (E) lateral dimension dis-
tribution (based on 99 sheets). (F) Sketched experimental settings and
timeline. Upon habituation in the avoidance box, adult rats were
exposed to either worn (WC) or unworn (UC) cat collar. 2 and 6 days
after the exposure, rats were re-exposed to the context. (G) Bar plots
summarize the increase in the time of head out defensive response in rats
caused by either the cat odor exposure or the re-exposure to the context
2 or 6 days later, namely short- and long-term aversive memory,
respectively. N = 6 each group. ***p < 0.001; **p < 0.01 versus UC
groups.

To test thin s-GO efficacy to affect neurotransmission in the LA,
preventing excitatory synapses reinforcement and anxiety disorders, we
established a model of PTSD upon rat exposure to an aversive stimulus,
the predator (cat) odor, known to activate the amygdaloid complex [36,
37]. Such a treatment leads to hyperexcitability of LA circuits, fear re-
sponses and altered behavior [38,39]. In adult rats, immediate innate
fear response was induced by single experience of an aversive (predator)
olfactory stimulus and the emergence of long-lasting specific anxiety
behavior was evaluated by re-exposure to the context. We adopted an
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odor avoidance box (sketched in Fig. 1F) to quantify the emergence of
defensive behavior (“head out” [40]; see methods). We compared
defensive behavior in two groups of rats, one group exposed to a
cat-worn collar (WC; n = 12) and a control group exposed to an unworn
collar (UC; n = 12). In Fig. 1G the bar plots show the significant (t (10) =
7.01, p < 0.001) increase in “head out” behavior when comparing WC
with UC exposed animals. The avoidance fear response was also signif-
icantly increased when comparing UC with WC groups re-exposed to the
context after 2 days (t (10) = 7.46, p < 0.001) and after 6 days (t (10) =
3.13, p < 0.01), suggesting the induction of short- and long-term aver-
sive memories, related to PTSD emergence [41,42]. The emergence of
PTSD has been associated to augmented dendritic spines in the amyg-
dala nuclei [31,32]. This anatomical signature of synaptic plasticity was
confirmed in the amygdala of WC groups (6 days after first exposure, n
= 4) where the number of dendritic spines in LA was significantly (p <
0.05) higher when compared to UC groups (n = 4; Supplementary
Figure S1).

3.1. s-GOs locally delivered in the LA impair long-term fear memories

The contextual avoidance behavior to predatory odor is ultimately

A
Day -1 0 1 4 6
\J Y \J \J oy )
Habituation ~Odor exposure  Stereotaxic surgery  s-GO or saline microinjection el s
Histology
B C
=60 ™ Saline
or <
Saline =
=
=
<
=
o
D E
39
2 —
'z A~
£ 2
3
g 1
S
Z
Salline s-GO Sal|ine s-GO
GFAP Ibal

-3.48 mm -3.6 mm

Bregma -3.24 mm l

Fig. 2. Lateral amygdala (LA) treatment by s-GO local injection. (A) Schematic representation of experimental timeline showing the sequence of the experimental
procedures, from habituation to stereotaxic surgery and histology. (B) Top, diagram of the rat brain showing the target area for s-GO or saline microinjections.
Bottom, (i) representative photomicrograph of Nissl-staining (yellow arrow indicates the site of s-GO injection); scale bar 300 pm. In (ii, iii, iv, v, vi) schematic
drawings of rat brain sections summarizing the microinjection points of either s-GO (* when in the LA, # when in the perirhinal cortex) or saline (@ when in the LA,
+ when in the perirhinal cortex). Each symbol represents an independent experiment made on a single rat. (C) Confocal photomicrographs showing GFAP- (green),
Ibal- (red) reactivity and DAPI- (blue) stained nuclei in the LA slices of rats treated with either saline (left) or s-GO (right). (D) The bar plot summarizes the tissue
responses in saline or s-GO treatments, N = 6 slices each group. *p > 0.05 according to the unpaired t-test. Scale bar 50 pm. (E) Representative images of LA slices
(48 h after injection; same samples as in C, different fields) with DAPI (in blue) and s-GO sheets (in yellow) visualized by the reflection mode of the confocal system.
Note that s-GO is visible as aggregates only in s-GO injected animals. Scale bar 20 pm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)



A. Franceschi Biagioni et al.

organized by the LA glutamatergic neurons [43]. We tested the hy-
pothesis that s-GO injection into the LA, via transient impairment of
glutamatergic synapses [18], may prevent PTSD-related behavior
emergence in rodents. Such an effect would fortify the strategy of se-
lective and transient targeting of synapses to prevent the development of
brain pathologies.

Two independent groups of rats (n = 36) were exposed to WC or UC
context and, after 24 h, a guided cannula was stereotaxically implanted
into the rat brain, targeting the LA or, alternatively, the perirhinal cor-
tex, to deliver locally, three days later, either s-GO (50 pg/mL) [18] or
the vehicle (saline solution). Two days after s-GO or saline delivery, WC
and UC groups of animals were re-exposed to the context (i.e. 6 days
after the first exposure) and then euthanized (sketched in Fig. 2A). The
position of the cannula was confirmed histologically in all animals both
when targeting the LA and when targeting the perirhinal cortex, a
neighboring brain structure (see Methods, schematic drawings and
histology of Fig. 2B). Tissue reactivity was studied by immunofluores-
cence assessment of GFAP-positive astrocytes and Ibal-positive micro-
glia. At 6 days post-surgery, tissue reactivity was comparable in the two
animal groups, saline or s-GO treated (Fig. 2C and bar plot in D).

We tested the presence of s-GO within the LA (48 h post-injection) by
operating the confocal microscopy under reflection mode, which allows
the visualization of s-GO [28]. Fig. 2E shows confocal reconstructions of
saline and s-GO treated LA, in the latter residual aggregates of s-GO (in
yellow, reflection mode) were detected, confirming our previous ob-
servations on the duration of s-GO permanence once injected in the adult
brain [18].

In all animals, aversive behavior prior to surgery was quantified and
the avoidance response was significantly higher in the WC group when
compared to UC one (t (10) = 4.09, p < 0.05; Fig. 3A and B). We then
analyzed long-term aversive memory related behavior at day 6, namely
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2 days after delivery of s-GO or saline in WC and UC groups. During the
re-exposure to the stress-related context, in LA saline-treated animals,
we detected the expected (see also Fig. 1G) significant increase in the
“head out” response in WC (F (1,20) = 0.04, p < 0.001) when compared
to UC group. Remarkably, in LA s-GO-treated animals, flakes injection
reversed the long-term conditioned fear reaction in WC (F (1,20) =19, p
< 0.01) when compared to LA saline-treated WC (p > 0.05; Fig. 3A and
B) and s-GO effect was lost when delivered outside the LA, in the close-
by perirhinal cortex (P > 0.05; Fig. 3B). To evaluate the effective ability
of s-GO to remove long-term aversive memory and thus PTSD-associated
behavior in WC upon s-GO injections, we quantified rat behavior in UC,
WC saline and WC s-GO, using the elevated plus maze (EPM) and open
field (OF) apparatus (Fig. 3B).

We quantified PTSD-like behavior by measuring the anxiety index in
the EPM. WC rats, injected with saline, exhibited a significantly higher
(F (91,20) = 0.88, p < 0.05) anxiety index 6 days after the exposure to
the predator odor respect to that of UC (saline treated) group. On the
contrary, s-GO microinjection into LA reduced the PTSD related
behavior in WC animals, decreasing the anxiety index in a statistically
significant manner (F (1,20) = 13.43, p < 0.01), if compared to that of
the WC saline treated rats. In addition, WC rodents treated with s-GO did
not differ from UC (saline or sGO injected) animals (Fig. 3B). We ruled
out mere alterations in animal locomotion due to s-GO by testing loco-
motor behavior via the OF apparatus (p > 0.05; Fig. 3B).

3.2. 5-GO flakes decrease the activity of glutamatergic synapses in the LA

Suggested molecular mechanisms of the fear components that un-
derlie PTSD include synaptic long-term potentiation (LTP) in LA gluta-
matergic synapses [44]. We hypothesize that s-GO, once injected in the
LA, transiently impair local excitatory glutamatergic synapses, as
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not changed by s-GO application.

observed in previous studies [18,19]. Thus, mechanistically, s-GO
reduction in glutamatergic synaptic efficacy might prevent LTP
expression, crucial to PTSD development. We challenged this hypothesis
by single cell electrophysiology in vitro. We first incubated acute brain
explants containing the amygdala complex with saline or s-GO (50
pg/mL, in saline, 5 h; sketched in Fig. 4A). Under current clamp mode, a
homogeneous population of neurons was recorded, identified by their
passive (see methods and Table S2) and active (Table S2, Fig. 4B and C)
membrane properties, which were not altered by s-GO treatments.

In voltage clamp mode the inter-event interval of spontaneous
excitatory glutamatergic postsynaptic currents (EPSCs), pharmacologi-
cally isolated in the presence of gabazine (10 pM; see methods and
Fig. 4D) were increased after s-GO treatments (432 + 10 ms) in respect
to controls (326 + 5 ms; see cumulative plot in Fig. 4E; P value <
0.0001). This finding suggests that LA ex-vivo slices, upon prolonged
exposure to s-GO [18], displayed a downregulation of glutamatergic
transmission. To gain more insights on s-GO dynamics, we administered
the nanomaterial acutely (10 pg/mL, 5 min) to the amygdala brain ex-
plants while monitoring heterogeneous spontaneous post synaptic

currents (sPSCs) in the absence of pharmacological blockers. Fig. 4F-G
shows that s-GO significantly reduced sPSCs frequency when compared
to saline (for saline: 0.87 + 0.06 and for s-GO: 0.47 + 0.09 Hz; p =
0.0053) and this reduction was maintained during the early phase of
s-GO removal (for saline: 0.89 + 0.06 Hz; and for s-GO: 0.51 + 0.14; p =
0.0297), with a partial recovery after 10 min washout (for saline: 0.95 +
0.16 and for s-GO: 0.55 + 0.16; p > 0.05). Fig. 4H-I shows that in the
same experimental conditions, s-GO specifically targeted EPSCs and was
ineffective on inhibitory GABA4 receptor mediated postsynaptic cur-
rents (IPSCs), identified by their kinetic properties (shown in Fig. 4H,
EPSCs displayed typical fast ~5 ms day, while IPSCs featured a slower
~13 ms one [18]) and pharmacology (10 pM CNQX readily abolished
fast event, while 10 pM gabazine removed slow ones). Such analysis
confirmed that the effect of s-GO in LA tissue was specific for gluta-
matergic synapses [18,19].
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3.3. Invitro long-term potentiation of amygdala synapses is impaired by s-
GO

The rescue of anxiety related behaviors observed in animals injected
with s-GO hinted at the nanomaterial interference with the building up
of the pathological LTP induced by the odor exposure [45]. To explore
this possibility, we adopted a simplified in vitro model of LTP induction
in the amygdala, which allows direct experimental control and access to
glutamatergic synapses. We induced synaptic plasticity in dissociated
amygdala cultures (Fig. 5A-C) by coupling a brief (30 s) application of
glutamate (50 pM) with a depolarization (+4 mV) of the neuronal
membrane, favoring the activation of glutamate NMDA receptors,
involved in LTP induction [46,47]. Such a treatment resulted in a 30 min
long lasting and stable increase in the amplitude of EPSCs (identified by
their kinetic properties, voltage dependence and pharmacology, as
shown in the Supplementary Figure 2) in respect to the baseline values,
while in the controls, that underwent to membrane depolarization in the
absence of glutamate application, no changes were detected (normal-
ized amplitudes were 0.81 + 0.09 in controls, n = 14; 1.72 + 0.21 in
glutamate treated cells, n = 20; p = 0.0004, Fig. 5B-D, 30 min). s-GO
(20 pg/mL, 30 s) applied simultaneously to glutamate, blocked the EPSC
potentiation (p = 0.0007, Fig. 5C-D). EPCSs frequency remained unal-
tered in all treatments (Fig. 5E). IPSCs amplitude (Fig. 5 D) and fre-
quency (Fig. 5E) were not modulated by these treatments.

These findings indicate that s-GO target specifically glutamatergic
synapses in LA and further suggest that, when applied in conjunction
with the LTP inducing stimuli, s-GO may prevent the development of
glutamatergic synaptic plasticity.
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4. Discussion

We describe here the efficacy of s-GO in preventing the reinforce-
ment of aversive memory and the development of long-term anxiety
behavior only when targeting synapses in the LA. We propose that this
effect is due to the ability of s-GO to transiently inhibit glutamatergic
activity in LA excitatory circuits in a synapse-specific and localized
manner, ultimately preventing the emergence of LA dysfunctional
plasticity.

We used a widely accepted [36,37] animal model of PTSD. This
model is characterized by a correlation between hyperactivity in the LA
glutamatergic circuitry and the emergence of anxiety disorders [39,48].
In our experiments, the aversive stimulus induced an innate fear
response, measured as an increase in the head out behavior [49]. The rat
maintenance of such a behavior when re-exposed to the -cat
odor-associated context (i.e. neutral environment) [49] supported the
fear memory consolidation and, in animals tested six days after the first
exposure to the stressful event, the development of long lasting anxiety,
as indicated by the EPM test [42]. Long-term aversive memory and the
development of long-term anxiety, evoked by a predator odor stress,
represent a model of PTSD [50]. In PTSD patients an involvement of
amygdala subregion dysfunctional connectivity has been reported [51],
accordingly, in the experimental PTSD rat model, neuronal circuitry in
the LA undergoes to a reshaping of excitatory glutamatergic synapses
[52] featuring the progressive building up of LA synaptic potentiation
[53]. Such a boosted excitatory neuronal activity is proposed to trigger
the long-term anxiety related behavior [54].

s-GO has been reported to specifically interact with glutamatergic
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Fig. 5. s-GO impair the long-term potentiation of amygdala synapses in vitro. (A) Schematic representation of amygdala dissociated cultures and bright field image of
cultured cells. (B) Representative traces of neuronal spontaneous synaptic activity showing LTP induction in amygdala cultures and its impairment upon s-GO
treatment. Chemical LTP was obtained by coupling the depolarization of postsynaptic membrane potential with the application of glutamate at the concentration of
50 pM for 30 s (n = 20 cells). In s-GO treated cells, the nanomaterial was applied together with glutamate under the same condition (n = 17 cells), while control cells
were perfused with saline (n = 14 cells). Note the lack of potentiation in s-GO treated cell. (C) Offline analysis of sPSCs isolated EPSCs and IPSCs, before and after the
treatments. Note that only upon glutamate treatment there is a potentiation of neuronal activity detectable as an increment of the EPSCs amplitude. (D) Plots showing
that s-GO treatment blocks the 30 min long lasting increase in EPSCs amplitude, observed in neurons undergone to the LTP induction protocol. (E) Bar plots showing
that the frequency of EPSCs or IPSCs was not affected either by LTP induction or s-GO application. *p < 0.05.
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synapses in the CNS inducing a downregulation of excitatory neuro-
transmission when applied chronically in vitro at a concentration of 10
pg/mL [55] or delivered in vivo in one single application at a higher
dose. [18,19] In vivo s-GO inhibition of glutamatergic synapses in the
spinal cord modulates motor behavior [19] and in the rat hippocampus
local delivery of s-GO significantly and selectively sized down gluta-
matergic activity for 48 h, without altering neuronal viability [18]. In
that study, we explored the time course of s-GO fate, which was found to
match the synaptic silencing reversibility [18]. Based on these previous
evidences, we injected a single dose of s-GO in the LA four days after the
exposure to the cat odor to impair glutamatergic transmission for 48 h
and eventually interrupt the building up of glutamatergic synaptic
plasticity. Indeed, the presence of s-GO in the treated amygdala at 48 h
post injection was confirmed and s-GO treatment was effective in dis-
rupting both long term aversive memory and anxiety related behaviors.
We ruled out potential s-GO nonspecific effects, in fact anxiety responses
were unperturbed after 48 h of s-GO delivery outside the LA. In addition,
we never detected motor alterations in s-GO treated animals, potentially
affecting nonspecifically rat defensive behavior. In this framework, also
a generic impact of the surgery procedure or an increased tissue reac-
tivity brought about by s-GO injections and affecting synaptic rein-
forcement, were excluded.

We adopted in vitro amygdala models to experimentally test the
mechanistic interaction between s-GO and excitatory synapses. In acute
amygdala slices we confirmed that chronic (mimicking in vivo accu-
mulation) or sub-acute (mimicking in vivo diffusion) exposures to s-GO
both resulted in a specific reduction in EPSCs frequency, leaving IPSCs
unchanged, in accordance to previous reports where s-GO was tested in
different CNS areas [18,19,55]. s-GO has been suggested to target pre-
synaptic glutamate release in the hippocampus [18], a feature in prin-
ciple enabling the alteration of presynaptic mechanisms and
glutamatergic transmission engaged in LTP. We further tested in
cultured amygdala circuits [33] whether s-GO could impair gluta-
matergic synaptic potentiation. We successfully potentiated EPSCs by
chemical LTP paradigm (cLTP) [46,56-58] and the application of s-GO
during cLTP induction counteracted the synaptic potentiation. Although
we cannot demonstrate that in vivo s-GO prevented the potentiation of
amygdala circuits usually linked to PTSD development [44], it is
tempting to speculate that the injection of s-GO in the LA during a
temporal window crucial to the reinforcement of plastic changes related
to the contextual fear memory acquisition [38], effectively reduced
glutamatergic transmission potentiation and the onset of downstream
long lasting anxiety-related behavior. s-GO nanoflakes might therefore
be clinically exploited in the broader area of engineered nanoparticles
for precision-medicine applications [59], to allow improved sub-cellular
(i.e. synaptic) targeting in neurological disorders.

