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-Abstract-

The role of non-neuronal brain cells, called astrocytes, is emerging as crucial in brain function and
dysfunction, encompassing the neurocentric concept that was envisioning glia as passive components.
lon and water channels and calcium signalling, expressed in functional micro and nano domains,
underpin astrocytes’ homeostatic function, synaptic transmission, neurovascular coupling acting
either locally and globally. In this respect, a major issue arises on the mechanism through which
astrocytes can control processes across scales. Finally, astrocytes can sense and react to extracellular
stimuli such as chemical, physical, mechanical, electrical, photonic ones at the nanoscale. Given their
emerging importance and their sensing properties, my PhD research program had the general goal to
validate nanomaterials, interfaces and devices approaches that were developed ad-hoc to study
astrocytes. The results achieved are reported in the form of collection of papers. Specifically, we
demonstrated that i) electrospun nanofibers made of polycaprolactone and polyaniline conductive
composites can shape primary astrocytes” morphology, without affecting their function ii) gold coated
silicon nanowires devices enable extracellular recording of unprecedented slow wave in primary
differentiated astrocytes iii) colloidal hydrotalcites films allow to get insight in cell volume regulation
process in differentiated astrocytes and to describe novel cytoskeletal actin dynamics iv) gold
nanoclusters represent nanoprobe to trigger astrocytes structure and function v) nanopillars of
photoexcitable organic polymer are potential tool to achieve nanoscale photostimulation of
astrocytes. The results were achieved by a multidisciplinary team working with national and
international collaborators that are listed and acknowledged in the text.

Collectively, the results showed that astrocytes represent a novel opportunity and target for
Nanoscience, and that Nanoglial interface might help to unveil clues on brain function or represent

novel therapeutic approach to treat brain dysfunctions.
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Introduction

Nanoneuroscience: an emerging bridge between Nanotechnology and Neuroscience

Nanoneuroscience has been defined as an emerging field that will bridge opportunities and challenges
across Nanoscience and Neuroscience®. The focus of such cross disciplinary field is to reply to a major
demand of tools needed to study the brain structure and function at the organ scale and, at the same
time, to unravel the chemical communications and biomolecular interactions occurring at the
nanoscale in the brain®. In this respect, neurons have been for centuries, the focus of brain studies and
related technological development. However, recent progress, sustained by empirical results
demonstrated in humans, have provided a more holistic and articulated perspective on the central
nervous system (CNS). The latter is indeed characterized by a sophisticated genetic and molecular
and functional heterogeneity of its components: i) billions of neurons with their 100 trillion of
synapses, ii) non neuronal cells called glial cells, numerically similar to neurons, with their signalling
and complex dynamics that have consolidated regulatory function, and unexpected modulatory
capabilities; and finally iii) the vascular system that is providing metabolic and regulatory support to
the machine iv) the ependymal secreting intracerebral fluid. All the different components cooperate
to the complex activity and fluctuations of the brain network, with dynamics occurring at many spatio-
temporal scale (i.e. from nanometers (nm) to meters (mt); from seconds (s) to hours (h)). The function
of the whole-network has been associated with behaviour, cognition and its dysfunction is considered
as the neural basis alteration. However, fundamental questions remain to be answered: todefine
mechanism beyond the cross-talk of different components and on the processes that allows integration
of information at scales with multiple spatiotemporal resolution. In this view, there is a demand for
Nanotechnologies that can selectively monitor and control major molecular and cellular targets of

the differet brain components, avoiding loss of relevant information in transitions across



scales?. Such and high challenge demanded cross-fertilization between neuroscience, cell biology,
chemistry, physics and engineering and material science, as well®.

As a result, the late part of 20" century led to the development of nanoscale materials, devices and
nanotools designed to interact with neural and non-neural cells, and provided notable opportunities in
neuroscience fundamental investigations and applications. Despite the efforts and the major results
achieved, applications of nanotechnology, in basic and clinical neuroscience, are still in an early-
stages of development. At the same time the lack of knowledge of specific mechanisms that generate
the complexity of the mammalian CNS and underline the brain functions and dysfunctions continue
to attract Nanoscientists and to push Neuroscientists to contaminate each other promoting unexplored
domains of their respective field*. In this respect, the past four decades highlighted the importance of
glial cells in brain homeostasis, modulation of cognitive function and systemic functionalities.
Frequently neglected or marginally considered as a barrier to be overcome between neural implants
and neuronal target, glial cells, and in particular astrocytes, are increasingly considered as an active
player in determination of the outcomes of device implantation. Consequently, the almost unexplored
domain of Nanoglial science is parallel emerging to feed the demand of tools the selective monitoring
and control of glial cells.

In this scenario, this PhD thesis analyzed the advantages to generate and explore nanointerfaces and
devices to study brain glial cells and their contribution to processes underlying brain function or
dysfunction. The introduction, reported as Chapter I, has the objective to provide an overview on
the defined and emerging physiological and pathological role of astrocytes, then to critically
discussing the most recent advances on nanoglial interfaces and devices that enabled to reach
unprecedented insights into the role of astroglial cells in brain function and dysfunction. The research
activities and methodologies implemented within my PhD, reported nChapter 1V and discussed in
Chapter V had the general objective (Chapter I1) to propose Nanoglial science and Nanoglial

interfaces as multidisciplinary fields that will potentially i) increase



the understanding of the mechanisms underlying the structure and function of astroglial cells ii) enable
to extend our knowledge on the role of these cells in brain functions and/or in neuropathologies as Epilepsy
and Ischemia, Glioma or Alzheimer. All the activates were performed at CNR-ISOF, under the
supervision of Dr. Benfenati and with the Co-supervision of Prof. Alberto Credi, Universityof Bologna,
(UNIBO) and of the Prof. Marco Caprini, Universityof Bologna, (UNIBO). All the work presented was
developed thanks to a multisciplinary collaborative interaction with colleagues at CNR-ISOF, CNR-
IPCB, CNR-IMM, IIT-CNST, University of Bologna, University of Bari, University of Maryland, Air
Force Research Laboratory, Army Research Laboratory. All these interactions occurred through
secondments and periods spent in different labs, enabling me to be exposed to a variety of approaches,
techniques, background and human beings, truly enriching my professional experience. Nonetheless,the
participation in a regional project, in collaboration with MISTER SMART INNOVATION helpedme to
understand the fundamental step of technology transfer and industrial research. The methodologies
learned, adapted and developed to implement the research activities are reportedin Chapter I11.

The results are reported in the form of collections of paper in Chapter IV. Specifically, | tested i)
nanostructured materials interfaces made of organic polymers used electrospun nanofibers made of
biopolymers and composites developed in collaboration with the group of Prof. Luigi Ambrosio of
CNR-IPCB, Naples; ii) gold silicon coated nanowires interfaces and devices developed collaboration
with the group of Dr. Annalisa Convertino and Dr. Luca Maiolo of CNR-IMM, Rome; iii) colloidal
hydrotalcites films in collaboration with Dr. Tamara Posati and Dr Roberto Zamboni at CNR-ISOF;

iv) gold nano cluster tools in collaboration with Dr. P. Shashi Karna of Army Research Laboratory,
Auberdeen, USA,; v) semiconducting polymer interfaces based on polythiophene in form of nanopillars
in collaboration with Dr. Maria Rosa Antognazza at Italian Institute of Technology, CNST, Milan. The

biological, functional characterizations were performed in collaboration with Prof. Marco



Caprini, FABIT, UNIBO, Prof. Grazia Paola Nicchia, UNIBA, Prof. Wolgang Losert, University of
Maryland.

Collectively, as discussed in Chapter V, the results achieved demonstrate the ability of different
nanomaterials and approaches to impact on astrocytes structure and function and the transformative
potential of nanomaterials to contribute to the advance and in studying the human brain. The products
of dissemination of results and the training activities performed abroad are reported in the Chapter
VI.

The Brain Structural and Functional components

The brain appears as the most complex organ in humans, the systemic difficulty in appreciating and
revealing profoundly its architecture, is due to 1) its structural organization, 2) the multitude
physiological roles of all its constituents, 3) the complexity of the network and all the connectivity
among all the cells needed to guarantee specific behavior. According, to the neurocentric view in
neuroscience, the components the brain have been classified into: 1) neurons, also named excitable
cells that can generate action potential, that is propagated across neurons through chemical synapses;
2) glial cells, non-excitable cells, as they do not fire action potentials; 3) endothelial cells, forming
the walls of the brain blood vessels and 4) ependymal forming the choroid plexus that regulate
intracranial fluid in the 4th ventricle. The human brain contains about 100 billion neurons. The
architecture of a single neuron is made to maximize the surface area to spread connections to other
neurons through branches called dendrites. The elongation of dendrites that departs from the axon
depends on the different levels of mammalian evolution. Neurons are embedded in an extracellular
environment diffused in a volume of 1.5 It and 200 trillion contacts enabling the genesis of a higher
hierarchical dynamic organization called oscillation. In this regard, while the feature and the code of
a single action potential (spike) has been almost fully understood, neuroscientists are still not able to
unveil the mechanism at the basis of the complex and synchronized network connectivity forming
brain oscillations >°. Neurons in the brain were supposed to be supported by a class of cells, called

10



glial cells. The term ‘‘glia” was introduced to recall the concept of ‘‘glue”, (Virchow, 1856) and it
was thought that glial cells acted just as passive supporters “filling the space” between neurons. The
first precise images of glial cells (‘‘round cells with quite long and very fine processes, many of which
were directed towards blood vessels”) were drawn in 1870 by Camillo Golgi. His idea about glial
cells being not just “connective tissue and passive actors" of the brain was supported by Ramon” y
Cajal (1893); in 1891, both coined the ‘‘neuron doctrine” indicating in the white and grey matter
composing the brain of star-shaped glial cells!?. Glial cells are divided into other two classes:
microglial and macroglial cells. Microglial cells are small, round, motile cells, present in all the CNS
regions and mediating the “immune response” by phagocytosis of debris in the CNS and apoptotic
cells against pathogens elements. Recently their role is emerging in the shaping of synapsis plasticity
and in regulating neuronal survival as well>'2, Among macroglial cells are astrocytes, one of the four
major types of glial cells in the central nervous system (CNS) along with the oligodendrocytes,
microglia, and polydendrocytes/NG2 cells'®. Oligodendrocytes are small cells endowed with
processes that envelope axons in a structure of membrane called myelin rich in saturated lipids and
proteins. Myelin insulates the neurons’ axons and allows to increase the propagation speed of the
action conduction!#6, The myelin formation is the most important function of the oligodendrocytes;
however, they secrete a series of molecules, called neurotrophin (neurotrophins -3) mediating the

neural outgrowth.
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Fig.1.1: Glia cells’ interaction with neurons and blood vessels. Astrocytes control the homeostasis of the central nervous system
(CNS), astrocytes’ endfeet around synapses control and modulate the synapses function, while oligodendrocytes form the myelin
sheaths around axons. Microglia induce the immune response in the CNS'’. Permission from: Copyright © 2020 Wiley-VCH GmbH.

The revolution in the definition of the morphology, the structure and the hypothesis on the role of
both neurons and glial cells arose with the development of technologies, at the end of the 1970s and
early 1980s. This happened, especially, in the microscopy field that offered a more accurate definition
in terms of time and space and the possibility to identify alteration in case of brain disease. However,
the first proof of astrocytes’ involvement in disease was given by Wilder Penfield and Pio del Rio-
Hortega in the 1920s, when they investigated the role of glial cells in response to injury; while in the
early 1960s, the group of Stefen Kuffler (1964) demonstrated, performing patch-clamp experiments,
that glial cells show properly biophysical properties. One year later, in 1965, it was described that
astrocytes were involved in the uptake of extracellular potassium released by neurons after synapses.
Similarly, electrical coupling between glial cells and neurons was first presented in 1966 leading to

the hypothesis of potassium spatial buffering mediating synaptogenesis, which was not confirmed in
12



19698, The strong physical interaction between neurons and astrocytes functions leads to several
studies focused on the role of glia in the brain network. Astrocytes cells are the most numerous cells
of the CNS, about 10 times more in number with respect to 100 billion neurons are estimated in the
human brain®®. In particular, i) glia regulates synapse formation: after neurogenesis, neuronal
migration, and axon elongation, neurons start to create synaptic connections; the glial signals induce
synaptic stabilisation and maturation?®; ii) glia modifies synaptic communication and plasticity:
astrocytes regulate neurotransmitter uptake, via glutamate transporters, which is dynamically
regulated, with glutamate transporters receptors for multiple neurotransmitters and neuromodulators.
Glio-transmitters include adenosine-triphosphate (ATP), when converted to adenosine, act on
presynaptic adenosine receptors to allow neurotransmitter release and short-term plasticity?-?*; iii)
glia regulates ion homeostasis and affects circuit function: glia can affect neuronal excitability by
regulating ion homeostasis, for example by clearing potassium (K*) ions from the extracellular space,
after neurons’ action potential?®. The latter will be better explained in a dedicated paragraph of this
chapter; iv) neuro-glial-vascular coupling provides metabolic support: brain health depends on
the intimate contact of CNS blood vessels and glial cells. Specifically, it is called the astrocytes’
coupling. The blood vessels have specialised barrier properties, known as the blood-brain barrier
(BBB), which limits the movement of substances between the blood and the brain. However,
astrocytes can actively supply neurons with nutrients, thanks to their processes that contact both blood
vessels and neurons®®?”. For example, astrocytes are enriched in lipid synthesis pathways and provide
lipids to neurons, including cholesterol, essential for maintaining presynaptic function?. Astrocytes
are also enriched in glycolytic pathways and make glycogen, which can be converted into lactate and

transferred to neighbouring neurons by mono-carboxylate transporters?®(Fig.1.1).
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Homeostatic Role of Astrocytes

As a basic principle for cell physiology, it should be stated that the differences in ion concentrations
across the plasma-membrane determine membrane potential of all the living cells. These differences
are the driving force for the electrical activity of cells. In neurons, electrochemical gradients
determining neurons’ membrane potential, set the so-called excitability properties of the cell at the
resting state. The quantitative gap of the neurons’ membrane potential from the voltage threshold,
defined as the voltage at which the action potential process is triggered, determines the ability of the
neuron to be “excited”, i.e. its ability to generate and propagate action potential.

Accordingly, unbalanced changes in the ions concentration could alter the neuronal excitability and
the neuronal network capability to generate action potential and propagate communication signals
through synapses®*2, The possible variations in ions concentration, essentially Na*, K*, Ca?* and CI’
occur in a space called “Extracellular Space” (ECS) and that is the interstitial place between the
different types of brain cells. This space represents 20% of the brain volume. In this environment,
astrocytes are the cells responsible for the homeostatic regulation of ions and water
concentration regulation, through the transmembrane fluxes allowed by specific ion channels and
aquaporins and by specific neurotransmitter transportes and co-transporters®334. Protein channels,
receptors and transporters in astrocytes are localized in specific areas called “microdomains”, that are
the major functional unit, where the homeostatic function of glial cells is exploited. The cytosolic ion
concentrations are defined by respective membrane permeability and an equilibrium potential, (Erev):
intra-astrocytic concentration of K* between 140 mM, while K* concentration in the extracellular
compartments such the interstitial fluid (ISF) is ~4 mM, this sets ErevK™ at -98 mV (at 37°C).
Concentration of cytosolic Na* in astrocytes 10 mM, Na* concentration in the CSF is ~140mM, the
corresponding ErevNa* ranges between 55 and 60 mV. Concentration of ionised Ca?* in thecytoplasm

of astrocytes ranges between 100 nM, with the assumption of Ca?* in CSF around 1.5
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mM, the ErevCa?"* lies between —120, -140 mV, high concentration of CI- 30-60 mM and CSF 120

mMions with ErevCl- being set around -35 mV® (Tab.1.1).

Intracellular Extracellular Erev

[K*]i 140mM [K*]o 4mM -98 mV
[Na*]i10 mM [Na*]o 140 mM 60mvV

[CaZ]i100nM [Ca2']o1,5 MM 140mV

[CI]i 30-60mM [CI0120 mM -35mV

Table 1.1: Intracellular and extracellular major ions’ composition and Erev in CNS.

Among different homeostatic processes, the most studied and widely recognized activity of astrocytes
is the maintenance of the extracellular concentration of potassium ([K*]out), thought processes known
as potassium-uptake and spatial K* buffering®.

[K*]out is indeed majorly involved in the depolarization of neuronal resting membrane potential and
in the crucial mechanism of generation of neurons’ action potential. [K*]out cOntinuously changes,
because of K* extrusion occurring after each action potential occurring at each synaptic domain.

The imbalance of this ion leads to an over-excitation of the neuronal network and a series of cascading
events, such as uncontrolled synaptic release of neurotransmitters, CNS compromise, damage to
neuronal viability. The accumulation of K* at the perisynaptic space makes the resting membrane
potential of astrocytes negative respect to the Nernst equilibrium potential for K*37-4°, How astrocytes
are able to act in the activity of K™ regulator is explained by the functionality of a pump, known as
the “Na*/K* ATPase” pump. The correct activity of the pump is restoring the electro-neutrality by the
efflux of cations: 3 sodium (Na*) and by the influx of 2 K*. The Na*/K* ATPase is expressed bothin
neurons and astrocytes, but it is stimulated by elevated [K*Jo only in astrocytes®® (Fig.1.2 and Fig.

1.3).
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Fig. 1.2: Scheme of astroglial cells microdomains: pumps and transporters that contribute to the transmembrane movement of ions
and aquaporins, involved in potassium buffering and volume homeostasis of the brain. Right panel represents zoomed-in view of
distinct domains in contact with synapses and the glia-vasculature interface!’. Permission from: Copyright © 2020 Wiley-VCH GmbH.

The K* uptake could be accompanied by water influx and swelling of the cells. After its uptake, the
excess of K* travels through the astroglial syncytium through gap junctions, and then it is released in
the distal compartment of the ECS*! or to the closest blood vessel. This process, called potassium
spatial buffering, allows for restoration and maintenance of [K™]out that is demanded after each action

potential.
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Fig. 1.3: Scheme representing astrocytes and distinct microdomains. A) Perysinaptic astrocytic domain implicated in chemical
synapse activation, neurotransmitters and K* released by neurons. B) The gliovascular astrocytic domain: the syncytium to reach the
glia- vasculature interface!’. Permission from: Copyright © 2020 Wiley-VCH GmbH.

lon channels in astrocytes
Astrocytes express a variety of Kt channels expressed in their plasma membrane. The most abundant

and functionally relevant in potassium homeostasis are the inward rectifying K™ channels (Kir).
Structurally, Kir channels are divided into 7 families, they are organised into 2 transmembrane
domains and 16 subtypes, whose voltage and gating properties are depending by the ErevK*™2. Among
them the Kir 4.1 is the most commonly expressed Kir in astrocytes in vivo. It localised in astrocytes
endfeet that contact synapses and blood vessels to contribute to the control of brain homeostasis,
contributing either to the uptake and to the release of potassium. Actually, Cs* and Ba?*are confirmed
to inhibit Kir channels***® (Fig. 1.4). In addition to Kir, potassium channels that are members of
Voltage-gated K* channels (Kv)*®#’, Calcium-dependent potassium channels (KCa) and*®*°® Two
Pore-domain potassium channels (K2P), have been identified in astrocytes. As a general statement,
potassium channels are involved in determine the membrane potential of astrocytes and inthe
homeostasis of potassium. However, as described above, such a massive potassium flux across the
plasma-membrane might generate variations in the transmembrane potential in the microdomains,
tinfortunately they cannot be recorded with available technologies. As a consequence, the role of each
channel in the brain function or cortical oscillations is far to be determined. Similarly, the role of the
Voltage-gated Na* channels (Nav) is still not well known in astrocytes. However, the sodium
function is necessary for the activity of the of Na*/K*-ATPase, meaning for the K™ homeostasis in the

CNS and their crucial role for the brain®°1,

Chloride (CI") channels have been also identified in astrocytes. The ClI balance is fundamental in
the neuronal communication and the maintenance of electrical equilibrium. The CLC family of
channels with its 9 members and 10 to 12 transmembrane domains, localized in the plasma membrane,

especially in the hippocampal area and in intracellular organelles®®>3, The CIC channels, such as CIC-
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1, CIC 2 and CIC-3 have been detected in astrocytes processes.

The hypothesis about their role goes around 1) the GABAergic transmission by regulation of [CI]
efflux in the synaptic space, 2) modulators of the resting potential by variations in cell volume CI
release in response to cell swelling®°. Differently, the Volume-regulated anion channels (VRACs)
need to be activated by a hypotonic stress. VRAC is crucial for RVD and its currents have been
characterized in vitro®. In particular, in our lab, we showed that the leucine-rich repeat-containing
protein 8 (LRRC8) forms hexameric complexes in the extracellular membrane of VRAC channels. Other
authors demonstrated that VRAC is implicated in the release of excitatory aminoacids like glutamate or
taurine and aspartate, while carbenoxolone (CBX) can inhibit the VRAC activity. It has been observed,
there are calcium activities dependent by K* protein channels, evidence demonstrates that VRAC is
involved in Ca?* wave propagation as well, through ATP release®®®!. Through microdomains,
osmolytes, ions, water flux as response of physiological or triggering stimuli; astrocytes activate a
mechanism called regulatory volume decrease (RVD) to recover the initial cell volume, while the
opposite mechanismis called regulatory volume increase (RV1) and it is activated by astrocytes to

compensate the cell swelling with cell shrinkage, activating a process of release of osmolytes (Fig. 5).

B
Extracellular

""u“ .

Intracellular

Fig. 1.4: A) KIR4.1 is expressed in vivo as a homotetramer (four units of KIR4.1) (B) The protein contains two extracellular domains
and two transmembrane regions. Kir4.1 channels localize on astrocytes at perisynaptic or perivascular processes, KIR4.1 channels are
essential for potassium homeostasis in the brain by maintaining the ionic and osmotic environment in the extracellular space. Permission

from: Creative Commons Attribution4.0 International, Int. J. Mol. Sci. 2020, 21(24), 963.
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lon channels and receptors mediating calcium signaling in astrocytes
Astrocytes are not silent cells. They express a kind of “excitatory system” of communication with the

other cells in the ECS. The signalling established by astrocytes is mediated by oscillations in the
intracellular calcium concentration ([Ca?*]i). Calcium membrane dynamics processes in astrocytes
several functions, in particular energetic delivery, vascular activity, role in regulating homeostatic
signalling and water transport and distribution, facilitated by the cooperation with water channel
AQP4. Dysfunction in calcium signalling in astrocytes leads to brain swelling, ischemia, epilepsy,
and brain tumors®2,

Astrocytes can sense and respond to extracellular modification by oscillations [Ca?*]i. It has recently
been highlighted that the dynamics of [Ca?*]i are spatio-temporally distinct depending on whether they
occur at the soma, at their process in the so-called microdomains or through the astroglial syncytia,
by means of gap junctional coupling, originating what are known as Ca?* waves. Astroglial [Ca®'];
signalling occurs at astrocytic domains that enwrap the majority of pre- and post-synaptic cortical
neurons in the tripartite synapse. Of note, the speed of [Ca?']; propagation and waves increase with
the evolution, further suggesting that astrocytic calcium signalling might have a role in computation.
These findings led to the intriguing hypothesis that [Ca®']; are involved in and can become a
therapeutic target for the improvement of cognitive functions. The entry of extracellular Ca?* or the
efflux of the Ca?* stored in the endoplasmic reticulum both contribute to [Ca?*]; oscillations and
waves. Among different paths, extracellular Ca?* can flow through the membrane of astrocytes via the
ionotropic purinergic receptor P2X7 and through Transient Receptor Potential Vanilloid 4 (TRPV4)

and TRP Ankirin 1 (TRPA1) and through Voltage-gated calcium channels (VGCCs)®.

Voltage-gated calcium channels (VGCCs) are complex proteins of 4-5 subunits, encoded by several

genes, with different properties and features. Ca?* influx followed by membrane depolarization is the
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consequence of their activation L-type current has been identified in cortical astrocytes, Cav 1.2 and
Cav 1.3 channels, to be activated the L-type Ca?* channels need a strong depolarization, the latter
seems to happen during astrogliosis. Studies showed the upregulation of Cav 1.2 and how the deletion
of these channels, by phenylalkylamines, dihydropyridines and benzothiazepines, avoided gliotic
response®®°, N-type, P/Q-type, and R-type channels need a strong depolarization, and specific
polypeptide toxins from snail and spider venoms can block them. T-type Ca?* currents are transient
and activated by weak depolarization. Any of the conventional molecules used as antagonists of the
activity, can inhibit them®-¢.

The recent Nobel Prize for Physiology and Medicine (2021) to David Julius and Ardem Patapoutian
for their discoveries of receptors for temperature and touch, highlights the role of a specific channel
belonging to the superfamily of TRP channels. In human species there are about 27 members of TRP
channels into 6 subfamilies. Structurally, they show 6 transmembrane domains and a TRP domain in
the C-terminal region. The pore region is formed between the fifth and sixth transmembrane domains.
Our ability to sense heat, cold and touch is essential for survival and underpins our interaction with
the world. The discovery of TRP channels contributes to a rapid increase in our understanding of how
our nervous system senses heat, cold, and mechanical stimuli. TRP acts on many different
physiological functions (thermosensation, nociception, chemoreception and taste). TRP channels are
diffuse in the CNS, in particular, vanilloid (TRPV), ankyrin (TRPA), mellastain (TRPM) and
canonical (TRPC) family receptors, permeable to ions, such as sodium, calcium and potassium, too®*-
0, The discovery of TRPV1 by David Julius and Ardem Patapoutian was a major breakthrough
leading the way to the unravelling of additional temperature-sensing receptors and how differences
in temperature can induce electrical signals in the nervous system. Among the TRPV family, TRPV4
has been detected in the cortical and hippocampal regions of astroglial cells in vitro and in situ,
specifically TRPV4 localized in astrocytes’ end feet. The TRPV4 protein is made of 6 transmembrane

domains that include the pore region, a cytosolic N-terminal and an intracellular C-terminal tail, as
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all the components of the same family, The main trigger of TRPV4 activation in primary cortical
astrocytes is the cell swelling with the result of an increase in [Ca?*]i. Molecules, such as RN-1471
(RR), are specific inhibitors of the calcium signal mediated by TRPV4 in astrocytes in situ, while 4a-
phorbol 12,13-didecanoate (40PDD), is used as agonist of the activity of TRPV4 to increase the
cationic currents in vitro and in situ. Interestingly, TRPV4 can act together with channels involved in
the water transport, called aquaporin AQP4, to regulate the cell volume, though a mechanism called

for the regulatory Volume Decrease, (RVD)"*"’ (Fig. 1.5).

Figure 1.5: Scheme representing astrocyte swelling and RVD based on the efflux of intracellular solutes that generate osmotic
gradients accompanied by water. K*, Na* and glutamate uptake occur causing an increase in osmolytes that produce water influx. Ca2*
elevation is involved in the sensing and transduction of volume and osmolyte changes (created by EdrawMax ®).

TRPAL is also expressed in astrocytes, and it is activated by noxious cold stimulus and pungent
substances and pro-inflammatory agents® &7°,

The demonstrated role of TRPAL is to decrease the resting [Ca?*]i in order to reduce GABA uptake
and to regulate inhibitory synapses®. Seven members of another family are the TRPC channels
(TRPC1-7), which are expressed in astrocytes and activated by phospholipase C (PLC),
diacylglycerol (DAG) and mechanical stimulation®®. TRPCs probably activate Ca?* signals mediated

by purinergic, glutamatergic and mechanical stimulation*!, although evidence on their role calcium
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induced calcium release in astrocytes are still controversial.