5. Conclusion

Our experiments suggest that s-GO nanoflakes, thanks to their action
as synaptic and behavioral modulators, might effectively hinder path-
ological behaviors based on aberrant glutamatergic transmission.
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ABSTRACT

In the last decade, graphene-based nanomaterials (GBNs) have been proposed as
innovative therapeutic tools in the field of precision medicine for neuroscience applications. In
detail, graphene oxide (GO) nanoflakes with small lateral dimension (s-GO) were found to target
specifically and transiently glutamatergic synapses in vivo. Recently, this ability was used to
rescue the aberrantly potentiated glutamatergic transmission of the lateral amygdala and
correlated anxiety behaviours, characterizing post-traumatic stress disorders (PTSD). Here, by
using in vitro amygdala potentiated glutamatergic synapses, we explore from a mechanistic
perspective how s-GO interferes at synaptic level with the pathological long-term potentiation
(LTP) underlying PTSD. Thanks to simultaneous patch clamp pair recordings of unitary synaptic
activity, live imaging of presynaptic vesicles release and confocal microscopy for structural
analysis of synapses, we propose that s-GO prevents the long-term plasticity associated with
PTSD by targeting precisely the release of glutamate from presynaptic site of excitatory synapses.
In addition, we show that a single administration of s-GO in the lateral amygdala of an in vivo
PTSD model abolishes the development of the pathological plasticity, thus inhibiting in the long-
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term period anxiety-related behaviours. These findings might find application for the treatment

of neuro-pathologies whose pathogenesis is characterized by exceeding glutamate signalling.

INTRODUCTION

Thanks to their reduced size and peculiar chemical-physical properties (Geim A.K. and
Novoselov K.S., 2007, Garcia-Etxarri, A. et al., 2021; Drexler E.K et al., 1991; Bayda, S. et al.,
2020), nanoscaled graphene-based nanomaterials (GBNs) have been recently proposed as
alternative therapeutic strategies for the treatment of central nervous system (CNS) diseases (Feng

L. et al., 2014; Kostarelos K. et al., 2017; Bramini M. et al., 2018; Cellot G. et al., 2022).

Among GBNs, small-graphene oxide (s-GO, < 500 nm lateral dimension) have been
reported to target specifically the activity of glutamatergic synapses, by reducing in a reversible
manner the excitatory transmission both in vitro and in vivo (Rauti R. et al., 2019). In addition,
the targeted delivery of s-GO to a specific neuronal network has been used to modulate the animal
behaviour emerging from the activity of that circuit (Cellot G. et al., 2020). This ability of the
nanomaterial was recently exploited also in a pathological context. Post-traumatic stress disorder
(PTSD), belonging to the group of anxiety diseases, is characterized by a dysfunctional long-term
potentiation (LTP) in the lateral amygdala (LA) nucleus causing a hyperactivity of glutamatergic
synapses (Shin L.M. et al., 2010; Bannerman, D. et al., 2014; Parsons M.P. et al., 2014) which
correlates with anxiety-related behaviours (Somerville L.H. et al., 2004; Pacella M.L. et al., 2013).
In this framework, s-GO, when stereotaxically injected into the LA during the consolidation of
the pathological plasticity, prevented efficiently PTSD-related behavioural responses (Franceschi
B.A. etal., 2021).

Although a direct interference of the nanomaterial with the presynaptic site of synapses
was proposed (Rauti R. et al., 2019), the mechanism through which s-GO modulate synaptic
activity of pathologically potentiated neuronal circuits has not been clearly investigated yet.

In the current work, we used an in vitro model of amygdala circuits to investigate the
interaction of the nanomaterial at synaptic level with pathological LTP. By combining structural
analysis of synapses, with live imaging of synaptic vesicle recycling and pair recordings to assess
changes in the probability of glutamate release from presynaptic terminals, we detected that LTP-
induced modifications of morphological and functional aspects of synapses were both impaired
by the treatment with s-GO. We found that s-GO decreased the probability of glutamate release
from the presynaptic site of excitatory synapses, thus counteracting the synaptic effect of LTP.

Furthermore, through our rat behavioural model of PTSD, we showed as a single injection of the
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nanomaterial in the LA during the development of plastic changes was sufficient to inhibit in vivo

the anxiety related behaviours in a long-term manner.

RESULTS
1. s-GO reverts chemical LTP-induced changes in the amygdala synaptic structure

In the first set of experiments, we combined chemical LTP (cLTP) protocol with confocal
analysis to investigate structural modifications of potentiated excitatory synapses and the potential
effect of s-GO on them. To this aim, dissociated amygdala cultures underwent to cLTP procedure
(30 s exposure to 50 uM of glutamate, Franceschi B.A. et al., 2021) in the presence or absence of
s-GO (20 pg/mL, co-applied with glutamate), and after 30 minutes were fixed for immuno-
labelling (Fig. 1A). As control, we used cultures not exposed to any treatment. As shown in the
confocal z-stack reconstructions of Fig. 1B, neurons undergone to different treatments were
stained with antibodies against the neuronal marker B-tubulin III (in blue, Rauti R. et al., 2019),
the glutamatergic presynaptic marker VGlutl (in green, Pampaloni N. et al., 2018) and the
glutamatergic postsynaptic marker PSD95 (in red, Yoo K.S. et al., 2019; Borczyk M et al., 2019).

In B-tubulin III positive cells, the quantification of VGlutl-, PSD95- and VGlutl+ PSD95
co-localization puncta, indicative for the presence of synaptic contacts (McLeod F. et al., 2017),
revealed that cLTP induced modifications in both the pre- and post-synaptic terminals, resulting
in an overall increment in the number of glutamatergic synapses respect to the control condition.
VGlutl puncta were 7.2 £ 1.0 a.u. in control and 12.2 + 1.1 a.u. in cLTP-treated samples (p=
0.004), PSD95 puncta were 14.2 £ 1.4 a.u. in control and 23.7 + 3.8 a.u. in cLTP-treated samples
(p=0.021) and VGlutl+ PSD95 co-localization puncta were 6.9 + 1.3 a.u. in control and 12.2 +
1.2 a.u. in cLTP-treated cultures (p = 0.015; n = 20 fields, 4 cultures each; bar plots in Fig. 1C).
When s-GO was applied during cLTP (i.e., together with glutamate), the structural changes
observed in potentiated synapses, including pre-, postsynaptic modifications and the increased
number of excitatory synapses, were reverted at the level of controls. In glut+s-GO treated
samples, VGlutl puncta were 7.0 = 1.0 a.u. (p = 0.003, glut vs glut+s-GO), PSD95 puncta were
15.4 £ 1.2 au. (p =0.036) and VGlutl+ PSD95 co-localization puncta were 7.0 + 1.4 a.u. (p =
0.015, Fig. 1C). We also assessed the impact of the nanomaterial on the control cultures in the
absence of potentiation, demonstrating that an application of s-GO (20 pg/mL) for 30 s in neurons
not exposed to glutamate, did not affect in a statistically significant manner the number of
excitatory synapses respect to untreated cultures (Supplementary Fig. 1A-B). These

morphological results indicated that in our model cLTP had both pre- and post-site of expression,
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resulting in an enhancement of the synaptic connectivity; however, all the cLTP-related structural

modifications observed were rescued by the application of s-GO during cLTP induction.

Next, we confirmed these results through electrophysiological recordings of miniature
postsynaptic currents (mPSC, Fig. 1D), obtained in the presence of the fast-inactivating voltage-
gated sodium channel blocker tetrodotoxin (TTX, 1 uM). In this condition, action potential driven
neuronal activity was abolished and the residual detected postsynaptic currents, due to the
stochastic release of neurotransmitter-containing synaptic vesicles from presynaptic
compartments, were informative for structural changes in synapses (Uteshev V.V. and

Pennefather P.S., 1996).

Since mPSC were monitored in voltage clamp mode, to ensure the development of
plasticity in the recorded neuron, we coupled the 30 s long lasting application of glutamate (50
uM) with a simultaneous depolarization of the membrane potential (+4 mV), thus favouring
glutamate NMDA receptors activation fundamental for LTP induction (Malgaroli A. et al., 1992,
Cormier R.J. et al., 1996, Fig. 1D). As in the previous experiments, s-GO was applied together
with glutamate for 30 s (during the membrane depolarization), while control neurons were
depolarized to + 4 mV for 30 s only. For the three conditions, we monitored changes in mPSC
frequency and amplitude for 24 min after treatments. Fig. 1E depicts exemplificative traces
obtained during the last minutes of recordings, showing that cLTP treatment (in light blue)
induced an increase in both the frequency and amplitude of mPSC respect to the control (in black),

changes reverted by the co-application of s-GO (in gray, Fig. 1E).

Values of miniature excitatory postsynaptic currents (mEPSC) frequency and amplitude,
normalized for the baseline ones (pre-treatment, 8 min) are reported in plots of Fig. 1F. Most of
neurons undergone to cLTP (61%) presented, respect to controls, a statistically significant
increment of mEPSC amplitude, which started immediately after cLTP induction and stably lasted
for all the monitored time. At 24 min post treatment, normalized mEPSC amplitude was 1.00 +
0.02 in controls (n=17) and 1.20 + 0.11 in glutamate treated cells (n=11; p=10.01). In all cLTP
treated neurons, mEPSC frequency was increased, but with a delay of 14 min after LTP induction.
At 24 min post treatment, normalized mEPSC frequency was 0.88 + 0.07 in controls (n = 17) and
1.79 £ 0.30 in glutamate treated cells (n = 18; p = 0.01; Fig.1F).

As for the confocal results, s-GO application during cLTP induction reverted all changes
related to synaptic potentiation: in this case, both mEPSC frequency and amplitude were
decreased to control values (at 24 min post treatment, normalized mEPSC amplitude was 0.95 +

0.04, p =0.014, and normalized mEPSC frequency was 0.77 = 0.07, p=0.011; n= 16). When we
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applied 20 pg/mL of s-GO for 30 s to control cultures not exposed to glutamate no statistically

significant differences were detected respect to controls (see Supplementary Figure 1C-D).

No modifications were observed in inhibitory synapses upon the different treatments. At
24 min post treatment, normalized miniature inhibitory postsynaptic current (mIPSC) amplitude
was 0.98 £ 0.03 in controls (n = 17), 0.95 £ 0.03 in glutamate treated cells (n = 18), 0.96 + 0.04
in glut+s-GO treated samples (n = 16), while normalized mIPSC frequency was 0.91 = 0.07 in
controls, 0.92 £+ 0.16 in glutamate treated cells and 0.89 + 0.08 in s-GO-treated samples (all
p>0.05).

All together, these experiments indicated that in our cultures cLTP procedure was
successful in inducing a synaptic potentiation characterized by both pre- and postsynaptic site of
expression. In addition, the application of the nanomaterials during cLTP induction reverted all
the observed plastic changes of excitatory synapses in potentiated cultures. Next experiments

were aimed to identify the subcellular target of s-GO.

2. 5-GO acts on the presynaptic terminal of amygdala neurons affecting presynaptic vesicle

dynamics

Since previously published data (Rauti R. et al, 2019; Cellot G. et al., 2020) reported that
s-GO modifies synaptic activity by interfering with the presynaptic terminal of synapses, we
supported the hypothesis that also for potentiated synapses the nanomaterial could target this site.
In addition, we excluded that the nanomaterial could affect the activity of postsynaptic
glutamatergic receptors or could remove the exogenously applied glutamate (e.g., through
adsorption). As illustrated in Supplementary Fig. 2, the inward current in response to glutamate
application (50 pM glutamate, with 1 pM TTX to inhibit further release of endogenous
glutamate), was not altered by s-GO (for glutamate 13.4 + 5.1 pA*ms, n= 12, and for glut+s-GO
10.2 £ 6.2 pA*ms, n=10, p>0.05).

Therefore, we investigated the impact of s-GO on the presynaptic terminal of potentiated
synapses by measuring synaptic vesicle dynamics by real-time imaging of vesicles labelled with
the fluorescent styryl dye FM1-43 dye (Gaffield M. et al., 2006; Betz W. et al, 1992; Ryan T.A,
1999; Fig. 2A). Synaptic vesicles in the presynaptic terminals of our cultures were loaded with
FM1-43 dye in an activity dependent manner thanks to endocytosis activated by cell
depolarization (through the application of 50 mM KCIl, Supplementary Fig. 3A; Ryan T.A. 1999).

Next, in the presence of TTX (1 uM) to avoid synaptic vesicle release, samples were exposed to
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different treatments, namely cLTP (50 uM of glutamate for 30 s) in the presence or absence of s-
GO (20 pg/). Controls underwent no treatments. Presynaptic function was studied in the different
conditions 30 min after treatments by evoking endocytosis through a second KCl application
based-depolarizing stimulus (Fig. 2A). The resulting destaining of FM1-43 dye from the
presynaptic boutons was a direct measure of presynaptic release efficacy (Zakharenko S.S. et al.,

2001).

Although FM1-43 dye loading was not specific for glutamatergic vesicles, we focused on
presynaptic terminal of presumed pyramidal neurons selected for their morphology (Rainnie D.G.
et al., 1993). When we analysed the rate of FM1-43 destaining, we observed that samples
undergone to cLTP presented a faster kinetic of dye unloading respect to that of controls (Fig.
2B). This was quantified by measuring the decay time constant (t) that was 18.5 +2.3 s in control,
n=200 terminals, and 9.6 = 0.37 s in cLTP, n=200 terminals (p < 0.0001; Fig. 2C). Differently,
the co-application of glutamate and s-GO delayed the destaining rate at the level of controls (16.4
+ 1.7 s, n=199 terminals, p < 0.0001 for cLTP vs cLTP+s-GO; n= 5 series of cultures for each
condition, Fig. 2B-C). In reference experiments, the image series captured on FM1-43-stained
cells without the high- K™ destaining stimulus, produced a baseline reference plot (Fig. 2B, named
bleaching). In addition, the application of s-GO in cultures not treated with glutamate presented

a slower destaining compared to controls (Supplementary Fig. 3B-C).

Since the kinetic of the activity dependent FM 1-43 unloading reflects the mobility of
synaptic vesicles (Ryan T.A. et al., 1999) and correlates with the probability of neurotransmitter
release from the presynaptic terminals (Zakharenko S.S. et al., 2001), these results suggested that
s-GO affected synaptic vesicles dynamics, and, in potentiated glutamatergic synapses, prevented
the increased mobility of synaptic vesicles and related enhanced probability of release (p,)

observed after cLTP.

3. 5-GO reduces the probability of glutamate release from the presynaptic terminal in potentiated

amygdala neurons

To further probe whether the nanomaterial could affect the increased probability of
glutamate release in potentiated synapses, we performed dual electrophysiological recordings
from pairs of monosynaptically connected excitatory amygdala neurons. In these experiments, we
adopted a pair pulse stimulation protocol to measure changes in the probability of

neurotransmitter release (Gasparini S. et al., 2000; Murthy V.N. et al., 1997; Zucker R.S. 1989;
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Debanne D. et al., 1996). Presynaptic neurons were stimulated in current clamp mode to fire two
action potentials at 20 Hz while simultaneously the postsynaptic cells were monitored in voltage
clamp mode to assess changes in the amplitude of the consecutive evoked excitatory postsynaptic
currents (eEPSC), that were pharmacologically isolated in the presence of gabazine (10 uM), a
synaptic blocker for GABAAa receptors (Fig. 3A). Pair recordings confirmed the efficacy of s-GO
in interfering with cLTP, as we observed that cLTP induced an increment in the amplitude of the
first eEPSC (values normalized for the baseline were 1.7 + 0.12) respect to the control (0.84 +
0.07; p= 0.003), and such enhancement was prevented in cultures co-treated with s-GO (0.80 +
0.09; p=0.003, Fig.3B-C).

Changes in the pair pulse ratio (PPR), the ratio between the second and the first eEPSC
amplitudes (Manabe T. et al., 1993; Debanne D. et al., 1996), were monitored before and after the
different treatments as an indicator of the modification in the p,. Decreases and increases in PPR
are indicative for an enhanced and reduced p,, respectively (Manabe T. et al., 1993; Debanne D.
et al., 1996). Asshown in Fig. 3B, in control cultures (black traces) postsynaptic cells presented
from the begin to the end of the experiment stable short-term depression of consecutive eEPSC
(at 24 min post treatment, PPR, normalized to baseline, was 1.00 + 0.03 n= 6 pairs; Fig. 3BD).
Differently, cells undergone to cLTP (in light blue, Fig. 3B), showed after the treatment a stronger
short-term depression of consecutive eEPSC (normalized PPR was 0.68 + 0.08, n=8 pairs; p =
0.008; Fig. 3BD). When s-GO was co-applied with glutamate (in grey, Fig. 3B), we detected no
modifications of the short-term plasticity respect to controls (normalized PPR was 0.97 + 0.07, n

= 6 pairs; p = 0.039; Fig. 3BD).

Since the application of s-GO to control neurons induced post treatment decrease in the
amplitude of the normalized first eEPSC (0.49 + 0.12; p= 0.026; Supplementary Fig. 3C-D) and
a change in the short term plasticity of consecutive eEPSC from depression to facilitation (at 24
min post treatment, normalized PPR was 1.5 + 0.20, n = 6 pairs, p = 0.002 for control vs s-GO,
Supplementary Fig. 3C-E), these results strongly indicate that the nanomaterial hampered LTP-
induced functional synaptic changes by interfering with the probability of synaptic vesicles

release.

In addition, the effect of s-GO in decreasing the p, could be detected already immediately
after its application, both in unpotentiated (at 6 min post treatment, normalized PPR was 1.02 +
0.04 in control and 1.62 £ 0.35, in control+s-GO, n = 6 pairs, p = 0.0076) and potentiated
conditions (at 6 min post treatment, normalized PPR was 1.00 £+ 0.03 in cLTP and 0.98 &+ 0.05 in
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cLTP+s-GO, n = 6 pairs, p = 0.0118). Such immediate impact of the nanomaterial might affect

the rescue of cLTP-dependent changes also in postsynaptic terminals.

4. A single s-GO injection, by preventing the stress-induced plasticity in the LA, reduces the
PTSD-like behaviour

In the next set of experiments, we assessed in a long-term period the ability of s-GO in
interrupting in vivo the plasticity of the amygdala neurons. To this aim, we used a rat behavioural
model of PTSD, in which the exposure to the predator odour, induces an increase in the
excitability of LA glutamatergic synapses (Rosenkranz J.A. et al., 2010), causing the long-lasting

behavioural response related to traumatic disorders (Dielenberg R.A. et al, 2001).

In our experiments, after being habituated to an avoidance box, an apparatus to study
contextual fear memory (Mufioz-Abellan C. et al., 2009), first animals were exposed to a collar
previously worn by a cat (WC) or to an unworn collar (UC) as control (Fig. 4A). Compared to the
UC exposed group, the exposure to the WC induced immediately a significant innate fear response
characterized by an increase (t(10) = 8.54, p = 0.0001; Fig. 4B) in the head out behaviour, during

which the animal scanned the environment from a protected position.

The day after, rats were submitted to a stereotaxic surgery to implant a cannula targeting
the LA, through which, 4 days later, 0.5 pL of s-GO (50 pg/mL) or saline were microinjected. All
the groups of rats were re-exposed to the context 8 days after odour exposure in the absence of
the collars. At that time point, while saline treated animals previously exposed to WC presented
an increase in head out behaviour respect to those exposed to UC and injected either with saline
(F (1, 5) =11.76, p = 0.0036) or s-GO (F (1, 5) = 11.76, p=0.0113), the s-GO injection in rats
exposed to WC reverted head out defensive behaviour (F (1, 5) =24.71, p = 0.0187; Fig. 4B).

These results indicated that a single injection of the nanomaterial in the LA during the
formation of plastic change in synapses inhibited the contextual fear behaviour in a long-term

manner.

In order to investigate whether the s-GO could revert the long-term anxiety-related
response, immediate after the re-exposure test, rats were submitted to the elevated plus maze
(EPM), an apparatus composed of 4 interconnected arms, two open and two closed, used to
measure anxiety-like responses (Coimbra N.C. et al., 2017). WC rats, treated with saline,

exhibited a statistically significant decrease (F (1,5) =9.219, p = 0.0289) in the time spent in the
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open and aversive arms of EPM compared to UC (saline treated) group, indicative for a long-term
anxiety related to PTSD. Differently, s-GO microinjection into LA increased (F (1,5) = 12.79, p
=0.0159) the time spent in the open arms in WC animals, when compared to WC saline treated
rats (Fig. 4C). Finally, assessment of open field (OF) locomotor activity showed no alterations in

animal locomotion due to s-GO treatment (p > 0.05; Fig. 4D).

All together, these findings suggest that s-GO could rescue behavioural alterations related
to PTSD, by targeting the glutamatergic synapses activity in the LA. The mechanism of s-GO
blockage of developing plasticity appeared confirmed by the morphological analysis of LA
neurons. After behavioural experiments, rodents were sacrificed, and brains were stained with
Golgi-Cox method. This was done to confirm post-mortem the correct targeting of the cannula to
LA (Fig. 4E, as injection needle tracts into the LA between bregma —2.64 mm and —3.96 mm)
and to analyze dendritic spine density, whose increase was considered a hallmark of amygdala
plasticity associated with the development of PTSD (Chakraborty P, Chattarji S., 2019; Mitra R.
et al., 2009).

This synaptic plasticity modification was confirmed in WC group treated with saline
where the number of dendritic spines per pum in LA was significantly higher (1.12 £ 0.05) when
compared to UC-saline (0.92 +0.06, F (1,11) = 3.925, p = 0.0142) and UC-s-GO treated group
(0.83 £ 0.08, F (1,11) = 5.368, p = 0.0014; Fig. 4F). As expected, dendritic spine density was
reduced by the s-GO injection (0.88 £ 0.04, F (1,11) =3.69, p = 0.0214, Fig. 4F). Such reduction

arose probably by the impairment in the formation of new dendritic structures.

DISCUSSION

Our results indicate that s-GO prevented LTP in amygdala synapses, by affecting
presynaptic terminal vesicle dynamics, thus reducing the probability of glutamate release at
excitatory synapses. This finding was also translated to an in vivo model of PTSD, in which s-GO
administration in the LA and its interference with glutamatergic synapses resulted in an inhibition
of long-lasting anxiety-related behaviours and associated LTP-dependent morphological changes

of synapses.

To dissect mechanistically how the nanomaterial prevents LTP in glutamatergic synapses,
we adopted an in vitro model of dissociated amygdala cultures in which we previously reported
that the application of s-GO during the cLTP induction counteracted the long-term synaptic

potentiation (Franceschi A.B. et al., 2021). In the current work, we applied to this preparation
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confocal analysis and electrophysiological recordings of mPSC, in order to identify the site of
LTP expression. The former was used to evaluate changes in pre-/postsynaptic markers (namely
VGlutl and PSD95), while the latter was exploited to get knowledge of synaptic structure, as
modifications of the presynaptic or postsynaptic terminals are traditionally detected as changes in
the frequency or in the amplitude of mPSC, respectively (Uteshev V.V. and Pennefather P.S.,
1996). Since we observed increments in both pre- and postsynaptic markers, as well as
enhancement in the frequency and amplitude of mEPSC, we demonstrated that in dissociated
amygdala cultures synaptic potentiation relied on modifications of both the synaptic sites. In these
experiments, we observed late onset changes in mEPSC frequency, that may depend on later

modifications of the presynaptic site.

Although no data in literature were available for dissociated amygdala cultures, these
results were in line with studies performed on acute slices obtained from animals undergone to
Pavlovian fear conditioning, showing the involvement of both pre- and post-synaptic factors in

LTP expression of LA (Maren S., 2005; Rumpel S. et al., 2005).

Furthermore, in acute brain slices undergoing to LTP induction through high frequency
stimulation of afferent fibres, the site of expression of amygdala LTP is strongly dependent on
the innervation received by neurons, with stimulation of thalamic and cortical fibres inducing
post- and presynaptic LTP, respectively (Humeau Y. et al., 2005; Huang Y.Y. and Kandel E.R.,
1998; Humeau Y. et al., 2003). Since our dissociated amygdala cultures are composed by
heterogeneous neurons coming from various amygdala regions, it is reasonable that both pre- and

postsynaptic forms of LTP expression could co-exist.

As shown by electrophysiological pair recordings in which we monitored changes in
eEPSC amplitude occurring after cLTP in the presence or absence of s-GO, we confirmed the
ability of the nanomaterial in preventing the potentiation of synaptic communication between

excitatory amygdala neurons.

Although, through structural analysis of synapses, we detected, after nanomaterial
treatment, changes in LTP expression at both the sites of synapses, previous studies reported that
in basal physiological conditions (not potentiated synaptic transmission), s-GO targeted
specifically presynaptic glutamatergic terminals (Rauti R. et al, 2019; Cellot G. et al., 2020). We
extended this finding to synapses that were artificially potentiated to mimic the pathological
condition of PTSD (McKernan M.G., Shinnick-Gallagher P. 1997; Richter-Levin G. et al., 2018;
le Feber J., 2019), demonstrating that s-GO, by reducing the p, of presynaptic excitatory sites of
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amygdala neurons counteracted the enhanced synaptic communication of the potentiated

synapses.

Indeed, thanks to the similarity of inward currents generated by glutamate application in
the presence or absence of the nanomaterial, we could exclude any chemical interaction between
s-GO and glutamate, as well as with the postsynaptic glutamatergic receptors. In opposition, we
verified s-GO impact on presynaptic terminals by monitoring synaptic vesicles dynamics through
live FM 1-43 imaging. Although not selective for glutamatergic vesicles, these experiments
revealed the ability of the nanomaterials in reverting to control levels the kinetics of vesicles
unloading in putative pyramidal cells (Rainnie D.G. et al., 1993), found slowed down in cultures

undergone to cLTP.

Only through simultaneous dual recordings from monosynaptically connected excitatory
neurons, we could demonstrate that the nanomaterial interference with potentiated synaptic
communication arose from a modification of the probability of glutamate release from presynaptic
site. Indeed, in these experiments we observed both in control and in potentiated conditions a
change from a short-term depression to a short-term facilitation after s-GO application (or to a
weaker short-term depression), indicative for a modification of p, at presynaptic level (Manabe

T. et al., 1993, Debanne D. et al., 1996).

Notably, thanks to this experiment we detected already during the first five minutes after
its application the effect of s-GO in targeting the presynaptic site of synapses and in reducing the
probability of glutamate release. Such immediate impact of the nanomaterial might explain the
rescue of cLTP-dependent changes also in postsynaptic terminals (i.e., the increment in mEPSC

amplitude and PSD95 puncta density), even if without any direct interaction of the nanomaterial.

Supported by our in vitro results, we used an in vivo model of PTSD induced by the
exposure to the predator odour (Franceschi B.A. et al., 2021) to evaluate the impact of s-GO in
the long-term condition. We previously demonstrated as a single s-GO microinjection in the LA
during a temporal window which was crucial to the reinforcement of plastic changes related to
the fear memory storage (Canteras N.S. et la., 2015) was able to reduce anxiety-related behaviours
(Franceschi B.A. et al., 2021). In these previous experiments animal behaviour was tested 2 days
after s-GO administration, when the nanomaterial still persisted in the tissue (Rauti R. et al.,
2019), not allowing to distinguish between a direct effect of nanomaterials on synaptic
communication and an impairment of the building up of pathological plasticity (Franceschi B.A.

et al., 2021).
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To dissect this issue, in the current work we postponed animal testing to 6 days after
nanomaterial administration. At this temporal point, when the nanomaterial should be already
cleared from the LA, our results showed that rats previously exposed to predator odour and treated
with s-GO not only presented a decreased in head out behaviour, indicative for a reduction of
contextual fear memory, but they also exhibited an increased time spent in the open arm of the
EPM, that was representative for the decrement in generalized long term anxiety. As shown by
our post-sacrifice staining of LA neurons, such an effect was due to the nanomaterial interaction
at synaptic level that prevented the formation of dendritic spines in the LA, a hallmark of LTP
(Bosch M. et al., 2014).

These results strongly indicated that s-GO-induced reduction of anxiety-related
behaviours arose from the impairment of the building up of pathological plasticity in the
amygdala, occurring, as suggested by in vitro experiments, through an interference of the

nanomaterial with presynaptic site of glutamatergic synapses.

This work illustrated the mechanisms of s-GO interaction with potentiated synapses. By
targeting presynaptically the glutamatergic transmission also when aberrantly potentiated, s-GO
nanoflakes could be used as highly selective sub-cellular modulators to hinder synaptic and
behavioural alterations of neurodisorders, whose pathogenesis is characterized by altered
glutamatergic signalling.  Although further investigations regarding the biosafety of this
nanomaterial are required, s-GO can be proposed as an alternative nanotool for future applications

in the field of precision medicine.

MATERIALS AND METODS
Graphene oxide synthesis and characterization

The s-GO material used in these studies has been synthesized according to the protocols
that have already been reported and characterized extensively in our previous published work
(Rauti R. et al, 2019, Secomandi N. et al., 2020, Franceschi A.B. et al., 2021). The specific batch
of GO nanosheets used here, were thin (1-3 carbon layers) and of a few hundred nanometers in

lateral dimension (100-400nm), with reproducibly demonstrated biocompatibility and purity.

In vitro dissociated amygdala cultures
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All experimental procedures were performed in agreement with the Italian law (decree
26/14) and the European Union (EU) guidelines (2007/526/CE and 2010/63/UE) and were
authorized by the Italian Ministry of Health (n. 689/2017-PR, n. 22DAB.N.1Z8 and n.
22DAB.N.1WO). The animal handling was approved by the local veterinary authorities and by
the institutional (SISSA) ethical committee.

Primary cultures of amygdala cells were obtained from postnatal (P 7-10) juvenile Wistar
rats and prepared as previously described (Secomandi N. et al., 2020) with slight modifications.
In brief, rat brains were quickly removed from the skull and placed in fresh ice-cold artificial
cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 24 NaHCO3, 13 glucose, 5 HEPES,
2.5 KCl, 2 CaCly, 2 MgS0s4 and 1,2 NaPOsH> with a pH of 7.3-7.4 when saturated with 95% O
and 5% CO2 (Wu Y.E. et al., 2017). Coronal brain sections were cut using a vibratome
(LeicaVT1000S) and under a dissecting microscope (Olympus SZ40), the regions containing the
amygdaloid complex was visually identified following defined anatomical coordinates: Bregma -
1.8 mm, - 2.4 mm and 2.8 mm (Khazipov R. et al., 2015). Using a biopsy punch with a diameter
of 1 mm (Kai Medical, Japan) the amygdala tissue was collected to be enzymatically and
mechanically dissociated following standard protocol (Cellot G. et al., 2011). Cells were seeded
onto poly-L-ornithine-coated glass coverslips at a density of 1000 cells/mm? and maintained in
controlled conditions (at 37 °C, 5% CO?) for 8-12 days in vitro (DIV) prior to experiments in
Neurobasal A Medium (Invitrogen) containing B27 supplement (Thermofisher).

Immunohistochemistry and confocal microscopy

Cultured amygdala neurons (5 cultures; 8-12 DIV) were fixed by 4% formaldehyde
(prepared from fresh paraformaldehyde, PFA; Sigma) in PBS at room temperature (RT). After 15
min in glycine 0.3M in PBS, cells were blocked and permeabilized in 10% fetal bovine serum
(FBS), 3% bovin serum albumin (BSA), 0.3% Triton-X 100 in PBS (blocking solution) for 30
min at RT. As primary antibodies, we used rabbit polyclonal anti-B-tubulin III (Sigma-Aldrich,
1:500 dilution), mouse monoclonal anti-PSD95 (Invitrogen, 1:400 dilution), and guinea pig anti-
vesicular glutamate transporter 1 (VGlutl; Sigma-Aldrich, 1:1000), diluted in the blocking
solution for 60 min at RT. As secondary antibodies, we used Alexa 405 goat anti-rabbit
(Invitrogen, dilution 1:500), Alexa 594 goat anti-mouse (Invitrogen, dilution 1:500), and Alexa
488 goat anti-guinea pig (Invitrogen, 1:500) diluted in normal goat serum (NGS) 5% in PBS for
45 min at RT. Finally, cells were mounted on 1 mm thick glass coverslips using the Fluoromount
mounting medium (Sigma-Aldrich). To quantify VGlutl and PSD95 puncta, n =50 + 10 z-stacks
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(acquired every 0.15 um) were taken from n =5 randomly selected fields (70.64 pm % 70.64 um)
per coverslip using a Nikon C2 Confocal, equipped with Ar/Kr, He/Ne, and UV lasers. Images
were acquired with a 60x (1.4 NA) oil-objective (using oil mounting medium, 1.515 refractive
index). We selected only VGlutl-positive and PSD95-positive puncta (>0.1-0.8>pm?) co-
localized with B-tubulin IIl-positive signal in 6 different ROIs (32.9 um % 8.9 um) per image
containing one or more distal neurites. For each image, VGlutl puncta were normalized to the -

tubulin III positive volume. Images were analysed using the Volocity software (Perkin Elmer).

Electrophysiology

Patch clamp whole-cell recordings were obtained from dissociated amygdala neurons
using glass micropipettes with a resistance of 4—7 MQ once filled with the following intracellular
saline solution (in mM): 120 K gluconate, 20 KCI, 10 HEPES, 10 EGTA, 2 MgCl,, 2 Na;ATP
(pH 7.3, osmolarity adjusted to 300 mOsm). All experiments were performed at RT with the
standard extracellular solution containing (in mM) 150 NaCl, 4 KCI, 2 CaCl,, 1 MgCl, 10
HEPES, 10 glucose (pH 7.4) and continuously perfused at 2 ml/min. All data were collected by
means of a Multiclamp 700A patch amplifier (Axon CNS, Molecular Devices) and digitized at
10 KHz with the pClamp 10.6 acquisition-software (Molecular Devices LLC, USA). Input
resistance and cells capacitance were measured online with the membrane test feature of the
pClamp software. Spontaneous activity was recorded in voltage clamp mode at a holding potential
of =58 mV, not corrected for the liquid junction potential which was —12 mV (calculated with the
Clampex software; Molecular Devices, Sunnyvale, CA, USA). The stability of the patch was
repetitively monitored during the experiments by checking the input and series resistance. Cells
exhibiting 15% changes were excluded from the analysis. The series resistance was <20 MQ and
it was not compensated. Input resistance and cells capacitance were measured online with the

membrane test feature of the pClamp software.