Aguaporins and Water Transport in astrocytes
Three members of the aquaporin family are expressed in astrocytes, AQP1, AQP4 and AQP9, the

dominant one is the AQP4 made of 8 transmembrane segments and 2 translation initiation sites called
Metl and Met23, localised in astrocytes’ endfeet and assembled in orthogonal arrays (OAPs) of
particles, still undefined®-®(Fig. 1.6). AQP structure and plasma membrane organisation were
described for the first time by Peter Agree, and its mysterious 28 kDa protein, AQP1 gave him the
Nobel Prize 1991. Cloning the AQP4 homolog in brain by Jin Sup Jung led to a major new chapter
in the recognition of water transporters at the blood-brain barrier by Sgren Nielsen and Ole Petter
Ottersen. The structural basis of AQP4 localization resulted from a pivotal observation by John Neely
and led to the recognition by Mahmood Amiry-Moghaddam that AQP4 contributes detrimental to the
onset of brain edema. The highest expression of AQP4 has been identified in the cerebellum,

hippocampus, diencephalons, and cortex>>.
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Fig. 1.6: The structure and distribution of aquaporin-4 (AQP4). (A) AQP4 has six transmembrane domains (1-6) and five
connecting loops (A-E). Loops B and E contain highly conserved " NPA " motifs (hemipores) that overlap midway creating a highly
selective water pore. Permission from: Creative Commons Attribution (CC-BY) licence (http://creativecommons.org/licenses/by/4.0/).
A, B) Schematic of OAP assembly from AQP4 M1/M23 heterotetramers. M23 and M1 AQP4 monomers. Projection from M23
monomer denotes potential site of M23-M23 intertetrameric interaction. bottom) Six possible independent AQP4 M1/M23
heterotetramers. Four-way rotational variants of each are possible as well. (B) low and high M23:M1 ratios OAPs®. Permission from:
Creative Commons Attribution (CC-BY) licence (http://creativecommons.org/licenses/by/4.0/) and Elsevier.
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Recently, M. A. Moghaddam et al., discovered the AQP4ex, a new isoform of AQP4 abundant in the
perivascular astrocytic membrane domains near brain microvessels. His new data suggest that AQP4
is implicated in scar formation®’. The astrocytic endfeet have been identified as the area of co-
localization of AQP4, and Kir 4.1, this means that both of them collaborate to the correct water flux,
K* movement and RVD process®:

The volume regulation process involving astrocytes ion channels and aquaporin cooperation can be
described as follows: 1) the mechanism of ion homeostasis induces ions’ flux by astrocytes at the
synaptic site, 2) the latter increase in intracellular concentration of K*induces an increase in therm
osmotic gradient that drives and calls water influx, 3) water flux through mainly AQP4 determine cell
swelling, 4) cell swelling or alteration in the osmolyte concentration, or alteration in the cell volume
is sensed by TRPV4, through an influx of Ca?* that finally initiate the so-called RVD, 5) the activation
of volume-regulated anion channels (VRACS) in response to hypotonic challenge, as well4as during
the cell's swelling®-°° majorly contributed to the extrusion of anions (inorganic and organicosmolytes)
while co-transportes are involved in the extrusion of cations. The protocol is to cause a hypotonic
stress by exposing primary cell culture to extracellular hypotonic solution. The RVD process has been
shown to be dependent on TRPV4 mediated [Ca?*]i increases. Nonetheless, the cooperation of
astrocytic TRPV4 and AQP4, as well as of the function of VRAC are determinant to an efficient RVD
process?®, It is highlighted, however, that while the correlation between TRPV4 and AQP4 or the one
between AQP4 and VRAC have been determined, the effect of the synergy among different key
elements has never been demonstrated. In this respect, one of the key challenges is the lack of systems
where to study cell volume regulation in a controlled manner.

To reach the resolution required for studying dynamics of microdomains in two photon-imaging
experiments in vivo, higher power exposure is required that can lead to phototoxicity. On the other

hand, a major pitfall in the study of astroglial membrane channels involved in volume homeostasis in
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vitro is that, in standard cell culture conditions, their expression pattern does not resemble that
observed in vivo®92, In a previous work, Posati et al., have demonstrated that plating astrocytes on a
nano-structured interface, called hydrotalcite (HTIc), is an efficient method to obtain differentiated
astrocytes in vitro, in terms of morphology differentiation and both molecular and functional features.
In particular, HTlc astrocytes displayed highly branched morphology, accompanied with increased
expression of Kir4.1 protein and conductance and overexpression of AQP4, that was paralleled with
increased swelling-induced water permeability®.

Given the peculiarity of this cell culture approach, which allows for the study of astrocytes in vitro in
a way that recapitulates important features of astrocytes in vivo, we sought to study cell volume
regulation mechanisms in these differentiated astrocytes. The results of this approach are reported in

Chapter IV.

Astrocytes as a functional syncytium

Astrocytes are not single cells but they work as a functional syncytium. The connections between one
astrocyte and the other are made by protein structures called connexons that form the so-called gap
junction. Connexons are formed by 6 subunits known as connexins (Cx), 21 types of connexins with
a molecular mass between 26 and 62 kDa. When connexins, forming connexons are not aligned, they
may form pores known as hemichannels. The specific activity of gap junctions into a functional
syncytium between the cytoplasm of two neighbouring cells, is to maintain the membrane potential
of potassium, by two hemichannels or connexons, mediating electrical and metabolic coupling by
allowing cytoplasmic exchange of ions (K*, Ca?*, Na®), second messengers (CAMP, IP3) and
metabolic substrates and products; Connexins, where firstly described by the group of David Spray.
They consist of a four a-helical transmembrane domain connected by 2 extracellular and 1

intracellular loop and having both the C- and N-terminal in the cytosol.
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All of them present four transmembrane domains. Astrocytes’homocellular gap junctions are formed
mainly by Cx26, Cx30 and Cx43 of which the Cx43 is the most abundant®’. Connection's pore diameter
ranges between 6.5 and 15 A allows the passage not only of ions but also of hydrophilic molecules up
to 1kD%9%, On the contrary the panneconnexons are single pores in the CNS, Pannexin 1 (Panx 1) is
present in neurons and glial cellsin vivo and in vitro. Panx1 forms hemichannels implicated with ATP
release after activation by membrane depolarization or P2X7 stimulation®®. Panx1 can also form a
complex with P2X7 receptorimplicated as well in ATP-release mechanism that helps in the propagation
of intercellular Ca®* wavesand D-serine release. Pannexins are proteins belonging to the integrin protein
family3*>%(Fig. 1.7).

Connaxin Pannexin HemechannelPanne xon Gap junction channels
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Figure 1.7: Scheme of the structure of connexin and pannexin-based channels. Connexins and pannexins present a similar membrane
structure with 4 a-helical transmembrane domains connected by 2 extracellular loops and one cytoplasmic loop. The red balls are
extracellular loop cysteines, and glycosylated asparagines (blue branches) are also shown. Hemichannels (also known as connexons)
are formed by the oligomerization of 6 subunit connexins around a central pore. Pannexons are single membrane channels that are
composed of 6 pannexin subunits. Hemichannels dock each other to form functional cell-to-cell channels termed gap junction channels
(right panel)®. Permission from: Creative Commons Attribution 4.0 International.

Gliotransmission and the concept of “Tripartite Synapsis”
The term gliotransmission indicates the ability of astrocyte to release molecules, substrates and

factors such as excitatory and inhibitory amino acids: glutamate (Glu-), adenosine, D-serine, or y-
aminobutyric acid (GABA) lactate to neurons, nucleotides and nucleosides (purine nucleotides
adenosine triphosphate, ATP), eicosanoids and other lipid mediators (prostaglandins), (neuropeptides
(proenkephalin, angiotensinogen, endothelins), neurotrophins (nerve growth factor, neurotrophin-3,
brain-derived neurotrophic factor), cytokines (interleukins (IL), interferons (IFN), tumour necrosis

factors alpha (TNFa)), structurally associated chemokines and growth factors®®-190.10%. Several
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different mechanisms of release from cultured astroglia have been documented, including (1) volume-
sensitive organic anion channels (2) hemichannels (3) P2X7 receptor channels (4) reversed operation
of reuptake carriers (5) exchange via the cystine—glutamate antiporter (6) Ca*-dependent mechanism.
Astrocytes are endowed with secretory organelles: the small synaptic-like microvesicles (SLMV), the
large dense-core granules (LDCGs) and lysosomes whith the function to “store and release”. The
gliotransmission activity is related to other functions that astrocytes support and that have been
mentioned such as the brain potassium ‘“housekeeper”, neuron supporters, cerebral blood flow
regulators. All of these processes occur at different timescale (micro and nano-scale) and different
levels of involvement and organisation of single cluster or network of astrocytes, astrocytes-neurons,
astrocytes-glia. Generally, the “old school” of studying neurotransmission considered the transfer of
information in the brain as a process mediated between neurons alone. The most recent evidence of
the last 15 years, demonstrated the presence of a bidirectional signalling between astrocytes and
neurons, where the role of the gliotransmitters is fundamental to regulate neuronal excitability and
synaptic transmission. These findings are precursors of a new concept of synaptic physiology, “the
tripartite synapse,” in which astrocytes exchange information with the neuronal synaptic elements®,
As a consequence, astrocytes can be considered an integral part of the synapses (Fig. 1.8).

Glutamate is probably the best characterised gliotransmitter, able to modulate synaptic transmission.
It is converted to glutamine by the enzyme glutamine synthetase (GS) before being passed back to
synaptic terminals and back to glutamate. Cytoplasmic glutamate level is kept lower in astrocytes

than in neurons, thus allowing its prompt uptake from astrocytes, when needed.
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Fig. 1.8: The tripartite synapse. Astrocyte” endfeet is the third component of the synapsis made of pre and postsynaptic terminals of
2 neurons. The receptors can interact with the neurotransmitters released from the presynaptic terminal of the neuron. The process is
responsible for the activating rises of calcium ions in astrocytes. Astrocytes release as a consequence diverse neurotransmitters and
neuromodulators, such as ATP, glutamate'’. Permission from: Copyright © 2020 Wiley-VCH GmbH.

This complex activity is potentiated by the participation of other gliotransmitters, such as GABA,
ATP, adenosine (a metabolic product of ATP), or d-serine, to evoke neurons’ response, while ATP
has been observed to be released from astrocytes, in vitro, in situ and in vivo, by exocytosis and
diffusion through membrane channels, GABA by specific transporter or by diffusion via anion
channels, the release of the neuromodulator D-serine seems to occur after the conversion of L-serine
by the enzyme serine racemase substrate®®. Recent studies have also demonstrated the role of
astrocytes in maintaining GABAergic neurotransmission through astroglial syncytium for CI
homeostasis!®. In conclusion, glutamate stimulates the astrocyte-to-neuron signalling through the
elevation of Ca?*, as demonstrated in the hippocampus and cortex area of the brain'®t. Astroglial
processes are a structural part of the tripartite synapse made of pre and postsynaptic neuronal
terminals. The model demonstrates a bidirectional, glial-neuronal communication where
neurotransmitters induce glial Ca?* signalling causing the release of neurotransmitters from the
astrocyte to the synaptic space. Astrocytes can control the initiation and shape of synaptic networks
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by controlling ion and neurotransmitter homeostasis in the synaptic volume and contributing to
synaptic pruning.

Here, the more recent in vivo evidence, indicating the functions in which astrocytes are implicated at
the systemic level, are reported; in particular, cognitive processes alteration such as memory and

learning, information processing, food intake, chemo-sensing, energy balance?’.

Neuronal Oscillation in Cortical Network
The cerebral cortex is a highly distributed system in which numerous cells operate in dynamic,

through connections explicated from one to another coordinating center. This assumption raises two
important questions: first, how is organized the architecture of connections that is assumed
coordinating brains’ functions? and second, how dynamics can be regulated in the spatio-temporal
area. Neurons in the cortex are functionally organised in a network to enable appropriate excitations
and inhibitions in the brain. To balance the dynamic of the neuronal networks in the mammalian brain
several oscillatory bands in different frequencies from approximately slow 0.05 Hz to fast 500 Hz
have been distinguished®. Oscillations in neurons are classified based on power and frequency band,
with different frequency bands being associated with specific behaviors and activity. Following
Berger’s tradition, frequency bands were labelled with Greek letters and drawn (delta, 0.5—4 hertz;
theta, 4-8 hertz; alpha, 8-12 hertz; beta, 12—30 hertz; gamma, > 30 hertz)*°, (Fig. 1.9). The frequency
of bands can belong to the same neuronal network, stimulating a specific function or it can be
associated with different brain states'®1%’. Because of it, a constant alternation between different
dynamic states of the brain has been identified; several functions, controlled by the cortex, have been
associated with a “natural rhythm”. Cognitive functions represent the larger rhythmic pattern in the
cortex. The nature of this rhythm is due to the voltage fluctuations emerging from the synchronization
of individual neurons that are part of a neuronal network. The ordered and marked fluctuations are
properties depending on the complex physical architecture of neuronal networks and on the limit of
spreading the neuronal communication high in speed from the axons in the time and spatial scale3.

The latter could cause chaotic oscillations and disruption of the network itself. Moreover, slow
28



rhythms synchronize large spatial domains and can spread higher frequency localised oscillations, for
example sleeping is the result of multiple oscillations, but still poorly defined in its mechanism of
development and spreading. Its state is determined by unperturbed multiple oscillations in the

108

thalamus'®. On the contrary higher frequency oscillation occurs in small neuronal network%. There

is a correlation among the type of oscillation and the function that the brain is supporting'®. Different
mechanisms in different brain structures can oscillate the same band, but at least one distinct
mechanism stimulates the oscillation network.
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Fig. 1.9: Cortical oscillations in human brain. A) Cortical oscillations classified into frequency bands; each of them contributes in a
healthy brain to different functions and activities for human life. B) Graph showing linear progression of the frequency classes on their

natural logarithmic scale?,1%3, Permission from: Copyright © Elsevier and Copyright Clearance Center and American Association for
the Advancement of Science 2004.

The best performance in cognitive function is determined by tonic increase in alpha but a decrease in
theta power, it depends also on the type of memory demands. The alpha frequency is related to age
and memory performance decreasing from childhood to adulthood. Modulating the power of alpha is
controversial but can be a solution to different neurological disorders. In addition, the phenomena of
transition from waking to sleeping is correlated to an alpha power decrease, whereas theta power

increasel®,

Astrocytic Modulation of Cortical Oscillation in the Brain
The mechanism behind the range of frequency in the cortical network needs to be regulated to a driven

factor able to generate network oscillations, tuning different frequencies in time and space,coordinating

neurons and activating intrinsic conductance by neuromodulators'®, receptors cellular
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excitability and the hyperpolarization of inward current!!®. The intrinsic increase of Potassium
concentration ([K*]o) impacts the synaptic transmission and plasticity!%112,

The increase in the accumulation leads to neuronal excitability and pathological conditions!3!4,
Sejnowski's group studied the impact of K™ activity on the excitation of neurons and neuronal
networks'>11¢ by the formulation of a computational model. They found that possible modification of
K™, because of changing in the conductance of neurons, can lead to altering fast and slow oscillatory
firing. Nedergaard’s group showed the role of K* in the release of neuromodulators in vivo, he
demonstrated that K* fluctuations could alter the synaptic activity*’.

K* homeostasis appears to be the main protagonist of a complex network, however, it is still not well
identified and implicated in all the brain functions. Buskila and Bellot-Saez demonstrated that alteration
of [K*]o modulates network excitability, affecting both low and high-frequency oscillations, this could
modify the membrane’s properties'!®. The study of A. Araque’s laboratory about astrocytes modulation
of neuronal network activity introduces the idea of the quantification of sensory-evoked astrocyte
responsiveness and the impact on sensory-evoked cortical neuronal network activity. The data of its
studies determine the relationship between sensory stimuli and cortical astrocyte-neuronal network
responses and confirm that astrocytes are active in the processingof cortical sensory information®?®.
Supporting the theory of the active involvement of astrocytic signaling in cognitive function, V.M.
Sardinhia and J.F. Oliveira analysed through electrophysiology experiments the hippocampus—prefrontal
cortex network, giving emphasis to the role of astrocyte-derived signaling in corticolimbic circuits and
cognitive processing'?. In conclusion, the state-of-the art hypothesis on the role of astrocytes in the
modulation of brain oscillations are related to their homeostatic capability. Since astrocytes are pivotal in
maintaining the K* homeostasis, the modulation of their quality in the potassium re-uptake from the
extracellular milieu, is a potential mechanism to tune the neural oscillations and to preserve the network

disruption before the rising of impairments. Moreover, in a recent review about the understanding
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of the regulation of rhythm behaviour, Drosophila and mice were compared to demonstrate the
importance of astrocyte-neuron communication in the regulation of circadian behaviour and sleep by
astrocytes. Both neurons and astrocytes contain circadian clocks that control rhythmic behaviour. In
Drosophila,astrocytes are critical for normal behaviour, but it is unclear how astrocyte clocks participate
in regulating circadian period. In contrast, mammalian astrocyte clocks determine behavioural rhythms
including circadian period!%122,

Potential Role of Astroglial lon channels in Cognitive Functions

Several studies established astroglial cells' active contribution to emotions, learning, memory, and
generation of thoughts in humans, as regulators of the synaptic transmission and of the intrinsic neuronal
excitability. The second factor that allows us to consider astrocytes related to cognitive functions is that
astrocytes occupied 20-fold larger volume in the human brain than that in rodents. The influence on
process information in specific ways by integrating and computing data and by participating in the
mechanisms of memory formation and learning cannot still recognize a real link with the concept of
human intelligence and astrocytes, never demonstrated. The information travels through the brain and
passes through the connections of neurons. Astroglial cells take part as the third fundamental member of
the neuronal network; however, the mechanism that mediates this coupling is still not known®.
Furthermore, pathophysiological data also support this hypothesis by demonstrating that the lack or the
down or up-expression of astrocytic ion channels and water channels is observed in diseases characterised
by cognitive impairment. In particular, KCNJ10, the gene encoding the potassium channel Kir4.1 or
AQP4 dysfunctions, have been linked to autism and neuroinflammation. Additionally, the numerous
techniques used to study astrocytes in vitro and in vivo, are not able to address the question of whether
astrocytes directly contribute to cognitive functions or allow cognitive functions. Some observations in
vivo demonstrate that calcium increaseand signalling, which is responsible for the glial complex
gliotransmission process, is suppressed during the anaesthesia in animals.

One of the studies analysed the impairment of working memory induced by cannabinoid.
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Mice with conditional astrocytic deletion of CB1-cannabinoid receptors didnot display deficits in working
memory in response to cannabinoid. In contrast, mice with conditional deletion of CB1 receptors in
glutamatergic or inhibitory neurons exhibited the expected detrimental effects of cannabinoid. Thus,
excessive stimulation of astrocytic CB1 receptors may mediate cannabinoid-related impairment of
cognitive function. The emergence of new experimental techniques offers exciting possibilities in
studying the importance of neuroglia signalling in the absence of pathology in vivo during the cognitive
and learning functions!’3>122_ Of interest is the implication that astrocytes have in the regulation of
rhythmic behaviour in vivo, such as the circadian rhythms and in particular in sleeping. It is emerged that
astrocytes are endowed with a “clock center’made of at least 396 genes localized in the suprachiasmatic
nuclei in the anterior hypothalamus (CNS); * of them are responsible of wakefulness and sleep®. The
endogenous clocks of astrocytes are suggested to be similar to those expressed in neurons and implicated
in rhythmic behaviour. Thisobservation leads to considering astrocytes and neurons part of an oscillatory
and rhythmic network®. In the plethora of hypotheses, our lab has pioneered the idea that astrocytes can
actively contribute not only to the maintainance but also to the genesis of the brain rhythm. In particular,
we believed that transmembrane ionic fluxes across the plasmamembrane occurring in such a minute
space like the one of micrdomais can generate local current displacement that, on turn, might contribute to
the genesisof oscillations or to tuning their balance by active ions uptake/secretion and bioelectrical signal.

However, despite valuable data provided, the emerging problem on the difficulty to approach the

qguestion of the role of astrocytes in brain rhythm is the lack of specific ways and techniques or

methods that can provide a unique and conclusive answer®"1%,

Thus, as demonstrated in Chapter 1V we took advantage of nanostructured forest of electrodes to verify
the occurrence of such spontaneous waves of voltages in vitro, and to set the scene to unveil amore

deterministic role of astrocytes in cognitive function.

Astrogliosis and Gliopathologies

The brain, which is located in the skulls, can be exposed to different traumatic events; some insults affect
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astrocytes’ structural and functional properties and can alter neurons or the surrounding parenchyma. The
term used to indicate damage to glial cells is Gliosis. It refers to structural and functional changes of
astrocytes and microglia, in response to chronic or acute insults of the CNS. The kind of alteration, and
the degree of the type of pathology are variable, but the features that characterise the acute and chronic
damages are similar; it includes hypertrophic cellular proliferation,upregulated expression of several
proteins, including GFAP and vimentin in astrocytes, the presenceof cytokines, chemokines, and growth
factors and ultimately the formation of a persistent fibrous scar'?31?°, Biochemical signalling cascade,
molecular paths, and structural changes of reactive astrocytes, as significant alteration in ions expression
occurs in astrogliosis. In particular, dramatic changes in the membrane expression of inwardly rectifying
potassium channel Kir 4.1, excitatory amino acid transporter as (EAAT2), gap junction protein connexin
43 (Cx43), calcium channel TRPV4 and of the water channel AQP4!26-12% The uncontrolled proliferation
of glial cells, as a consequence of the reactive gliosis, can cause a phenomenon of excessive neuro-
inflammation that leads to neuronal death and tissue damage.

In this perspective, ion channels, water channels and other transporters present the target forengineering
neural implants that aim to reduce the gliotic responses and to treat neuroinflammation.In this perspective
designing and validating nanoglial interfaces materials and devices and aim to propose novel therapeutic
opportunities for brain disorders where astrocytes structure and function are compromised*’.

It should be also noted that, the implant in vivo of a device in the brain is often accompanied by a gliotic
response to electrodes. In these processes, microglia start secreting cytokines that, at the beginning, act
as proinflammatory biomolecules. The final result of the gliotic cellular reaction is typically the
formation of an encapsulation layer around the implant named gliotic scar!?'?(Fig.1.10). The
biomedical engineering progress helps in the approach with new methods to minimise the effects of
gliosis, tuning the mechanical mismatch between the brain and the device material, the bio-
functionalization of the electrodes and the low-impedance nano-structure of the interface. However, the

features of specific anti-gliotic devices are difficult to be established becauseof the extreme variability in
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the human brain response; the thickness the ultra-flexibility, the stretchability and higher level of
conformability can be a good strategy to minimise the impact of theimplant on the CNS. Besides, also a
chemical approach based on the choice of materials, or biomodification of the implant interface by
immobilisation of bioactive peptides, is a strategy that allows advantages (i.e., aminogroups to impact on
neuronal adhesion and neurite outgrowth, integrinsbinding peptides to anchor astrocytes to the implants
while inhibiting their gliotic hypertrophic proliferation or RGD mimicking motifs). Other interesting
strategies to reduce the inflammatory reaction of glial cells in the brain are the use of anti-inflammatory
agents on inorganic electrodes or the coverage of implants with biomimetic and bioactive coatings to
mitigate the neuroimmune inflammatory reaction a-Melanocyte-stimulating hormone (a-MSH), a
hormone usually secreted bypituitary cells, astrocytes, monocytes, and keratinocytes that have intrinsic
functions inhibiting proinflammatory cytokines—or the local release of Dexamethasone, a synthetic
glucocorticoid hormone)!”*¥, Glial fibrillary acidic protein (GFAP), the main constituent of astrocyte

intermediatefilaments, is used as a marker of reactive astrocytes in human pathologies.

Fig. 1.10: Reactive astrocytes (right panel) show hypertrophy of their cellular processes marked with GFAP132, Permission from:
Copyright © 2013 Wiley Periodicals, Inc.

Immunohistochemical experiments of the brain, spinal cord, or retinal tissue upregulate GFAP other signs
of astrocyte reactivity and reactive astrogliosis in a whole range of neuropathologies, suchas neurotrauma,
focal brain ischemia, brain haemorrhage, perinatal asphyxia, acute, subacute, or chronic CNS infections,
epilepsy, primary or secondary CNS’ tumours, retinal ischemia, diabetic retinopathy, Alzheimer’s disease

(AD), Parkinson’s disease, multiple sclerosis, Batten disease (BD) or amyotrophic lateral sclerosis (ALS,
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known also as Lou Gehrig’s disease)'®!. GFAP markers can reveal gliosis in vivo and in vitro systems
both in single astrocytes culture and in co-cultures with other CNS cells. The study of gliosis, also
induced by astrocytes/materials interface in reliable cell culture system allows the essential understanding
of the function of healthy astrocytes, including theirfunction in metabolism, neurotransmitter recycling,
and calcium signalling and it allows to mimic various disease situations such as injury, hypoxia, or
neurodegenerative diseases. However, 2D in vitro systems have several limitations, that include the highly
reduced morphological complexity of astrocytes. This limitation can be overcome with the use of 3-D
astrocyte cultures and the novel approach of technologies and methods to study astrocytes in vitro,

mimicking the ECM (Fig. 1.11)%3,

Fig. 1.11: Astrocytes labelled with GFAP, in 2D and 3D cultures. The right panel shows the preservation of some of the complex
morphological and biochemical features of in vivo astrocytes that are normally lost in culture, compared to the left panel'®3. Permissionfrom:
Copyright © 2013 Wiley Periodicals, Inc.

Several neuropathologies are characterized by loss of homeostatic properties of astrocytes: epilepsy
(among the others), brain edema (ischemia, ictus), or neurodegenerative diseases (Alzheimer’s Disease,
Retinitis Pimentosa, Neuromielitis Optica).

Cerebral edema is excess accumulation of fluid (edema) in the intracellular or extracellular spaces ofthe
brain. The influx of ions and water results in cellular swelling and in generation of cytotoxic edema, that
is a critical event following ischemia/hypoxia. Astroglial ion channels and AQP4 are the dominant
contributor to the formation and clearance of cerebral edema. Thus, studying nanomaterials interfaces
capable of the modulation of their expression and function might be of use to define noveltherapeutic

path5134_136.
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Epilepsy is one of the most common neurological conditions, while it was thought that epileptic
activity was generated by neurons, recent evidence showed an astrocytic basis for epilepsy.
Specifically, the alteration of astroglial potassium homeostasis, with a critical role for Kir4,1 and

impaired potassium clearance is now in the spotlight as a major therapeutic target of intervention**-

138.

Actually, Valproic acid, a common antiepileptic drug, seems to reduce the loss of astrocyte domain
organisation in an animal model of epilepsy*3®!41, However, the development of nanomedicine and
nanoglial tools might be useful for selective drug delivery to astrocytic microdomains devoted to

potassium homeostasis or to monitor the activity of astrocytes in Epileptic patients.

Brain Tumours are recognized as the most aggressive form of neoplasia, causing thousands of deaths.
In particular, glioblastoma (GBM)*! is an aggressive tumour of adults in particular that consists of
neoplastic astrocytes highly invasive and characterised by an angiogenesis process**>1%%. During the
GBM progression there is an alteration of the entire ECM and of the proliferation of several stromal
cells, including microglia, pericytes, fibroblasts, and endothelial cells!**1%.  Typically, the
morphological observation of glioma patients tissue presents an overexpression of GFAP correlated
with astrocytes and with tumour size, but not with the degree of malignancy. The role of water
transport, AQP4 polarization, potassium impairment and RVD process have been clearly
demonstrated*”*0, It has been shown that these processes lead/participate to uncontrolled
proliferation, to infiltration and aggressiveness of glioma. Thus, these processes and involved channels
should be considered as target for nanomedicine and for the study in neuroscience using protein

nanoglial interfaces (see Chapter 1V, paper 4).
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Besides acute pathologies or brain tumor, alteration in astrocytes structure and function has been
demonstrated in Alzheimer’s disease, Psychiatric disorders, Neurodegenerative processes such as
Amyotrophic Lateral Sclerosis or Neurological conditions related to Diabetic Disorders. All these
evidence calls for a scenario allowing for a broader use and interest in the development of Nanoglial

interfaces.

State-of-the-art techniques to study astroglial cells

The physiology and pathology of glial cells need different methodologies and approaches to elucidate
their roles and behaviour. Since they were considered as an active unit of the CNS, typical
applications used for neurons such as electrophysiology, calcium imaging, in vivo and in vitro
imaging, conditional knockout animals have been employed trying to catch the complexity of their
biological responses.