To induce LTP in dissociated cultures under voltage clamp mode, our previously
described protocol was applied (Franceschi B.A. et al., 2021). Briefly, after recording
spontaneous activity for 8 min as baseline, 50 uM of glutamate for 30 s was applied, while the
membrane potential of the recorded cell was depolarized from -58 mV to +4 mV. In the
experiments where dissociated cells were treated with s-GO, it was applied at a concentration of

20 pg/mL for 30 s through the perfusion system, alone or in combination with 50 uM of glutamate.
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The effects of LTP induction and s-GO interference were monitored for 24 min after the
baseline collection. mPSC were recorded in the presence of TTX (1 uM) to block fast voltage-
dependent sodium channels. They were analyzed offline using the software AxoGraph X
(Axograph Scientific), which exploits a detection algorithm based on a sliding template.
Templates characterized by diverse decay times were used to separate offline glutamate AMPA-
receptor mediated postsynaptic currents (~3 ms) and those mediated by GABA -receptors (~20
ms). For each recording, all the collected events were averaged, and the peak amplitude and
kinetic properties of the mean current were measured. The averaged values of sPSC and mPSC
were calculated between 18 and 24 min after LTP induction and normalized for the pre-treatment

baseline values.

In paired recordings, monosynaptically connected glutamatergic neurons, recorded in the
presence of gabazine (10 pM) were recognized by the short latency (<3 ms; Rauti R. et al., 2016;
Pavlidis P. et al., 2000) between the peak of the presynaptic neuron and the onset of eEPSC. The
presynaptic neuron in current clamp mode was held at -70 mV (by < 0.02 nA negative current
injection), and action potentials were evoked by delivering short (4 ms) positive (1 nA) square
current pulses. To characterize the short-term dynamics of synaptic contacts as well as changes
in the p: from the presynaptic neurons, we delivered to presynaptic neurons repeated paired pulse
stimulation at 20 Hz (every 20 s; 6 times that were pooled together and averaged). We estimated
the p, of glutamatergic amygdala synapses by quantifying the PPR (calculating the ratio between
the mean peak amplitude of the second and the first eEPSC, Manabe, T et al., 1993; Debanne, D
et al., 1996) and we indirectly assessed changes in its efficacy monitoring the PPR up to 24 min
after different treatments. The averaged values of PPR were calculated between 18 and 24 min

after treatment and normalized for the pre-treatment baseline values.

Glutamate-induced inward currents were assessed by a 30 s-long application of glutamate
(50 uM) 1in the presence of TTX 1 uM and the area under the current was measured through the

pClamp software.

FM1-43 Imaging

Depolarization-dependent staining of synaptic terminals with the styryl dye N-(3-
triethylammoniumpropyl)- 4-(4-(dibutylamino)styryl)pyridinium dibromide (FM1-43, Molecular
Probes, Life Technology) was obtained by incubating amygdala cultures (after 10 min saline

buffer wash at RT) for 2 min with 2 mL of extracellular recording solution containing 50 mM
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KCl and 15 uM FM1-43 dye. Next, this buffer was replaced with 2 mL of extracellular recording
solution containing FM1-43, and cells were left to recover for 10 min to ensure complete recycling
of the vesicles (Rauti R. et al., 2016). Cells were then incubated for 10 min with TTX (1 pM) to
prevent network activity altering the rate of FM release. After loading with FM1-43 dye, cultures
were treated with 50 uM of Glutamate, in the presence or absence of 20 pg/mL of s-GO or with
saline for 30 s at RT. As further control we treated cultures with s-GO only. For live imaging,
cultures were transferred to the stage of a Nikon Eclipse Ti—U inverted microscope where they
were continuously perfused (5 mL/minute) at RT with the extracellular recording solution
containing TTX (1 uM). FM1-43-loaded cells were recorded with a 40x objective (PlanFluor,
0.60 NA) and excited at 488 nm with a mercury short lamp (Osram, Munich, Germany).
Excitation light was separated from the light emitted from the specimens using a 395 nm dichroic
mirror and DN filter (1/32). Images were constantly acquired at 7 fps every 150 ms using an
ORCA-Flash4.0 V2 sCMOS camera (Hamamatsu Photonics, Japan) with a spatial resolution of
512 x 512 pixels. The set-up was controlled by HCImage Live software. After a basal recording
(2 min), application of 50 mM KCl (2 min), followed by a 2 min of washout, was used to stimulate
vesicle exocytosis from the dye-containing terminals, measured as a fluorescence loss. Offline
analysis was performed on the image sequence with the image processing package Fiji (Rauti R.
et al., 2016). After background subtraction, time-dependent fluorescence changes on FM1-43
labelled terminals were obtained by drawing regions of interest (ROIs) around fluorescent spots
(typically 6 x 6 pixels in diameter drawn on neural processes), including as little background
possible. Corresponding tracings were transferred to Clampfit software (pClamp suite, 10.6
version; Molecular Device LLC, US) and the decay time constant (t) was measured from averaged
traces by fitting it with a mono-exponential function ({f)=X.1=; 4 i e /" + C). To avoid imaging
nonselective FM staining, only puncta that showed stimulus-dependent destaining were included

in the analyse (Rauti R. et al., 2016).

Experimental design for in vivo procedure

Experimental procedures were carried out in accordance with the Italian law (decree
26/14) and the EU guidelines (2007/526/CE and 2010/63/UE) and were approved by the Italian
Ministry of Health (n. 22DAB.11). Male adult Wistar rats weighed 230-280 g (n = 24) were used
to perform the in vivo experiments. Food and water were provided at libitum. The enclosure was
maintained at 21 + 2 °C on a light-dark cycle (lights on from 7 p.m. to 7 a.m.). Behavioural
experiments were performed as described previously (Franceschi B.A. et al., 2021). Briefly,
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aversive memory behavioural responses were evaluated in the avoidance box, which consisted of
a rectangular arena (40 x 26 x 36 cm) with black acrylic-plexiglass walls covered with a
transparent plexiglass lid. At one side of the arena, an alligator clip fixed in the wall is positioned
4 cm above the floor. A smaller box (20 x 26 x 22 cm) covered with a black plexiglass lid, named
hide box, is positioned in the opposite direction of the rectangular arena. Arena and hide box were
separated by a small 6 x 6 cm square hole allowing free access to both chambers. Rats were placed
inside the hide box with free access to the arena for 3 consecutive days to habituate to the
apparatus during 10 minutes. On the fourth day, the time spent in the following defensive
behaviour was recorded: head out (namely, the rat scanning the environment from a protected
position, measured as poking of the head, or of head and shoulders, outside of the hide box but
with the bulk of the rat body inside of it). Next, rats were divided in two groups (n=6 per group),
exposed to either a piece (2 cm) of an unworn collar (UC), without any cat odour or a piece of the
collar previously worn by the cat, named worn collar (WC). Collars were worn by an encaged cat.
Rats were re-exposed (10 minutes) to the context, arena without the cat collar to evaluate the
aversive memory related to the conditioned fear. Head out behavioural response was analyzed
during the re-exposure to the context at 8 days post-exposure. Shortly thereafter, long-term
anxiety-related behaviour was evaluated using the EPM. Which consisted of four arms (50 x 10
x 40 cm), two open arms (without walls) and two closed arms (with 40 cm high walls) connected
by a central square (10 x 10 cm). The maze was elevated 50 cm from the ground. Rats (n=6 per
group) were placed in the closed arm and were allowed to freely explore the apparatus for 5

minutes. Percentage of time spent in the open zone was evaluated.

Exploratory and locomotor activities of rats (n = 6 per group) were measured in the OF
apparatus, a square arena with the 60 x 60 x 40 cm black plexiglass walls and floor. Total distance
moved (cm) in the OF were analyzed following the EPM testing. All behavioural tests were
performed between 8 a.m. and 12 p.m. under 40 Ix luminosity and videorecorded for off-line
analysis. The XPloRat software (Tejada et al., 2018) was used to score the behaviours. Next day,
animals were submitted to stereotaxic surgery as described previously (Biagioni A.F. etal., 2016).
Briefly, animals were anesthetized with intraperitoneal injection of ketamine (Ketamine
Imalgene®, Merial Laboratories) and xylazine (Sedaxylan®, Dechra Veterinary Products) at 92
mg/kg and 10 mg/kg body weight, respectively, and fixed in a stereotaxic frame. A stainless-steel
guide cannula (outer diameter, 0.6 mm, and inner diameter, 0.4 mm) was implanted in the
diencephalon aimed to the LA. The upper incisor bar was set at 3.3 mm below the interaural line
so that the skull was horizontal between bregma and lambda. The guide cannula was vertically

introduced using bregma as the reference and the following coordinates: A.P.—3.48 mm, M.L.—5.2
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mm and D.V.—7 mm, according to Paxinos and Watson, 2007. At the end of the surgery, the
acrylic resin and two stainless steel screws were used to fix the guide cannula in the skull. In order
to protect the guide cannula from obstruction a stainless-steel wire was used to seal it. Analgesic
and antibiotic medications were administrated postoperatively. Three days later, rats were gently
wrapped in a cloth and held while they received a random treatment into LA of either s-GO (50
pug/mL) or ACSF solution (composition described below) delivered by a needle (0.3 mm of outer
diameter) linked to a syringe (Hamilton) through a polyethylene tube. The injection needle was
inserted through the guide-cannula until it reached the LA (2 mm below the guide-cannula). Only
rats that needle tip reached the LA were included in the study. Four days later, animals were
submitted to the behavioural testing. All experimental procedures were planned to minimize the

number of animals used and their suffering.

Golgi-cox staining and dendritic spine analysis

After behavioural experiments, rats (n = 20) were anaesthetized as described above and
decapitated, their brains were collected and prepared to the Golgi-Cox staining protocol (Louth
etal., 2017). Briefly, brains were incubated in the Golgi-Cox solution (1% potassium dichromate,
0.8% potassium chromate and 1% mercuric chloride) in the dark at RT for 25 days. After that,
brains were incubated in sucrose solution at 30% for 48 hours and sliced in coronal sections (200
um thickness) at the level of the amygdala using a vibratome (Leica VT100S). Brain slices were
mounted onto microscope slides with Eukitt Quick-hardening mounting medium (Sigma-
Aldrich). Histological sections were analyzed and images stacks of the LA neurons were acquired
using a Leica DM6000 upright microscope with a 63x oil immersion objective. The serial section
images were aligned, and dendritic spines of pyramidal neurons were blind analyzed (Risher et
al., 2014) in RECONSTRUCT software
(http://synapses.clm.utexas.edu/tools/reconstruct/reconstruct.stm; RID:SCR_002716). Primary
and secondary dendrite, defined as any branch emerging from the soma and branch emerging
from a primary dendrite, respectively, with a length of 40 pum from its origin was analyzed
(Chakraborty P., Chattarji S., 2019; Mitra R. et al., 2009). All dendrite protrusions were

considered as spines, regardless to their morphological characteristics.

Data analysis and statistics
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All values from samples subjected to the same experimental protocols were pooled
together and expressed as mean + s.e.m with n = number of cells, unless otherwise indicated. For
electrophysiological data, Shapiro-Wilk normality test was applied to evaluate the statistical
distribution of the data sets. Statistically significant difference between two data sets was assessed
by Student’s t-test for parametric data and by Mann—Whitney for non-parametric ones. All
comparisons between more than 2 groups were made with one-way ANOVA for parametric data,
followed by using Holm-Sidak’s multiple comparisons test for post hoc analysis. Not parametric
data were analyzed with Kruskal-Wallis test and post hoc analysis was done with Dunn’s multiple
comparison test. For in vivo experiments, data from independent groups of animals exposed to
the cat collar were checked for normality and homogeneity and analyzed using Student’s unpaired
two-tailed t-test. All comparisons between two independent variables were made with two-way
ANOVAs, followed by Bonferroni or Tukey’ multiple comparison test when appropriated.

Statistical significance was determined at P <0.05, unless otherwise indicated.
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obtained from juvenile rats: from brain slices the amygdala nuclei are precisely isolated with a
biopsy punch and then enzymatically dissociated to obtain neuronal cultures. These were exposed
to treatments with saline (control), glutamate (cLTP) or glutamate + s-GO (cLTP + s-GO). (B)
Confocal images of neuronal cultures in control, cLTP and cLTP + s-GO labelled for VGlutl (in
green) and PSD95 (in red) and B -tubulin III (blue). Higher magnifications of the region in the
white rectangles are reported on the right. (C) Histograms summarizing PSD95, VGlutl and
PSD95 + VGlutl puncta densities in the three conditions. (D) Experimental protocol (left) for
single-cell voltage clamp recordings (right, bright field image). (E) Exemplificative traces of
mPSC detected 20 min after the 30 s long-lasting application of saline (saline, in black), glutamate
(cLTP, in blue) or glutamate + s-GO (cLTP + s-GO, in grey). (F) Plots showing that s-GO
treatment blocked the 24 min long lasting increase in mEPSC amplitude (top), and frequency

(bottom) observed in neurons undergone to the LTP induction. *P < (.05
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of fluorescence decrease following KCI stimulation in control (black line), cLTP (blue line) and

cLTP + s-GO (grey line). In red the fluorescence bleaching after KCI stimulation. Note that each

trace has been normalized to the maximum fluorescence detected. (C) The histogram summarizes

the decay time constant (t) of FM1-43 destaining in the three conditions. *P < 0.05
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Figure 3. 5-GO reduces the probability of glutamate release in potentiated amygdala excitatory
neurons. (A) Schematic representation of the experimental procedure (right) of simultaneous
recordings from two monosynaptically connected amygdala neurons (left, bright field image). (B)
Recordings from neurons undergone to different treatments. Top traces represent presynaptic
action potentials while bottom ones represent the corresponding eEPSC prior (left) and 24 min
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glutamate + s-GO (cLTP + s-GO, grey traces). Note that s-GO rescued the increased short-term
depression of consecutive eEPSC observed in neurons undergone to cL TP induction protocol. (C-
D) Plots summarize the normalized amplitude of first eEEPSC (C) and the normalized paired-pulse
ratio (D) measured 24 min after treatment with saline (control), glutamate (cLTP) or glutamate +

s-GO (cLTP + s-GO). *P < 0.05
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Figure 4. Memory
consolidation impairment
caused by s-GO injected into
LA. (A) Schematic
representation of the
experimental  timeline and
behavioural testing. (B) On the
top, representative image of
avoidance box showing the head
out behaviour; Bar plot (bottom)
summarizing the head out
behavioural responses evoked
by the exposure to UC or WC
and by the re-exposure to the
context after s-GO or saline
microinjections into the LA. (C)
On the left, cumulative heat
maps of the time spent in the
arms of the EPM by UC and WC
group treated with s-GO or
saline; on the right, bar plot
showing the time spent in the
open arms of EPM apparatus in
UC and WC group treated with
s-GO or saline. (D) On the left,
illustration of two representative
sample tracks from a UC (left)
and WC (right) group recorded
during the OF test; on the right,
bar plot reporting the total
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apparatus in UC and WC treated
with s-GO or saline. N = 6 for
each group. (E) On the top left,
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photomicrographs of a Golgi-Cox-impregnated coronal section with a representative cannula
placement directed to LA. The white head arrow indicates the end of the guide cannula, and the
black head arrow indicates the tip of the microinjection needle. (F) Representative dendritic
segments of LA neurons in UC and WC rats treated with s-GO or saline. Scale bar 1 mm and 5
um. (G) Bar plot shows the mean number of spines detected within 40 um segment of LA
dendrites in UC and WC rats. N=4 per group, N=12 neurons per group. ***p <0.001; **p <0.01;
*p <0.05.
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Supplementary Figure 1. s-GO does not alter the structure of the amygdala synapses in control
conditions. (A) Confocal images of B-tubulin III positive (in blue) amygdala neurites co-labelled
with the presynaptic (Vglutl, in green) and the postsynaptic (PSD95, in red) neuronal markers, in
the absence (right) or presence of s-GO (left). (B) Bar plot summarizing the lack of difference in

the density of PSD95 puncta (5.2 £ 0.6 a.u. in control and 3.9+ 0.4 a.u. in s-GO-treated samples,
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n= 15 fields, 3 cultures each; p =0.102), VGlutl puncta (34.1 = 3.0 a.u. in control and 26.2 &+ 3.3
a.u. in s-GO-treated samples, n= 15 fields, 3 cultures each; p = 0.09), and PSD95 + VGlutl co-
localization puncta (40.1 + 3.8 a.u. in control and 31.0 £ 4.1 a.u. in s-GO-treated samples, n= 15
fields, 3 cultures each; p = 0.114) with or without nanomaterial. (C) Representative traces of
mPSC recorded from amygdala cells 24 min after the treatment with saline (black trace) or 20
pg/mL s-GO (green trace). (D) Plots of the normalized mEPSC amplitude (right, 0.98 &+ 0.03 in
controls, n = 7, and 0.99 + 0.06 in s-GO-treated cells, n = 8; p =0.920, 24 min) and frequency
(left, 0.88 &+ 0.04 in controls, n =7, and 0.87 £ 0.18 in s-GO-treated cells, n = 8; p =0.903, 24 min)

showing no effect upon 30 s long lasting s-GO treatment.
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Supplementary Figure 2. s-GO does not affect either the activity of postsynaptic glutamatergic
receptors or the exogenously applied glutamate. (A) The application of 50 uM glutamate
activated glutamatergic receptor-mediated inward currents, independently from the presence of s-
GO. (C) Bar plot illustrating a similar area of the glutamate-induced inward current with or
without s-GO (13.36 £ 5.10 pA*ms in glutamate-treated samples, n =12, and 10.20 = 6.21 in
glutamate + s-GO-treated cells, n = 10; p > 0.05).
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Supplementary Figure 3. By interfering presynaptically, the application of s-GO to control
culture affects the dynamics of vesicle release from amygdala excitatory neurons. (A)
Fluorescence images of the amygdala cells during FM1-43 loading (right) and unloading (left) of
presynaptic vesicles. (B) The histogram summarizes the decay time constant (t) of FM1-43
destaining in the presence of absence of the nanomaterial. To note the increment in the rate of
synaptic release from synaptic terminals following KCl stimulation upon s-GO application
(expressed as 1, that was 60.27 £ 2.66 s in control, n=80 terminals, and 76.95 + 2.87 s in s-GO,
n=80 terminals, p < 0.0001). (C) Sketch of the experimental procedure (top) and representative
traces of simultaneous pair recordings (bottom). In the first row, presynaptic action potentials and

below the corresponding monosynaptic eEPSC, prior (left) and 24 min after (right) treatment with
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saline (control, black traces) or 20 ug/mL s-GO (s-GO, green traces). (D-E) Plots showing as the
application of s-GO to control neurons induced a decrement in the post-treatment eEPSC
amplitude (normalized eEPSC amplitude was 0.49 + 0.12 for s-GO, n=6 pairs; 0.84 + 0.07 for
control, n=6 pairs; p= 0.0263;D), as well as a change in the short-term plasticity behaviour of
consecutive eEPSC from depression to facilitation (at 24 min post treatment, normalized PPR was

0.99 £ 0.02 for control and 1.5 £ 0.2 for s-GO, n = 6 pairs, n = 6 pairs p = 0.002; E). *P <0.05
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ABSTRACT

Graphene-based nanomaterials (GBNs) are a heterogeneous family of materials differing
for lateral dimension, surface area and composition. Among these, thanks to its chemistry and its
good biocompatibility, graphene oxide with small lateral dimension (s-GO) has been proposed as
an ideal core structure to carry bioactive molecules, to develop novel nano-based drug delivery
systems. Recently, neuropeptide Y (NPY), an endogenous modulator of neuronal transmission,
has shown potential as therapeutic for the treatment of anxiety diseases, although its short-lived
peptidic nature rose questions on its translation into therapy. Here, we developed and tested the
impact of a nano-formulation in which NPY was adsorbed onto s-GO (s-GO:NPY) on in vitro
and in vivo models of anxiety disorders. By performing electrophysiological recordings during
acute or sub-acute applications of s-GO:NPY, we found that both the nanomaterial and the peptide
retained their bioactivity on synapses once complexed together. In addition, the NPY complexed
to s-GO could prevent long term potentiation (LTP) of amygdala synapses similarly to the free

NPY. According to this, when injected in the lateral amygdala (LA) of a rat model of post-
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traumatic stress disorder (PTSD), s-GO:NPY and NPY exerted comparable effects impairing the
contextual fear memory in a long-term manner. This work supports a future use of s-GO as a

smart platform for nanomaterial-based drug delivery for the treatment of central nervous system

(CNS) pathologies.

INTRODUCTION

The nanoscale dimension of GBNs which is equivalent to that of the subcellular elements
of neuronal tissue (i.e., dendritic spines or synaptic vesicles; Zhang B. et al., 1998; Smith K.R. et
al., 2014; Pchitskaya E. et al., 2020), makes them excellent tools for the development of
neuroscience applications in biomedicine (Xia X., 2008; Silva G.A., 2006; Kitko E.Z. et al.,
2019). In this regard, their unique chemo-physical properties (Geim A.K. 2009; Kostarelos K,
Novoselov KS, 2020; Sanchez V.C. et al., 2012) have been exploited in the field of drug delivery
for higher selective targeting. Among these GBNs, s-GO represents an ideal candidate for targeted
drug delivery in the CNS, because of its chemistry, favouring the adsorption of bioactive
molecules on its surface (Pinto A.V. et al., 2022), together with its good biocompatibility
(Mousavi S.M. et al., 2019). In addition, this nanomaterial has been reported to target specifically
glutamatergic synapses, by tuning neuronal activity (Rauti R. et al., 2016; Rauti R. et al., 2019;
Cellot G. et al., 2020; Franceschi B.A. et al, 2021), ability that might be exploited to design a drug

delivery system in which the carrier shows active properties on neuronal function per se.

In order to validate s-GO as a drug nanocarrier for the treatment of brain neuropathologies,
it is essential to characterize the activity of the drug delivery system when applied to neurons. By
using a nanoformulation in which NPY, an endogenous modulator of neuronal transmission
(Colmers W.F. et al., 1988; Klapstein G.J. et al., 1993; Bacci A. et al., 2002) recently proposed
as therapeutic for anxiety disorders (Kautz et al., 2017), was adsorbed onto s-GO, we tried to

address the following issues:
(1) if NPY and the nanomaterial were still bioactive once complexed together,

(i1) if the pharmacokinetic properties of NPY (transient effect due to short half-life) were
modified by the complexation with s-GO,

(i)  if the complex could inhibit long term synaptic potentiation of amygdala cultures, which

models in vitro synaptic alterations observed in anxiety disorders, and
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(iv) if the complex, once injected in vivo in the lateral amygdala of a rat model of PTSD

could ameliorate anxiety-related behaviours.

By combining electrophysiological recordings from in vitro neuronal networks with
behavioural experiments in PTSD rat model, we found that both s-GO and NPY were still
bioactive when complexed together in the nanoformulation. In addition, we proved that NPY
effect on excitatory synapses was prolonged by the complexation with s-GO. When the
nanoformulation was used in dissociated amygdala cultures artificially potentiated through a
procedure of chemical LTP (cLTP), s-GO:NPY prevented functional changes related to synaptic
potentiation similarly to uncomplexed NPY. These results were recapitulated in in vivo
experiments, where NPY and s-GO:NPY affected contextual fear memory in a comparable

manner in the PTSD model.

RESULTS
1. Both NPY and s-GO retain their pharmacological activity when complexed together

Before evaluating s-GO:NPY complex as an alternative nanocarrier to deliver drugs in
PTSD models, we characterized the pharmacological responses of the nanoformulation on
dissociated hippocampal cultures, to understand if s-GO and NPY were still bioactive when
complexed together. We used this in vitro preparation since it represents our validated standard
model for testing the impact of nanomaterials on neuronal function (Rauti R. et al., 2016; Rauti

R. et al., 2019; Di Mauro G. et al., 2021).

We firstly verified whether NPY was still able to exert its pharmacological activity
modulating synaptic currents once adsorbed to s-GO nanoplatform. To this aim, we systematically
compared the biological activity s-GO (10 pg/mL), NPY (1 uM) and s-GO:NPY (10 pg/mL and
1 uM, respectively) through their sub-acute applications (5 min) during the recording of
spontaneous postsynaptic currents (sPSC) of neurons (Fig. 1A). We chose the 5-min application
as such exposure time was compatible with the activation of NPY receptors (Colmers W.F. et al.,
1988a; Acuna-Goycolea C. et al., 2005; Qian J. et al., 1997). Representative traces in figure 1B
show that both NPY (in green) and s-GO:NPY (in orange) applications caused respect to controls
(in black) and s-GO (in grey) a progressive and significant decrement in the frequency of sPSC
during the late phase of application (3.5-7 min), with a complete upon prolonged washout (7-12
min). In details, during the initial application phase (0-3.5 min), sSPSC frequencies normalized for

baselines values were similar between the different treatments (0.96 + 0.06 in control, n= 18, 0.85
115



+0.10 in s-GO, n=11, 0.93 £0.13 in s-GO-NPY, n=14 and 0.93 £ 0.08 in NPY, n=9). Normalized
sPSC frequencies started to decrease > 5 min NPY (free or complexed) application and remained
low for the next ~3 min of washout (0.98 = 0.07 in control, 0.81 &+ 0.08 in s-GO, 0.67 £ 0.07 in s-
GO-NPY and 0.5 = 0.09 in NPY). Finally, they recovered completely 7 minutes after the
beginning of application (0.90 + 0.07 in control, 1.1 £ 0.11 in s-GO, 0.90 + 0.11 in s-GO-NPY
and 0.86 + 0.08 in NPY, fig. 1C).

In the late phase of application (3.5-7 min), the differences were statistically significant
for the control vs s-GO-NPY (p=0.045) and for the control vs NPY (p=0.007), while p was >0.05
for s-GO-NPY vs NPY and saline vs s-GO (Fig. 1B-C). No changes were observed in normalized
sPSC amplitudes (during the 0-3.5 min post-application: 0.92 + 0.07 in control, 0.86 £ 0.08 in s-
GO, 0.91 £0.11 in s-GO:NPY and 0.94 + 0.09 in NPY; during 3.5-7 min post application 0.83 +
0.07 in control, 0.83 = 0.12 in s-GO, 0.95 £ 0.07 in s-GO:NPY and 0.76 + 0.08 in NPY; P values
>0.05).

These data suggested that NPY maintained its pharmacological activity once complexed
to s-GO, thus reducing neuronal activity as free NPY. It was not surprising that uncomplexed s-
GO did not produce changes in neuronal activity through this type of administration, as
nanomaterial induced synaptic depression in hippocampal neurons requires longer incubation

time (Rauti R. et al., 2019).

Next, we evaluated whether s-GO complexed to the bioactive NPY retained the biological
activity on synapses observed for the nanomaterial alone (Rauti R. et al., 2019; Secomandi N. et
al., 2020). We exposed voltage-clamped hippocampal neurons to acute (500 ms) pressure
ejections (puffs) of s-GO, s-GO:NPY or saline solution, used as control, positioning a second
pipette close to the recorded neuron (sketched in Fig. 1D; see the Materials and Methods; Rauti
R. et al., 2019; Secomandi N. et al., 2020). In this type of acute application, the nanomaterial has
been reported to exert a transient increment of the sPSC frequency, as consequence of s-
GO/synapse interference (Rauti R. et al., 2019). In addition, puff duration was too brief to allow
NPY modulation of neuronal activity (Colmers W.F. et al., 1988a; Acuna-Goycolea C. et al.,
2005; Qian J. et al., 1997), allowing to dissect in the complex the contribution of the nanomaterial
in modulating synaptic activity. We applied puffs of saline solution, uncomplexed s-GO (100
pg/mL) or s-GO:NPY complex (100 pg/mL of nanomaterial with 10 uM of peptide). This higher
concentration was selected considering a 10% dilution in the volume of recording solution (Rauti

R. etal., 2019).
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The traces reported in figure 1E demonstrate as s-GO, even in the complex formulation
(in orange) was still able to tune the neuronal activity after the puff ejection, similarly to the
uncomplexed condition (in grey), while samples exposed to saline (in black) did not present any
changes. Although the number of experiments has to be increased to make statistical analysis, we
observed as the s-GO, alone or complexed to NPY, induced an increment in the post-puff
frequencies of sPSC normalized for the baseline pre-puff values (0.90 £+ 0.25 for control, n=4,
1.45 £ 0.12 for s-GO n=4, 1.43 £ 0.37 for s-GO:NPY, n=4; fig. 1F). No variations were observed
in normalized post-puff sPSC amplitude upon all different treatments (0.78 + 0.16 for control,
0.86 = 0.17 for s-GO, 0.75 £ 0.15 for s-GO:NPY, P>0.05). These experiments strongly suggested
that s-GO complexed to NPY did not lose its ability to regulate synaptic function.

In addition, we performed electrophysiological recordings to assess if the observed
modulation of neuronal activity induced by s-GO:NPY was effectively due to the activation of
NPY receptors and not to an unspecific effect of the complex. As illustrated in Supplementary
Figure 1A, during the recording of the spontaneous synaptic activity we sub-acutely applied NPY
both in the complex formulation (orange traces, left) or alone (green traces, right), in the absence
(top traces) or presence (bottom traces) of Y1 and Y2 receptor antagonists (BIBO3304 and
BIIE0246, respectively, 30 nM each; Vollmer L.L. et al., 2016; Colmers W.F. et al., 2003). As
for NPY, no synaptic depression was observed upon application of s-GO:NPY in the presence of
the antagonists, confirming that in this type of application the complex exerted its bioactivity

through the activation of NPY receptors.

Considered that our goal was to evaluate the potential use of the complex in anxiety
diseases that rely on pathologically increased glutamatergic signaling (Masneuf S. et al., 2014),
we focused on the effects of NPY and s-GO:NPY on excitatory synapses. To this aim, after
pharmacological isolation of excitatory postsynaptic currents (EPSC) with gabazine (10 uM,
GABAA receptor-blocker), we characterized them before and after the sub-acute applications of
s-GO:NPY and NPY (Supplementary Figure 1B-C). Since we did not observe any effect of s-GO
on synaptic function during sub-acute application (Fig. 1B-C), we did not test s-GO in this set of

experiments.

We found that normalized EPSC frequencies were similarly affected by NPY and s-
GO:NPY, showing a statistically significant decrement compared to control (saline) during the
late phase of application (3.5-7 min, 0.89 £ 0.05 in control, 0.44 + 0.10 in s-GO:NPY and 0.4 +
0.06 in NPY, p=0.015 control vs s-GO:NPY and p=0.008 control vs NPY; Supplementary Fig.
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1B-C). Notably, upon s-GO:NPY application, the normalized EPSC frequency continued to be
depressed even during the recovery period (7-12 min) compared to saline (0.94 = 0.06 in control,
0.55 £ 0.07 in s-GO:NPY and 0.7 £ 0.09 in NPY, p=0.025 control vs s-GO:NPY; Supplementary
Fig. 1B-C). No changes were observed in normalized EPSC amplitudes: during the 0-3.5 min
post-application, these were 1.21 + 0.10 in control, 1.07 £ 0.07 in s-GO:NPY and 1.02 = 0.1 in
NPY; during 3.5-7 min post application, 1.12 + 0.11 in control, 0.81 + 0.1 in s-GO:NPY and 0.98
+ 0.12 in NPY; during 7-12 min post application, 1.0 & 0.14 in control, 0.8 + 0.11 in s-GO:NPY
and 0.97 £0.16 in NPY, P values >0.05). These results suggested that the adsorption of NPY onto

the nanomaterial could enhance the duration of NPY pharmacological activity.

All together, these experiments indicated that both s-GO and NPY were still bioactive in
the complex and that the complexed NPY modulated neuronal activity via activation of its

receptors, with a specific and prolonged effect on excitatory synapses.

2. s-GO:NPY complex is able to prevent the synaptic potentiation of amygdala neurons

Since this drug delivery system was thought to be applied in pathological conditions, our
next experiments were focused on investigating the potential of the complex in hampering an
altered synaptic plasticity, characteristic of anxiety disorders. To this aim, our next set of
experiments were performed on an in vitro model of artificially potentiated amygdala cultures,
mimicking the hyperactivity observed in the amygdala of subjects affected by PTSD. Our
previous study showed that the cLTP induction of these cultures by a brief exposure (30 s) to
glutamate (50 uM) induced a long-lasting increase in spontaneous EPSC amplitude, while the co-
application of s-GO (20 pg/mL) during cLTP interrupted such synaptic potentiation (Franceschi
B.A. etal., 2021)

Once ensured by immunofluorescence micrographs that our model expressed both Y1 and
Y2 receptors (Fig. 2A, amygdala neurons co-labelled with antibodies against the specific neuronal
marker B-tubulin III and against NPY receptor Y1 and Y2), we assessed the effect of s-GO:NPY
(10 pg/mL and 1 uM, respectively) or NPY (1 uM) on synaptic potentiation. In details, these
were applied for 5 min before and during the 30 s long-lasting cLTP induction (Fig. 2B). As
illustrated by the traces in figure 2C, while cLTP treated neurons (in light blue) presented a post
treatment increment in the amplitude of EPSC respect to that of controls (saline, in black), both
s-GO:NPY (in orange) and NPY (in green) prevented the synaptic potentiation of amygdala

network upon cLTP, as post-treatment EPSC amplitudes were similar to control ones.
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As expected, potentiated cells showed a statistically significant increment in the amplitude
of EPSC (values measured at 18-24 min post cLTP and normalized for the baseline were 0.78 +
0.07 in control, n=5 and 1.75 + 0.13 in cLTP, n=8, p=0.001 fig. 2D). Although the number of
samples was too small to make statistical analysis, we observed values of normalized EPSC
amplitudes similar to those of control in cultures undergone to cLTP but in the presence of s-
GO:NPY (0.88 £ 0.14, n=4) or NPY (1.02 £ 0.02, n= 3, fig. 2D). No changes in the frequency of
EPSC among different treatments were evaluated (values measured at 18-24 min post cLTP and
normalized for the baseline were 1.22 + 0.28 in control, 1.36 + 0.28 in cLTP, 1.32 + 0.39 for s-
GO:NPY and 0.89 + 0.19 in NPY, P>0.05; fig. 2E).

These preliminary experiments suggested that NPY alone or complexed to s-GO could
prevent the development of functional plastic changes in synaptic transmission of artificially

potentiated amygdala cultures.