For what concerns the study of cells in vitro the culture systems in 2D were the first revolution in the
understanding of the molecular and cellular pattern of brain cells, even though they represent a
simplified model with respect to the in vivo brain network!®:!2, First models derived from primary
rodent cultures of neuronal and glial immortalised cell lines in monocultures or co-cultures®:*%2,
However, there is still a lack in studying glial cells, caused by the fact that most of the tools used in
vivo and in vitro are dedicated to the exploration of neurons; recent new methodologies applied in
vivo, especially in the optical imaging and in the development of genetically encoded sensors,
transgenic mouse lines expressing fluorescent proteins, biosensors, opto/chemogenetic proteins, Cre
recombinase, Cas9, represent an improvement in the knowledge about the glial role in the brain>31%4,
Among in vivo strategies, the genetic modification and manipulation of viral vectors are strategical

to evaluate potential therapeutic approaches in brain disorders!®. It is, usually, employed as a
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technique to modulate the gene expression of neurons, but it can be applied to transduce glial cells in
primary culture as well as gene silencing with small hairpin RNA (shRNA)®*1", The advent of
MCRISPR technology could also be used to inactivate or modulate genes in glial cells. The most used
technique to image brain cells, especially in vivo, through the two-photon method allows a more
sophisticated dissection of the role of glial cells in the complex neuroglial networks, even with several
limits emerging such as spatial and temporal precision. The two-photon microscopy combined with
emission depletion (STED) microscopy is an optical tool used to detect calcium in astrocytes. There
are many commercially available organic Ca?* indicators to properly observe Ca?* changes in
astrocytes microdomains, but currently, the available methodologies are weak in vivo and in vitro.
Although astrocytes are electrically silent cells as they cannot fire action potentials, calcium in
astrocytes could be considered a kind of excitability*®>°, Recently, optogenetics (a technique
allowing genetically the control of membrane potential or intracellular signalling) defines cell
populations by expressing opsins. Opsin acts on the membrane potential (light-sensitive proteins, ion
pumps or ion channels) and stimulates the potential by light. The emission can be applied ex vivo via
the microscope objective or in vivo through an optical fibre connected to a light source!®®. For
example, optogenetic cation channels are perfect for neuronal activation, but not for astrocytic
modulation. The aim is based on genetically encoded light-sensitive ion channels driven by rhodopsin
isomerization to cause the opening of ion channels to allow the flow of certain cations or anions to
alter the bioelectrical properties of the targeted cell; channelrhodopsin 2 (ChRs2) is a blue sensitive
cation channel found in cyanobacteria, with light*61-16¢, Experiments performed in astroglial cells in
vivo showed that photoactivation of ChR2 induce gliotransmitter release while, in vitro experiments
performed on mouse cortical astrocytes showed that activation of ChR2 triggered Ca?* elevations,
very slowly in a timescale of minutes'®’-1. In conclusion, specific tools capable of modulating
astrocyte activity are necessary in order to properly understand astrocytes’ physiology and the

interaction between neurons and astrocytes.
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Smart glial engineering and interfaces for measuring and probing astrocytes

This thesis disserts about new smart glial engineering interfaces for the correct measure of astrocytes;
it presents innovative interfaces in terms of research tools and therapeutic approaches. As mentioned
keywords in determining the lifetime of neural interfaces are: bio-materials, the mechanical mismatch
between the brain and the device material, specific bio-functionalization of the surface, nano-coating
and low impedance!’. The aim is to validate gliointerface where all the “key features” in terms of
sensing and probing astrocytes can be elucidated. The multidisciplinary approach and coordination
of different fields such as engineering, biology, physics and chemistry leads to the definition of
neuroscience combined with nanoscience and result in nanoneuroscience. For example, the use of
nanomaterials rather than microstructures allows to detect and reveal low frequency, slow, and long-
lasting voltage membrane variations typical of astrocytes. The evolution in the study of glial cells and
the new approach of sensing brain cells probing them targeting ions and water transport or
gliotrasmitters with mechanical, electrical, and photonic stimuli is a challenge in the field of the
technologies and it is relevant to define an interface as smart biomaterials, potentially implantable
and not dangerous for tissue. In engineering and material science, these interactions are usually
referred to as biotic and abiotic processes’?, meaning 1) control the cellular response to a foreign
body and 2) control the impedance increase and the electrode corrosion. The biotic process leads to
gliosis and includes hypertrophic cellular proliferation upregulated expression of several proteins,
including GFAP and vimentin in astrocytes, presence of cytokines, chemokines, and growth factors,
and ultimately the formation of a persistent fibrous scar, enabling the device!?. All this evidence
leads to a central question: which factors can be tuned to reduce the gliosis reaction in implants?
Which are the major nanomaterials tunable for the glial cells probing and sensing?

To answer these questions, the choice of a biomaterial is the first crucial stumbling block to overcome
in the interaction with a biological system. Biomaterials can be part of electronic devices, electrodes,

diodes, transistors, main surface or components of the devices. Once a device is in contact with the
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brain, it is recognised as a foreign body and a response to the implant is activated by the cell's body

(Fig. 1.12).

NO IMPLANT IMPLANT OF THE GLIA REACTION
DEVICE

Fig.1.12: Scheme of the response of astrocytes to an implantable device recognized as a foreign body. Before implant (left), green
viable and non reactive astrocytes, right after implant the acute inflammation phase starts and astrocyte (red) and microglia are active.

In the chronic phase (right) takes place completely the glia reaction, the encapsulation of the implant, the inactivation of its function

and the surrounding glial scar (created by Office PowerPoint ®).

To guarantee the performance of a potential implantable device the constituent material must have
specific chemical, physical, mechanical properties and overall, it must be biocompatible to inhibit the
possibility to be encapsulated and embedded by the inflammatory reaction mediated by glial cells!’2.
Evidence shows that more than one approach has been tested to help the overcoming of this problem.
Specifically, 1) functionalization of the surface with anti-inflammatory molecules'’317¢, 2) softness and
3) reduced dimension of the topography area interacting with cells 4) micro - and nanostructuredmaterials
can be helpful to promote an intimate contact of the device with the cells!”’. In particular, two dimensional
(2D) nanomaterials have been widely used for interfacing with biological systems in vitro due to their

diverse potential and unique physicochemical and morphological structures, but the 2D is still a limit,

even if it represents a milestone in the brain understanding and glial interface science.

Smart nanoglial interfaces
Unlocking the secret circuits in the brain is a challenge of scientific technologies; equipments and tools
aim to gain precision in time and scale revelation. The evolution of nanomaterials culminated in the

employment of several agents and functionalized agents as novel diagnostic and therapeutic strategies,
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including drug delivery or neuroprotection. To be considered a real functional therapy, itis important to
discover the cause and the origin of pathologies, the latter represents a huge problemfor scientists'’®. The
understanding of the constituents of the nervous system: neurons and their functional circuits, glial cells,
neurons’ plasticity, spatio temporal dynamic rearrangements, meets theneeds of the potential applications
of the emerging attention to nano-size materials and molecules!”®. In this context, “Nanoneuroscience”
employees’ nanomaterials and nano-size to interact with the organ tissues and membranes or with BBB,
try to prevent insults to the brain®. For example, the useof nanoliposomes, micelles or nanogels is cited
as examples to overcome the problem of passing theBBB*8!, The principle of those molecules is based
on nanoparticles*®?(MNPs). Moreover, inflammatory or infectious processes represent another aspect that
captured the attention of neuroscientists: it is fundamental to promote appropriate neural growth and
electrical conductivity ina healthy brain. This issue requires materials, scaffolds and devices with
exceptional propertiest®. Inthis context, ion channels are the basic elements in the transmission of signals,
in neurons firing andglial cells communication!8. Alterations of their activities are responsible for the
mutation of genes expressing ligand- and voltage-gated ion channels, known as channelopathies'® and
detected by molecular-based technology and electrophysiology. The ion flow in the neuronal circuit pays
attention to the recent development of nanoscale sensors or nanoprobes'® to investigate the ion
measurement of Na*, involved in neural transmission. Another promising model is modelling an optical
sensor to visualise ion flow in the nervous system by the application of an optical sensor thattransforms
the captured light into an electrical signal that can be read by the instrument. lon channels can be controlled
also by the magnetic field, inducing heating NPs'®’ to activate temperature-sensitiveion channels in cells
such as temperature-sensitive transient receptor potential channels (TRPV1)'®. HTIc are colloidal
aqueous dispersions of ZnAl-HTIc having the formula [Zn0.72A10.28(OH)2] Br0.28 0.69 H20 and
prepared by the double-microemulsion technique. The chemical composition of the ZnAl-HTIc allows
the following clays nanoparticles to be used in different configurations from nanoparticles to micro

sheets®°2, Moreover, taking advantage of sucessful results obtained in terms
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of morphological and functional differentiation of astrocytes that the same interfaces were prepared
and investigated focusing on the functional interplays occurring between ion channels and AQP4 rely
in the astrocytes microdomains and their role as regulator of cell volume and homeostasis in cells.
The last chapter of this thesis presents and discuss on going results and approach of specific category
of nanotools we are studying in collaboration with ARL Laboratory of Aberdeen of the Prof. S. P.
Karna. Nanoprobes, called nanoclusters (NCs): NCs-conjugated with Gold (Au), have never been
explored with brain cells. They are small clusters of gold (Au) atoms ranging from 5 to 25 atoms*®-
192 P:NC exhibits several photo-physical properties such as tunable fluorescence and high
photostability. The possibility to modify their chemistry makes the AuNC fluorescence available for
the functionalization with proteins, stimulating the enzymatic activity, the cells metabolism, the cells
morphology, or properties. A major hypothesis leads to the idea that NCs functionalized with bio-
proteins increase their potential biocompatibility. However, the mechanism of biosynthesized AuNCs
remains under investigation. Previous studies suggested that metal ions such as Au (I11), Ag(ll),
Pt(1V), or Zn(ll) diffuse through the cellular membrane and are reduced at specific sites in
intracellular proteins and stabilised'*1%(Fig. 1.14). Wang et al. in 2013 demonstrated for the first
time the in situ synthesis of green-fluorescent P:AuNCs in tumour cells, however still any studies
have been presented on their application with brain disease®’. In this context, atomic nanoclusters
and biological sensing applications in the brain can represent a new frontier of investigation. For
example, they could be part of thin-film polymers’ devices and sensors, expoiting the unique
opportunity to develop low-power, high-sensitivity, multifunctional future sensors technologies,
where nanomaterials preserve their electronic and optical properties.

More generally, NCs exhibit unique properties at nanometer scale that are different from the atomic
scale and can respond to external electrical, optical, magnetic, chemical, and biological stimuli.

Au possesses unique and tuneable plasmon resonance properties, unique magnetic properties, high

signal-to-noise ratio; besides, it exhibits intense photoluminescence and high stability. The gold-

42



nanoclusters (AuNCs) offer considerable advantages in several applications of studying cell biology
such as imaging applications thanks to fluorescence, versatility in nano-size, surface and hydrophilic
or lipophilic characteristics. In addition, protein-synthesis fAUNCs in vitro, such as bovine serum
albumin protein (BSA, fAUNCs/BSA) have been already shown to internalise into cervical, kidney,
and fibroblast cell lines without negatively impacting cell viability*®,

Summarizing, the advantages of using AuNCs as nanoglial interfaces might be: 1) the intrinsic
fluorescence that could allow to identifying cells’ specific targets, 2) the intrinsic ultrasmall
dimension, 3) the functionalization with proteins that allow AuNCs to be pharmacological vehicle;
4) the possible tunability of astrocytes properties by the modulation of time exposition and
concentration of AUNCs with cells solution.

However, the identification of the mechanism that the NCs employ to interact with cells is still under

investigation.
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Fig. 1.14: Scanning transmission electron microscopy of human microglial cells exposed to AuNCs. (A) Gold was visible as bright
white against the dark background (red arrow). (B-D) Gold verified through EDX analysis'®.

Thus, a dedicated section of this thesis discusses the possible application of f-AuNCs impact on

astrocytes growth, functional and structural properties.

Bioelectronic, optoelectronic and photonic glial interfaces
43



It is becoming evident that driving and controlling the gliotic inflammatory reaction is central for the
success of therapeutic approaches; new studies on glial cells are needed to understand and control the
impact of neural interfaces considering the long cell viability, growth, proliferation, and functional
properties. It is important to underline that silicon and metal neural interfaces may manifest
technological and mechanical defects in terms of spatio-temporal resolution, selectivity, mechanical
tissue mismatch, and long-term biocompatibility. Organic bioelectronic polymers, on the contrary,
show a variant of intrinsic properties, such as electrical conductivity, biocompatibility, mechanical
flexibility that offer advantages if compared to inorganic materials!’1%2%  As a biocompatible
organic interface, several materials have been investigated interacting with neurons and later with
glial cells, in vitro and in vivo with the aim to collect ion current and to capture their specific signals.
For example, (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), polypyrrole
(PPy), and polyaniline (PANI)?°%22 The study was focused on the increase of the conductive
properties supported by increasing concentration of Ethylene glycol (EG), with a final conclusion that
neurons’ growth and survival were higher than astrocytes and the collected signals were opposite to
that observed in primary astrocytes. Organic materials-based bioelectronics offer promising tools for
the study of the physiology of astroglial cells. They are biocompatible, optically transparent in the
visible range, iono-electronic transport promoters with light adsorbing and emitting properties. One
of the most important questions about astrocytes and cell communication that remains is the astrocytic
activity is independent from the neuronal activity. To address this issue, devices eliciting biochemical
and electrical signals in astrocytes are needed, overcoming the limits of neural devices caused by
biological instability, high electrical noise, tissue inflammation, primate studies and human clinical
trials?®®. To solve this issue, Benfenati, Antognazza et al., exploits photoexcitation of a thin film
polymer photovoltaic blend made of poly(3-hexylthiophene) with phenyl- C61-butyric-acid-methyl
ester (P3HT:PCBM), previously used to excite hippocampal neurons, and later for neuronal firing in

vitro of blinding retina?®42%’, The work demonstrated that P3HT:PCBM supports the growth of pure

44



primary cultured rat neocortical astrocytes; 543 laser light emission excite the whole-cell membrane
conductance of astrocytes and depolarized the membrane potentials, suggesting that the CIC-2 protein
channels are triggered. For the first time they demonstrated the effect of P3HT:PCBM blended
photostimulation in vitro as a gliophotonic interface. On this basis in this thesis in Chapter 1V, we
described the results achieved in collaboration with Dr. Antognazza, 1IT-CNST, Milan, on the use of
nanopillars of P3HT:PCBM blend. Given the the importance to reveal intracellular calcium
concentration ([Ca?*]i) in primary rat astrocytes as fundamental in cells’ signalling, Borrachero et al.,
used transparent organic cell-stimulating and sensing transistor (O-CST) made of perylene-diimide-
derivative N, N'-ditridecyl perylene-3,4,9,10- tetracarboxylic diimide (P13), already validated to
stimulate and record neurons, to explore the possibility to elicit calcium signalling in astrocytes. The
work showed that an extracellular electrical stimulation given by a slow ramp of voltage spanned at
the gauge electrode of the OCST induces a slow and persistent increase in [Ca%"]l by TRPV4 and
TRPA1%2%20  Thys, both organic bioelectronic and optoelectronic approaches are suitable as
promising glia interfaces. Another important carbon-based material is graphene and its derivatives,
with tunable electrical conductivity and mechanical flexibility. Graphene represents a potentially
suitable material for neuronal interface. The properties of graphene include large surface area (2630
m2 g—1), strong mechanical strengths (Young's modulus~1100 GPa, fracture strength ~ 125 GPa)
and high thermal conductivity (5000 W m—1 K—1)?%21 Furthermore, its all-carbon backbone
structure can be easily functionalized via standard organic chemistry or electrochemistry?'2213, The
outstanding mechanical properties of graphene allow high tensile stiffness and strength and
flexibility, which make graphene ideal electrodes to contact brain cells?'4. The family of graphene
nanomaterials can be classified according to the number of layers, chemical modification of the

surface, purity, lateral dimensions, the density of defects and composition?'®

. A general nomenclature
of graphene-related materials (GRMSs) has been introduced by the EU project Graphene Flagship

guidelines to discriminate single- and few-layered G (1-10 layers; GR), G oxide (single layer, 1[thin
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space (1/6-em)]:[thin space (1/6-em)]1 C/O ratio; GO), reduced G oxide (rGO), graphite nano- and
micro-platelets (more than 10 layers, but <100 nm thickness and average lateral size in the order of
the nm and pum, respectively), G and G oxide quantum dots (GQDs and GOQDs, respectively) and a
variety of hybridised G nanocomposites?®.

Chiacchiaretta et al., also observed that treatment with GO flakes induces a significant alteration of
K* currents along with an increase in outward rectifying currents®!’.

Additionally, they found that astrocytes treated with GO flakes had enhanced Na'-dependent
glutamate uptake capabilities as well as displayed alterations in calcium signalling?2.

In collaboration with the group of V. Palermo and Manuela Melucci at ISOF CNR in Bologna, we
aim to improve the interaction with astrocytes exploiting the biomimetic approaches, and
functionalization with (bio)molecules composed of a bilayer of phospholipids?®. To this end, a
phospholipid (PL) was linked on graphene oxide (GO) sheets and the resulting substrate was used as
a bidimensional scaffold for growing primary rat cortical astrocytes. The adhesion of primary rat
cortical astrocytes on GO-PL substrates was increased compared to standard systems (e.g., poly-D-
lysine, PDL) and compared to that on non-functionalized GO. Primary rat cortical astrocytes grown
on GO-PL showed no significant gliotic reactivity. GO films with a nanometric thickness can be
easily fabricated via spin coating or filtering of aqueous solutions at different concentrations.
Although GO is non-conductive, it can be transformed to highly conductive and reduced graphene
oxide (rGO) via thermal, chemical, and electrochemical treatments?%°.

Bioelectronic deals with all the electronic devices capable of interacting between biological signals
and electronic systems. This means that in the study of brain cells, the ability to record extracellular
signals is crucial. The development of MEASs based on more functional electrodes is promising both
in vivo and in vitro; however, the present limit shows that the simultaneous recording of voltage
changes in a big population of cells by several electrodes without causing damage to the plasma

membrane and able to discern the neurons from the glial cells’ signals, is still complicated??%222,
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Nonetheless astrocytes are considered electrically silent, although the basis for consistent
transmembrane potential discharge is possible. Given the fact that most of these transmembrane ions
dynamics occurs in the microdomains, nanostructured electrodes needed to be developed to allow
efficient electrical coupling at the nanoscale.

Examples of successful results for neuronal cells recording have been achieved by an intracellular
electrode platform of vertical metal-coated silicon nanowires for the intracellular recordings of
neurons’ activity. The same was obtained with a non-invasive gold-mushroom-shaped microelectrode
and the reduction of the signal-to-noise??3??4, In astrocytes Mestre et al., demonstrated that a similar
approach can efficiently record voltage variations in primary non differentiated astrocytes??°??’. On
this basis during my PhD in collaboration with Annalisa Convertino and Luca Maiolo at CNR-IMM,
we tested a gold coated silicon nanowire forest to grow astrocytes primary culture and to exploit the
possibility to use the platform to record astrocytes. The results are reported in Chapter IV.

Nanoglial Interfaces based on polymeric materials
Polymers are materials made of long, repeating chains of molecules. The materials have unique

properties, depending on the type of molecules being bonded and how they are bonded. Several
medical applications have been recognized in polymers. Body proteins are natural polymers and
consist of amino acids and the nucleic acids (DNA and RNA) are polymers of nucleotides??. In
chemistry, the process of combining molecules, called monomers into a chain with different bonds is
called polymerization. This term as the word macromolecules, guaranteed the Nobel Prize in
Chemistry in 1953 to H. Staudinger, a professor of organic chemistry at the Eidgendssische
Technische Hochschule (University of Applied Sciences) in Zurich for the first manipulation of
natural and synthetic polymers. The American Chemical Society recognizes him as the “father of
modern polymer development”. Polymers have several advantages with respect to previous
materials®?°. The synthetic ones are easy to use, ready to obtain by fabrication, tunable and low cost.

The natural ones have the huge advantage of being biocompatible, biodegradable, reducing the gliotic
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reaction and being long term available?*°. Among natural polymers, silk fibroin (SF) obtained by
Bombyx mori cocoon, has been deeply investigated by our group, in interfacing with neural cells and
glial cells. The versatility of the water SF solution called regenerated silk fibroin (RSF) can be
processed in various forms (i.e., films, gels, fibres, porous scaffolds, and sponges) with the possibility
to modulate the chemo physical properties (thickness, mechanical properties, time-controlled
biodegradation, blending and functionalization) and to modulate its pharmacological and therapeutic
properties?3-2%, Interestingly, primary astrocytes and primary neurons show different responses
interfacing with SF, depending on the modulation of its quality such as the hydrophobic properties,
that seem to contribute to the support of neurons attachment and astrocytes, respect to the neurite
outgrowth that increase in hydrophilic conditions. Benfenati et al. was the first investigating on SF
films and primary astrocytes’ showing their ability to grow up to 3 weeks in vitro, without occurrence
of any gliotic reaction?®*?%, In addition, the same study demonstrated the delivery of trophic
compounds, such as the purine guanosine, which induced a large inward rectifying potassium
conductance and parallel increase of Kir4.1 protein channel expression. In vivo investigations of SF
were obtained by integration of the natural polymer into organic optoelectronic polymeric devices
based on P3HT/PCBM?%:2% or as silk fibroin dielectric. Moreover, studies support the idea of the
employment of natural polymers, used in bone surgery; more recently in the brain, thanks to the
formulations based on Matrigel, hyaluronic acid derivatives, collagenous proteins, polysaccharides,
self-assembling peptides proteins and alginates. For example, hyaluronic acid-based hydrogels with
different molecular weights or with different peptides (i.e., RGD, YIGSR, IKVAV, and RDG
adhesive peptides) respond to pluripotent stem cell-derived neural progenitor (hiPS—NPCs) in terms
of spreading and cell attachment®’. Several works have demonstrated that Collagen, the more
diffused ECM protein in the adult nervous system, is a promising element in 3D remodelling brain
tissue during regeneration?32%°, The recent increase in the use of synthetic polymers for thegeneration

of scaffolds is due to the complexity of the brain environment from which astrocytes and
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other glial cells originate?*!. In particular, in glial science, the astrocytic adhesion, morphology,
proliferation, migration, and gene and protein expression lead to the study of new polymers for the
fabrication of 3D scaffolds that may fit well with the ECM and that allow being a guide in case of
disease, where these features need to be modified and correct by engineering implantable long-term
interface. The following new “smart” polymeric interface is first validated as a 2D system in vitro
before being processed in 3D scaffolds and our lab is focusing on the validation of several materials
where synthetic polymers properties such as stiffness, surface topography, porosity, and molecular
transport, play important roles in determining the in vitro responses of astrocytes to the materials?*.
Current technological approaches for the fabrication of brain biodegradable or non-biodegradable,
micro and nano-interfaces are generally based on innovative processes such as electrospinning, nano-
emulsion?°. Among them, FDA approved polymers are: polyesters of lactic and glycolic acid (PLA
or PGA) or their co-polymers (PLGA), PLA:PGA, the chemistry of PLGA copolymers seem to
improve the transport of therapeutic agents (i.e., antitumor drugs, glial derived neurotrophic factor)
across the BBB in the treatment of neurodegenerative diseases?*?*243, Polymeric synthetic materials
can increase the level of expression of the cytoskeletal marker, GFAP, interfacing with astrocytes,
we demonstrated that polycaprolactone (PCL) nanofibres, fabricated via electrospinning to mimic the
ECM, are able to generate an architecture to regulate proliferation, cell shape, and motility of
astrocytes®*424 without inducing GFAP over-expression. Lau et al. demonstrated as first, that there
was a role of random or aligned organisation of PCL fibres on the in vitro response of mouse
astrocytes, via gene and protein expression studies, confirming the ability of PCL oriented nanofibres
to down-regulate GFAP protein expression, while the actin, vinculin and chemokines, neurotrophic
factors, antioxidants (glutathione S-transferase al) and the glutamate transporter were upregulated in
astrocytes on PCL random nanofibres. Also, the results obtained with PCL electrospun nanofibers
are described in the Chapter 1V of the thesis. Moreover, PCL, as well as other polymers, can be

chemically modified during synthesis to include different copolymers with properties suitable for the
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CNS, for example with polymethyl methacrylate?*®. Besides, polymers endowed with electrical and
conductive properties, (i.e., polythiophenes, polyanilines-PANI, etc.) are designed as smart bio-
interfaces supporting neurite regeneration®’-24%, Our previous study about the role of PCL combined
or not with natural protein such as gelatin, has been implemented with evidence regarding the
copolymerization with PANI nanoneedles embedded in the random and aligned electrospun fibre?4’-
249 Results are reported in Chapter 1V.

Surprising results about no difference in the electrophysiological properties of astrocytes have been
obtained, the increasing adhesion and growth properties were confirmed. This conclusion allows us
to consider such polymers as a useful platform for neuroregenerative scaffold as well as for the
understanding of how astrocytes behave in case of disease where the “signals network™ and the cell
communication between astrocytes and neurons or other glial cells is compromised.

Soft hydrogels are recently studied as non-biodegradable 3D implant for the brain; Among these
polymers, PEG-dimethacrylate (DMA), poly(N, N-dimethylacrylamide) (PDMAA), poly(2-
ethyloxazoline) (PEtOx), and poly([2-methacryloyloxy)ethyl] trimethyl ammoniumchlorid) (PMTA)
are recognized as biocompatible for brain cells?>%2°1, Our lab is now validating, in collaboration with
ISTEC of CNR of Faenza a new approach based on the combination of different aspects presented
here such as the copolymerization of conductive polymers based on PEDOT:PSS with proteins able
to generate soft hydrogels to be useful in tissue regeneration. Our approach is based on interfacing
with primary astrocytes in vitro and the understanding of morphological rearrangement induced by
the 3D scaffold with the cells. Future perspectives will guide to suggest that conductivity of substrate
can be an essential factor for differentiation and determination of cell fate in astrocytes in 3D
hydrogels, on the base of neuronal differentiation and electrochemical currents mediated by
conductive electrically cross-linked polymers substrate?®2>,

Nanoglial Optical Stimulations
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Light has the potential to be considered a tool for neuromodulation in the brain, the sources to emit
light can be differently modulated and can differently target the cells composing the brain. First
approaches were obtained using Argon ion laser at a wavelength of 488 nm. Effects induced on
tissueand on neurostimulation depend not only on the wavelengths but obviously on other parameters
such as distance, time, space and biological targets. All these parameters are very tunable and
approach the “Photostimulation” as depending on the request of investigation. Evidence of application
of lasers to the study of the glia-neuron network seems to be more suitable for the research application
rather than in the therapeutic approach where light techniques are validated in human tissue and
therapy, such as the light emission in cancer therapy, the photodynamic therapy?®*2>°. One of the major
problems is the excessive stimulation of reactive oxygen, which causes tissue damages.Optogenetics,
for example, even though used in rodents since 2005, is still lacking relevant results in primates and
in humans because it is far from being safe. Generally light therapy (710 nm) in the brain showed
neuroprotection in rat experimental stroke models?*®. While the use of low-level light therapy mostly
involves red and near-infrared light. Alternatively, low-power light- emitting diodes (LED) using
visible light are attractive because LEDs are safe on tissue. Nevertheless, in the application of light
therapy, longer red/near infrared wavelengths are better to penetrate tissue than blue/green LED-
wavelengths; pulsed infrared (IR) stimulation has been shown to be a clinical alternative to stimulate
neural activity, as a label-free technique that does not require genetic manipulation?’. Low-level laser
light (800 nm) improves cognitive deficits and modulates neuroinflammation after traumatic brain
injury?®825° Additionally, it presents several advantages over electrical stimulation demonstrated in
rat sciatic nerve using a free electron laser. The mechanism of IR localised heating by the absorption
of light by water molecules guarantee a high spatial precision. Zao et al., shows that an 800-nm near

infrared (NIR) femtosecond laser induces Ca®* waves in astrocytes®°.
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Our recent study showed for the first time, by means of calcium imaging experiments, the INS
application in astrocytes in vitro. Using live-cell fluorescence imaging, pharmacology,
electrophysiology, and genetic manipulation, we showed that INS can modulate astrocyte function
through changes in intracellular Ca* and water dynamics (Fig. 1.15). Interestingly, we were able to
modulate the INS impact on standard in vitro systems, as well on nanostructured materials such as
the mentioned HTIlc, where glial cells resemble an in vivo-like phenotype. The hypothesis is to
consider the water transport activated through the involvement of IPsR, TRPA1, TRPV4, and
AQP42%1, Moreover, nanostructured organic biomaterials endowed with photoactive propertires based
on poly(3-hexylthiophene-2,5-diyl) with phenyl-C61-butyric-acid-methyl ester (rr- P3HT:PCBM)
coated with PLL was used to plate primary neurons and astrocytes. Visible light andany applied
electric field was used?**?%’, The advent of photostimulation as tool of investigation for the
stimulation of astrocytes functional properties has been exploited also in our lab with polythiopene-
based interfaces. In collaboration with Dr. Antognazza, we are exploting the structural and functional
impact of semiconducting polymer interface based on polythiophene (rr- P3HT-pillars), responsive
to visible light and endowed with a particular 3D micro and nano-topography made of pillars
on the top surface of the substrate. These studies, whose results are reported in Chapter IV, are based
on previous evidence reported by Dr. Antognazza group. They observed that seeded neurons were not
negatively affected in their adhesion and growth on the top ofrr-P3HT substrates; however, it was
shown a decrease in dendritic arborisation and cell membrane thinning. The rr-P3HT pillars interface
has the potential to doubly exploit the nanostructure of the pillars with the conductive and photoactive
elements of the materials and become a promettent tool of investigation and application on
photomechanical, photochemical, and photoelectrical modulationof cell activity, thus, our though was

to investigate them as nano glia photonic interface?®?,
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Fig. 1.15: Scheme representing two different approaches based on astrocytes photostimulation. A) Panel shows the experimental set-
up for stimulation of astrocytes with INS (excitation wavelength source 2=1875 nm), B) Scheme of the fibre placement is in proximity
of cells during the performed experiments of electrophysiology or calcium imaging?®’.