We cannot exclude that the lack of cLTP in s-GO:NPY be due to a summation of s-GO
and NPY effects, since uncomplexed s-GO was shown to prevent synaptic potentiation in a

previous study.

3. The injection of s-GO:NPY in the LA impairs the aversive memory behaviour

In the next set of experiments, we tested the ability of s-GO:NPY and free NPY or s-GO
in interrupting in vivo the plasticity of the amygdala neurons in a long-term period. To this aim,
we used a rat behavioural model of PTSD, in which the exposure to a predator odour, induced an
increase in the excitability of LA glutamatergic synapses (Rosenkranz J.A. et al., 2010), causing
the long-lasting behavioural responses related to traumatic disorders (Dielenberg R.A. et al.,
2001). In our experiments, after being habituated to an avoidance box, an apparatus to study
contextual fear memory (Mufioz-Abellan C. et al., 2009), firstly animals were exposed to a collar
previously worn by a cat (WC) or to an unworn collar (UC) as control (Fig. 3A). Two independent
groups of rats were exposed to WC or UC context and, after 24 h, a guided cannula was
stereotaxically implanted into the rat brain, targeting the LA to deliver locally, three days later,
either s-GO, s-GO:NPY, NPY or the vehicle (saline solution). Four days after WC and UC groups
of animals were re-exposed to the context (i.e., 8 days after the odour exposure) and then

euthanized (sketched in Fig. 3A).

Cat odour exposure induced a significant innate fear response characterised by an increase

in the head out behavioural response (t(10) =9, p <0.0001) compared to the UC exposed group.
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Furthermore, the exposure to the predator odour also raised the head out response in the saline-
treated group during the re-exposure to the context, evaluated 8 days later, compared to saline-
(t(5.5) = 10, p < 0.001) treated group previously exposed to UC. According to previous results
performed in our laboratory, the LA treatment with s-GO reversed rats head out conditioned fear
reaction (F (3, 19) = 6.39, p <0.01), in a long-term period, when s-GO was not present anymore
in the LA. Remarkably, the treatment with NPY and s-GO:NPY also decreased the expression of
the head out behaviour (F (3, 19) =6.39, p <0.05; fig. 3B). These data suggest that the s-GO:NPY
complex was active in vivo and impaired the aversive memory behaviour when injected into the

LA.

In order to test the impact of the s-GO:NPY complex in the long-term anxiety-related
response, rats were submitted to EPM apparatus, immediately after the re-exposure testing.
Results showed that WC rats, treated with saline, exhibited a statistically significant decrease (F
(2,55) =1.48, p <0.05) in the time spent in the open and aversive arms of EPM compared to UC
(saline treated) group (Fig. 3C). No effect was observed with the others treatment (p > 0.05).
Finally, assessment of open field (OF) locomotor activity showed no alteration in animals
locomotion after s-GO, s-GO:NPY or NPY treatments (p > 0.05; Fig. 3D). All these findings
suggested that s-GO:NPY, similarly to uncomplexed NPY, could impair aversive memory related

behaviours, but not long-term anxiety responses.

DISCUSSION

The main findings of this work can be summarized as follow. As demonstrated when
acutely and sub-acutely applied to dissociated hippocampal cultures, both compounds forming
the nanoformulation (the nanoplatform and NPY) retained their properties of neuromodulators,
observed in the free, uncomplexed, condition. Moreover, we showed that s-GO:NPY complex,
similarly to free NPY, was able to prevent an abnormal neuroplasticity at the base of anxiety
disorders, once applied to an in vitro model of amygdala synapses artificially potentiated through
cLTP. Finally, behavioural testing of our in vivo model of PTSD (Franceschi B.A. et al., 2021)
showed as s-GO:NPY microinjected into the LA selectively impaired in a long-term manner
stress-related contextual fear memory, but not long-term generalized anxiety responses. Since this
effect was comparable to that of free NPY, this finding suggested a specific targeting of the drug

delivery system to neuronal circuits expressing NPY receptors.
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In our in vitro experiments, we used acute and sub-acute applications of s-GO:NPY to
dissect if the biological effects observed on neuronal cultures were due to s-GO or NPY. When
acutely applied through 500 ms long-lasting pressure puff, s-GO:NPY exerted exactly the same
increment in the frequency of sPSC previously found for s-GO (Rauti R. et al., 2019; Secomandi
N. et al, 2020) and suggestive for a direct interaction of the nanomaterial with synapses.
Considered that this type of application was too short to activate NPY receptors (Colmers W.F.
et al.,, 1988a; Acuna-Goycolea C. et al., 2005; Qian J. et al., 1997), this experiment strongly
indicated that the nanomaterial retained its pharmacological activity on synapses also when
complexed to NPY. On the other hand, 5 min long-lasting sub-acute treatments were used to
validate the effect of NPY in the complex. This application time was not sufficient to induce s-
GO mediated synaptic depression (Rauti R. et al, 2019), but was compatible with NPY receptors
activation (Colmers W.F. et al., 1988a; Acuna-Goycolea C. et al., 2005; Qian J. et al., 1997).
Thanks to these recordings, in which we observed comparable synaptic modulation of s-GO:NPY

and NPY, we demonstrated the preservation of peptide bioactivity in the complex.

Additional experiments performed on dissociated hippocampal cultures demonstrated that
the main target of s-GO:NPY was the excitatory synapses, with a percentage of synaptic
depression similar to that observed without inhibition of GABAergic synapses. The
pharmacological isolation of glutamatergic synapses through the application of gabazine, a
specific blocker of GABAA\ receptors (Wermuth C.G. et al., 1987), also revealed a prolongation
of NPY effect on glutamatergic synapses, suggesting a potentially advantageous modification of
the peptide pharmacokinetic, usually characterized by a short half-life (Wagner L. et al., 2015).
We used these recordings also to assess that the biological activity of s-GO:NPY observed during
sub-acute application was due to NPY receptors activation and not to a mere unspecific effect of
the complex on neurons. The lack of synaptic depression observed for s-GO:NPY in the presence

of Y1 and Y2 receptors antagonists confirmed our hypothesis.

In light of these results, we compared NPY with the complex in targeting anxiety diseases
that rely on pathologically increased glutamatergic signaling (Masneuf S. et al., 2014). Through
our in vitro model of artificially potentiated amygdala circuitry (Franceschi B.A. et al., 2021), we
showed that s-GO:NPY, similarly to free NPY, prevented the potentiation of the amygdala
cultures. Since in our previous work (Franceschi B.A. et al., 2021), we reported the ability of s-
GO per se in hampering cLTP, further experiments will be necessary to dissect if also the

nanomaterial in the complex contributed to abolish the effect of LTP induction.
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Finally, through our rat behavioural model of PTSD (Franceschi B. A. et al., 2021) we
tested the ability of s-GO:NPY in reverting in vivo anxiety-related behaviours, that are due to the
pathological plasticity of the LA neurons. In detail, our results showed that s-GO, NPY and s-
GO:NPY treatment into LA caused similar effects by decreasing the development of aversive
memory-dependent behavioural response. This is in line with the literature reporting that NPY
receptor activation induces stress resilience when injected into the amygdala (Sajdyk T.J. et al.,
2008). On the other hand, only s-GO injection was able to decrease the long-term generalized
anxiety response, measured in the EPM. Although other studies have indicated that NPY
treatment may cause anxiolytic effects in the EPM (Broqua P. et al., 1995; Heilig M., 1995; Kask
A. etal., 1998), this discrepancy may be due to different administration routes respect to our work.
In addition, the different impact of s-GO and s-GO:NPY may depend on the fact that the delivery

of s-GO is driven by NPY to specific neuronal circuits expressing NPY receptors.

Once completed by further studies to evaluate the biosafety of the complex, our preliminary
findings will contribute to the translation in medicine of s-GO:NPY complex as an alternative
drug delivery strategy for the treatment of anxiety disorders, where the nanomaterial not only

prolongs NPY effect but behaves as an active ingredient.

MATERIALS AND METODS

Graphene oxide and complex synthesis and characterization

The non-covalent s-GO:NPY complex was prepared by mixing neutralized aqueous
solutions of s-GO with reconstituted NPY in water for injection, at the starting concentrations of
1 mg/mL and 100 uM, respectively. The pH was monitored at every step. The complex formation
was then promoted by placing the mixture in an orbital shaker for 30 minutes (1 x g, RT). The
complex was then left to rest for 1 hour. Unbound NPY was removed by several cycles of
centrifugation employing ultrafiltration columns having pores suitable to retain s-GO flakes while
washing away small peptides. The quantification of unbound NPY peptide was assessed by HPLC
and UV-Vis spectrophotometer, and further verification by direct quantification of NPY peptide
was performed by solubilizing the adsorbed complex s-GO:NPY with SDS and quantified by
HPLC. No evidence of unbound peptide was detected and 93-99% was directly quantified onto
the s-GO surface. The purified s-GO:NPY complex was then characterized by absorption
spectroscopy, AFM, SEM, Raman, XPS and XRD. The colloidal stability was evaluated over 2
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months by DLS and zeta-potential, and the peptide detachment from the s-GO was studied over
2 months by HPLC, being the complex stable over this period.

In vitro dissociated hippocampal cultures

Dissociated hippocampal cultures were prepared from 2 to 3 days postnatal (P2—P3) rats
(Cellot G. etal., 2011). All procedures were done in agreement with the Italian law (decree 26/14)
and the EU guidelines (2007/526/CE and 2010/63/UE). The animal use was authorized by the
Italian Ministry of Health (authorization number: 22DAB.NYQA) and approved by the local
veterinary authorities. After hippocampus isolation, cells were enzymatically and mechanically
dissociated, then seeded on poly-L-ornithine-coated glass coverslips (24 x 12 mm2, Kindler, EU)
at a density of 250,000 cells/mL. Neuronal cultures were maintained in stable conditions (37 °C,
5 % CO2) in medium consisting of MEM (Gibco), 35 mM glucose, | mM Apo-transferrin, 15
mM HEPES, 1 mM insulin, 4 uM biotin, 3 uM vitamin B12, 500 nM gentamicin and 10 % fetal
bovine serum (FBS; Invitrogen). After two days, the culture medium was replaced with one
containing 1B-arabinofuranosilcitosina (Ara-C, 5 uM), to prevent glial over-proliferation, and

then changed every three days.

In vitro dissociated amygdala cultures

All experimental procedures were performed in agreement with the Italian law (decree
26/14) and the European Union (EU) guidelines (2007/526/CE and 2010/63/UE) and were
authorized by the Italian Ministry of Health (n. 689/2017-PR, n. 22DAB.N.1Z8 and n.
22DAB.N.1WO). The animal handling was approved by the local veterinary authorities and by
the institutional (SISSA) ethical committee.

Primary cultures of amygdala cells were obtained from postnatal (P 7-10) juvenile Wistar
rats and prepared as previously described (Secomandi N. et al., 2018) with slight modifications.
In brief, rat brains were quickly removed from the skull and placed in fresh ice-cold artificial
cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 24 NaHCO3, 13 glucose, 5 HEPES,
2.5 KCl, 2 CaCl2, 2 MgSO4 and 1,2 NaPO4H2 with a pH of 7.3-7.4 when saturated with 95%
02 and 5% CO2 (Wu Y.E. et al., 2017). Coronal brain sections (800 um of thickness) were cut
using a vibratome (LeicaVT1000S) and under a dissecting microscope (Olympus SZ40), the
regions containing the amygdaloid complex was visually identified following defined anatomical

coordinates: Bregma - 1.8 mm, - 2.4 mm and 2.8 mm (Khazipov R. et al., 2015). Using a biopsy
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punch with a diameter of 1 mm (Kai Medical, Japan) the amygdala tissue was collected to be
enzymatically and mechanically dissociated following standard protocol (Cellot G. et al., 2011).
Cells were seeded onto poly-L-ornithine-coated glass coverslips at a density of 1000 cells/mm?2
and maintained in controlled conditions (at 37 °C, 5% CQO?2) for 8—12 days in vitro (DIV) prior to

experiments in Neurobasal A Medium (Invitrogen) containing B27 supplement (Thermofisher).

Immunohistochemistry and confocal microscopy

Cultured amygdala neurons were fixed in PBS containing 4 % paraformaldehyde (PFA)
for 20 min at room temperature (RT). Cells were permeabilized with 1 % Triton X-100 for 30
min, blocked with 5 % FBS in PBS for 30 min at RT and incubated with primary antibodies for
60 min. The primary antibodies used were mouse polyclonal anti-B-tubulin IIT (Sigma, 1:250
dilution), guinea-pig polyclonal anti GFAP (Alomone,1:500 dilution), rabbit polyclonal anti-
NPY1 receptor (Abcam Plc, 1:500 dilution), and rabbit polyclonal anti-NPY2 receptor
(Thermofisher, dilution 1:2000). After the primary incubation and PBS washes, neurons were
incubated for 60 min with the secondary antibodies AlexaFluor 488 goat anti-rabbit (Invitrogen,
dilution 1:500), AlexaFluor 594 goat anti-mouse (Invitrogen, dilution 1:500), AlexaFluor 647
goat anti-guinea pig (Invitrogen, dilution 1:500). Finally, cells were finally mounted on 1 mm
thick glass coverslips using the Fluoromount mounting medium (Sigma-Aldrich). Image
acquisition was taken from randomly selected fields (70.64 pm x 70.64 um) per coverslip using a
Nikon C2 Confocal, equipped with Ar/Kr, He/Ne, and UV lasers. Images were acquired with a

60x% (1.4 NA) oil-objective (using oil mounting medium, 1.515 refractive index).

Electrophysiology

Single cell patch clamp recordings of neuronal activity were obtained from both
dissociated hippocampal and amygdala cultures after 10-15 days of differentiation in vitro.
Voltage clamp whole-cell recordings were performed at RT using glass micropipettes with a
resistance of 4—7 MQ once filled with the following intracellular saline solution (in mM): 120 K
gluconate, 20 KCI, 10 HEPES, 10 EGTA, 2 MgCl2, 2 Na2ATP (pH 7.3, osmolarity adjusted to
300 mOsm). All experiments were performed at RT with the standard extracellular solution
containing (in mM): 150 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose (pH 7.4) and
continuously perfused at 2 ml/min. Cultures were mounted on a chamber and visualized with an

inverted microscope (Eclipse TE-200, Nikon, Japan). All data were collected by means of a
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Multiclamp 700A patch amplifier (Axon CNS, Molecular Devices) with a sampling rate of 10
kHz with the pClamp 10.6 acquisition-software (Molecular Devices LLC, USA). Input resistance
and cells capacitance were measured online with the membrane test feature of the pClamp
software. Spontaneous activity was recorded in voltage clamp mode at a holding potential of —58
mV, not corrected for the liquid junction potential which was —12 mV (calculated with the
Clampex software; Molecular Devices, Sunnyvale, CA, USA). The stability of the recording was
checked by repetitively monitoring the series resistance (<20 MQ and not compensated) during
the experiments and cells showing 15 % changes were excluded. The recorded traces were
analyzed offline with the AxoGraph 1.4.4 event detection software (Axon CNS, Molecular

Devices) to analyze sPSC frequency and amplitude.

Sub-acute and acute applications of complex

The complex and the related controls were applied through sub-acute and acute treatments.
Regarding sub-acute treatments, after monitoring baseline neuronal activity for 5 min, complex
(10 pg/mL and 1 uM, for s-GO and NPY, respectively) or s-GO (10 pg/mL) were applied through

the perfusion system for 5 minutes and then washed out for additional 7 min.

In acute applications, by using a Picospritzer (PDES-02DX; NPI electronic GmbH,
Germany), an injection of pressurized air (500 ms, 0.5 PSI) was used to deliver a puff of solution
containing the nanomaterial or the complex to hippocampal neurons. The puff pipette, located at
a distance of 200 pm from the recorded cell, was filled with extracellular solution (control), s-GO
(100 ug/mL) or s-GO-NPY (100 pg/mL and 10 pM, respectively), all diluted in extracellular
saline solution. Considering the volume (1 mL) of the extracellular solutions in the recording
chamber, the final concentration of complex, s-GO (or control solution) reaching the patch-
clamped neurons was 10 % of that present in the puff pipette (Secomandi N. et al., 2020). sPSC

were recorded before and after (10 min each) the local ejection.

Chemical LTP induction to amygdala neurons and sub-acute application of compelx

To induce LTP in dissociated amygdala cultures under voltage clamp mode, our
previously described protocol was applied (Franceschi B.A. et al., 2021). Briefly, after recording
spontaneous activity for 8 min as baseline, 50 pM of glutamate for 30 s was applied to the entire
chamber, while the membrane potential of the recorded cell was depolarized from -58 mV to +4

mV. In the experiments where dissociated cells were treated with s-GO:NPY or NPY, they were
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applied through the perfusion system at a concentration of 10 pg/mL and 1 uM, respectively, for
5 min before the 30 s-long lasting application of 50 uM of glutamate.

The effects of LTP induction and s-GO interference were monitored 24 min after the
baseline collection through the measure of EPSC frequencies and amplitudes, in the absence of

any drugs.

Experimental design for in vivo procedure

Experimental procedures were carried out in accordance with the Italian law (decree
26/14) and the EU guidelines (2007/526/CE and 2010/63/UE) and were approved by the Italian
Ministry of Health (n. 22DAB.11). Male adult Wistar rats weighed 230-280 g (n=29) were used
to perform the in vivo experiments. Food and water were provided at libitum. The enclosure was

maintained at 21 = 2 °C on a light-dark cycle (lights on from 7 p.m. to 7 a.m.).