Aim of the Thesis

On the Basis of all the studies described above, about the role of astrocytes in the brain, they are

definitely players in the physiological activity and the pathology of the brain.

The idea of astrocytes as “glue” in the brain tissue is completely overpassed, and their activity in the
complex network of neurons is totally confirmed. Even though the excitability of neurons and the
property of firing is still central in the study of several brain dysfunctions, the excitability system
based on calcium signalling is still rising as a pioneer of the gliotransmission and diffusion of
information. Information passes through temporal and spatial scales according to neurons' action
potentials, synapse plasticity process and neurotransmitters>®1’. At the same time, ion channels and
water channels might play an unexplored key role in connectivity and cognitive functions.
Nonetheless, the design of long term biocompatible implants demands permissive, non gliotic,
nanoglial materials interfaces. Taking advantage of the ability of astrocytes to sense and react to
extracellular chemophysical stimuli, in vitro studies demonstrated the selective ability of these cells
to respond to different stimulation protocols (chemical, physical, mechanical, electrical or photonic

stimuli).
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However, probing glial cells, like astrocytes, needs the integration and the manufacture of specific
innovative technologies into electronic devices to discriminate between the different nature of neuronal
and astrocytic signalling. In this respect, Dr Benfenati’s lab proposes glial engineering, glialinterfaces, and
gliophotonics as emerging fields of investigation of the brain'’.

The vision relies on results achieved by a long-lasting work of multidisciplinary and fruitful
collaborations. In such exciting and fertilizing environment, we put together the basis for the scope, the
experimental design and the implementation of this thesis.

Accordingly, the rationale of the research work beyond my PhD thesis, was to define new insight intothe
role of astrocytes in brain function, through the exploration and exploitation of new multifunctional
nanoscale materials, interfaces and devices.

In order to characterize the impact of different materials and devices on astrocytes functionality we used
in vitro primary astrocytes, a validate model where to study astrocytes in a controlled althoughsimplified
manner. On these cells we performed experiments combining materials, interfaces and devices with
validated protocols, technologies and systems of electrophysiological investigation, suchas the patch-
clamp or extracellular recording by micro-electrode-array. The molecular analyses included western blot
and immunofluorescence with confocal microscopy, while dynamics of actin or calcium were analyzed
with fluorescent microscopy. Specifically, we tested nanostructuredmaterial interfaces made of 1) organic
polymers based, electrospun nanofibers made of biopolymers and composites developed in collaboration
with Vincenzo Guarino and the group of Prof. Luigi Ambrosio of CNR-IPCB and 2) gold silicon coated
nanowires interfaces and devices developed in collaboration with the group of Dr. Annalisa Convertino
and Luca Maiolo of CNR-IMM, 3) colloidalhydrotalcites films in collaboration with Dr. Tamara Posati
and Roberto Zamboni at CNR-ISOF, 4) gold nano cluster tools tested in collaboration with Dr. P. Shashi
Karna of Army Research Laboratory, 5) semiconducting polymer interfaces based on polythiophene in
form of nanopillars in collaboration with Dr. Maria Rosa Antognazza at Italian Institute of Technology

(Figure 2.1).
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Finally,in collaboration with the group of Marco Capini at UNIBO FABIT, Grazia Paola Nicchia of
the University of Bary and with the group of Prof Wolfgang Losert, at University of Maryland, we
also exploit the use of nanostructured surfaces made of hydrotalcite, to evaluate the dynamics of
water, cell volume in differentiated astrocytes and to describe for the first time the dynamics of
cytoskeletal actin proteins and their difference in polygonal and differentiated astrocytes. As a
mission, the long term goals to which these studies are devoted, is demonstrating the role of astrocytic
dynamics in brain function and dysfunction by a novel cross-disciplinary and contaminated approach

among Nanoscience and brain Science.
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Fig. 2.1: Aschematic representation of a key new class of interfaces here reported and enabling the investigation on astrocyte properties
(created by Office PowerPoint®).
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Experimental Section

Astroglial cells preparation, maintenance and plating
Primary astroglial cultures were prepared at the Department of Pharmacy and Biotechnology of the University

of Bologna, in agreement with the Italian and European law of protection of laboratory animalsand the approval
of the local ethical committee for animal experimentation (ethical Italian protocol numberID 1338/2020 PR,
valid for 5 years). Every effort was taken to reduce the number of animals and their suffering. The procedure
for astrocytes preparation is, briefly, reported in this paragraph and in the experimental section of each paper
presented in Chapter 1V. Neonatal rats p0-p2 (Sprague Dawley) were sacrificed to avoid the astrocytes cell
culture preparations. Astrocytes culture were prepared from the most superficial layer of both cortical
hemispheres and transferred into 1/2 ml of tissue culture medium containing15% FBS (Table 1, media
composition). The final step consisted of transferring the tissue cortex into a 25 cm? tissue culture flask and
incubating at 37°C, 5% CO2. Two days after preparation, the medium was carefully changed to remove the
debris from preparation. Into two days from the cells preparation, the debrisfrom cells preparation was
eliminated by rinsing astrocytes flasks with pure Dulbecco’s Modified Eagle Medium (DMEM). The
“washing”, accompanied by shaking the flasks, were repeated every two days to remove debris and undesired
cell types. Reaching the confluence, astrocytes were maintained in culture medium containing 10% FBS; 2
weeks later astrocytes can be re-plated a (at specific concentration) onto the respective substrates, the re-plating

of astrocytes is mediated by enzymatical dispersion with 0.25% trypsine-EDTA to detach cells from the

ﬂaSkl7’61’62'88’91’92'93

15 % FBS 10 % FBS
DMEM 84 ml 89,5 ml
FBS 15ml 10 ml
PenStrep* 1%*penicillin-streptomycin 1ml 0,5 ml
(100U/mL and 100 mg/ml respectively)

Table 4.1: Composition of the 15% FBS media preparation and 10% FBS media maintenance of primary astrocytes. Values are reported for
100 ml total of media solutions.
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Biocompatibility Assays

Fluorescein diacetate assay

The Fluorescein diacetate (FDA) Assay was used as the first approach to test the cell viability. FDA is a
non-fluorescent fluorescein analogue, that could be hydrolysed to a fluorescent fluorescein analogue in
living cells, by the enzyme activity of a cellular esterase. The enzyme works by cleaving off the acetate
groups when the molecule is incubated with living cells. The preparation of the stock solution (5 mg/ml)
consists of a stock solution diluted in acetone, secondary 3.3 pl of the stock solution was diluted in 1 ml
ofphosphate buffered saline (PBS, Invitrogen). After 5 min at room temperature (RT), the cells seeded on
thesubstrates and devices were washed with PBS and they could be observed by fluorescence or confocal
microscopy (Nikon eclipse 80i fluorescence inverted microscope equipped with a 20X or 40X air
magnification, Nikon TE 2000 inverted confocal microscope equipped with a 40X magnification and a
400nm diode, 488 nm Ar+ and 543 nm He—Ne lasers as exciting sources, Crisel Instruments- Olympus
BX-63confocal time-lapse microscope equipped with a 40X, 60 X immersion and 100X oil magnification
and 6 LED (390, 440, 475, 510, 555, 575 nm) e 2 NIR lasers (637, 748 nm) exciting sources). Living cells
were counted by Imagej software and the number of cells/area was calculated at desired time points.
ProLong Diamond Antifade Mounting (DAPI) blue staining was usually used in order to stain the cells’

nuclej?01.88.225,234,248,249

Alamar blue Assay

Astrocytes viability on different substrates and interfaces was analysed via Alamar Blue Assay (AB, Life
Technologies), according to the Interchim technical sheet (66941P) and protocols in a microplate reader,
(Thermo Scientifict Varioskan Flash Multimode Reader). AB Assay provides a time course of astrocytic
viability by quantitatively measuring the cell number and the proliferation rate of living cells on the
substrates per time. The proliferation rate was calculated as the increase in fluorescence, which is
proportional to the number of cells and it was expressed as a percentage. Besides, AB Assay relies on the
enzymatic activity related to aerobic cells respiration and REDOX reaction in the cytoplasm of living cells,

given also information on the cell metabolism activity. Data were collected at least from three separate
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experiments performed in triplicate and are expressed as means =SE of the percentage

of reduCedZZS,234,248,249,252

Morphological characterization of astroglial cells

Image processing and analysis

The evaluation of the morphology of astrocytes, grown on different substrates, was performed by FDA
analysis usually after 1 day in vitro (1 div), (3/4 div), (7 div) from the re-plating of cells seeded on different
substrates. Data were collected at least from three separate experiments. A sequence of images (10 to 15
different fields for each sample) was taken using fluorescent or confocal microscopy. Images were
analysedby ImageJ software. The morphological criterion, used to measure the cell differentiation,
induced by growth of astrocytes on different substrates and interface, consists in: distinguishing between
elongated andstar-like astrocytes or polygonal undifferentiated astrocytes. The differentiation of cells can
be defined as “elongation” when the vertical Y axis for each cell was at least two times longer than the
horizontal X axis,and “star-like” when a cell displays more than 2 branches®. Data are reported as means
+SE.

Characterization of molecular properties of astrocytes

Immunostaining for fluorescence and confocal microscopy

To perform immunofluorescence and confocal microscopy, cultured astrocytes plated on coverslips, substrates
and films were fixed in 4% paraformaldehyde (PFA), washed in phosphate buffered saline (PBS); the
nonspecificsites were blocked with 3% Bovine Serum Albumine (BSA) in PBS and permeabilized with 0.3%
Triton X-100in PBS. After the blocking of nonspecific sites with BSA, cells were incubated with primary
antibodies for 2h at RT, washed in PBS and incubated for 1h at RT with Alexa conjugated secondary
antibodies. Finally, sampleswere mounted on slides, using ProLong Diamond Antifade Mounting with DAPI
or the mounting medium (50%Glycerol, 0.01% N-Propil-Gallate in PBS) and images were taken. Primary
antibodies used were: mouse anti- GFAP (Sigma Aldrich, Milan, Italy, dilution 1:300 in 3%BSA and 0.1%

Triton X-100 in PBS) rabbit anti-Kir 4.1 (Alomone, Jerusalem, Israel, dilution 1:300), goat anti-AQP4
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polyclonal (Santa Cruz Biotechnology, Santa Cruz, CA, dilution 1:200) and rabbit anti-Vinculin (Life
Technologies, Monza, Italy, dilution 1:200). Tostain F-actin fi-actinng ATTO 647N-Phalloidin (Fluka
Analytical, St Louis, MO, dilution 1:200) and Phalloidin-FITC (Sigma Aldrich, Milan, Italy, dilution 1:200)
were used. The common used secondary antibodies were: donkey anti-mouse CY3 (Jackson Labs),
Alexa488-conjugated donkey anti-rabbit or goat anti-mouse and Alexa594-conjugated donkey anti-goat

(Molecular Probes, Eugene, OR) at a dilution of ;.7gq®%22>234248:249

60



Monitoring of Actin dynamics

Transduction of cells with actin- Cell Light

To visualise actin dynamics, astrocytes were transduced with CellLight Actin-GFP, BacMam 2.0
(ThermoFisher Scientific, MA, USA) at a concentration of 100 particles per cell. At 48h prior to live
imaging, 5-10 uL (depending on the plating cells density) of the reagent was added to the cell culture media.
A full media change was performed 16-20h after transduction, and imaging was performed 24h after the
full media change. Transduced astrocytes were identified by a positive signal in the 488 laser channel of
confocal imaging. A consistent z-plane was assured with Perfect Focus (Nikon PFS). Live imaging
timelapses were acquired at the University of Maryland CMNS Imaging Core using a PerkinElmer
spinningdisk confocal microscope with an oil immersion 40X objective (1.30 NA; 0.36 um/pixel) and
temperature and humidity control. The microscope was equipped with a Hamamatsu ImageM X2 EM-
CCD camera (C9100-23B), which recorded 16-bit images. Data acquisition was performed with Perkin
Elmer’s Volocitysoftware (version 6.4.0).

Synthesis fabrication and functional characterization of smart glial engineering and interfaces
This thesis reports a review on engineered technologies and innovative tools based on biomaterial
interfacesand devices able to induce a response in astrocytes. It is highlighted that, while | have been
performing every single experiment related to the characterization, all the process of synthesis preparation
and characterization of the materials and substres were performed by respective partners as indicated
below.

Stable polymers such as polycaprolactone (PCL) have been used successful in form of PCL nanofibers,
obtained through electrospinning at CNR-IPCB in the group of Prof Ambrosio, by Dr Vincenzo Guarino
and Anna Boriello. The idea to use electrospinning as a method of fibres’ preparation was to mimic the
specific extracellular matrix (ECM) of the brain to obtain a fibrous architecture of the substrates that can

promote astrocytes’ cytoskeleton rearrangement. All the experiments were performed at natural
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environmental conditions (T = 18/21 °C, RH = 40-50%). In collaboration with Prof. Luigi Ambrosio and
Dr. Vincenzo Guarino of IPCB-CNR electrospun fibres were processed by Poly-E-caprolactone (PCL,
Mn45 kDa), bovine gelatin type B (Gel, ~225 bloom) in powder form, chloroform (CHCI3, 0.33 g/ml) and
1,1,1, 3, 3, 3, hexafluoro-2-propanol (HFP), (Sigma Aldrich, Italy), moreover PCL/Gelatin solution was
obtained by dissolving PCL and Gelatin separately in HFP for 24 h to obtain the final polymer concentration
of 0.1 g/ml (polymers ratio 1:1). Electrospun fibres were processed using commercialised electrospinning
equipment (Nanon01 Mecc, Japan) optimised for the fibres deposition by vertical configuration. All the
parameters (i.e., flow rate, voltage, electrodes distances, rotation speed) have been optimised,;
morphological analysis, fibres’ mean diameter was calculated, fibres anisotropy and the spatial
organisation of fibres, wettability are reported in the section of Chapter IV dedicated to PCL2%,
Moreover, the last decade focused on the use of biocompatible polymers with electrically conductive
properties, which can promote cell adhesion. In this context, the use of electroactive polymers (EAPS) is
emerging as a class of organic materials with intrinsic conductive properties and with different applicative
uses (i.e., molecular targeting, biosensors, biocompatible scaffolds). The electrically conductive
nanocomposite platforms havebeen investigated in this thesis as a promising platform potentially applied
to stimulate and record astrocytesfor the recovery of neuronal structure and function. For this purpose, by
embedding electro conductive PANiinto electrospun fibres, PCL-based substrates with Gelatin and
Polyaniline (in form of nano-needles) have been fabricated as it follows?*® in IPCB-CNR labs. For the
synthesis of PnNs, aniline, ammonium peroxydisulfate (APS), camphor sulphonic acid (CSA), and
emeraldine base polyaniline (EB, Mw 10 kDa),(Sigma Aldrich, Italy) were used. The morphology of the
PnNs, the mean diameter of the fibres and fibrescharacterization have been analysed and reported in a
dedicated section of Chapter 1V2*8, As control, electrospun fibres without PnNs were fabricated under
the same processing conditions.

Electrospinning technique

Polymeric materials are dissolved in a suitable solvent to become a solution that is placed in a syringe pump.

An electrostatic repulsion forced by the application of charges of the same sign on the surface where
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thedrops of polymers will be delivered. When these forces are such as to overcome the tension surface
of the drop, a polymer jet is formed, due to the electric field. The jet is stretched and it allows the formation

of thenanostructures. (Fig. 4.1).
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Fig.4.1: Scheme of the electrospinning technique (created by Office PowerPoint ®).

Silicon Nanowires (AuSiNWSs) covered by gold represent a class of interface were produced by plasma
enhanced chemical vapour deposition in collaboration with Dr. Annalisa Convertino and Dr. Luca
Maiolo,from CNR-IMM in Rome. Technical details and the characterization of the substrates are reported
in a dedicated section of Chapter V.

Vapor-liquid-solid (VLS) mechanism of nanowires growth.

The following mechanism of nanowires growth occurs when an alloy droplet, formed from a solid substrate
and metal catalyst, becomes supersaturated with a material coming from a gaseous reactant. As a second
step, the material precipitates (from the solid-liquid interface) to form a nanowire. The liquid droplet must
be stable and form an alloy or a eutectic mix at the right pressure and temperature. One of the downsides
to this technique is that the metal catalyst dopes and creates impurities throughout the nanowire. In the
caseof Au, the eutectic temperature (the lowest temperature before solidifying) is at 363°C degrees.

The Plasma-Enhanced Chemical Vapour Deposition (PECVD)

PECVD is a variant of conventional CVD, in which the deposition process is not governed by the
thermodynamic characteristics but by the kinetic ones. In fact, the dissociation reactions of the gaseous

precursors are induced by electrical excitation within a plasma. Plasma is a rarefied gas of ionised
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moleculesand atoms, electrons and neutral species that emits a characteristic discharge, plasma is made
up of both positive and negative ions and overall it is neutral. It can be generated in different ways
depending on the type of apparatus, in our case by means of an electrical signal alternating in radio
frequency (RF) between two electrodes. In fact, this signal is able, under low-pressure conditions, to make
the electrons acquire sufficient energy to trigger ionisation and dissociation processes of the gases present,
with the formation ofhighly reactive radicals. The substrate is positioned on the positive electrode (anode)
and when the radicalsreach it by diffusion they react with the catalyst. The growth continues as long as
the radiofrequency signalon the negative electrode (cathode) is finished??,

The implementation of inorganic nanostructures, such asHydrotalcite-like compounds (HTIc) synthesis

and films preparation HTIc substrates were formulated, synthesised by Dr. Tamara Posati, CNR-ISOF as

described previously. The drop casting technique consists in depositing a drop of solution on a substrate.
Then, the evaporation of the solvent used and the film densification are expected. This process is easy to
carry out and does not require specific instrumentation. However, drop casting cannot be applied to large

surfaces. It is hardly possible to obtain homogeneous and reproducible films®9 (Fig. 4.2).
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Fig. 4.2: Scheme of the drop casting solution on substrate (created by Office PowerPoint ®).

Gold Nanocluster Preparation and Characterization

fTAUNCs solutions were prepared according to the ARL Laboratory of Aberdeen of Prof. S. P. Karna: 0,004
g of gold salt clusters were dispersed in PBS and dissolve after 30-60 sec. of sonication in 10% cell media,
in order to obtain [ImM] solution. The same procedure was used to prepare [ImM] fAuUNCs solution with
any amount of BSA-blended. Cells were treated with the following solutions after 1 div from the re-plating;
they were left for 24h of treatment in incubator 37°C and 5% of CO., later rinsed with PBS before

performing single experiments.
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rr-P3HT pillars Preparation and Characterization

rr-P3HT nanopillars have been processed by IIT according to the following protocol. Rr-P3HT (purity
99.995%, molecular weight 15000—45000), were purchased from Sigma Aldrich. PDMS elastomer
(Sylgard184) was purchased from DowCorning. Glass/ITO substrates (15 /sq) were purchased from
Xin Yan Technology. PDMS precursor was mixed with the curing agent (10:1volume ratio) and left in
vacuum for 30 min in order to remove air bubbles formed during the mixing process. P3HT was dissolved
in 0- dichlorobenzene (20 g L—1) and stirred for one night at 50 °C. A 1 pL drop of the rr-P3HT solution
was pushed onto the cleaned glass/ITO surface using the micropatterned PDMS mold. After a thermal
treatmentat 90 °C for 2 min, the mold was gently removed ending up with a 4 x 5 mm2 rr-P3HT pillar
array surrounded by a flat rr-P3HT region deposited on top of glass/ITO substrates. Flat Glass/ITO/P3HT
were prepared by spincoating and used as control for studying the structural and functional impact of

astrocytes with the nanosized polymer pillars®®? (Fig. 4.3).
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Fig. 4.3: Device fabrication and morphology. A) rr-P3HT micropillar fabrication process. B) SEM- Photograph of the rr-P3HT-pillar-based
device, taken at the end of the fabrication process. Scale bar: 10 um. Permission from: Copyright © 2019 American Chemical Society.

Readapted from?62,
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Analysis of the Functional properties of brain cells:

Electrophysiology: The Patch Clamp Technigue

The origin of the patch clamp can be found in the 1660s, when Dutch and Swammerdam prepared a
neuromuscular dissection from a frog leg. The aim was to stimulate the frog’s nerve and observe what a
trigger could cause in the muscle contraction. After the first successful results, they perfected the
preliminary preparation, by attaching needles to each of the muscles to analyse, in order to monitor the
muscle contraction. Slowly, Swammerdam started to understand the nature of signal propagation between
nerves, but it was Isaac Newton, who first mentioned the electrical nature of nerve signals.The story of
ionchannels, which are the main protagonist of the bioelectrical activity and properties studied in this
thesis began in 1791, when Luigi Galvani published his fundamental work: “De Viribus Electricitatis in
Motu Musculari Commentarius on animal electricity” as accurate work of 10 years of observations on
contractionof isolated frog nerve—muscle preparations, which Galvani performed with his wife, Lucia
Galeazzi, and his nephew, Giovanni Aldini. Galvani's prophecy allows the identification of the electrical
excitation of thenerve-muscle preparation and the relationship between stimulus intensity and muscle
contraction. He also described the refractory phenomenon due to the contractions, which can be restored
after a period of rest. Itwas only in 1797 that Galvani settled the crucial experiment to demonstrate the
action potential propagationand developed the theory of electrical excitation. Aldini, after the death of
Galvani in 1798, continued to investigate animal electricity. He was the first to apply electrical currents
to a mammalian brain. However,in the XIX century, the spread of “Galvanism theory” was so intensive
in the word that it inspired, in 1817,writers such as Mary Shelly with “Frankenstein, or the Modern
Prometheus”; the novel, addressed for the first time, the problem of the ethical responsibility of a
scientist.In the development of the theory of electrical excitation, Matteucci succeeded Aldini, he
measured the resting current between the intact and cut surface of a muscle, and only later Emile du Bois-
Reymond was able to measure the electrical events accompanying the excitation of nerve and muscle. In
1850-1852, Hermann von Helmholtz was able to determine the delay between electrical stimulation of

the nerve and muscle contraction. Finally, Bernstein made the first true recordings of resting and action
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potentials, estimating that at rest, the nerve interior is about 60 Mv. In 1896, he applied the electrolytic
theory of Walther Nernst to a biological system and he raised the theory of K* selectivity through the
“lipoidal membrane” model of the plasmalemma. The bilayerstructure of the cellular membrane was
confirmed in 1925 by Gorter and Grendel. This theory was further developed by Danielli and Dawson
who introduced the concept of the “bilayer lipid membrane” including numerous proteins (i.e. ion
channels). In 1939, Kenneth Cole and Howard Curtis performed the first impedance measurements, Cole
and Curtis and Alan Hodgkin and Andrew Huxley developed the idea of anintracellular electrode, which
could be inserted into the axon of a neuron. They were pioneers of the first direct recordings of action
potentials. In 1949, the voltage-clamp technique was designed by Cole and Marmont, and almost
immediately, employed by Hodgkin and Huxley to produce the ionic theory of membrane excitation.
However, several problems arose such as the fact that excitation required recordingsnot only from axons;
the need to control both the extra- and intracellular environments to precisely separatesingle ion currents
and the understanding of the mechanisms of ion regulation. All these technical challengeswere analysed
and solved by several groups of dedicated electrophysiologists that contributed to the development of the
patch-clamp technique, here will be mentioned the most important novelties: the introduction of
microelectrodes pulled from glass pipettes, suitable for low-traumatising penetrations of individual cells,
developed in 1949 by Gilbert Ling and Ralf Gerard. In 1969, Erwin Neher and Hans DieterLux developed
a conceptually similar technique to monitor membrane currents by pulling micropipettes toobtain an
opening of about 100-150 um in diameter; they applied a gentle suction (2-10 mmHg) which helped the
approach to the neuronal membrane in the ganglia (normally covered by glial cells) and improvedthe
interaction with the intracellular part of the membrane. In 1961 Peter Baker, Alan Hodgkin and Trevor
Shaw introduced the double perfusion of intracellular and extracellular space. Even, the important
progressand magnificent evolution in the patch-clamp history, all these techniques suffered from a

leakage
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resistance between the membrane surface and the recording pipette, which caused low-noise recordings.
Ina single cell, the difficulty was to detect single-channel currents in the presence of background electrical
noise. Neher and Sakmann pressing a smooth electrode tip on the surface of an isolated skeletal muscle
fibre, were able to isolate a patch of the cell membrane and to record a signal with an intrinsic noise decrease.
The lower noise levels allow recording picoampere (pA) currents flowing through single ion channels.
Thediscovery of the1980 was called high resistance (giga-ohm) seal: the giga-seal, (cell-attached
configuration). Actually, the patch-clamp technique exploits the same principle: all ions pass through this
membrane patch flow into the pipette and can be recorded by a chlorinated silver electrode connected to
anelectronic amplifier, while a grounded bath electrode is used to set the zero level. Thanks to this basilar
mechanism, the complex biophysical properties of different ion channels can be studied deeper thanks to
patch clamp setup (Fig. 4.4). However, a major limitation is due to the recording of single cells, neither
suitable for high-throughput screening nor in more complex brain networks of neurons and glial cells.
Thehistorical events of patch clamp discovery have been reported in this thesis because | found really
fascinating the story of the evolution of this technique. Although, the invention of the patch clamp
techniquehas been motivated by the desire to understand the function of the electrically excitable nerve
and muscle cells. In 1982 the technique born for muscles and nerves was applied also to record single-
ion-channel currents from non-excitable cells (not firing pancreatic acinar cells). In conclusion, this big

invention in 1991 revealed its importance to the world with the Nobel Prize won by Neher and Sakmann.
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Fig. 4.4: Patch Clamp setup: electrical circuit exemplification (created by Office PowerPoint ®).
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The electrophysiological experiments of single cell patch clamp, presented in this thesis, were performed
following the voltage clamp mode, whole-cell configuration, after 24-72 h after cells re-plating; time
depended on the relative experiment and by the substrates to be tested with the seeded primary cortical
astrocytes. All the experiments were performed in the same setup at ISOF, CNR Bologna, equipped with
aNikon Eclipse Ti-S microscope at RT using patch pipettes (2-4 M tip-resistance) pulled from thin-walled
borosilicate glass capillaries. Responses were amplified (Multiclamp 700B, Axon Instruments), digitized
(Digidata 1440A, Axon Instruments), (Fig. 4.5).

Capacitive transients were compensated by the nulling circuit of the recording amplifier. Because of the

large current amplitude, the access resistance (below 10 M) was corrected 70-90%.

Fig. 4.5: Patch Clamp setup located in the Faraday cage and settled at the CNR of Bologna where all the functional experiments have been

performed. All the components needed for the electrophysiological recording are equipped.
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Analysis was performed off-line using pClamp 10 (Axon Instruments) and Origin 10 (OriginLab
Corporation). Passive properties of astrocytes were calculated as shown below?®3(see paragraph 9.
Statistical Analysis). Moreover, according to the concept of “Gliophotonic” defined by Dr Benfenati and
implemented in the ASTROTECH Project Team, Maiolo et al., explores the role of light photo-stimulation
as a tool of neuromodulation coupled with electrophysiology recording. Generally, optical tools can
provide precise, fast, label-free control of ions, and water dynamicsto study the cellular and molecular
mechanisms of astrocytes function and to potentially treat dysfunction. In particular, we define a protocol,
never explored before, of pulsed infrared light on astrocytes to understand the mechanisms by which
astrocytes may be modulated. Laser light emitted from a fiber can be coupled to an inverted
epifluorescence microscope and attached to a micromanipulator (Sutter Inc), close to the plated cells®?,
Similar approaches are actually under investigations and aim to define new optical label-free tools able

to stimulate glial cells (Fig. 4.6).
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Fig.4.6: Scheme representing astrocytes photostimulation by means of pulsed infrared light (INS) to stimulate calcium imaging in cultured
astrocytes. The experimental setup is setted to be performed togheter with an electrophysiological record. A) Panel shows the experimental
set-up for stimulation of astrocytes with INS light by means of an optical fiber. B) Panel shows the fibre placement in proximity of cells
during theexperiments. Light photostimulation can be delivered according to a specific protocol to astrocytes by application of fixed or
pulsed LED illumination mediated by a source to the inverted microscope®?. Permission from: © 2020 Federation of American Societies for

Experimental Biology.
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Calcium Imaging

Calcium microfluorimetry

The variation in free intracellular and extracellular calcium concentration ([Ca?* Ji/e) was monitored by
calcium microfluorimetry using the indicator Fluo4-AM or X-RHOD 1 AM (Life Technologies, Milan,
Italy), respectively in green or red single-wavelength fluorescent for Ca?*dynamics. The protocol
allowingthe Ca?* dynamics measurements was provided by the plating of a high number of astrocytes
seeded on PDL or different substrates or pre-treated with specific treatment. Cells were loaded with 10
uM Fluo-4 AM/X-RHOD, dissolved in standard bath solution for 30 min to 45 min at room temperature
(RT). Sampleswere next rinsed with standard bath solution. Measurements of [Ca?*] were performed by
using a fluorescence microscope (Crisel Instruments- Olympus BX-63 confocal time lapse) equipped with
long- distance dry objective (40X) and appropriate filters. The excitation/emission of Ca?* bound form
wavelengthwas 494/506 nm and 580/602 nm with a light pulse duration of 200 ms and a sampling rate of

1.5 Hz. Dataacquisition was controlled by MetaMorph software®292,
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Solutions and chemicals

All saline solutions for patch-clamp experiments were prepared with salts of the highest purity grade
(Sigma-Aldrich) and deionized and sterilised water. pH-adjustments were obtained with the respective
acid or base, the osmolarity as well was adjusted by adding mannitol (Sigma-Aldrich). Solution

composition are here reported:

1) Standard solution for astrocytes
NaCl 140 mM
MgCI2 2 mM
KClI 4 mM

CaCl2 2 mM
HEPES 10 mM
Glucose 5 mM
Mannitol 20mM

pH 7.4 with 1IN NaOH, osmolarity~315 mOsm
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5)

2)

4)

3)

Internal Standard solution for astrocytes
KCI 144 mM
MgCI2 2 mM
EGTA5mM
HEPES 10 mM

pH 7.2 with 1N KOH, osmolarity~295 mOsm

External Cesium standard solution for astrocytes
CsCl 140 mM
MgCI2 2 mM
CaCl2 2 mM
TES 10 mM
Glucose 5 mM

pH 7.4 with 1N CsOH, osmolarity~315 mOsm

Internal CsCl-solution for astrocytes
CsCl 126 mM
MgCI2 2 mM
EGTA1mM
TES 10 mM

pH 7.2 with 1IN CsOH, osmolarity~295 mOsm

Internal CsGluconate solution for astrocytes

CsCl 22 mM
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6)

The Ca?* free extracellular saline was prepared by omitting CaCl, salt and adding a calcium-chelating agent

(EGTA 0.5 mM). The hypotonic saline (260 mOsm) was prepared without adding mannitol.