Behavioural experiments were performed as described previously (Franceschi B.A. et al.,
2021). Briefly, aversive memory behavioural responses were evaluated in the avoidance box,
which consisted of a rectangular arena (40 x 26 x 36 cm) with black acrylic-plexiglass walls
covered with a transparent plexiglass lid. At one side of the arena, an alligator clip fixed in the
wall is positioned 4 cm above the floor. A smaller box (20 x 26 x 22 cm) covered with a black
plexiglass lid, named hide box, is positioned in the opposite direction of the rectangular arena.
Arena and hide box were separated by a small 6 x 6 cm square hole allowing free access to both
chambers. Rats were placed inside the hide box with free access to the arena for 3 consecutive

days to habituate to the apparatus for 10 minutes.

On the fourth day, the time spent in the following defensive behaviour was recorded: head
out (namely, the rat scanning the environment from a protected position, measured as poking of
the head, or of head and shoulders, outside of the hide box but with the bulk of the rat body inside
of it). After, rats were divided in two groups (n=6 per group), exposed to either a piece (2 cm) of
an unworn collar (UC), without any cat odour or a piece of the collar previously worn by the cat,
named worn collar (WC). Collars were worn by an encaged cat. Rats were re-exposed (10
minutes) to the context, arena without the cat collar to evaluate the aversive memory related to

the conditioned fear.

Head out behavioural response was analyzed during the re-exposure to the context at 8
days post-exposure. Shortly thereafter, long-term anxiety-related behaviour was evaluated using

the elevated plus maze (EPM). Which consisted of four arms (50 x 10 x 40 cm), two open arms
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(without walls) and two closed arms (with 40 cm high walls) connected by a central square (10 x
10 cm). The maze was elevated 50 cm from the ground. Rats (n=6 per group) were placed in the
closed arm and were allowed to freely explore the apparatus for 5 minutes. Percentage of time

spent in the open zone was evaluated.

Exploratory and locomotor activities of rats (n = 6 per group) were measured in the OF
apparatus, a square arena with the 60 x 60 x 40 cm black plexiglass walls and floor. Total distance

moved (cm) in the open field were analyzed following the EPM testing.

All behavioural tests were performed between 8 a.m. and 12 p.m. under 12 Ix luminosity
and videorecorded for off-line analysis. The XPloRat software (Tejada et al., 2017) was used to
score the behaviours. Next day, animals were submitted to stereotaxic surgery as described
previously (Biagioni A.F. et al., 2016). Briefly, animals were anesthetized with intraperitoneal
injection of ketamine (Ketamine Imalgene®, Merial Laboratories) and xylazine (Sedaxylan®,
Dechra Veterinary Products) at 92 mg/kg and 10 mg/kg body weight, respectively, and fixed in a

stereotaxic frame.

A stainless-steel guide cannula (outer diameter, 0.6 mm, and inner diameter, 0.4 mm) was
implanted in the diencephalon aimed to the LA. The upper incisor bar was set at 3.3 mm below
the interaural line so that the skull was horizontal between bregma and lambda. The guide cannula
was vertically introduced using bregma as the reference and the following coordinates: A.P.—3.48
mm, M.L.—5.2 mm and D.V.—7 mm, according to Paxinos G. and Watson C.R., 2007. At the end
of the surgery, the acrylic resin and two stainless steel screws were used to fix the guide cannula
in the skull. In order to protect the guide cannula from obstruction a stainless-steel wire was used

to seal it.

Analgesic and antibiotic medications were administrated postoperatively. Three days
later, rats were gently wrapped in a cloth and held while they received a random treatment into
LA of either s-GO (50 pg/mL), NPY (u5SM) s-GO/NPY or ACSF solution (composition described
below) delivered by a needle (0.3 mm of outer diameter) linked to a syringe (Hamilton) through
a polyethylene tube. The injection needle was inserted through the guide-cannula until it reached
the LA (2 mm below the guide-cannula). Only rats that needle tip reached the LA were included

in the study. Four days later, animals were submitted to the behavioural testing.

All experimental procedures were planned to minimize the number of animals used and

their suffering.
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Data analysis and statistics

All values from samples subjected to the same experimental protocols were pooled
together and expressed as mean + s.e.m with n = number of cells, unless otherwise indicated. For
electrophysiological data, Shapiro-Wilk normality test was applied to evaluate the statistical
distribution of the data sets. Statistically significant difference between two data sets was assessed
by Student’s t-test for parametric data and by Mann—Whitney for non-parametric ones. All
comparisons between more than 2 groups were made with one-way ANOVA for parametric data,
followed by using Holm-Sidak’s multiple comparisons test for post hoc analysis. Not parametric
data were analyzed with Kruskal-Wallis test and post hoc analysis was done with Dunn’s multiple
comparison test. Data from independent groups of animals exposed to the cat collar were checked
for normality and homogeneity and analyzed using Student’s unpaired two-tailed t-test. All
comparisons between two independent variables were made with one-way ANOVAs, followed

by Tukey’ multiple comparison test when appropriated.

References

1. A.F. Biagioni, R.C. de Oliveira, R. de Oliveira, J.A. da Silva, T. dos Anjos-Garcia, C. M.
Roncon, A.P. Corrado, H. Zangrossi, N.C. Coimbra, Eur. Neuropsychopharmacol 26 (2016)
532-545.

2. Acuna-Goycolea C, Tamamaki N, Yanagawa Y, Obata K, van den Pol AN. Mechanisms of
Neuropeptide Y, Peptide YY, and Pancreatic Polypeptide Inhibition of Identified Green
Fluorescent Protein-Expressing GABA Neurons in the Hypothalamic Neuroendocrine

Arcuate Nucleus. J. Neurosci. 2005;25:7406—7419.

3. Bacci A, Huguenard JR, Prince DA. Differential modulation of synaptic transmission by

neuropeptide Y in rat neocortical neurons. PNAS 2002;99:17125-17130.

4. Bramini M, Sacchetti S, Armirotti A, Rocchi A, Vazquez E, Leon Castellanos V, Bandiera T,
Cesca F, Benfenati F. Graphene oxide nanosheets disrupt lipid composition, Ca2+

homeostasis, and synaptic transmission in primary cortical neurons. ACS Nano

2016;10:7154-7171.

128



10.

11.

12.

13.

14.

15.

16.

. Broqua P, Wettstein JG, Rocher MN, Gauthier-Martin B, Junien JL. Behavioural effects of

neuropeptide Y receptor agonists in the elevated plus-maze and fear-potentiated startle

procedures. Behav Pharmacol. 1995 Apr;6(3):215-222.

Cellot G, Toma, FM, Varley ZK, Laishram J, Villari A, Quintana M, Cipollone S, Prato M,
Ballerini, L. Carbon Nanotube Scaffolds Tune Synaptic Strength in Cultured Neural Circuits:

Novel Frontiers in Nanomaterial-Tissue Interactions. J. Neurosci. 2011;31:12945-12953.

Cellot G, Vranic S, Shin Y, Worsley R, Rodrigues AF, Bussy C, Casiraghi C, Kostarelos K,
McDearmid JR. Graphene oxide nanosheets modulate spinal glutamatergic transmission and

modify locomotor behaviour in an in vivo zebrafish model. Nanoscale Horiz. 2020;5:1250—

1263.

Chen Y,Star A, Vidal S. Sweet carbon nanostructures: Carbohydrate conjugates with carbon

nanotubes and graphene and their applications. Chem. Soc. Rev. 2013;42:4532-42.

Colmers WF, El Bahh B. Neuropeptide Y and Epilepsy. Epilepsy Curr. 2003;3:53-58.

Colmers WF, Lukowiak K, Pittma QJ. Neuropeptide Y Action in the Rat Hippocampal slices:
Site and Mechanism of Presynaptic Inhibition. J. Neurosci. 1988;8:3827-3837

Colmers WF, Lukowiak K, Pittman QJ. Presynaptic action of neuropeptide Y in area CA1 of
the rat hippocampal slice. J. Physiol. 1988a;383:285-299.

Di Mauro G, Rauti R, Casani R, Chimowa G, Galibert AM, Flahaut E, Cellot G, Ballerini L.
Tuning the Reduction of Graphene Oxide Nanoflakes Differently Affects Neuronal Networks
in the Zebrafish. Nanomaterials. (2021).

Dielenberg RA, Hunt GE, McGregor IS. "When a rat smells a cat": the distribution of Fos
immunoreactivity in rat brain following exposure to a predatory odour. Neuroscience.

2001;104(4):1085-97.

Franceschi Biagioni A, Cellot G, Pati E, Lozano N, Ballesteros B, Casani R, Coimbra N,
Kostarelos K, Ballerini L. Graphene oxide prevents lateral amygdala dysfunctional synaptic

plasticity and reverts long lasting anxiety behaviour in rats. Biomaterials 2021;271:120749.

G. Paxinos, C.R. Watson, The Rat Brain in Stereotaxic Coordinates, sixth ed., Elsevier

Academic Press, San Diego, 2007.

Geim AK Graphene: Status and Prospects. Science 2009;324:15304.
129



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Heilig M. Antisense inhibition of neuropeptide Y (NPY)-Y1 receptor expression blocks the
anxiolytic-like action of NPY in amygdala and paradoxically increases feeding. Regul Pept.

1995 Oct 20;59(2):201-5.
J. Tejada, K.T. Chaim, S. Morato, Psicol. Teor. Pesqui. 33 (2017) e3322.

John AA, Subramanian AP, Vellayappan M V, Balaji A, Mohandas H, Jaganathan SK. Carbon
nanotubes and graphene as emerging candidates in neuroregeneration and neurodrug delivery.

Int. J. Nanomedicine 2015;10:4267-717.

Kask A, Rdgo L, Harro J. Anxiolytic-like effect of neuropeptide Y (NPY) and NPY13-36
microinjected into vicinity of locus coeruleus in rats. Brain Res. 1998 Mar 30;788(1-2):345-

8.

Kautz M, Charney DS, Murrough JW. Neuropeptide Y, resilience, and PTSD therapeutics.
Neurosci Lett. 2017 May 10;649:164-169.

Khazipov R, Zaynutdinova D, Ogievetsky E, Valeeva G, Mitrukhina O, Manent JB, Represa
A. Atlas of the Postnatal Rat Brain in Stereotaxic Coordinates. Front Neuroanat. 2015 Dec

23;9:161.

Kitko KE, Zhang Q. Graphene-based nanomaterials: from production to integration with

modern tools in neuroscience. Front. Syst. Neurosci. 2019;13:26.

Klapstein GJ, Colmers WF. On the Sites of Presynaptic Inhibition by Neuropeptide Y in Rat
Hippocampus in vitro. Hippocampus 1993;3:103—112.

Kostarelos K, Novoselov KS. Exploring the Interface of Graphene and Biology. Mater. Sci.
2020;21:261-3.

Masneuf S, Lowery-Gionta E, Colacicco G, Pleil KE, Li C, Crowley N, Flynn S, Holmes A,
Kash T. Glutamatergic mechanisms associated with stress-induced amygdala excitability and

anxiety-related behaviour. Neuropharmacology. 2014 Oct;85:190-7.

Mousavi SM, Hashemi SA, Ghasemi Y, Amani AM, Babapoor A, Arjmand O. Applications
of graphene oxide in case of nanomedicines and nanocarriers for biomolecules: review study.

Drug Metab Rev. 2019 Feb;51(1):12-41. 69.

130



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Mufioz-Abellan C, Daviu N, Rabasa C, Nadal R, Armario A. Cat odour causes long-lasting
contextual fear conditioning and increased pituitary-adrenal activation, without modifying

anxiety. Horm Behav. 2009 Oct;56(4):465-71.

Pchitskaya E, Bezprozvanny 1. Dendritic spines shape analysis—classification or

clusterization? Perspective. Front. Synaptic Neurosci. 2020;12:31.

Pinto AV, Ferreira P, Fernandes PA, Magalhdes AL, Ramos MJ. Development of Nanoscale
Graphene Oxide Models for the Adsorption of Biological Molecules. J Phys Chem B. 2022
Oct 25.

Qian J, Colmers WF, Saggau P. Inhibition of Synaptic Transmission by Neuropeptide Y in
Rat Hippocampal Area CAl: Modulation of Presynaptic Ca2+Entry. J. Neurosci.
1997;17:8169-8177.

Rauti R, Lozano N, Le6n V, Scaini D, Musto M, Rago I Ulloa Severino FP, Fabbro A, Casalis
L, Vazquez E, Kostarelos K, Prato M, Ballerini L. Graphene oxide nanosheets reshape

synaptic function in cultured brain networks. ACS Nano 2016;10:4459-4471.

Rauti R, Medelin, M, Newman, L, Vranic, S, Reina G, Bianco A, Prato M, Kostarelos K,
Ballerini L. Graphene oxide flakes tune excitatory neurotransmission in vivo by targeting

hippocampal synapses. Nano Lett. 2019;19:2858-2870.

Rosenkranz JA, Venheim ER, Padival M. Chronic stress causes amygdala hyperexcitability
in rodents. Biol Psychiatry. 2010 Jun 15;67(12):1128-36.

Sajdyk TJ, Johnson PL, Leitermann RJ, Fitz SD, Dietrich A, Morin M, Gehlert DR, Urban
JH, Shekhar A. Neuropeptide Y in the amygdala induces long-term resilience to stress-
induced reductions in social responses but not hypothalamic-adrenal-pituitary axis activity or

hyperthermia. J Neurosci. 2008 Jan 23;28(4):893-903.

Sanchez VC, Jachak A, Hurt RH, Kane AB. Biological interactions of graphene-family

nanomaterials: An interdisciplinary review. Chem. Res. Toxicol. 2012;25:15-34.

Secomandi N, Franceschi Biagioni A, Kostarelos K, Cellot G, Ballerini L. Thin graphene
oxide nanoflakes modulate glutamatergic synapses in the amygdala cultured circuits:

Exploiting synaptic approaches to anxiety disorders. Nanomedicine: NBM 2020;26:102174.

131



38.

39.

40.

41

42.

43.

44.

45.

46.

Silva GA. Neuroscience nanotechnology: progress, opportunities and challenges. Nat. Rev.

Neurosci. 2006;7:65-74.

Smith KR, Kopeikina KJ, Fawcett-Patel JM, Leaderbrand K, Gao R, Schurmann B, Myczek
K, Radulovic J, Swanson GT, Penzes P. Psychiatric risk factor ANK3/Ankyrin-G

nanodomains regulate the structure and function of glutamatergic synapses. Neuron

2014;84:399-415.

Vollmer LL, Schmeltzer S, Schurdak J, Ahlbrand R, Rush J, Dolgas CM, Baccei ML, Sah R.
Neuropeptide Y Impairs Retrieval of Extinguished Fear and Modulates Excitability of
Neurons in the Infralimbic Prefrontal Cortex. J Neurosci. 2016 Jan 27;36(4):1306-15.

. Wagner L, Wolf R, Zeitschel U, Rossner S, Petersén A, Leavitt BR, Késtner F, Rothermundt

M, Gértner U, Giindel D, Schlenzig D, Frerker N, Schade J Manhart S, Rahfeld J, Demuth H,
Horsten S. Proteolytic degradation of neuropeptide Y (NPY) from head to toe: Identification
of novel NPY-cleaving peptidases and potential drug interactions in CNS and Periphery. J.
Neurochem. 2015;135:1019-37.

Wermuth CG, Bourguignon JJ, Schlewer G, Gies JP, Schoenfelder A, Melikian A, Bouchet
MJ, Chantreux D, Molimard JC, Heaulme M, et al. Synthesis and structure-activity
relationships of a series of aminopyridazine derivatives of gamma-aminobutyric acid acting

as selective GABA-A antagonists. ] Med Chem. 1987 Feb;30(2):239-49.

Wu YE, Pan L, Zuo Y, Li X, Hong W. Detecting Activated Cell Populations Using Single-
Cell RNA-Seq. Neuron. 2017 Oct 11;96(2):313-329.¢6.

Xia Y. Nanomaterials at work in biomedical research. Nat. Mater. 2008;7:758-60.

Zhang B, Koh Y H, Beckstead R B, Budnik V, Ganetzky B, Bellen H J. Synaptic vesicle size
and number are regulated by a clathrin adaptor protein required for endocytosis. Neuron

1998;21: 1465-1475.

Zhang Y, Liu C, Chen W, Shi Y, Wang C, Lin S, He, H. Regulation of neuropeptide Y in
body microenvironments and its potential application in therapies: a review. Cell &

Bioscience 2021;11:151.