The different salines containing pharmacological agents were applied with a gravity-driven, local perfusion

system at a flow rate of =200 uL min—1 positioned within =100 um of the recorded cell 6288929

221,225,234,248,249

Statistical Analysis

1) Analyses and statistics were performed with Imagej, Clampfit 10, Origin 8.5.1 programs to perform

morphological and molecular imaging characterization, electrophysiology and calcium imaging analysis.

CaCl2 2 mM
MgClI2 2 mM
TES 10 mM
Glucose 5 mM
Gluconic acid 100 mM

pH 7.2 with 1IN CsOH, osmolarity~295 mOsm

High K* [40-100 mm] solution for astrocytes
106 NaCl mM
40 KCI mM
2 MgClo mM
2 CaCl, mM
10 HEPES
5 glucose

pH 7.4 with 1N NaOH, osmolarity 315 mOsm

78



2) Calculation of astrocytic electrophysiological passive properties was obtained as follow a) the cell
capacitance, b) resting membrane potential, c) reversal potential, d) maximal current density e) specific
conductance (SG), f) input resistance (IR):
a) The capacitance of the cell membrane is proportional to the surface area of about 1puF/cm?®* . The value
of cell capacitance was taken directly before recording, using the cell capacitance compensation of the
Multiclamp program of amplifiers.
b) The resting membrane potential (at O current potential) is calculated by setting the current in the amplifier
value to zero.
c) The reversal potential was obtained by plotting the current vs the set voltage in the recorded ramp current
trace.
d) The maximal current density (I max) was calculated by normalising the obtained current value (I) at a
specific voltage (for the inward current density -120 mV, for the outward current density +60 mV) for the
cell capacitance, (Cp): Imax =1/ Cp
e) The specific conductance (SG) was obtained from the reciprocal of the input resistance (IR), normalised
by the cell capacitance (Cp):

SG =(1/IR) *Cp
) The input resistance (IR) was obtained from recorded current traces, where the given stimulation was a
voltage step (AV, from Vu=-60 mV to -120 mV for astrocytes). The change in current (Al) was then used
to calculate the input resistance:

IR =AV/AI

3) In the calcium imaging experiments, the ratio of the fluorescence intensity at each time point (Ft) and the
initial fluorescence (Ft0), that directly correlates with variation in [Ca?*]1?%°> was continuously recorded
during the experiment. The percentage (%) of inhibition of fluorescence was calculated as follows
[(Ftcontrol/FtOcontrol-Ftblocker/FtOblocker)/Ftcontrol/FtOcontrol]x100, where Ftcontrol/FtOcontrol was

the fluorescence ratio Ft/FtO recorded at the end of stimulation and 50 s after the end of the stimulation
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when we used standard bath solution containing Ca?*. Data were compared by one-way ANOVA with
Bonferroni post-test. A statistically significant difference was reported if p<0.05. The data was derived from
at least 3 independent experiments performed at least in triplicate. Dataare reported as the mean _ Standard

Error (SE).

*Note: Every modification to materials and methods with respect to the standard protocols, applied in the
performed experiments, are discussed in Chapter 1V and Chapter V dedicated to the presentation and

discussion of the Results of each topic of this PhD thesis.
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Results

This chapter is dedicated to a collection (papers’ review) of the paper related to the main focus of this
PhDthesis, selected among those published, on the basis of major contributions | gave and alliance with
the scope of the PhD program.

The papers’ review reports the journal publications in PDF format, following both the chronological order
of publication and the flow of the evolution of our studies.

Each paragraph is dedicated to a single paper and it will be introduced by a brief description of the aim
of every single work.

The editor’s policy has been verified for each journal where papers have been published and that are here
reported; the guideline for publication follows the rules indicated in the database: SHERPA/ROMEO

(http://www.sherpa.ac.uk/romeo/), as suggested by the ALMAMATER-University of Bologna for the

final submission of “PhD thesis”.
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In this thesis results are reported on nanomaterials that i) provide advance in knowledge on mechanisms
beyond the whole brain function and especially by providing new discoveries on astrocytes ii) provided
a nanoscale interaction with astrocytes able to be used as topographical nanostructure for the design of
braindevice iii) contribute to unraveling the astrocytes-neurons communication. To this end, nanoscale
materialsare tested with astrocytes to understand first their impact on astrocytes viability and growth and
mainly to address their impact on astrocytes' structure and function. The vision is to demonstrate the
potential of astrocytes as a “dynamic system”, overthrowing the idea of astrocytes as silent cells. Moreover,
the conceptof astrocytes as a “dynamic system” has been exploited by demonstrating specific active
regions, where astrocytes show active oscillations and generate a “natural thythm”. In this context, our
lab is a pioneer of studying the interaction of astrocytes with inorganic nanostructures made of clay and
named Hydrotalcite-like compounds. Specific chemical aspects of the material, build of positively
charged layers and exchangeable interlayer anions allow the adhesion of astrocytes and their
morphological differentiation byinducing cytoskeleton rearrangement, as large inward conductance with
biophysical features of Kird.1 and AQP4%, Based on the previous observations, we explored the
functional relationship at microdomain levelof differentiated HTIc-astrocytes between AQP4 and calcium
and chloride channels. The biophysical properties have been chronically investigated impacting on the
extracellular environment with hypotonic alteration. Data confirmed the up- regulation of AQP4
expression in the membrane of differentiated astrocytes and showed an intracellular calcium response,
typically mediated by TRPV4, as well as an activation of VRAC current as a consequence of hypotonic
application. Our data allow us to observe that differentiated astrocytes might respond to osmotic changes,
and guide the RVD and RVI process. However,the overexpression of AQP4 channels in astrocytes
responds to cell volume changes and restorative effectsand it is tangible in the cell membrane of astrocytes
on the contrary of TRPV4 and VRAC expression®?. These findings are also confirmed by the

implementation of other inorganic nanostructures based on silicon
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nanowire. Recently, our lab demonstrated the efficacy of gold-coated silicon nanowire devices
(Au/SINWSs)in recording extracellular currents from primary astrocytes in vitro. The signal detected has
an amplitude from 17 to 132 uV and duration from 60 to 730 ms with an interval between two distinct
events occurring in a range from 0.2 to 26s. Details will be explained better in a dedicated section of this
thesis??. AuSiNWswere first fabricated as an interface, once they were tested, AuSiNWs device -MEA,
were fabricated in collaboration with Dr. A. Convertino and Dr. L. Maiolo of Institute for Microelectronic
and MicrosystemsIMM, CNR of Rome. The goal was to record the extracellular activity of such “silent”
cells with respect toneurons. Results demonstrate that the random distribution of nanowires influence the
astrocytes morphologyand adhesion; nanowires induce an in vivo-like differentiation of the cell body
without the need of any biochemical functionalization of the surface. Accordingly, the obtained astrocytes
phenotype on thenanowires was more hyperpolarized and displayed a higher resting permeability and
capacitance, as well asincreased expression and function of the potassium channels Kir4.1. We suppose
that such functional properties of the cells are due to the disordered topology of inorganic nanostructured
materials that resemblethe neural and glial networks of the brain. Until our discovery, inorganic metal-
based devices were used tointeract with other kinds of cells, such as cancer cells in vitro??®. Our findings
add new milestones to the results suggested by Mestre et al.; he was the first to perform extracellular
recording in primary astrocytes using micro-structured mushroom interface, and observing spontaneous
burst in astrocytes, comprised of quasiperiodic signals, with a frequency of ~0.1 Hz and with a broad
distribution in amplitudes from 10 to 60 uV, preceded by an increase on the average noise fluctuations??’,
In conclusion, both inorganic materialsHTIc and AuSiNWs are here reported as valid glial nano interfaces
to provide an alternative path to study astrocytes in a more in vivo like state, useful to learn more about
brain physiology, neuron-glia interaction, neuron-astrocyte crosstalk, and networks. As a natural
consequence of this plan, we are working on the in vitro validation of protocols to study astrocyte-neuron
co-cultures in order to discriminate between differentsignals. Future results will be helpful in the
knowledge of numerous neuropathological states in which astroglial cells are crucial such as epilepsy,

AD, depression, cognitive deficit!’.
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1.1 Introduction to Paper 1
“Structural and Functional Properties of Astrocytes on PCL based electrospun fibres” by

Emanuela Saracino, Valentina Cirillo, Marica Marrese, Vincenzo Guarino, Valentina Benfenati,
Roberto Zamboni, Luigi Ambrosio has been published as Open Access publishing on Materials Science
& Engineering C 118 (2021) 111363, contents lists available at ScienceDirect Materials Science

(www.elsevier.com), DOI: https://doi.org/10.1016/j.msec.2020.111363.

Supplementary information accompanies this paper at:

https://www.sciencedirect.com/science/article/pii/S0928493120332811?via%3Dihub.

Licence CC BY 4.0 and CC BY-NC-ND 4.0; acknowledgement: © The Author(s) 2020, the Material

Science and Engineering C by Elsevier.

The design and engineering of biomaterials, that can drive the structural and functional properties of
astrocytes, are of growing interest for neuro-regenerative medicine and for the treatment of brain
dysfunctions. In particular, non neuronal cells, such as astrocytes, show their change in cytoskeleton and
ion channels’ function coincide with neuronal damage in acute neurological conditions or chronic disease.
Poly-e-caprolactone (PCL), is an FDA-approved, biodegradable and non-toxic semi-crystalline linear
resorbable aliphatic polyester having excellent mechanical and chemical properties, that can be tailored, as
its topography too, to obtain neural implants for regenerative purposes. Specifically, aligned electrospun
fibres of PCL (—GEL) and blending of PCL and Gelatin protein (+GEL). are investigated as a tuneable
interface to selectively alter astrocytes structural components (cytoskeleton and focal adhesion points),
while preserving astrocytes function. In conclusion, the aligned nanostructure of PCL interface can be
proposed as a validated easy to use and low-cost glial interface, where the astrocytes network can reinforce,

guide and promote the outgrowth of neurons during a stroke.
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ARTICLE INFO ABSTRACT
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Increasing evidences are demonstruting that smctral and functional properties of noa-peuromsl beain cell,
called astrocytes, such as those of cytoskeleton and of lon channels, are criveal for bram physiology. Also,
chinges In astrocytes soucture nod function concar t and mikght determine the eutcome of peuronal damasge in
acute neurological conditions or of chronke disease. Thus, the design and eng g of bi ials that can
drive the structural and functional properties of astrocytes (s of growing interest for neuroregenerntive modicioe,
Fuly ecapralactone (PCL), is FDA-approved polyester having excellent mechanical and chemical properties thas
mbeuilm«lmwu‘numnl implants for regenerative purposes. However, the study oo the use of PCL
b far purposes are malnly uimed at g the L of the fal with
neurons. Here, we rzpon on the long-term viahility, morphology, ;uuctwul and functional properties of primary
astrocytes groven on electrospun fibres of PCL ( —GEL) and on blending of PCL and Geintin protein ( + GEL). We
found that topography and morphological features of the sob are the prog that matndy drives as-
trocytes adbesion and survivad, over the long term, while they do not alter the cell function, Specifically, aligned
mnhuu:dmedwmocymnhmuc actin-vytoskelmal resrmangement a5 wedl as focal adhesion puint
ber and distributi gty str | changes abserved in clangated mstrocytes are not correlsted
with alterations in thedr clectrophysiclogical properdes. Our results indicazed that PCL ¢ pun fibres are o
permissive substrote that can be tuned 10 selectively alters astrocytes structural components while presesving
astrocytes funcrion. The mesults open the view for the use of PCIL based electraspun fibees 10 tanget astrocyies foe
the treatment of bram dysfunction such s injunies ar chronical disease,

1. Introduction

Studies over the past four decades revealed that glial cells, called
astrocytes, are structurally and functionally connectesd to neurons and
blood vessels | | |. Astrocytes are cruclal players in homeostatic contral
of the concentration of lons, bipactive molecules and water in the ex-
tracellular space, by means of trans-membrune proteins forming ion
ch, Is, water chy Is, transporters,. More recently, in whw sudies
demonstrate that astrocytes structural components and dynamics are
important for synaptic plasticity, formation of memory, learning, reg:
ulation of sleep or metabolisms [2]. The role of astrocytes is even more
relevant in brain and Nervous System pathologles. During scute wnd
chronic neurological conditions, sstrocytes undergo to inflammatory

* Cornesponding amthors.

reaction, called astrogliosis that s characterized by increased pro-
fiferstion, migration towand the lesion [1] site and augmented expres-
ston of the Intermedlate filament protein called Glial Fibrillary Addic
Protein (GFAP). The reorganization of actin cytoskeleton structure is
aleo Induced by Injuries and accompanies gliotle reactivity [4),
Nevertheless, the modification of the function of potassium channels,
that occur during astrogliosis, alters the homeostatic properties of as-
trocytes leading w detrimental impact on al k comm.
nication. Finally, hypertrophic astrocytes reactivity ultimately leads to
the formation of a gliotic scar in vive, that hamper spontancous axon
sprouting of injured neurons limiting regenerative process [5]. All these
evidences justify the increasing attention that ks belng paid to blo mas-
terials interfaces and devices enabling the control and the medulation
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of structural and functional properties of astrocytes [1.6-9].

Synthetc biodegradable polymers represent a class of materials
with a considerable potential to drive nerve or axonal regeneration
processes [10,11]. Among them, poly-e-caprolactone (PCL), is an FDA-
approved polyester, combining favourable mechanical properties [12]
with biocompatibility, controllable biodegradation and versatility tht
makes it elective materials for neural interfaces such as gel, sponge, and
fibrous structure. In addition to exceptional features of the constituent
materials, PCL clectrospun fibres allow high surface/volume ratio,
potosity, anisotropy suitable to develop three-dimensional models to
explore the én virro response of neuronal cells in the CNS, To date, PCL
nano fibres have been extensively used to produce suitable platforms
for adhesion and differentiation of neurons [13]. Nonetheless, the
permissive behaviour of PCL with astrocytes primary culture in terms of
viability has been demonstrated [14-16]. However, a study on the
Impact of PCL based materials chemistry and topography on lon
channels functionality of astrocytes is completely lacking and the
knowledge on the effect of chemical Vs topographic clues on structural
properties of astrocyles demand further investigation.

Here, we aim to fill this gap by reporting on the preparation and the
characterization of PCL (GEL) and PCL + Gelatin { +GEL) el P
fibres and on the effect of topographical of electrospun fibres on the
viability of primary rat cortical sstrocytes over the long-term
(1 month), on F-actin, Vinculin and GFAP expression levels and dis-
tribution psttem. Notably, we also define the functional properties of
astrocytes grown on aligned PQL electrespun fibres by single cell patch-
clamp. We show that aligned PCL electrospun fibres promote strong cell
orientation, guide astrocytes cytoskeletal structure and preserve fune-
tlonal properties, essentlal for astrocytes homeostatic role (n vivo,

Our results indicated that aligned PCL electrospun fibres are pro-
mising substrates 1o engi folds that drive astrocytes behaviour
in vitro, setting the scene for blomaterials based therapeutic approaches
targeting gllal cells structure and function n vivo.

2. Materials and methods

2.1. Preparadon of PCL and PCL/GEL electrospum fibres

Poly-£-caprolactone (PCL, Mn 45 kDa), bovine gelatin type B (Gel,
—225 bl ) in powder form, chloroform (CHCI3) and 1,1, 1, 3, 3, 3,
hexafluoro-2-propanol (HFP) were all purchased by Sigma Aldoch
(ltaly). All chemicals were used as received without additonal pur-
ification.

PCL/Gelatin solution was obtained by dissolving PCL and Gelatin
separately in HFP for 24 h under magnetic stirnng and then mixing
them to get the final polymer concentration of 0.1 g/ml (polymers ratio
1:1). Meanwhile, PCL solution was prepared by dissolution in chloro-
form (0.33 g/ml). In both cases, the solutlon was left under stirring for
further 24 h.

Electrospun fibres were processed by using a commercialized elec
trospinning equipment (Nanon01 Mecc, Japan) optimized for the fiber's
deposition by vertical configuration, Solutions were loaded into a 5 ml
plastic syringe with a 18G needle, connected to the pasitive output of
the high voltage power supply. To impart a unlaxial alignment of fibres,
they were collected onto small glass discs- 12 mm as diameter fixed on a
rotating drum-190 mm as diameter for 1 h. All the parameters (Le., flow
rate, voltage, electrodes distances, rotation speed) have been optimized
depending on the properties of the solution in order to obtain the best
morphology. As a c I, randomly dispersed fibres have been ol
lecred on glass discs placed over a grounded sluminium foil wrget. All
the experiments were performed at natral environmental conditions
(T = 18/21 °C, RH = 40-5(%),

Process parameters optimized for the prepantion of samples for in
vitro tests have been reported in Table |,

All the experiments were performed at natural environmental con-
ditions (T = 18721 'C, RH = 40-50%), (Supplementary S1A),
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Table 1
Su yof g P ditlons used for each sample
Solution  Type Flore rate  Voltage (kV)  Hlectrde Hutation rate
(mi/h) Ssunce {mm) {rpm)
- GEl, Random 0.} L) 80 "
+GEL Randomm 0.5 " 120 "
- GEL Aligned 0.1 15 80 0
+GEL Aligned 0.5 13 120 3000

2.2 Marphological analysis of electrospun nanofitires

Electrospun samples were analysed by scanning electron micro-
scopy (SEM; QuantaFEG 200, FEI, The Netherlunds) in order to assess
fibres phology and alig Specimens were spatter coated with
a Pd-Au nanolayer (Emitech K550, [taly) and then observed under high
vacuum conditions {10-5 mbar). Fibres mean diameter was calculated
from selocted SEM images (ca. 20 units) by using images analysis
software (Image J freeware 1,52a3) and reported as mean value =
standard deviation (SD). In order to collect further information about
fibres anisotropy, the spatial organization of fibres was also in
vestigated by using two different measurement algorithms available as
plugins for the image elaboration software:

(1) “orlentation staining” to carry out a qualitative map of structural
anisotropy by variously staining fibres with different orientation;
(b} “Frequency Fourier Trandorm (FFT)" to extrapolate fibres

orientation angles and quantifying the occurrence probability to char-
acterize fibres alignment, The FFT function converts information pre-
sent in an original data image from “real” space into mathematically
defined “frequency™ space [17]. The resulting FFT output image con-
tains grayscale pixels that are distributed in a pattern that reflects the
degree of fibres alignment present in the original data image.

2.3, Water contact angle analysis

The wettability of electrospun membranes was measured by a water
contact angle system (WCA) supported by videocam equipment (OCA20
Dataphysics, Italy). A single droplet (volume, 0.5 pl) was used for each
sample. Ten measurements were performed at time zero to remove any
influence of perfusion flow through the membrane. Contact angle size
was reported as the mean value = standard devistion in triplicate.

2.4, Atomic force micrascopy

The morphology of electrospun fibres was imaged by an Innova
System Atomic Force Microscopy (Bruker Corporation, Santa Barbar,
USA) with a 90 pm lateral range scanner. Te minimize the damage of
the sample during scanning, a dynamic force (tapping) mode and a
commercially available RTESPA silicon cantilever with a spring con-
stant of 57 N/m and & rotsted tip of radius 8 nm were used. The
scanning velocity was 8 pym s-1, while the scan size was 20 % 20 ym?,
Electraspun fibres, for AFM Imaging, have been collected directly on a
glass substrate for 2 min. The measurements were performed in air, at
room temperature (25 “C) and after an accurate calibration procedure
on 3 hard substrate, through the Thermal Tune Calibration method. The
images of interest were first captured by AFM raster scanning, pro-
cessed using the Nano Scope Analysis data processing software 1.40
(Bruker Corporation, USA) and then graphically reported in 2D and 30D
form. The raw AFM data of the electrospun fiber have been filtered
using procedures for plan-fit and flatten, Root mean square roughness
(Rrms) of each electruspun membrane was calculated by manually
applying a rectangular region of interest (ROI) box to different areas of
the fiber surface, To obtain an average value of the surface roughness;
this operstion was repeated several times on different single fibees. The
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adhesion properties were estimated by quantitative force spectroscopy
AFM. The adhesion interaction between tip and sample was determined
as force versus Z-piezo displacement and a mean value of each point
wits considered,

2.5. Rar cormcal astrocyte culture preparation, maintenance and plating

Primary astroglial cultures were prepared at the University of
Bologna, In concordance with the ftalian and European law of protec-
tion of laboratory animals and the approval of the Jocal bicethical
committec, under the supervision of the veterinary commission for
animal care and fort of the University of Bologna and approved
protocol from Italian Ministry of Health (ethical protocol number 1D
360/2017 PR, releasd on May 2017, valid for 3 years). Astrocyte
primary cultures were prepared as described peeviously [1,1%) from
new boms, at post-natal day 1-2, of Sprague-Dawley Rattus, Norve-
gicus, Wistar, Briefly, neonatal cerebral occipital cortices devoid of
meninges were gently triturated, filtered with a 70 pm cell strainer
(Falcon, BD Bioscience, Bedford, MA) and placed in cell culture flasks
containing Dulbecen's Modified Eagle-glutamax medium with 15% fetal
bovine serum (FBS) and penicillin/streptomycin (100 U/mi axd 100 Ig/
ml, respectively). Cells were maintained {n incubation at 37 °C and 5%
of CO2 and proper humidity levels for three weeks, During this period,
we replaced cell medium every three days and flasks were gently
shaken when pecessary to remove undesired microglial cells. After
three weeks In culture, confluent astrocytes were dispersed using
trypsin-EDTA 0,25% and the cell suspension was dropped on andom
and aligned samples of ~GEL and 4 GEL at concentrations of 8 x 107
cells per sample and maintained in culture medium containing 10%
FBS. We used cells grown on Poly-o-Lysine as reference control for all
the Structural analyses (Fig. $2). We realized that during patch-clamp
experiment, cells grown on random substrates cannot be reached by the
patch-clamp pipette, as cells are highly interlaminated and infiltrated in
the sample and thus cannot be propedy visnalized by optical micro-
scopy. As cells plated on random fiber resemble structural features of
those plated on PDL substrates (Fig, §2), and considering that the use of
random substrate for patch-clamp was not technically possible, we used
cells grown on Poly-n-Lysine as reference control also for the analyses of
clectrophysiological properties of primary astrocytes.

2,6, AMlamar Blue viahility assay

Astrocytes viability and biocompatibility on fibrous PCL-based
samples were analysed via Alamar Blue (AB) assay according to the
Interchim technical sheet (66941P) and to protacels described pre-
viously [#]. Viable cells maintain a reducing environment within their
cytoplasm, Time course of astrocytic viability on random and aligned
PCL (- GEL) and PCL +GEL nanofibres wis evaluated from 1 day in
vitre (DIV) to 28DIV after re-plating cells on the substrates. On the day
of the assay, AB reagent was added directly to culture medium at 10%
volume of medivm contained in each sample, After 3 h of incubation,
100 pl of AB containing medium were transferred in a 96 multiwell
plate for fluorescence measurement at 545nmEx/S90nmEm, using #
Thermo Scientific Vadoskan Flash Multimode Plate Reader. We in-
clided a negative cantrol (CTRLY) (only medium with 10% AB and
without cells) and positive control (CTRL + ) of 100% reduced AB re-
agent without cells. Given that AB reagent does not alter cellular via-
bility8, viability time course was evaluated on the same culture of as-
trocytes for each experimental trial. Analyses of the AB fluorescence
and correfation with viability was performed as described previously
[4]. Dats were collected from three separite experiments performed in
quadruplicate and are expressed as means = SE of the percentage of
reduced AB,
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2.7. Fluorescein diacetate vability assay

Fluorescein dincetate assay (FDA) was performed on astrocytes
plated on random and aligned -GEL, and + GEL as described previously
[8,19-21]. Briefly, astrocytes plated on the different coverslips were
incubuted for 5 min with FDA (Sigma Aldrich). Samples were rinsed
with PBS three times. A sequence of images (10 to 15 different fields for
each sample} was taken using a Nikon TE 2000 inverted confocal mi-
croscope (40 x objective), The staining was carried out after 4DIV.

2.8, Marphological analyses and alignment angle measirement

To evaluate the morphology of astrocytes grown on aligned GEL
+ GEL electrospun fibres, FDA positive cells were imaged by using a
Nikon TSi § inverted confocal microscope (20 objective). A sequence
of 15 Images for each replica was taken after 24 h (1DIV) and 96 h
(4DIV) from the re-plating of astrocytes on the substrates. The or-
ientation angle of an individual cell was defined as the angle between
the longest cell axis and the nearest fibres to the cell body. The cell
orfentation angle values were expressed as the average of the orienta-
tion angle value of alive celks for each aligned condition, as described
previously [22], Results were analysed using the ORIGIN-PRO program.

2.9. Immunofiuorescence and confocal microscopy

Astrocytes cultures plated on the different samples were fixed for
15 min with 4% para-formaldehyde (FFA) in 0.1 M phosphate buffer
saline (PBS) at room temperature (RT, 20-24 “C) and then rinsed with
PBS. The samples were incubated for 20 min in 3% bovine serum al-
bumin (BSA) and 0.3% Triton X-100 solution in PBS, in order to per-
meabilize astrocytes membrane and to block reactive sites. Vinculin
immunostainings was performed by using primary rabbit anti-vinculin
(Life Technologies, Monza, itmly) 1:200 incubated 3 h at RT as primary
antibody and donkey anti-rabbit Alexa Fluor 488 conjugated (1:1000,
Molecular Probes-Invitrogen) as a secondary antibody, incubated for
1 h at room temperature (RT = 22-24 °C), F-actin fibres were stained
for Phalloidin-TRITC (Sigma-Aldrich, Milan, Italy). Coverslips wene
mounted with Prolong Anti-Fade (Molecular Probes-Invitrogen). The
optical images were taken with a Nikon TE 2000 inverted confocal
microscope equipped with a 40 x objective and 400 nm diode, 488 nm
Ar 4 and 543 nm He-Ne lasers as exclring sources, Data were collected
from two experiments.

To perform focal adhesion (FA) vinculin quantification, at least 15
images for each replica of condition were analysed by Image) software.
FA density was expressed ds means = SE of number of vinculin contacts
counted for each image (300 pm x 300 pm) and divided for nuclei (blue
staining) amount of the same image,

2,10, Electrophysialogy

Current recordings were obtained in the whole-cell configuration of
the patch-clamp technique, by customized patch-cdamp set-up (Crisel
Instruments, Rome, Italy), Experiments were performed after 24 h in
viro treatment. Patch plpettes were prepared from thin walled bor-
osilicate capillaries (Harvard Apparatus) to have a tip resistance of
2-4 MQ when filled with the standard internal solution. To ensure the
comparability between the conditions, only elongated astrocytes were
selected to evoke whole cell currents, cells in control intra- and extra-
cellular saline were held at —60 mV and after stepping to — 120 mV for
500 ms, & ramp from ~ 120 mV to + 60 mV (500 ms) (inset Vip. ©A)To
investigate the voltage and time dependence of conductance of cells
seeded on ~<GEL and + GEL substrates astrocytes were stimulated with
S00 ms voltage steps (Vi = —60 mV) from —120 mV to +60 mV in
increments of 20 mV (inset Fig. 5B), Membrane currents were ampli-
fied, filtered at 2 kHz and acquired ot a sample rate of 5 kiz by Ax-
opatch 2008 amplifier In voltageclamp mode. Responses were
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amplified, low-past filtered at 1 kHz, digitised at 20 kiz, stoced and
amalysed with pCLAMP 10. Experiments were carried out at room
tempenature (22-24 'C). Cells were voltage-clamped st 4 holding po-
tential (Vh) of =60 mV and, after stepping to — 120 mV for 400 ms, &
slow ramp (180 mV/600 ms) from ~ 120 mV 1o 60 mV (lnset in 1y 98)
was applied to elicit whole-cell currents. Current amplitude was re-
corded, and valves of the resting membrane potential (Vmem), input
resistance (IR}, specific conductance (5G) and capacitance (Cp) were
caleulared as deseribed previously [19).

2.11. Soluttons and chemicals

All salts and chemicals employed for the investigations were of the
highest purity grade (Sigma). For electrophysiological experiments, the
standard bath saline was (mM): 140 NaCl, 4 KCL, 2 MgCl,, 2 CuQ3,, 10
HEPES, 5 glucose, pH 7.4 with NaOH and osmolarity adjusted to
315 mOsm with mannitol. The intracellular (pipette) solution was
composed of (mM): 144 KCI, 2 MgCQly, 5 EGTA, 10 HEPES, pH 7.2 with
KOH and osmolarity 300 mOsm. When wsing extermal solutions with
different jonic compositions; salts were replaced equimolarly.

2.12. Stanstical methods

Datia were elaboruted using a one-way analysis of variance (ANOVA,
with Bonferroni's test). A statistically significant difference was re-
ported I < 0,05 or less. Data of biolagical experiments are roported as
the mean = standird ervor (SE). The number of experiments (n) is
indicated In the text or in the figure legends. Results reported are the
mean of at least 3 different experimental trials performed in triplicate
of moce.

3. Results and discussion
3.1. Fabvication and characterization of PCL, PCL/Gel subsoutes

Electrospun fibres were produced by electrospinning technigue by »
vertical deposition of the fibres. In compurison with the stundard con-
figuration [23], the experimental setup was customized by using a ro-
tating drum, working as collector [24], at different rotating rates in
ordet to contral the spatial organization and alignment of the fhes
(Ig 1), To obtain & mndom deposition of the fibres, the rotation rate
was fixed at the minimuem rate equal to 50 rpem in order 1o cover a large
portion of the collector surface, minimizing the effiect to the miation
rate on fibres dispersion and thelr spatial distribution. A preferentinl
fibres alignment was reached by increasing the rotating rate from 500
to 3000 tpm, as a function of the peculiar features of the polymer

] setup
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solution. Process pammeters including flow rate, voltage and needle 1o
collector gap, were next further optimized o order to accurawdy im-
prove the fibres morphology,

SEM images showed the morphology of mndom electrospun fibres
(Flg. 2A) obtained by using optimlzed process parameters (Table 1), It
can be observed that the typical diametess of bare PCL mndom fibres
(—GEL) full in the micrometer mnge. Data are in agreement with
previous works on the use of apolar solvents (ie. chloroform) and
solutiony with high polymer concentrativns (over 20% w/v) for the
preparation of PCL electrospun fibres [25]. SEM images of PCL/Gelatin
(+GEL), processed by using polar solvents such as HFP, indicated an
evident reduction of the fibres diameter. It is plausible that high po-
larity of HFIP promotes stronger molecular interactions with respect o
chloroform in the presence of the applied electric fields, inducing &
more remarkable stretching of the polymer jet from the needle to the
counter electrode, during the electrospinning process. This effect, due
to solvent polarity, is further corroborated by the integration of Gelatin
molecules, Indeed, high polar groups along the protein chains further
support the stretching of the polymer jet, thus promoting the formation
of thin fibres with an aversge dismeter falling in the sub micrometric
size scale. As the rotation nite of the collector increases, the drawing
forces applied to the polymer jet rise up, thus imparting a remarkable
arientation to fibves until to be uniaxially oriented (see SEM imayes,
Pig. SA). Image eluboration via orlentation stalning and FTT glves a
powerful tool to collect visual information useful to reveal differences
in the fiber marphology (Fig, 2B-C). Firg of all, the presence of Gelatin
does not alter the random organization of the fibres: a colorful fibres
anetwork due to the wide range of fibres orlentation angles js re
cognized, independently upon the presence of Gelatin (Fig 2B). Ac-
cordingly, FIT spectra < due 10 a radial summation of the pixel in
tensities plotted between 07 and180° shows a symmetric and ciraular
pattern (g 2C).

Contrariwise, in the case of aligned fibres, a uniform color of fibres,
ascribable to the same orientation angle, con be dotected (7 2B}and a
not homogeneots FFT image with & group of pixel intensities oriented
in a preferential direction is generated (Fig 3C), thus confirming that
alignment degree is independent on the Gelatin contribution. Note-
worthy, in the case of ‘GEL fibres, the use of highly concentrated so-
lutions contributes tn generate a moee stable polymer jet, thus enabling
to collect highly aligned fibres patterns by using moderate rotation
rates {500 rpm). In the aase of +GEL fibres, the higher permittivity of
the polymer solution tends to generate whipping instabilities of the
polymer jet, that nullify the contribution of rotstion rate on the fbres
stretching. Therefore, higher mtation rates, nearly 3000 rpm, need to
be used to guarantee an uniaxial alignment of the fibres.

The qualitstive trend of fibres diameters observed by SEM Imaging

flored for the bricution of electrospan fibres with mndom or aligned distributs
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Fig. 2. Mocphological analysis of random Nlres: A) SEM images and qualitative evaluation of fibves oclentation via B) fibres staining and C) FTT analysis

was confirmed by the quantitative measurements obtained image ana-
lysis reported in Fig 4,

To collect further moephological information in terms of surface
roughness, the topography of -GEL und + GEL fibres was estimated by
using AFM in tapping mode. The test was performed by considering
cantilever oscillations close to the resonance frequency and shont tip
approaching times onto the surface for every oscillation cycle in
agreement with previous works [25]. AFM data Indicated a strong re
duction of the surface roughness in the presence of Gelatin (Fig SA,

A B

+GEL-

+ GEL), due 10 a reduction of the uniaxial normal stresses onto the
surface, at the exit of viscoelastic fluid jet from the needle tip. AFM
analyses was also used to measure the adhesion force between the tip
and fibres swrface. Adhesion force messwred in -GEL was
015 = 0,06pN while GEL fibres displayed almost half of the value
(0.08 = 0.03puN). This finding can be ascribed to the balance between
the contribution of hydrophilic properties of Gelatin macromolecules
and to the reduction of the fibres roughness, also related to the surfuce
to volume ratio [26]. Wettability was abo assessed by multiple

o

Fig. 3. Morphological analysis of aligned PCL fibres: A) SEM images, and qualitative evaluation of fibres orientation via 8) fibres orlentation staining and C) FI°1'

methxd

90
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Fig. 4. Evaluation of average PCL fibres diameters. Ramdoem (blue) and Aligned

(geeen) Bihees of PCL -GEL and PCL + GEL. (For imerpretation of the references

to color in this figure legend, the reader is referred to the web version of this
artlcle)
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mesurements of the contact angle at time zero to minimize any effect
of flow perfusion through the fibres network (Fig. 5B), As expected, &
remarkable difference in contact angle was detected between -GEL and
+ GEL fibres (Table 2). In line with adhesion force measurements, lower
values of the contact angle were detected (n the case of fibres +GEL,
thus confirming the role of Gelatin on the improved hydrophilicity of
the clectrospun fibres.

3.2, Effects of PCL electrospun fibrres on astrocytes growth, polarization and
morphological elongarion

In order to determine the impact of PCL based substrates on astro-
cytes adhesion and morphology, confluent primary rat cortical astro-
cytés were re-plated on random and aligned substrates of PCL (+ GEL
and ~GEL). Bright field and fluorescent imaging analyses were per
formed on label free and fluorescein diacetate (FDA) labelled astrocytes
after 2 and 4 days in vitro (2 DIV and 4 DIV) after re-plating on the
substrates.

In Fig, &, we report typical bright field images (Fig 6A) and fluor-
escent images (Fig. 68), captured at DIV and at 4DIV, of viable (green)
astrocytes plated on random -GEL and 4+ GEL (1'lg. ©A-B, upper panels)
and aligned -GEL, +GEL fibres (Fig. 0A-8, lower panels). Notably,
astrocytes on random fibres are polygonal with a shape, typically ob-
served when the same type of cultures were plated on Poly-i-Lysine
(PDL, Supplementary $2A) or on other biopolymers and bioorganic
interfaces {7,8,07).

On the other hand, astrocytes grown on aligned + GEL and -GEL
fibres appear elongated and aligned with the orientation of the fibres
(I'g. 6A-B, lower panel, white amow), In agreement with previous
studies [32], the elongation and stretching of astrocytes body seemed
more pronounced when cells were grown on ~GEL symples than on
+ GEL ones, in response to the different size scale of surrounding fiber
puthway,

To evaluate the impact of electrospun PCL fibres on adhesion and
growth of astrocytes, Alamar Blue (AB) viability assay was performed
from 24 h up to 28 days in Woro on astrocytes plated on random and
aligned -GEL, + GEL Bar plot reported In Fig 6, shows the percentage
of AB reduced, with respect to the oxidazide one, a value that is pro-
portional to the metabolic sctivity and, on turn, to the viability of the
cells. After 1 day from the seeding of the cells on the substrates (1 day n
vitrre, 1 DIV), adherent astrocytes grown on PDL showed comparable
values than those recorded in random and aligned PCL substrates. The
presence of Gelatin was not affecting the adhesion of astrocytes, as
indicated by the data that -GEL and + GEL samples values that were not
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significantly different. After 3DIV, the viability was significantly higher
in aligned substrates compared with the random ones, thus, indicating
that Gelatin disappeared and the topography of the nanostructure
mainly impacts on the cell survival. Accordingly, a constant increase in
cell viability was observed in aligned samples ar all the time polms
analysed between 3DIV and 28DIV, On the other hand, the cell viability
was always comparable between random samples +GEL and -GEL
(Flg. 6C) This may be explained by the fast release of Gelatin as de
scribed in recent works [25], leaving adhered astrocytes only to re-
spond to the isotropic topographic signals from the randomly organized
network of fibres, Cell viability significantly increased in the case of
aligned samples at 8DIV (+ GEL), even when compared to PDL plated
cells, also suggesting a synergic effect of fiber diameter and alignment
on astrocytes response. Accordingly, the peoliferation rate analysis
(Supplementary S3) confirmed that the topographical organization, in
terms of nanofibres distribution, majorly drive astrocytes growth on the
samples, rather than the chemical signals. Of note, cells are still viable
up to 28DIV in all the samples analysed, However, while the cell growth
reaches a plateau on PDL, cells on aligned POL substrates continue w0
grow up to 28DIV.

Next, we determine the orlentation angle as quantitative measure of
the cell alignment. The orfentation angle was defined as the angle be-
tween the line crossing the major diameter of the cell body and the
nearest fibres (scheme in Fig. 7A). The averaged cells orientation angle
values measured in cells plated on aligned -GEL and +GEL substrates is
reported in Fig. 7B. The presence of GEL is decreasing the orfentation
angle at 1 DIV while the average value is higher at 4 DIV, The higher
number of cells with a small angle of orientation, observed at 1 DAV, in
+ GEL aligned samples indicated that, the presence of GEL is favouring
the increase in cell alignment at 1 DIV (Figure Supplementary S4). After
ADIV it is evident that the alignment was lower in GEL samples.

3.3 Impact of PCL electrospun fibres on astrocytes structural properties

We next analysed the expression of GFAP, a well-known marker of
astrogliosis. Confocal imaging of immuno-stained cells, performed after
3 DAV, give evidence of a comparable level of GFAP expression between
the astrocytes grown on random -GEL and + GEL samples (Fig 5A-B)
and those grown on the aligned -GEL +GEL substrates (Fig. 5C-D). The
data also indicated thar the observed effect on increased proliferation in
aligned samples was not related to a gliotic reaction as the expression of
GFAP was comparable among substrates. However, the GFAP dis-
uibution pattern was altered on Aligned -GEL and + GEL and follow the
shape of the substrates. To get further insight on the impact of PCL
electrospun fibres topography and chemistry on agtrocytes structural
features, we performed the stdy of the actin cytoskeleton and vinculin
focal adhesion points. Typical images of Phalloidin staining reported in
Fig. 8C showed that astrocytes cultured on aligned «GEL and + GEL
substrates express stressed F-actin fibees (Fig. 9C, arrows) that parallel
the pattern of the PCL fibres. Cells on the random PCL display a dis
organised structure of the F-actin fibres (Supplementary S3C), resem-
bling those on PDL. The vinculin fluorescent signal analyses on cells
grown on aligned -GEL substrates indicated an oriented distribution and
expression of the protedn in the elongations of the astrocytes (Fig. 4D,
left panel). The vinculin expression of astrocytes plated on aligoed
+ GEL substrates was patchy (Fig 8D, right panel), whereas its dis-
tibution was mislocalized in cells plated on random PCL (Supple-
mentary S2D), Quantitative analysis of focal adhesion points (FA) per
cell (Fig HE), revealed a significatively higher number of FA points on
aligned +GEL respect to aligned -GEL substrates,

3.4. Effects of PCL electrospun fibwes on functonal properties of astrocytes
S I works de ated that peimary rodent astrocytes, grown

on different substrates such as flat coverslips coated with poly-p-Lysine
(PDL), poly-stirene Petri Dishes, silk fibroin, organic semiconductors,
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Fig. 5. Characterization of surface propemties of {GEL and + GEL fibress A) AFM images and surface roughness evaluation; B§) fibres wentability via contact mngle

measurement

Table 2
Roughness and wettability: summary of the experimental data in the case of

-GEL orwd + GEL fibres
Roughness (nm) Contact meghe (degroey)
GLE 4174 ¢ Soh TH29 + B8
+ GEL 259 = 7% 2202 = 209

flat gold MEA display a polygonal morphology, which Is parallel by
comparable electrophysiological properties [£,14,18,29,50,36], On the
other hand, differentiated or elongated astrocytes have been shown to
display peculiar alteration in their functional properties, with respect to
those observed in polygonal cells [5,21, 16).

To verify if elongation and structural melification observed in cells
grown on aligned PCL substrates was accompanied by functional
modifications, we performed electrophysiological analyses of the as
trocytes plated on aligned ~GEL mnd +GEL, we investigate the beha-
viour of K' channels that play a fundamental role in astrocytes phy
slology [1,5]). For this purpose, we performed whole-cell patch-clamp
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measurements on single cells after 24-48 h from re-plating on aligned
-GEL and + GEL samples (Fig 9). As cells plated on random fibres re-
semble structural features of those plated on PDL substrate, and con-
sidering that the use of random substrate for patchclamp was ham
pered and technically not possible (see methods session), we used cells
grown on Poly-p-Lysine as reference control for the analyses of also
electrophysiological properties of primary astrocytes (Supplementary
S5). The passive membrane properties were calculated (Tabl ) and
revealed that the values of Voltage membrane (Vimem), Input Re
sistance (IR) and Specific Conductance (SpG) of the astrocytes on
aligned -GEL and +GEL are very similar to those reported for primary
astrocytes grown in vitro on PDL [1,21]

The typical current profiles obtained in response to the applied
voltage ramp are shown in Flg 9A for the astrocytes an both aligned
-GEL, +GEL The rump-current traces displayved a strong outward rec-
tification as witnessed by the negligible currents recorded at membrane
potentials more hyperpolarized than ~40 mV on astrocytes plated on
aligned GEL (Fig. 9A, left panel) as well as aligned + GEL pisted
(Fig. YA, right panel) astrocyres
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Fig. 6. Analyses of the effect of electrospun fibees on astrocytes morphology and viability, A) bright field 20 x micrographs representing astrocytes plated on random
-GEL, +GEL (upper panel), and aligned -GEL, + GEL (below panel) substrates, captured after 4 DIV from cells re-plsting B) Single plane confocal images of FDA
stained astrocytes, representing viable cells plated on random (GEL, + GEL (upper panel), and aligned -GEL, + GEL (below panel) substrstes, captured after 4 DIV
from cells re-plating. C) Time course of astrocytes vinbility oo mndom and aligned -GEL, + GEL investigated by Al assay ot different time points (1 to 28 DIV) from

cells re-plating. Data are platted as the averaged percentages of reduced AR & Stundard Ervor (SE) versus DIV, Student's rtest, *

Rapidly sctvating, non-inactivating, voltage-dependent whole-cell
currents were elicdted with the family of voltage-step protocols ar po-
tentials positive to —40 mV (Fig. 9B) either on astrocytes plated on
aligned -GEL and +GEL. A comparative analysis, obtained by an 1/V
plot of averaged values of maximal current, recorded for each voltage
step (Fig, 9C), revealed a similar voltage-dependent profile of whole-
cell peak and steady state currents of astrocytes plated on aligned ~GEL
and + GEL samples. The latter ramp and step current profile was
comparable to the one recorded on cells plated on PDL (Supplementary
S$5). All the data indicate that astrocytes plated on -GEL, +GEL have
voltage-gated K+ channels activated st membrane potentials more
positive than — 40 mV and that the properties among the conditions are
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preserved and not altered by the topography nor by the blended gelatin,

The present work aimed to analyse the impact of topographical and
chemical cues of electrospun fibres on the viability as well as on the
structural and functional properties of astrocytes

For this purpose, we provided a comparative study of the response
of astrocytes on —GEL and +GEL fibres, Recent literature demon-
strated that PCL electrospun fibres accurately replicate the physical
dimensions and fibrillary organization of the collagen network into the
native extmcellular matrix [13]. However, PCL electrospun fibres pre
sent some lacks In terms of cell affinity and blorecognition, mainly due
to their intrinsic hydrophobic properties [ £4), Hence, the integration by
different ways (Le,, blending, grafting, adsorption) of bioactive proteins
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Fig. 7. Alignment of astrocytes an PCL fi
bres. A) Scheme representing the criterin
used to measure cell alignment angle. B)
Bar plot reporting the averages of orienta
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= tion angles measured] between astrocytes
and fibres (1 DIV, 4 DIV) plated on aligned
-GEL smmples (AL-GEL, white bar, n = 38 &
1 DIV, n = 40 at 4 DIV) and aligned PCL
VGEL (A » Gel,n = 601 DIV, n = 35
at 4 DIV) substrates. Students rtest,
b= pval < Q05 Y = pval < 0,01

fram collagenous source can improve the interface interactions between
cells and the surrounding fibres, by promoting basic recognition (Le.,
adhesion, spresding, migration) and physiological mechanisms (ie,
prodiferation, differentiation) [34].

Our results showed that the fibres alignment and, thus, the topo-
graphy aro the key feature that promote astrocytes adhesion, viability
and growth, while chemical clue such as GEL and hydrophobicity play a
major role in promoting cell alignment. Previous studies reported that
chemical blending of PCL with Gelatin enhances the hydrophilicity of
the polymer, and promoting the adbesion of neuronal-like cell lines as
well as their neurite outgrowth [15]

Here we found that GEL blending to the PCL fibres allows sig
nificantly Improving the hydrophilic properties of the fibres as con
firmed by contact angle measurements (Fig. 2). However, the Increase
in hydrophilicity of +GEL samples compared to -GEL substrates is not
furthes improving adhesion of astrocytes o the PCL fibres. Accordingly,
we found that, in the case of protein films (i.e,, silk fibroin), the ad-
hesion and growth of astrocytes was higher on more hydrophobic sur
face [9,36], whereas the surface hydrophilicity improved neurite out
growth of primary dorsal root ganglion neurons, Moreover, + GEL
samples display peculiar sub micrometric szes lower than those of -GEL
ones (Ig 4) which Is not favouring astrocytes adhesion. This data s in
line with recent studies reporting that astrocytes showed significantly

GLo « GEL B

A

sl red

random

C M. GEL N+ GEL D ~-elL

OEL

increase in elongation and adhere preferentiafly, when seeded on the
large diameter fibres, with respect to values of cells plated on small
diameter fibres {17]. In addition, more efficent extension of astrocytes
on karger diameter fibres allow better outgrowth of neurites of dorsal
root ganglia newrons plated on them [37].

It is ot surprising that neurons and astrocytes respond differently to
the surface topography and chemistry. While neurons adhesion to
substrates depends upon the presence of extracellular matrix factors
and components [37], astrocytes cell cultures are capable to release
adhesive and repulsive ligands, including collagen, laminin, fibronectin
and to chemically shape the surrounding environment [37,35). Inter-
estingly, aligned astrocytes on polydioxanone improve neurite out
growth of DRG neurons compared with substrates with unaligned fibres
or with those without astrocytes,

The ability of astrocytes to sense surface topography is well docu
mented. Notably, adhesion of astrocytes on flat inorganic substrates or
highly hydrophobic surfaces like organic semiconductors needs to be
improved by coating with ECM components ot poly-onic substances
such as Poly.o-Lysine or anchoring molecules such as Phospholipids
[7,21,39,40]. On the other hand, nanotopographic clues such as na-
noislanls, nanorods or electrospun nanofibres are sufficdent to improve
astrocytes adhesion and viability [5,9] with respect w unstructured
ones. In this view, our data are in agreement with the literature

+ GEL
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Fig. 8. mpact of PCL electraspun fbres on astrocytes stroctural properties, (A-B) Confocel images representative of GFAP/DARFI cxpression |n astrocytes seeded on
random -GEL, +GEL (A), and aligned —GEL, +GEL (B), captured after 3 DIV from cell re-plating. €) Confocal imagex of PhalloidinTRITC staining of the cytos
keleton (red) and of DAPLIn the nuclel (bloe) of astrocytes plated on aligned -GEL and + GEL substrates, collected after 3 DIV from the re-plating. White arrows show
the oriented Foactin fibres directions. D) Confocal images of astrocytes plated on aligned — GEL and + GEL substmies immune-stained for Vinculin (green) and with
DAFI (blue staknéng), collocted after 3 IRV from the re-plating. E) Bar plot shows the number of vineudin contacts per cell, counted after 3 DIV from the cells re-plating

in cells plated on aligned —GEL and +GEL substrates. Data are expressed as means = SE (o —GEL = 124; +GEL = 138), Student's r-test

** = pval < 0,01, (For

interpretation of the references 1o color in this figure legend, the reader Is referred to the web version of this article. )
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Fig. 6. Analyses of the effect of electrospun fibees on astrocytes morphology and viability, A) bright fiedd 20 x micrographs representing astrocytes plated on random
-GEL, +GEL (upper panel), and aligned -GEL, + GEL {below panel) substrates, captured after 4 DIV from cells re-plating B) Single plane confocal images of FDA
stained astrocytes, nepresenting viable cells plated on random (GEL, +GEL (upper panel), and aligned -GEL, + GEL (below panel) substrates, captured after 4 DIV
from cells re-plating. €) Time course of astrocytes vinbility oo mndom and aligned -GEL, + GEL investigated by Al assay ot different time points (1 to 28 DIV) from
cells re-plating. Data are platted as the averaged percentages of reduced AB £ Stundard Ervor (SE) versus DIV, Student’s p-test, * = pval < 0,05, ** = pval < 0.01,
S5 e pval < 0,001, (For interpretation of the references to color in this figure legend, the reader (s referred to the web versson of this article, )

Rapidly scivating, non-inactivating, voltage-dependent whole-cell
currents were elidted with the family of voltage-step protocols at po-
tentials positive to —40 mV (Fig. 9B) either un astrocytes plated on
aligned -GEL and + GEL. A comparative analysis, obtained by an 1/V
plot of averaged values of maximal current, recorded for each voltage
step (Fig. 9C), revealed a similar voltage-dependent profile of whole-
cell peak and steady state currents of astrocytes plated on aligned ~GEL
and 4+ GEL samples. The latter ramp and step current profile was
comparable to the one recorded on cells plated on PDL (Supplementary
$5). All the data indicate that astrocytes plated on -GEL, +GEL have
voltage-gnted K+ channels activated at membrane potentials more
positive than ~ 40 mV and that the properties among the conditions are
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preserved and not altered by the topography nor by the blended gelatin,

The present work aimed to analyse the impact of topographical and
chemical cues of electrospun fibres on the viability as well as on the
structural and functional properties of astrocytes

For this purpose, we provided a comparative study of the response
of astrocytes on — GEL and +GEL fibres, Recent literature demon-
strated that PCL electrospun fibres accurately replicate the physical
dimensions and fibrillary organization of the collagen network into the
native extracellular matrix [73]). However, PCL electrospun fibres pre
sent some lacks In terms of cell affinity and blorecognition, mainly due
to their intrinsic hydrophobic properties [ 14], Hence, the integration by
different ways (Le,, blending, grafting, adsorption) of bioactive proteins
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Fig. 7. Alignment of astrocytes an PCL fi
bres. A) Scheme representing the criteria
used to measure cell alignment angle. B)
Bar plot reporting the averages of orienta

s tion angles measured between astrocytes
and fibres (1 DIV, 4 DIV) plated on alggned
-GEL sumples (AL-GEL, white bar, n = 38 &
1 DIV, n = 40 at 4 DIV) and aligned PCL

Bl VGEL (Al + Gel, n = 60 ut1 DIV, n = 35
at 4 DIV) substrates. Students rtest,
* = pval < 005, * = pval < 0,01

from collagenous source can improve the interface interactions between
cells and the surrounding fibres, by promoting basic recognition (Le.,
adhesion, spresding, migration) and physiological mechanisms (ie.,
prodiferation, differentiation) [34].

Our results showed that the fibres alignment and. thus, the topo-
graphy aro the key feature that promote astrocytes adhesion, viability
and growth, while chemical clue such as GEL and hydrophobicity play a
major role in promoting cell alignment. Previous stodies reported that
chemical blending of PCL with Gelatin enhances the hydrophilicity of
the polymer, and promoting the adbesion of neuronal-like cell lines as
well as their neurite outgrowth [15]

Here we found that GEL blending to the PCL fibres allows sig
nificantly Improving the hydrophilic properties of the fibres as con
firmed by contact angle measurements (Fig. 2). However, the increase
in hydrophilicity of +GEL samples compared to -GEL substrates is not
furthes improving adhesion of astrocytes o the PCL fibres. Accordingly,
we found that, in the case of protein films (i.e., silk fibroin), the ad-
hesion and growth of astrocytes was higher on more hydrophobic sur
face [9,36]), whereas the surface hydrophilicity improved neurite out
growth of primary dorsal root ganglion neurons, Moreover, + GEL
samples display peculiar sub micrometric szes lower than those of -GEL
ones (g 4) which Is not favouring astrocytes adhesion. This data Is In
line with recent studies reporting that astrocytes showed significantly
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increase in elongation and adhere preferentially, when seeded on the
large diameter fibres, with respect to values of cells plated on small
diameter fibres {17]. In addition, more efficent extension of astrocytes
on larger diameter fibres allow better outgrowth of neurites of dorsal
root ganglia newrons plated on them [37].

It is not surprising that neurons and astrocytes respond differently to
the surface topography and chemistry. While neurons adhesion o
substrates depends upon the presence of extracellular matrix factors
and components [37], astrocytes cell cultures are capable to release
adhesive and repulsive ligands, including collagen, laminin, fibronectin
and to chemically shape the surrounding environment [37,55). Inter-
estingly, aligned astrocytes on polydioxanone improve neurite out
growth of DRG neurons compared with substrates with unaligned fibres
or with those without astrocytes.