132



A Sub-acute application B

(5 min) Patch clamp .5 Baseline  Application 5 Wash out min
: P ———S =3
recording

Saline
e e
Solution \ / Solution
inflow outflow I , I __lé

C

[ Saline

s-GO GONPY
> 151 Ssconey Lt ' '
2 CONPY *
- *
3 I
g 10 e L J
— y

NPY I
% T
% 05 Il
g il
g I
z I | I
0.0 _ - - . Pre- i Post- ;  Post- jRecovery
5 min 0-3.5 min 3.5-7T min 7-12 min (-5-0min)  (0- 3.5min) (3.5- Tmin) (7 - 12 min)
po—— = s
Pre- Post- Recovery
re-puff t-puff
D E prep Saline ER F Ol saline
Acute application (500 ms [Js-GO
POl ( ) Y -!} UL L Mt u]w"rll ™ ?_" 2 L;—(’i():NI’Y >
2
Patch clamp §- - |
RN racording s-00 i |
PR z

Post-puff

...—.-,,.—,,_...——'M—-—— ey ol r PY Py

Figure 1. Both s-GO and NPY retain their modulatory activity on synapses once complexed in
the drug delivery system. (A) Sketch of the experimental setting: patch clamp recording of a single
neuron during sub-acute (5 min) application of saline, s-GO, s-GO:NPY or NPY. (B)
Exemplificative traces of patch clamp recordings performed during different treatments (saline in
black, s-GO in grey, s-GO:NPY in orange and NPY in green), showing as free NPY or in complex
with s-GO induced a transient decrease in neuronal activity after peptide application. (C) Bar plots
of normalized sPSC frequency for the different treatments at various time points after treatments.
Note that both s-GO:NPY and NPY induced a similar decrease in sPSC frequency between 3.5
and 7 min after the beginning of the application. (D) Sketch of acute pressure puff application
during patch clamp recordings of hippocampal neurons in voltage clamp mode. (E)
Exemplificative traces of recorded neurons before and after the puff applications of different

treatments (saline in black, s-GO in grey and s-GO:NPY in orange), illustrating as both
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uncomplexed and complexed s-GO induced an increment of the frequency of sPSC. (F) Graph
showing normalized sPSC frequency after the different treatments. Note the tendency of a post-

application increase in sPSC frequencies of both uncomplexed and complexed s-GO. *P<0.05.
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Figure 2. Uncomplexed or s-GO complexed NPY are able to prevent the cLTP of amygdala
dissociated cultures. (A) Representative fluorescence microscopy images of amygdala cultured

cells showing the labelling for B-tubulin-positive neurons (in red) and for neuropeptide Y
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receptors (in green) type 1 (NPY1; left) and type 2 (NPY2; right), respectively. In blue, GFAP-
positive astrocytes. (B) Sketch of the experimental setting: single neuron recorded in voltage
clamp is treated with NPY or s-GO:NPY 5 minutes before and during the 30 s-long lasting
application of glutamate (50 uM) and the depolarization to positive values of membrane potential
to induce cLTP. (C) Representative traces of recordings performed before and after different
treatments, showing as the increment of sPSC amplitude after cLTP induction (in blue) was
prevented by the application of s-GO:NPY (in orange) or NPY (in green). (D) Plots of normalized
EPSC frequencies and amplitudes 18 min after cLTP (valued in 6 min time). Note the tendency
after application of NPY or s-GO:NPY to rescue the increased EPSC amplitude observed in
cLTP-treated cells, while the EPSC frequency was not affected. *P<0.05.

A Experimental Timeline

-1 0 1 4 8 8  Day

Hab‘ltuation Exp%)sure Stereotaxic Surgery Microinjection Behavioral‘testing Histology
|

b cu .
7 Collar VE

uC wc Re-exposure
B s00- C D [ Saline 1 s-GO:NPY
*okok ok ' 1s-GO [ NPY

~ 400 X ! _g % g 2500
& ﬁi 1 - °\ X \2‘
S 3001 | koK . -E :40 HE s 2000
° 5 530‘ g 1500:
= 200 o« g
E 2 5 20- o 1000

o - = z

wC — - a
ve ucC WC ucC WwC ucC WC
Exposure Reexposure
RE-EXPOSURE EPM OF
TO THE CONTEXT

Figure 3. Aversive memory impairment exerted by NPY or s-GO:NPY complex injected into LA.
(A) Schematic representation of the experimental timeline and behavioural testing. (B) On the
left, bar plot summarizing the head out behavioural responses evoked by the exposure to UC or
WC and by the re-exposure to the context after s-GO, s-GO:NPY, NPY or saline microinjections
into the LA. In the middle, bar plot showing the time spent in the open arms of EPM apparatus in
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UC and WC treated with s-GO, s-GO:NPY, NPY or saline. On the right, bar plot reporting the
total distance travelled in the OF apparatus in UC and WC treated with s-GO, s-GO:NPY, NPY
or saline. N = 5-7 for each group. *p < 0.05.
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Supplementary Figure 1. s-GO:NPY complex exerts its biological activity of neuromodulation
binding NPY receptors and selectively targeting glutamatergic synapses. (A) Representative
traces of recordings performed during the sub-acute application of NPY, both in the complex
formulation (orange traces, right) or alone (green traces, left), and in the absence (top traces) or

presence (bottom traces) of Y1 and Y2 receptor antagonists. No modification of synaptic activity
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was observed under the presence of the antagonists. (B) Exemplificative traces of voltage clamp
recordings of EPSC, pharmacologically isolated with gabazine (10 uM), acquired during different
treatments (saline in black, s-GO-NPY in orange and NPY in green), showing as pure NPY or in
complex with s-GO induced a decrease in neuronal activity from 3.5 to 7 min after the beginning
of the treatment. (C) Bar plots of normalized EPSC frequency and for the different treatments
during the 3.5, 7 and 12 minutes after the beginning of application. Note that both s-GO-NPY and
NPY induced a similar decrease in sPSC frequency from 3.5 to 7 min after the beginning of the

application, but only the effect of the complex persists during the recovery phase. *P<0.05.
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APPENDIX

In this section, additional series of experiments that were performed in relation to the thesis
main subject are illustrated. These data support future directions of this line of research but they are
described separately as we did not obtain the expected outcomes. However, they open new
perspectives to be tested in the next future. The topic addressed here was to test and compare the
biological effects of different ligands selected for Y2 receptor selectivity of NPY.

NPY: SUBTYPE SELECTIVITY STUDIES

The NPY family is a multireceptor/multiligand system consisting of four G-protein coupled
receptors in humans (hY1, hY2, hY4, hY5) and three agonists (NPY, PYY, PP) which bind and
activate them with different potency and affinity (Pedragosa-Badia X. et al., 2013). NPY receptors
plays different roles in regulating several biological processes making this NPY system particularly
intricate in both physiology and pathology. The heterogeneity of NPY receptors was first observed
in studies of sympathetic neuroeffector junctions, where diverse NPY signalling pharmacology was
evaluated (Wahlestedt C. et al., 1986). In the brain, these receptors are differentially distributed and
exert different roles. For instance, human Y1 receptor seems to have anti-stress and anxiolytic effects
in both the hippocampus (Olesen M. V. et al., 2012) and amygdala (Heilig M. et al., 2004; Kautz et
al., 2017) even if, in the hippocampus it seems to have pro-epileptic and pro-convulsant outcome
(Colmers W.F. etal., 2003). Conversely, potentiation of Y2 signalling seems to be anxiogenic (Heilig
M. et al., 2004, Sajdyk T.J. et al., 2002; 2002a) but also anti-epileptic by reducing the probability of
release of the glutamate neurotransmitter (Vezzani A. et al., 2004). In the therapeutic field, the
importance of the NPY affinity for specific receptors leads to the design of selective analogues. To
obtain subtype selective ligands, the peptide has to be modified in key positions permitting the
modulation of the ligand preference for a receptor. The selectivity to a particular receptor subtype
can be obtained by the truncation of one or more fragments and one of the most investigated
approaches are N- or C- terminal truncations.

Y2 receptor in mood disorders

The role of NPY in anxiety, depression and epilepsy has been extensively studied but only a
few efforts have focused on developing a NPY receptor modulator for psychiatric purposes (Brothers
S.P. et al, 2010).

The Y2 receptor is predominantly expressed presynaptically in hippocampal neurons, in the
thalamus, hypothalamus, and in the peripheral nervous system (Widdowson P.S., 1993; Cabrele C.
and Beck-Sickinger A.G., 2000). It acts through a negative-feedback pathway of NPY release (King
P.J. et al, 1999). This led to speculate that, since NPY is an anxiolytic-like substance, a synthetic
compound that blocks the Y2 receptor or Y2 receptor antagonists would increase NPY levels in the
CNS and may treat certain psychiatric diseases. Hence, since Y2 receptor controls the release of
neurotransmitter by the presynaptic terminal, a reduction of glutamate in the amygdala through Y2
blockage may inhibit the pathological LTP associated to PTSD (Parsons M.P. et al., 2014). However,
to date there are not enough data on efficacy and side effect outcomes of NPY-related compounds.
In this regard, there is a pressing need to develop useful NPY related small molecule ligands to
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finally understand the role of NPY in pathologies and to assess the clinical therapeutic potential of
NPY signalling pathways.

For such reasons, during the last year of my PhD, we decided to test some Y2 receptor
selective NPY sequences.
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Figure 1. Relevant amino acid positions (A) and truncated peptides (B) to introduce selectivity to
NPY receptors (from Pedragosa-Badia X. et al., 2013).

RESULTS

Since most used Y2 receptor selective NPY-analogues are the N-terminally truncated forms
of NPY (Fig.1, Pedragosa-Badia X. et al., 2013), we collaborated with Prof. Alberto Bianco’s group
(Strasbourg University, France) where two C-terminal NPY short peptides were synthetised: NPY
13-36 and 26-36. The two different sequences, corresponding to the truncated sequences of the NPY
peptide containing the C-terminal a-helix, are X-PAEDMARYYSALRHYINLITRQRY-NH2 and
X-HYINLITRQRY-NH2, X corresponding to the 5-hexynoic acid modification as the previous NPY
peptide. The first sequence corresponds to the complete sequence of the a-helix present in the human
NPY, devoid of the N-terminal part of the peptide. This sequence is the first agonist reported to act
preferentially at NPY Y2 receptors (Brothers S.P. et al, 2010). NPY 26-36 is instead a fragment of
the C-terminal part of the peptide but still localized in the helical part, which also possesses a
specificity toward human Y2 receptors (Wieland H.A. et al, Peptides, Volume 16, Issue 8, 1995).

Once tested through pharmacological experiments that the NPY effects in our model of
cultured hippocampal neurons are mediated mainly by the Y2 receptor (Cellot G. et al., 2022, ACS
Applied Nano Materials, under revision), we firstly verified if these short sequences exerted
biological activity. As depicted in the figure 2, we applied these compounds sub-acutely (5 minutes;
1 uM) in our hippocampal cultures during patch clamp recordings of the spontaneous synaptic
activity of neurons. Our data reported that, differently from NPY entire sequence used as control,
both NPY 13-36 and 26-36 peptides did not exert any effect on neuronal synaptic activity (Fig.2).
According to NPY 26-36, we confirmed previous works reporting this short peptide as inactive
(Barraco R.A. et al., 1991). Conversely, for NPY 13-36 we concluded that this short sequence has
no modulatory activity on synaptic function in our in vitro hippocampal model. Since the inactivity
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of the free form of these short peptides, we did not proceed in testing the effect of conjugates with
s-GO.

In our opinion, the detection of small compounds which can bind with high level of selectivity
NPY receptor subtypes is a focus for the scientific community over the next years. In fact, although
the promising background, no clinically approved CNS therapeutics based on NPY receptor ligands
are currently available. It is therefore our future objective to test additional specific ligands of NPY
receptors to be conjugated with GO on different in vitro brain networks.
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Figure 2. Short NPY sequences do not modulate neuronal activity. (a) Experimental setting. (b)
Exemplificative traces of recordings performed during different treatments (NPY entire sequence in
blue, NPY 13-36 in light blue and NPY 26-36 in cyan) showing that the two short sequences were
not able to induce effect of synaptic activity reduction, as instead shown for NPY. (¢) Plots showing
normalized sPSC frequency for the different treatments during the effect phase (corresponding to the
last two minutes of application together with the initial phase of wash out). This was 0.59 + 0.09 for
NPY, 1.19 £0.22 for NPY 13-36 and 0.93 £ 0.14 for NPY 26-36. Note that only NPY long sequence
induced a statistically significant decrease in sPSC frequency among NPY fragments, *P<0.05.
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CONCLUSIVE REMARKS

Nanomaterials might offer exciting alternatives to cope with the growing demand for more
effective and safer treatments in biomedicine. Among them, in the last few years GBNs have been
acquiring increasing attention in neuroscience. Thanks to their peculiar physical-chemical properties,
GBNs can be exploited as components of promising nano-tools for personalized medical approaches,
such as bioelectronic devices, tissue scaffolds, as well as nanovectors in drug-delivery systems
(Wang K. et al., 2021; Gui W. et al., 2018; Reina G. et al., 2017; Feng L. et al., 2013; Kostarelos K.
et al., 2017; Bramini M. et al., 2018). It is therefore extremely urgent a detailed study of the
interactions between the nanomaterial and the neuronal function, under both pathological and
physiological conditions.

Our previous results showed that s-GO interfered with the glutamatergic synaptic activity of
rat hippocampal neurons both in vitro and in vivo (Rauti R. et al., 2016; Rauti R. et al., 2019). This
result was confirmed by our recent investigations where s-GO emerged not only as synaptic
modulator, but also as nano-tool to modulate behaviours that correlates with the activity of neuronal
network exposed to the nanomaterial (Cellot G. et al., 2020; Franceschi B.A. et al., 2021).

In this thesis, my main goal was to investigate from a mechanistic perspective how s-GO
acted on amygdala glutamatergic neurons at the synaptic level in a pathological condition
characterized by exceeding excitatory transmission (PTSD) and if this interference could prevent
correlated anxiety-related behaviours.

In details, I focused on an in vitro model of artificially potentiated amygdala synapses, which
recapitulates the abnormal hyperexcitability occurring in anxiety-related diseases (Hadley D. et al.,
2014; Klein R.C., et al., 2014; Duval E.R. et al., 2020). Through a combination of
electrophysiological investigations and imaging analysis, first I demonstrated that the application of
s-GO during cLTP prevented synaptic potentiation and, second, that such an effect was mediated by
targeting of presynaptic excitatory terminals, where the nanomaterial interfered with the machinery
of vesicle dynamics, reducing the probability of glutamate release.

Under the supervision of Dr. A. Franceschi Biagioni, other members of Prof. Ballerini’s
group, confirmed and extended my results to an in vivo animal model of PTSD (Franceschi B.A. et
al., 2021) to address s-GO interfering with the long-lasting behavioural responses related to anxiety
disorders. Thanks to this paradigm, we found that a single injection of the nanomaterial, delivered
in the LA in the time window critical for the formation of the pathological plasticity, reverted plastic
changes in dendritic spines related to the LTP and decrease anxiety-related behaviours. All together
in vitro and in vivo findings suggest that s-GO, by reducing the probability of glutamate release from
presynaptic terminals, could hamper the expression of LTP in the LA, thus inhibiting the appearance
of correlated anxiety behaviours.

s-GO biocompatibility, its dispersibility in water solutions and the precise targeting of
excitatory synapses make this nanomaterial ideal as platform for selective drug delivery systems.
Hence, the final part of my thesis focused on the characterization of a nano-complex formulation
where NPY, a modulator of neuronal transmission (Colmers W.F. et al., 1988; Klapstein G.J. et al.,
1993; Bacci A. et al., 2002) was absorbed onto s-GO. The peptidic nature of NPY makes it quickly
degradable and limits its use in therapeutic approaches for the treatment of neurodisorders (Wagner
L. etal., 2015), thus the complexation to the nanomaterial might be a successful strategy to improve
the pharmacokinetic properties of NPY.

141



In the framework of potential therapeutic applications for anxiety disorders, I performed
preliminary experiments to test the effect of NPY in nano-complex formulation with s-GO. Through
acute and subacute applications of s-GO:NPY to hippocampal cultures (our standard for testing novel
nanomaterials, Rauti R. et al., 2016; Rauti R. et al., 2019; Secomandi N. et al., 2020; Di Mauro G. et
al., 2021), we observed that both the nanomaterial and the carried bioactive molecule retained their
biological activity of modulators of synaptic activity. When we used this nano-formulation in our in
vitro model of potentiated amygdala cultures, we observed that both s-GO:NPY and free NPY
prevented in a similar manner the onset of LTP when applied during cL TP induction, suggesting the
lack of a summation between nanomaterial and peptide effects (or a saturation of the pathway
involved).

Preliminary experiments carried out by my colleagues on the PTSD rat model confirmed that
NPY complexed to the nanomaterials retained in vivo its biological activity on neurons. However,
differently from not complexed s-GO effect, the rescue of the contextual fear memory (but not of the
anxiety-related responses) observed in animals treated with s-GO:NPY or NPY suggested that the
drug delivery system could be driven to specific neuronal circuit by NPY. In this light, this nano-
formulation may be exploited as a highly selective targeting towards specific neurons expressing
NPY receptors.

As indicated by some preliminary experiments reported in the appendix, future perspective
for this project will be to identify NPY short sequences to be complexed to s-GO, in order to increase
selectivity for Y2 receptor. In the context of a therapy, this could reduce potential side effects related
to the existence to multiple NPY receptors involved in several physiological functions (Olesen M. V.
etal., 2012, Kautz et al., 2017, Colmers W.F. et al., 2003).

In conclusion, the work of my thesis characterized in pathological condition the efficacy of
s-GO, free or in complexation with bioactive compounds, as modulator of synaptic activity and
correlated behaviours.

Thanks to the mechanistic insight of this research, I contributed to identify a novel nano-tool
that might be used for the treatment of anxiety-related disorders and, more in general, for other
neuropathologies characterized by exceeding glutamatergic transmission.
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