The ability of astrocytes to sense surface topography is well docu
mented. Notably, adhesion of astrocytes on flat inorganic substrates or
highly hydrophobic surfaces like organic semiconductors needs to be
improved by coating with ECM components or poly-onic substances
such as Poly.o-Lysine or anchoring molecules such as Phospholipids
[7,21,39,40], On the other hand, nanotopographic clues such as na-
noislanls, nanorods or electrospun nanofibres are sufficdent to improve
astrocytes adhesion and viability [5,9] with respect o unstructured
ones. In this view, our data are in agreement with the literature

E

Al + GEL

FAn

0

~ . GR N+ GE

Fig. 8. lmpact of PCL electraspun fibres on astrocytes stroctural properties, (A-H) Confocul images representative of GFAP/DAFE expression (n astrocytes seeded on
ranclom -GEL, +GEL (A), and aligned —GEL, +GEL (B), captured after 3 DIV frum cell re-plating. €) Confocal imagex of Phalloidin TRITC staining of the cytos
keleton (red) and of DAPLIn the nuclel (bloe) of astrocytes plated on aligned -GEL and + GEL substrates, collected after 3 DIV from the re-plating. White arrows show
the oriented Foactin fibres directions. D) Confocal images of astrocytes plated on aligned — GEL and + GEL substmles immune-stained for Vinculin (green) and with
DAFI (blue staknéng), collocted after 3 IRV from the re-plating, E) Bar plot shows the number of vinculdln contacts per cell, counted after 3 DIV from the cells re-plating

in cells plated on aligned ~GEL and +GEL substrates, Data are expressed as means = SE (mw —GEL = 124; +GEL = 138), Student's rtest, **

= pval < 0,01, (For

interpretation of the references 1o color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Functional properties of assrocytes plated on aligned -GEL and + Gel substmies. A) Curen traces recorded stimulating astrocytes with a voltage samp

protocol (inset A) from Vh of — 60 mV from —120 to + 60 mV (500 ms), in cells plated on aligned-GEL and + GEL sub
| fram Vh oot — 60mVl'mln-l?omvm+wl|\lwllhpounll¢ltepdzomv.maddlndlwd-GELnnd

elicited by the resp 10 a voltage step

+GEL ) IV plots: Mean values of maximal current values of astrocytes plated on PCL -GEL and + GEL I-V plots have been 3

ive current traces

B) Repr

g the of

{ by calcul

=5

the maximal cument values recorded at potential steps of 20 mV ot peak (black chrcles) nod steady stare (white circles) and normalized for lhe relative cell
capacitance values. No statistical were observed on avernged currents in [/V plot {(n = 10 for (GEL and n = 11 for +GEL) ANOVA test, pval > 0,05,

demonstrating that the proliferation and survival of astrocytes on
aligned -GEL substrates are the highest with respect to other samples
tested over the long term,

Of note, the higher proliferation rate is not due to the gliotic reac
tion a5 GFAP expression, a typical marker of gliosis is not enhanced by
the growth of astrocytes on electrospun nanoffber with respect to PDL

We found that aligned fibres induce a strong orientation of astro-
cytes along the fibres showing the ability of the PQ. substrates to
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impact astrocytes morphology (Fig 6), These data are in agreement
with previous studies showing the potential of nanotopography to
regulate astrocytes cell shape, polarity and differentiation [5,40]. Ac-
cordingly, our studies using nanostructured films made of hydrotalcite
or gold-coated silicon nanowire [16] induce dramatic differentiation of
astrocytes with a long process extending randomly over the substrates.

Here, we found that PCL electrospun nanofibres strongly impact on
astrocytes morphology inducing a more elongated phenotype with
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Table 3
thrqilynologjal properties of astrocytes plated on -GEL and + GEL sub Cp, brax 2 Vmem, restd brune p k. SG, mean specific
e IR, Input res 1, current density. n = 9 for -GEL and n = 12 for + GEL, None nllhr clcmophyduogku properties recorded in astrocytes grown
on different substrtes were significantly different (pyal > 0.05)
Cp (pF) Visws (1Y) 5G 40s/pF) R (M) 1pA/pF) lpA/pF)
~120 mV + 60 mV
DL 518 = 6.8 ~M5 & 27 0.0¢ = 0.01 877 & 327 ~48 & 08 7.7 = 57
< GEL 66.0 2 162 <365 + 36 005 = 001 566 = 72 “45 + 08 0.0 = 67
+GIL Mo = 101 w7z 7 004 = 00t B3+ =0 44 = 07 o6z 45
respect to polygonal form observed on random and PDL coated sub. brain glioma (44,45].

strutes, We hypothesise that nanofibres can interact with astrocytes
cytoskeletal proteins such as F-Actin and vinculin to induce their re-
arrangement that, in turn, affect cell shape balance between blast-like,
polarized, elongated proliferating/migrating cells. Accordingly, we
found that aligned PCL electrospun nanofibres promoted vinculin re-
arrangement and patchy distribution over the fibres. We also observed
F-actin fibres stress and alignment with the fibres. Noteworthy, cell
alignment is also supported by the presence of Gelatin at 1DIV. Indeed,
the distribution of vinculin was more polarized on cells plated on
Aligned +GEL samples and the ber of FA was much higher in
+ GEL samples than in aligned -GEL ones (1'ig. ). Thus, it is plausible
that GEL has a favourable effect on movement and alignment of the cell
along the fibres, and that the chemical cue has a dominant effect with
respect 10 the one of the dimension the fiber [37]. The effect of lower
alignment. observed at 4 DIV in aligned GEL samples, can be ascribed to
the gradual release of blended GEL from the PCL samples. The Latter
phenomena might then favour the dimensional cue of the nanofibers,
As a result, according to previous studies [37], at 4 DIV, the alignment
of astrocytes is higher on fiber with larger diumeter fibres ( ~GEL). On
the other side, GEL had no impact on | fibres pr that were
sufficiently induced by nanotopographic cues.

The main finding of the present work is that PCL aligned electro-
spun nanofibres do not impact on K° channels functionality, required
for astrocytes homeostatic properties. Importantly, data reported on
passive membeane properties of astrocytes plated on aligned + GEL and
-GEL, resemble those of previous studies with primary astroglia plated
on PDL (Supplementiry 55), polystyrene Petri dishes, silk fibroin or
organic semiconductor coated with PDL [36,4] ], Similariy, analyses of
time and voltage dependency revealed similae blophysical features of
cell current on + GEL and -GEL that overlaps those of delayed rectifier
potassium current previously characterized in immature ghial cells 4],
Collectively the results indicated that + GEL and -GEL preserve astro-
glia electrophysiological properties while alignment is not paralleled by
alteration of K* conductance.

We have previously shown that the stellation and differentiation,
that characterize mstrocytes grown on inorganic nanostructured bidi-
mensional films, was accompanied by an alteration in the expression
-and function of potassium channels [#,30]. In the present work, we
found that changes in cell morphology, dre not impacting on astrocytes
functionality and that astrocytes on aligned substrates essentially be-
have as on a flae surface, As confirmed by Alamar Blue analyses, as-
trocytes remain on a proliferating functional phase, which is typically
characterized by the presence of potassium delayed rectifier potassium
conductance. The data is in line with evidence indicating that po-
tassium conductance is critical for cell profiferation and differentiation
Accordingly, recent evidence showed that potassium conductance
changes and drive stem cell differentiation to counteract neurodegen-
eration [42,43].

Potassum channels have a fundamental role in astrocytes as they
set the membrane potential and allow its changes occurring after new-
ronal sctivity, Following scute brain insults, they are altered n astro-
cytes surrounding the lesion site, where reactive gliosis occurs [11,35)
In adkdition, protein expression and function of potassium channels are
considered critical for cell invasion and the formation of metastatic
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Since there is no effect on the K ' current in astrocytes, we conclude
that PCL represents a suitable substrate for studying and manipualating
beain astroglial ton channels by means of tallored functional/molecular
chemical modification of PCL skeleton.

Of note, the long-term survival (almost 1 month) Is a unique data
reported in the present work, thus validating the use of PCL as a plat-
form for future in vivo testing in neurologieal conditions.

On this regard, the recent critical role highlighted for astrocytes
protein channels in neuropathic pain derived from peripheral nerve
injury opens the perspective for the use of PCL electrospun scaffold as
ghial interface for the therapy of gliopathies,

4. 5, Conclusion

The validation of the use of PCL electrospun fibres for CNS injuries
regenecation requires, as a first step, an understanding of appropriate
neurnl cells-substrate interactions {growth, morphology, differentin-
tion, functional properties). Conddering the well documented role of
astrocytes for the nervous system function, we aim at investigating the
soructural and functional impact of topographical and chemical cue sof
PCL electrospun fibres on the response of astrocytes in vitro [5,20,45].

Here, we demonstrate that the aligned electrospun -GEL and + GEL
fibres, enable kmg term viability, growth and alignment of astrocytes
even after weeks of culture, and that the mechanisms underpinning the
differentiation, involves the actin cy regrTang and focal
adhesion complex. Also, we showed that astrocytes elongation along
the fibres ocaurs without altering the properties of potassium channels,
indicating that PCL electrospun fibres are permissive substrate to drive
specific astrocytes properties depending on the targeted applications
[47,48). 1t was suggested the stability of Implant devices, targeting
neuroregenerative medicine, requires tight and permissive interactions
between the cell membrane of astrocytes and the biomaterials interface
[49). Our results suggested that the favourable interaction of astrocytes
with PCL nanosubstrates, as well as the active ability of the substrate to
drive astrocytes behaviour, further strengthen the application of PCL
electrospun fibres in ive strategies aiming to support the
axonal outgrowth, nhwdlnodnghownoentaud:csmdemdn
possibility to rescue brain functionality in degenerative disease models,
by changing structural and functional features of astrocyte [43,50,51],
The vessatility of the presented PCL based approach, that allows to add
functionalities to the scaffold such as drug delivery or conductivity,
broadens the spectrum of approaches that can be used to drive the
behaviour of astrocytes for an astrocytes-targeted regenerative ther-
apeutic approach.
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1.2 Introduction to Paper 2

“Polyaniline nano-needles into electrospun bio active fibres support in vitro astrocyte response” by
Emanuela Saracino,* Simona Zuppolini, Vincenzo Guarino,* Valentina Benfenati, Anna Borriello,*
Roberto Zambonia Luigi Ambrosio, has been published as Open Access publishing on RSC Advances

Journal, 2021, 11, 11347, DOI: 10.1039/d1ra00596k.

https://pubs.rsc.org/en/content/articlelanding/2021/RA/D1RA00596K.

Supplementary information accompanies this paper at:

https://www.rsc.org/suppdata/d1/ra/d1ra00596k/d1ra00596k1.pdf? ga=2.65611501.2583609.1639495321

-97415880.1639495320

Licence CC BY and CC BY-NC-ND; acknowledgement: © The Author(s) 2020, RSC Advances Journal by

Royal Society of Chemistry.

The bioelectrical response of glial cells represents a key of interest in the neuroregenerative study. Taking
advantage of the previous results published in the work presented in the paragraph 1.1, Chapter 1V, here
electrospun nanofibres based on PCL: PCL (—GEL) and blending of PCL and Gelatin protein (+GEL).
are embedded with the nanostructure of a conductive polymer, polyaniline (PANI), synthesised in the
form of nano-needles (PnNs), where peculiar is the fibre nanoscale size and alignement. The final scaffold
is an electrically conductive interface able to support the growth and elongation of astrocytes’ body
without affecting an inflammatory reaction, accordingly the functional properties of astrocytes are
measured by patch clamp. experiments reveal that PnNs do not alter the bioelectrical properties of resting
astrocytes. Both the electrospun PnNs substrates result as biocompatible and not toxic for glial cells even

at long time
100
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points of investigation. The following substrate opens the way to a new perspective of investigation on the
biophysical properties of astrocytes, by the use of a specific and tuneable glia interface that can be potentially

used to stimulate and possibly record astrocytes, aiming at the recovery of neuronal structure and function.

PDFE -FORMATO PAPERS\Saracino E.. et al.. RSC Advance 4.2 .pdf
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Polyaniline nano-needles into electrospun bio
active fibres support in vitro astrocyte responset

Cite this: RSC Adv, 2021 11 11347

Emanuela Saracino,** Simona Zuppolini.® Vincenzo Guarino, @ **
Valentina Benfenati, @ * Anna Borriello,*” Roberto Zamboni® and Luigi Ambrosio”

Recent studies have proposed that the bioelectrical response of ghial cels. called astrocytes, currently
regresents o key target for neuroregenerative purposes. Here, vwe propose the fabircation of electrospun
narofibres containing gelatin and polyaniline (PAN] synthesized in the form of nano-needles (PnNsi as
etectrically conductive scaffolds to support the growtn and functionaities of pnmary astrocytes. We
report a fine control of the morphological features in terms of fibre size and spatial distribution ang fitre
patternng. Le random or allgned fibre organization. as revesled by SEM- and TEM-supported mage
analysis. We demorstrate that the peculiar morphological properties of finres — Le, the fibre size scale
and slgnment - dnve the adhesion, proliferation, and functiomal properties of pnmary cortical
astrocytes In addition, the gradual transmission of blochemecal and blophysical signals due to the
presence of PriNs combined wath the presence of gelatin results in 3 permissive and guiding

This article 15 licewsed mnder a Creatsve Conanons Attribution-NonCopmercint 3.0 Unported Licence

Open Access Amicle. Poblished on 18 March 2021 Downloaded on 12142021 3:22:05 PM.

zmif"‘"":';;;’ ::22; ervironment for astrocytes. Accordingly, the functional properties of astrocytes measured via cell patche

clamp experments reveal that PriNs do not alter the bicetectrical properties of resting astrocyles, thus
DO 10.1039/d1ab 05364 setting the scene for the Wse of PrN-loaded nanofibres a4 bioconductnve platforms for interfacing
rsclifrsc-advances astrocytes and controlling their bioelectrical properties.

1. Introduction

Recent studies have demonstrated that external electric field
stimulation can accelerate nerve regeneration by supporting the
exchange of information by neurons both i vitro and o wive.!
This effect can be corroborared by the use of biocompatible
polymers with electrically conductive properties, which can
promote cell adhesion by a controlled transfer of eleetrical
signals and by the administration of moderate currents that
avoid killing nerve tissue and cells.** In the last decade, several
studies have investigated the use of electro-conductive mare-
rials as building blocks to design active interfaces between
electronic and biological fields for various applicative uses {Le.,
molecular targeting, biosensors, biocompatible scaffolds)”
Amang them, electroactive polymers (EAPs) are emerging as
a dlass of organic materials with intrinsic conductive properties,
similar to those of metais and semiconductors, which can be
accurately controlled by modifying chemical and physical
surface properties In order to directly influence the charge

of Organic Synthesis and & tivity [ISO¥), Nationml Rescarch Cosmcil
of Boly, wa Godertt, 200, 40029, Bologng, Raly. Fmail evanuebe sarucmogiisa cnr,
i
“tstitiute for Poluiners, Comp amd H (ol (1PCBL N ! Bewarch
Cownctl of aly, Moeta d Oftressare, Pud. 20, V. ie J. K. Kenweddy 34, Napies, Ialy,
Eormadl; vy madDuming 1, wacenzn guavinoghow i borre thipanina 12
' i wppl y  inf: » (ES1) tlab)
10, M/ o eak

See DOK

1 203 The Author(2), Pubisned by the Royal Socety of Chemistry

mobility along the backbone of the palymer chain,”* In this
caontext, polyaniline [PANI) is a widely recognized EAP that
shows good biocompatihility, high enviconmental stability and
switchable properties between conductive and resistive states i
witro.” The peculiar chemistry of PANG, based on repeating units
of aniline monomers with alternate single and double bonds,
including phenyl rings with nitrogen atoms, promotes the
formation of different oxidation states {e.g., emeralding, nigra-
nidine, and leucoesmeraldine) with chemical/iphysical properties
that are suitable to fight inflammatory response and suppont
cell growth.""* According to recent studies, the biological
response can be properly addressed as a function of the elec
tronic properties of conjugated polymers, which are finely
tuneable by manipulating topological (Le., the structure of the
polymer  backbone) and/or chemical factors (e, nature!
concentration of the dopant ions).™" "

With respect to nerve regeneration, while several studies
have demonstrated the favourable interaction of neuronal cells
with PANi and PANFloaded fibres, allowing for the regeneration
of neurites and functional excitability in vigro and in vive """
studies are lacking on the effect of PANi on brain glial cells,
called astrocytes. Astrocytes are cells in the central pervous
system that are primarily involved in the regulation of the
homeostatic balance of ions, water, and molecules in the
extracellular space." Although they are incapable of action
potential, astrocvtes express ion channels and bioelectrie
properties™ with eritical roles in brain cognitive functions such

RS Acty, 2020 D, N2A7-11355 | N347
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as learning and memory. Alteration in the morphology, cyto-
skeletal structure and ion channel function of astrocytes is
implicated in acute and chronic pathologies. It is worth noting
that the inflammatory response to brain and nerve implants is
mainly driven by alteration in ghial cells and in particular to
astrogliosis reactions, which cause dramatic changes in astro-
cyte morphology, increased expression of glial fibrillar acid
protein (GFAP) and loss of or alteration in the expression and
function of ion channels. ™™

Despite their inability to generate action potential, astrocytes
can respond to electrical, mechanical and topographical stimuli
provided by nanostructured material interfaces and devices.™ ™
However, nanostructured devices based on  conductive
substrates enable the recording of bioelectrical signals from
primary differentiated astrocytes at a precise slow frequency,
This evidence highlights the possibility and the need to
generate glial interfaces that target structural and bioelectrical
properties of astrocvtes to induce signal promoting/supporting
of neuroregenerative processes’ or functional recovery of
neurans.” Despite the rising interest in astrocytes in biomate-
rials design, a comprehensive study of the impact of conductive
PANI biomaterials on the morphology, the cytoskeletal proper-
ties and above all on the ion channel function of astrocytes has
never been reported. In this work, to address this lack of
knowledge, we report the fabrication of a novel composite
platform made of poly-e-caprolactone (PCL}and embedded with
gelatin and PnNs; it was fabricated via an electrospinning
technique,

Electrospinning is the leading technology to fabricate
fibrous scaffolds with random or aligned fibres that mimic the
architecture of the extracellular matrix of natural tissues.™ In
order to improve the biological response, the blending of
synthetic polymers with natural proteins, i.¢., collagen, gelatin,
and zein, currently represents a consolidated strategy to impart
selected biochemical cues that can more actively support iz vitre
cell interaction.™

Herein, clectrically conductive nanocompesite platforms
were obtained by embedding electroconductive PANI into
electrospun fibres, and the response of primary astrocytes
grown on PANi nano-needles (PnNs) was evaluated in terms of
adhesion, proliferation, morphology and bioelectrical activity.

2. Materials and methods
2.1 Materials

Poly-e-caprolactone (PCL, M, 45 kDa), bovine gelatin type B (gel
~ 225 bloom) in powder form, chloroform (CHCL,), and
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were all purchased
from Sigma Aldrich (Italy). For the synthesis of PnNs, aniline,
ammonium peroxy disulphate (APS), camphor sulphonic acid
(CSA), and emeraldine base polyaniline (EB, M,, 10 kDa) were
purchased from Sigma Aldrich {Ttaly). All chemicals were used
as received without additional purification.

2.1.1  PnNs synthesis and characterization. Ultrafine short
fibres of polyaniline doped with CSA were prepared as follows
(Fig. 1A): 0.8 mmol of APS (i.e, initiator) and 3.2 mmol of
aniline (£.e., monomer) were separately dissolved in a 1.0 MCSA-
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Fig. 1 Optimization of PniNs; (A) scheme of synthesis Morphologicat
analysis via {B) SEM and (C} TEM. Image analysis showed diameters
rangiryg from 50 to 100 nm and lengths from hundreds of nanometers
to several micrometers for a nanoneedie shape factor varying from
1:9to 115 (D) Comparison of conductive curves of PnNs and EBPs
obtained by fittng two -probe DC electrical resistance measurements

doped acid solution and rapidly mixed all at once. The
appearance of bluish-green droplets of polyaniline were noticed
within 30 minutes of the start of the reaction, and the synthesis
was left to proceed for 2 hours at room temperature.

The (as-prepared) nanofibres can be purified by centrifuga-
tion, a common solid-liquid separation technique. PNs were
obtained in powder form after drying at 80 “C under vacuum.
The dry powders of polyaniline were re-dispersed in HFIP by
mild sonication, In order 1o validate the conductive properties
of the PnNs, two-probe DC electrical resistance measurements
were performed using a Signatone 1160 probe station con-
nected to a picometer/voltage source meter (National Instru-
ment) in ambient conditions, A custom cell was designed and
realized in polytetrafluoroethylene (PTFE] to efficiently perform
conductivity tests on these films,

In order to prevent surface current errors, the cell has an
internal platinum circular electrode with a diameter of 10 mm
and a guard ring placed at a distance of 0.5 ¢cm. For these
experiments, samples with different PCL/PnNs ratios (100/0, 99/
1, Y5/5, 90/10, and 80/20 wt/wt} were optimized to prepare thin
casted films by solvent evaporation. As a control, EB-doped
PANi samples (EBP) were prepared by doping of EB wia CSA
(50/50 wi'wt) and dissolution of the subsequent polymer in
HFIP (6 x 10"’ M) at room temperature under magnetic stirring
(2 h).

2.1.2 Preparation of PnNs-loaded electrospun fibres. The
polymer solution was obtained by dissolving PCL in HFIP for
24 h under magnetic stirring. Then, gelatin was separately
mixed to obtain a final polymer concentration of 0.1 g ml '
{1:1 wiw rato).

Lastly, PnNs (5% wt with respect to the total polymer
concentration) were added by gently stirring for a further 24 h,
PnNs-loaded electrospun fibres were produced using electro-
spinning equipment (Nanon01, Mece, Fukuoka, Japan) with an
18G needle and vertical configuration. Random and aligned
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fibres were collected on small glass discs (diameter 12 mm)
fixed on a rotating drum (diameter 19 ¢m) for 1 h. All the
parameters (i.e., flow rate, voltage, e¢lectrode distance, rotation
speed) were optimized in order to obtain the best fibre
maorphology. Asa control, electrospun fibres without PnNs were
fabricated under the same processing conditions. The process
parameters for all the electrospun fibres are summarized in
Table 1. All the experiments were performed at room tempera-
ture within a range of relative humidity (RH) = 45-55%.

2.1.3  Morphological analysis, The morphology of the PnNs
was preliminarily analyzed wia bright field transmission elec-
tron microscopy (TEM, Jeol, JEM 1220, Japan) by re-dispersing
PoNs in chloroform and subsequently depositing one drop of
the dispersed solution on a copper grid covered with carbon.
For these analyses, an acceleration voltage of 80 kV was set.

PnNs and PnNs-loaded fibres were analyzed by scanning
clectron microscopy (SEM; Quanta FEG 200, FEI, The Nether
lands) in oeder to assess the morphology of the fibres. The
specimens were sputter-coated with a Pd-Au nano layer [Emi-
tech K550, Italy] and then observed under high vacuum condi-
tions (10 mbar) ata low voltage electron emission (lower than
10 kV) to minimize beam invasiveness on the polymer matrices.
The mean diameter of the fibres was calculated from selected
SEM images (ca. 20 units) by using image analysis software
(tmage] freeware 1.52a) and reported as diameter distribution
and mean value + standard deviation,

22 Invitro studies

2.2.1 Rat cortical astrocyte culture preparation, mainte-
nance, and plating. Primary astrogiial cultures were prepared at
the University of Bologna, in concordance with the Italian and
European law of protection of laboratory animals and the
approval of the local bioethical committee (ethical Italian
protocol number ID 1338/2020 PR, released in February, valid
for 5 years) Astrocyte cultures were prepared as described
previously.™® After 3 weeks in culture, confluent astrocytes in
15% fetal bovine seram (FBS) were dispersed using trypsin-
EDTA 0.25%, and the cell suspension was dropped on random
and aligned samples of PCL-gelatin (—-PANi) and PCL-gelatin
blended with PnNs (+PANi) at concentrations of 8 x 107 cells
per sample and maintained in culture medium containing 10%
FBS. Flat portions of the substrates and cells plated on poly-»-
lysine (PDL) were used as internal and comparative controls,

222 Alamar Blue, fluorescein diacetate viability assay and
confocal microscopy. The viability and biocompatibility of
astrocytes on fibrous PCL-gelatin-based samples were analysed
wia Alamar Blue [AB) assay according to the Interchim technical
sheet (66941P) and to protocols previously described.”* The
time course of astrocytic viability on random and aligned — PANi
and +PANI nanofibres was evaluated from 1 day in vitro (DIV) to
8 DIV after re-plating cells on the substrates, Analyses of the AB
fluorescence and correlation with the viability were performed
as described previously.* Data were collected from three sepa-
rate experiments performed in quadruplicate and are expressed
as means + SE of the percentage of reduced AB.
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The fluorescein diacetate assay (FDA) and evaluation of the
morphology of astrocytes grown on aligned —PANi and +PANi
clectrospun fibres was performed 24 h (1 DIV) and 96 h (4 DIV)
from the re-plating of astrocytes on the substrates ™ A
sequence of images (10 to 15 different fields for each sample)
was taken using a Nikon TE 2000 inverted confocal microscope
(40% objective). The orientation angle measurement of an
individual cell was defined as previously described.® Results
were analysed using the ORIGIN-FRO (Microcal) program. All
the immune fluorescence and confocal microscopy experiments
on astrocytes plated on different samples were performed as
previously described.* The primary antibedies used were rabbit
antivinculin (Life Technologies, Monza, Italy), anti GFAP
(Sigma Aldrich); and donkey anti-rabbit Alexa Fluor 488-conju-
gated as a secondary antibody (1:1000, Molecular Probes-
Invitrogen). F-actin fibres were stained for phalloidin-TRITC
(Sigma-Aldrich, Milan, Italy). Coverslips were mounted with
Prolong Anti-Fade with DAPI (Molecular Probes-Invitrogen),
The optical images were taken with a Nikon TSE 2000 inver-
ted confocal microscope and a Photometrics camera (Crisel
Instruments). Data were collected at least from three different
experiments performed in triplicate. At least 15 images for each
replica of a condition were analysed by Image] software. The
focal adhesion (FA) point density was expressed as means + SE
of the number of vinculin contacts counted for each image {300
pm % 300 pm) and divided by the number of nuclei (blue
staining) in the same image.

2.2.3  Electrophysiology and functional properties. Current
recordings were obtained in the whole cell configuration with
the patchclamp technique. Experiments were performed after
24 h of in vitro treatment. To ensure comparability between the
conditions, only elongated astrocytes were selected to evoke
whole cell currents; cells in contrel intra- and extracellular
saline were held at 60 mV, and after stepping to ~120 mv for
500 ms, & ramp was performed from —120 mV to +60 mV (500
ms) (inset Fig. 6A). To investigate the voltage and time-
dependence of the conductance of cells seeded on —PANi and
+PANI substrates, the astrocytes were stimulated with 500 ms
voltage steps (¥, = —60 mV) from —120 mV to +60 mV in
increments of 20 mV (inset Fig. 68).

2.2.4 Statistical methods. Data were elaborated using one-
way analysis of variance (ANOVA, with Bonferroni's test), A
statistically significant difference was reported as P < 0,05 or
less. Data of biological experiments are reported as the mean +
standard error (SE). The number of experiments (n) is indicated
in the text or in the figure legends. The results reported are the
mean of at least 3 different experimental trials performed in
triplicate or more.

3. Results and discussion

3.1 PANi clectrospun nanofibre fabrication and
characterization

Herein, we propose the fabrication of nanocomposite fibres
containing PnNs - namely polyaniline synthesized in the form
of nano-needles that can transfer electrical signals to support
the growth and functionalities of primary astrocytes,
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minimizing the cytotoxic effects. Indeed, the peculiar needle-
like shape of the PniNs enables the formation of a percolative
pathway of clectrically conductive phases, drastically reducing
the irredative fraction into the fibre body, PaNs were endowed
into bicomponent fibres obtained by blending PCL and gelatin,
largely validated in terms of i witro biodegradation and
biomechanical and  biocompatible  response.***  The
morphology of the PnNs was investigated by SEM and TEM with
the support of image analysis. Fig. 1B and C show PnNs with
diameters in a range from 50 to 100 nm and average lengths
from hundreds of nanometres up to a few micrometres.
Conductivity tests confirmed that the ¢lectrical conductivity of
the PnNs equaled 0.05 S em ' in air and was not affected by the
synthesis procedure, In comparison with previous data in
literature.™ Moreover, it was demonstrated that the properties
of the PnNs were significantly higher than those of the EBPs, as
confirmed by the comparison of the conductivity curves of the
PnNs and EBP-loaded films (Fig. 1D). As a function of the
conductive phase content, the results demonstrated a higher
attitude of charge transport of the dispersed PnNs with respect
to EBPs at the same volume fraction, Indeed, in the case of low
fractions of EBPs, the peculiar globular shape tends to promote
more limited contacts due to a lange average distance among
adjacent conducting phases. Indeed, the EBPs fraction must
reach a critical value to generate an adequate number of
punctual bridges that are suitable to form a conductive path
that can percolatively transfer the electrical signal. In the case of
PnNs, the peculiar shape factor of the nano-needles allows more
efficient support of the formation mechanism of the contact
points, thus originating percolative conductive pathways in the
presence of lower amounts of the conductive phases. Therefore,
it was identified that the critical value for PnNs corresponded to
5 witth (Fig. 1D), and this concentration was used to fabricate
electrospun fibres to investigate the biological response with
astrocytes. In Fig, 2Aand B, SEM images of random and aligned
PnNs-loaded electrospun fibres are reported. As for the fibre
processing, HFIP was sclected to greatly dissolve gelatin and
PCL and promote a fine dispersion of PnNs into the solution.
Moreover, the high polarity of HFIP allows strong interactions
with the electric field, thus promoting remarkable jet stretching
with low-concentrated solutions (Le., 10% wiv).*** As a conse-
quence, the fibres showed a narrowed distribution of sizes, with
mean diameters in the submicrometric range, equal to 0.44 =+
0.07 wm (Fig. 2C), No relevant differences in fibre size and
distribution can be recognized duc to the presence of PnNs
(+PANi) In companison with the controls (-PANi), as

Table1 Summary of the electrospinning process parameters used
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Fig.2 Morphological analyses of PniNs-loaded electraspun scaffolds
SEM mages of (A} random and (B) uni-axial allgned fibres (scale bar 10
pumy; and (C and D) fibre dameter distributions wia image analysis

investigated in previous work.”* Indeed, the presence of
conductive phases mainly tends to promote the formation of
free charges in solution; this helps stabilize the dispersion
without altering the mechanism of fibre formation during the
electrospinning process."” Hence, the resulting PnNs-added
fibres were beadless and homogeneously dispersed. A
different effect was recognized in the case of aligned fibres
fabricated by collecting fibres onto the surface of a rotating
collector, In this case, the mechanical drawing due to the high
rotating rates significantly influences the solvent evaporation,
consequently reducing the final diameters of the fibres to 0.25 +
0.04 um (Fig. 2D). No relevant differences in the fibre diameters
can be recognized with respect to the aligned fibres without the
presence of PnNs.™ Instead, the PnNs mainly help promote
a more efficient alignment of fibres due to the polarization of
inherent charged groups of PANi in the solution, which tends to
promote remarkable jet instabilities, ce., the whipping effect.

3.2 Effects of PANI clectrospun nanofibre on the viability
and morphology of primary astrocytes

In order to determine the impact of PnNs on astrocyte adhesion
and morphology in vitro, confluent primary rat cortical astro-
cytes were re-plated on random and aligned substrates of 1PANi
and -PANi used as controls. We report typical bright ficld
images (Fig. 3A) and fluorescent images (Fig. 3B) of viable
(green) astrocytes captured at 2 DIV and at 4 DIV, plated on

Flow rate Electrode distance Rotation speed
(mlh") Voltage (kV) (mm) [rpm)
Random CTR 0.5 13 120 50
PANI
Aligned CTR 0.5 13 120 3000
PANI
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Fig.3 Analyses of the effect of electrospun hves on the mamphology,
viabllity and structural properties of astrocytes, (Al Bright field 20x
micrographs representing astrocytes plated on random —PniNs, 4 PnNs
upper panell, and aligned -PnNs, +PnNs {Delow panel) substrates
captured after 4 DIV from cell re-plating {8} Single plane confocal
images of FDA -stained astrocytes. representing viable cells piated on
random - PnlNs, +PnNs (upper panell and aligned ~PnNs, +PnNs
{below panel) substrates, captured after 4 DIV from cell re-plating

random —PANi and +PANI (Fig. 3A and B, upper panels) and
aligned —PANi and +PANi fibres (Fig. 3A and B, lower panels).
Notably, the astrocytes on random substrates are polygonal,
with a shape typically observed when the same type of culture is
plated on PDL or on other biopolymers and bicorganic inter-
faces. ™ On the other hand, astrogytes grown on aligned
~PANi and +PANi fibres appear elongated and aligned with the
orientation of the fibres (Fig. 3A and B, lower panel, white
arrows|.

The bar plot reported in Fig. 4A shows the percentage of
reduced AB with respect to the oxidized one; the value is
proportional to the metabolic activity and, in wm, o the
presence of viable cells. After 3 DIV, the viability value of +PANi
samples was significantly higher compared to the value of
aligned -~ PANI samples. A constant increase in cell viability was
observed in ~PANi and +PANi samples in both random and
aligned conditions at 8 DIV, However, the cell proliferation rate
was higher in both aligned —PnNs and +PnNs samples (ESI,
S1t). The cells in the aligned samples with respect to random
samples indicates that the topography of the nanostructure
could positively impact cell survival. At 8 DIV, the presence of
PnNs is associated with a higher cell viability only on the
aligned samples.

The presence of PANi decreased the orientation angle at 1
DIV as well as at 4 DIV, indicating that the degree of alignment
of cells is higher in the presence of the conductive polymer
(Fig. 4B).

0 2021 The Author(s), Pubisned by the Royal Socety of Chemistry
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Fig. 4 (A Time course of viability of astrocytes on random (R} and
aligned (A, —-PnNs +PnNs, Investigated by AB assay at different time
points (110 8 DIV) from cefl re-plating. Data are plotted asthe averaged
percentages of reduced AB + standard error (SE) versus DIV, (B) Bar
plot reporting the averages of orientation angles measured between
the astrocytes and fibres {1 DIV, 4 DIV) plated on algned —PniNs,
+PnNs samples (AL -PnNs, n = 60, Al 4PnNs; n = 36 at 1 DIV) and (&)
+PaNs n = 35 Al +PnNs n = 42 at 4 DIV) substrates

Astrocyte adhesion, growth and morphology can be altered
or even driven by interactions with nanomaterials,'*=2027-1%34
With respect to electrospun nanofibres; previous data indicated
that the topography is the major superficial clue driving adhe-
sion and growth of astrocytes.™ Accordingly, in the present
work, the aligned nanofibres display the best performance in
terms of viability and growth of primary astrocytes over time. In
addition, the presence of PnNs is associated with a higher
viability of astrocytes, but only in the aligned samples. Different
distributions or orientation patterns of PnNs in the aligned
samples may account for the observed effect,

We next analyzed confocal imaging of immunostained cells,
performed after 3 DIV, to give evidence of the comparable levels
of the expression of glial fibrillar acid protein (GFAP), a well-
known marker of the inflammatory reaction called astro-
gliosis, among cells grown on different samples (Fig. 5A, upper
panel, random samples and Fig. 5A, lower pancl, aligned
samples). The typical images of phalloidin-stained cells re-
ported in Fig. 58 show that astrocytes cultured on aligned
—PANI and +PANi substrates express both stressed F actin fibres
parallel to the pattern of — PANI fibres (Fig. 5B, white arrows).

Cells plated on random substrates (ESI S21) displayed
a disorganized structure of the F-actin fibres resembling those
on PDL, as previously demonstrated. ™ The vinculin fluorescent
signal analyses on cells grown on aligned —PANi substrates
(Fig. 5C, left panel) indicated patchy but marked expression of
the protein at the boundaries of the astrocytes, while the vin-
culin expression of astrocytes plated on aligned + PANi was more
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Fig.5 (A Confocal iImages representative of GFAP/DAP! expression in
astrocytes seeded on random (uppér pane] and aligned (below panel)
-PniNs, 4+PnNs. captured after 3 DIV from cell re-plating. {8} Confocal
mages of phalloldn-TRITC staning of the cyteskeleton (red) and of
DAP! in the nuciei (blue) of astrocytes plated on aligned —PnNs, + PnNs
substrates, collected after 3 DIV from re-plating. White arrows are
ndicative of the oriented F-actin fibre drections. (C) Confocal images
of astrocytes plated on aligned —PnNs, +PnNs, substrates immune-

stained for vinculin (green) and with DAP! (blue), coliected after 3 DIV
from re-plating
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mislocalized in the cell body (Fig. 3G, nght panel). Quantitative
analysis revealed a higher number of focal adhesion (FA) points/
cell on aligned —PANiI with respect to the aligned +PANi
substrates (ESI, S31).

In our previous work, we demonstrated the cffects of
topography in a nanocomposite formed by electrospun PCL
fibres and gelatin on the orientation and cytoskeletal properties
of astrocytes. We have demonstrated that topography is the
major factor affecting the morphology, alignment and structure
of the gytoskeleton properties of astroglial cells, while the
inclusion of adhesion-promoting protein  gelatin  shows
a nonsignificant variation of the observed effect. In the present
work, the presence of PANI nanoneedles induced a better degree
of alignment. The ability of naneneedle-shaped substrates to
induce a mechanosensitive response, leading to cell alignment
or morphological rearrangement, has been demonstrated.” The
direct interaction of nanoneedies with cells prevents the
formation and maturation of focal adhesions (FAs) at the cell-
material interface and remodels the actin cytoskeleton proteins.

In line with this evidence, we found that PANi Nn reduced
the FA number; however, it reshaped the actin cytoskeleton,
promoting the expression of stressed fibres. These molecular
events are associated with the presence of PANI and may
account for {i) the morphological rearrangement of astrocytes
and for (i1) the higher degree of alignment of the astroglial cell

N352 | RSC Acv, 2021 N 1BA7-11355
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body with PCL fibres +PANI nanoneedies when compared 1o
cells grown on PCL —PANi samples.

We observed a morphological rearrangement of astrocytes
and redistribution of the cytoskeletal proteins vinculin and
actin in the aligned nanofibres. In addition, in the presence of
PnNs, we observed a higher degree of alignment of the cells o
the fibres. We hypothesize that these effects are due to (1) the
response of astrocytes to the nano-topographical cues conferred
by the alignment of fibres. The data are in line with previous
evidence indicating that the nano-topography of PCL nano-
fibres is sufficient to promote primary adhesion and alignment
of astrocytes to the substrates.™ (2) The data that cells grown on
the substrates with embedded PnNs-PCL showed a higher
degree of alignment, suggesting that the presence of PnNs in
the PCL scaffold is implicated in the modification of the cell
morphology and of the observed cell alignment. The latter
phenomena ean be ascribed to the nanostructure or the nano-
needles but also to the presence of conductivity properties in
the needles. It has been widely demonstrated that changes in
the functional properties of primary astrocytes can occur when
these cells are grown on a nanostructured surface or on bio-
composites with different compositions.""™****" Recent and
growing literature also describes that every cell type, including
stem cells and ghial cells, can sense the extracellular environ-
ment and change their electrical properties accordingly,™

However, changes in the electrical properties of astrocytes
can be observed during gliotic reactions occurring in response
to biomaterial implants,'*=++20w

Thus, to analyze the impact of PANi on the bioelectrical
properties of astrocytes, we next performed whole-cell patch-
clamp measurements on single cells 24-48 h after re-plating
on aligned —~PANI and +PANi samples (Fig. 6),.**

The passive membrane properties were calculated (ESI Table
S$11) and revealed that the values of the voltage membrane
(Visem input resistance (IR) and specific conductance (SpG) of
the astrocytes on aligned —PANI and +PANi are very similar to
those reported for primary astrocytes grown in vitro on PDL and
simple PCL-based samples, while the membrane capacitance
(C,) of astrocytes seeded on +PANI substrates is significantly
lower than that of those seeded on —PANiL.™*" The capacitance
of cellsis a measure of the cell surface area.™ " Thus, the lower
value of the cell capacitance of the cells grown on +PANi
substrates confirms the morphological changes observed with
the microscopical analyses.

The ramp-current traces for the astrocytes on both aligned

PANI and +PANi (Fig. 6A) as well as the voltage step family-
evoked current analyses (Fig. 6B) indicated that astrocytes
plated on ~PANi and +PAN) displayed voltagegated delayed
rectifier K channels, previously observed in non-differentiated
astrocytes in vitro and essential for astrocyte physiology in vivo
(Fig. 6). The graph in panel 6C shows the -V plots built with the
mean values of the maximal current values of astrocytes plated
on aligned —~PANiI and +PANi, /-V plots were generated by
calculating the averages of the maximal current values recorded
at the peak (black circles) and steady state (white circles) and
normalized for the relative cell capacitance values in cells grown
on —~PANi and +PANi substrates. The plot quantitatively
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Fig, 6 Functional properties of astrocytes plated on aligned -PAN:
and +PANi substrates. (A} Current traces recorded by stimulating
astrocytes with a voltage ramp protocol (inset A) from V, of ~60 mV
from ~120 to +60 mV {500 ms) in cells plated on —PANi and +PANI
substrates. (B) Representative current traces ellcited by the response to'
avoitage step protocol from Vi, of <60 mV from ~120 mV to 460 mV
with potential steps of 20 mV, recorded in aligned —PANI and +PANL
{C) 1=V plots: mean values of maxmal current values of astrocytes
plated on aligned - PANi and + PANI I~V plots have been generated by
calculating the average of the maxmal current values recorded at
potenbal steps of 20 mV at the peak {black circles) and steady state
twhite circiesd) and normalized for the relstive cell capacitance values
No statistical differences were observed on averaged cuments in (/V
piot (n = 12 for —PANi and n = 16 for +PANI;, ANOVA test, p value
>0.05

represents the voltage and time dependency of the recorded
cureents. The data suggested that voltage and time-dependency
of the whole-cell currents of astrocytes are not altered by the
presence of PANiI nanoneedles embedded in the PCL scaffold.
Thus, the presence of PANi nanoneedles does not alter the
biophysical properties of the whole cell currents of the astro-
cytes. Moreover, the analyses revealed that the magnitude and
the biophysical profile of those currénts was comparable to
those previously described for astrocytes grown on PCL elec-
trospun nanofibres, supporting the tenet that inclusion of PnNs
in the fibres preserves the function of astrocytes in vitro,

It is known that the presence of a conductive substrate may
rearrange the electric fields that can be locally generated by
living cells, which in tum may affect cell morphology and
behavior, even without the need for the application of an
extracellular field.” The local electric fields generated by the
cells correlate with the bioclectrical activity of the cells and, in
turn, with the function or the expression of ion channels on the
cell plasma-membrane. The resting bioelectrical properties as
well as the voltage- and timedependency of the currents
recorded in the astrocytes are unchanged in the presence of
PnNs. Given that the functional properties of the astrocytes
observed in the presence or absence of PnNs are comparable, we
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cannot rule out that in line with other work on different
substrates, the expression pattern of the protein channels can
be altered by the presence of PANi and that this effect may be
accompanied by or account for changes observed in the cell
morphology.™* Further investigations are needed with respect
to this issue.

Previous studics reported different cell behaviours elicited in
response to electrical stimulation, influencing directional cell
movement, cell migration rate, cell alignment, cell division rate
and orientation, and cell morphology.*“** With regard to
astrocytes, recent studies indicated that is possible to modulate
the structural and functional properties of astrocytes by acute
and chronic application of extracellular clectric fields. ™"
Alexander ef al. showed that orientation of astrocytes can be
achieved by continuous extracellular electrical stimulation.*
Nonetheless, astrocyte orientation promotes neurite outgrowth
of neurons of the same co-culture.™ " The possibility to induce
astrocyte migration by application of an extracellular electrie
field has also been demonstrated.*’ in addition, our group has
recently demonstrated that an extracellular electric field applied
by means of an organic cell stimulating and sensing tran-
sistor'" ¥ evoked spevific calcium signalling in astrocytes in
vitro,* which is important for their cross-talk with neurons i
vhw. All these data indicate that electrical stimulation of
astrocytes is a potential therapeutic target (i) to drive astroglial
cell migration at the lesion sites during inflammatory gliotic
reaction, (ii) to promote the alignment of astrocytic processes
that may support and direct neurite outgrowth of the injured
area, ot (iii) to acutely modulate their functional properties,
which is essential for proper neuronal cell synaptic activity.

4. Conclusions

In the present work, we have investigated the effects of PnNs
embedded into bicactive electrospun fibres on the viability as
well as on the structural and functional properties of primary
astrocytes. The integration of PnNs in the scaffold (i) allows
adhesion and growth of astrocytes over time; (ii) supports actin
eytoskeleton rearrangement and a focal adhesion complex by
promoting a higher degree of cell alignment (iii) without rele-
vant effects on the active/passive bioelectrical properties of the
astrocytes.

1t is well known that conductivity is a kev material property
for successfully  recovering  nerve  injury  and  nerve
outgrowth.*** Our data confirm that the presence of PnNs in
addition to peculiar topographic and chemical cues of the
¢lectrospun substrates may provide a functional interface that
is permissive of the adhesion, growth and function of astro-
cytes. Given the clear evidence from other authors that driving
the properties of astrocytes may further reinforee the outgrowth
of neurons promaoted by the nanostructured scaffold,"'* the
electrospun fibre embedded with PnNs herein reported could
represent a novel ghal interface™** that can be potentially used
to stimulate and possibly record astrocytes, aiming at the
recovery of neuronal structure and function.
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1.3 Introduction to Paper 3

“A glial-silicon nanowire electrode junction enabling differentiation and non-invasive recording of slow

oscillations from astrocytes” by
Emanuela Saracino, Luca Maiolo, Davide Polese, M. Semprini, Ana Isabel Borrachero-Conejo,
Jacopo Gasparetto, Stefano Murtagh, Margherita Sola, Lorenzo Tomasi, Francesco Valle, Luca
Pazzini, Francesco Formaggio, Michela Chiappalone, Saber Hussain, Marco Caprini, Michele
Muccini, Luigi Ambrosio, Guglielmo Fortunato, Roberto Zamboni, Annalisa Convertino,* and

Valentina Benfenati* has been published on Advance Biosystems (www.adv-biosys.com), DOI:

https://doi.org/10.1002/adbi.202070044.

https://onlinelibrary.wiley.com/doi/10.1002/adbi.202070044.

Supplementary information accompanies this paper at:

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fadbi.201900264 &file=adbi

201900264-sup-0001-SuppMat.pdf.

Licence CC BY; acknowledgement: © The Author(s) 2020, Advanced Biosystems by Wiley.

Astrocytes guide the human brain function. Studying non neuronal cells such as glial cells and their
connection with neurons network is fundamental to unravel specific pathways of the complexity of the brain.
In particular, biomedical engineering aims to develop reliable approach to study the role of astrocytes
function in brain physiology and pathologies. However, bioelectrical properties of glial cells, and
specifically of astrocytes in vitro are not close to those displayed in vivo; this feature was already mentioned

and largely explored in paragraph 1.3, Chapter 1V, dedicated to the conductive polymers interface.
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In this regard, the in vitro non-invasive electrophysiological recording of astrocytes remains challenging for
biomedical engineering. Here, primary astrocytes are grown on a device formed by a forest of randomly
oriented gold coated-silicon nanowires (AuNWSs), resembling the complex structural and functional
phenotype expressed by astrocytes in vivo. The device enables non-invasive extracellular recording of the
slow-frequency oscillations generated by differentiated astrocytes as a new approach to study the role of

astrocytes function in brain physiology and pathologies.
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A Glial-Silicon Nanowire Electrode Junction Enabling
Differentiation and Noninvasive Recording of Slow

Oscillations from Primary Astrocytes

Emanuela Saracino, Luca Maiolo, Davide Polese, M. Semprini, Ana Isabel
Borrachero-Conejo, Jacopo Gasparetto, Stefano Murtagh, Margherita Sola,

Lorenzo Tomasi, Francesco Valle, Luca Pazzini, Francesco Formaggio, Michela Chiappalone,
Saber Hussain, Marco Caprini, Michele Muccini, Luigi Ambrosio, Guglielmo Fortunato,
Roberto Zamboni, Annalisa Convertino,* and Valentina Benfenati*

mmh——mwamuumam
ronal cells called astrocytes. The bioelectrical properties of astrocytes in vitro
hﬂMMMWbﬂwﬁh&nmm

MMMR&MMMMWGI:
men-undmmwmm
resembling the complex structural and functional phenatype expressed by
astrocytes in vivo. The device enables noninvasive extraceliular recording of
the slow-frequency oscillations generated by differentiated astrocytes, while
flat electrodes failed on recording signals from undifferentiated cells. Patho-
<wm¢mwmmm
epilepsy and spreading depression, modulate the power of slow oscillations
‘generated by astrocytes. M‘ilqundhﬂdnhnbdm
function in h*m&plnkjuhm

1. Introduction

Recent studies have moved the neuro
centric attention of the neuroscientists
toward nonexcitable glial cells, called
astrocytes: Although astrocytes are inca-
pable of generating and propagating
action potentials, these cells display bio-
electrical activity mediated by ion channel
proteins, that allow transmembrane move-
ment of jons and organic molecules." In
particular, local transmembrane K* and
Ca't dynamics at astrocytic process are
critical for brain function, from synapse
to memory and learning. Gap junctional
communication channels also allow astro-
cytes to work as a syncytial network "
Notubly, alteration in structure and func-
tion of astrocyte jon channels, occurring
during astroghiosis, has a causal role in
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wuch pathologies s ischemia, epilepsy, and glioma* Dys-
function of bioelectrical propertien of astrogliotic cells wur
mmdmm implants facilitates the spread of inflammation
and the tion of gliotic scarring, reducing the performance
of implants ower the long teemi ™ Thus, the complex ion
dynamics of astrocytes require the adoption of bioelectronic
tools W enable high-resolution analyses of events occurring
at different spatiotemnporal scales ™ In the traditional patch.
clamp method the spatial resolution is limited to the electrical
signal recorded from the cell body of a single astrocyte, and the
invasiveness of the probe reduces the monitoring tmeframes
1o minutes. Perturbation of functions, caused to
the employed dyes or light source, affect also the optical Buari-
metnic methods ¥

To date, extracellular recording systems based on planar
microelectiode arrays (MEAs) are the optimal electrophysi-
ological equipment for noninvasive longterm analysis stud-
ying of neuronal circuit<onnectivity in vitro and in vive
While stimulation dmrqmmmm
successfully with organic feld t transistor devices, the
use of MEA for the recording of astroglial cells aignaling in
vitro still displayed critical ssues ™ '™ Pirgt, astrocyte pri-
mary cultures, grown on flat substrates lose structural and
functional features.”"** " exsential for their homeostatic and
physiological function in vivo!" This ssue reduces
the validity and the potential of the findings with traditional
MEA in vitro. Second, low-impedance recording is crucial
for extracellular vignals, as it determines high signal to nolse
ratio (SNR) and, therefore, the capability to record slow and
Jow variations of transmembrane potentials, expected from
local displacement curtent typically occurring in astrocytes,
Strategies achieved low electrode impedunce focusing on
incressing the effective surface avea by using nanostructured
electrades M4 I this regard, silicon nanowires (SINWs)
are promising oevral interface, allowing real-time, spatial.
resolved recording and manipulation of bioelectrical activity
in neurons.™ 4 Silicon nanowires” 3D nanostructured mor-
phology promotes interactions with micro/nanoscale fea-
tures of the cell surface "*¥71 Moreover, the nanosize, large
surfacetovolume ratio, and surface chemistry engineering
make SINWS suitable for bielectronic probing and sensing of
mammalian cells. However, the work attempting to interface
SINWS with astrocytes is limited o biocompatibility/s ™
Here, we show that gold coated SINWs (Au/SINWs), randomly
organized into a forest of sizes, are capable to
promote the growth/proliferation of astrocytes that recapitu-
Late the structural and functional praperties similar to those
they display in vivo. Furthermor, the use of Au/SINWs device
allows for the recording of variations in actrocytes transmenm-
brane potentials in 2 noninvasive manner. The advantages of
this engineered bioelectronic platform are: decreased elec-
trode impedance due W a large effective surface area )™\
high-vield. lowcost and low temperature fabeication tech-
niques compatible with supports % The latter
feature meets the demand of a large number of samples with
a high reproducibility and transporent substrates for reliable
elex recordi

g
We studied the cumulative bioelectrical activity of primary

wwwadv-blosys.com

discovered that differentiated astrocytes generste transmem:
brane potentials (n the slow frequency band that cannot be
recorded with planar MEA. Pathophysiological concentrations
of extracellular potassium occurring in dysfunction ax epilepsy
and spreading depeession can modulate astrocytes excitability
at a wpecific frequency range, thus validating our approach for
the study of astrocytes in neurological conditions,

2. Results
2.1, Fabrication and Characterization of the Au/SINWs Device

We developed an Au/SINWS device as Hlustrated in Figure 1,
The device consists of 4 stripe shaped recording sites baned on
*a forest” of randoamized Au/SINWSY, embedded in a mat of insu-
lating SINWs (Figure 1A), The stripes are | cm long and 25 pm
wide with an elearode spacing of 25 pm (Figure §1, Supporting
Information). Initially, to induce the NWs growth, a 2 nm thick
Au fillm was selectively evaporated onto the specific area (1 ¢m
1 em large) of & microscope glass shide (Figure 18, 1), The SINWs
were grown by plasma enhanced chemical vapor deporition
(PECVD) via vapor liquid solid (VES) mechamism (Figure 18, 2).
The SINWs were covered by an insulating film of Si0, /"

Finally, the electrodes and connecting tracks, based on Au,
were patterned and fabricated (Figure 1B, 3). Figure 1C shows
an example of the fabricated device; the electrodes are inside
the dashed red oval, The scanning electron microscopy (SEM)
images of the nanostructurnd MEA (Figure 1D) reveal a dense
ensemble of disordered and randomly oriented NWs, where
the dark arean are the metal electrodes. The conducting and
Insulating NWs are «2-3 pm long, with an averaged diam-
eter of about 100150 and 50-80 nm, respectively. Electrical
performances were investigated by using impedance gpectrog
copy. Specifically, we evaluated the differences between our
Aw/SINWe device and a conventional planar MEA device, For
this purpose, we fabricated a reference MEA (planar Au MEA)
consisting of planar Au stripes, fabricated directly onto the
glass substrate, with the same size and features of the nano-
structured device. Figure 1H compares the typical Bode ploty
of the impedance modulus, |2). obtained from the two elec
trode systems in the range 0.1 Hz-100 KHz and in aqueous
KCl solution. As expected, a significant reduction in the low
frequency range (0.1-100 Hz) impedance in observed in the
nanostructured dectrode with respect to the planue one due to
the enlargement of the effective wurface area induced by the
presence of the underlying nanostructures,

2.2. Swructural, Molecular, and Functional Differentiation of
Astrocytes on Au/SINWs

The study of the cellular adhesion, growth and differentiation
of primary rat cortical astrocytes was performed by staning
celly with Fluorescein discetate (FDA) and Hoechst 13542,
that marks respectively cytoplasm and nucleus of living cells,
Figure 2A shows the fluotescent images, representing the

cell observed in astrocytes plated on Au/SINW»y
cortical sstrocytes coupled to 3 device based on Au/SINWs and 5 days re-plating. As a control experiment, we also used
Ad B 1004 1014 1900264 (2 of 10) © 2020 WILEY- VO Verlag Geobbt & Co KGaA, Weipdwiny
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Figure 1. Au/SINWS MEA fabmication and characterization. A) Schermatic configuration of the 4.channel Au/SINWs MEA. B) Schematic representation
of the device Gorication 1teps: 1) evaporation of the Au catalyst (layer thick 2 nm) onto a- selected area of 3 glass substrate; 2) VLS growth of SiNWs

and passreation with 2 510, Lyer 50 nm thickj. 3) Gbrication of the electrodes by evaporating Au onto the selected gul

areaof p d SINW

mat O} Photogragh of the device. D) SEM images of the 4 Au/SINWS slectrodes {dark stripes in the lofi panel, scale bar is 50 um) in the insulating

SINW mat {bght

aceas). In the right pane 3 detad of the border conductive/i

NS (scade bar is- 5 um). E) The Bode plot of the impedance

modulus, [7] of an Au/SINWS electrode (red dotted symbols) compared with that recorded from a planar Au one (green squared symbols),

2 planar Aa/Si substrate, obtained by evaporating 3 thin hlm
{150 nm thick) of Au on Si wafer The astrocytes on the con-
trol substrate (Figure 2A. left panel) display 2 polygonal fiat
shape, typically observed in in vitro experiments when they
are plated on Poly-D-lysine coated coverslips, polystyrene petri
dishes or flat biopolymers™ ™ Conversely, astrocytes grown
on bare Au/SINWs (Figure 2A. right pancl) show 3 differenti-
ated morphology with elongations extending from the cell body
for several micrometers. Alamar Blue (AB) viability assay was
performed on astrocytes plated on Au/SINWs and planar Au/
Si, after 1.5, uu!lSchys:nmo(DlV).ThepldmﬂguuZB
compares the AB percentage. 3 measure of cell viability and
proliferation rate of astrocytes on An/SINWs, to that of the cells
plated on control Au/Si samples at all selected time points.
While AB percentage s comparable, plots indicate the Jong-
teom survival of astrocytes on the substrate.

To overcome any concern that morphological features
expressed by the astrocytes on Au/SINWs, might be due o
an inflammatory reaction of the cells to the nanostructuned
substrate, wo next analysed glial fbrillar acid protein (GFAP)
expeession. 3 well-known marker of astroghiosis in vitro and
in vivo, Confocal imaging of immuno-stained cells performed
after 5 DIV, shows a2 comparable level of GFAP expression
between the astrocytes on Aw/SINWy (Figure 2C, right panel)
and those grown on the control Au/Si substrate (Figure 2C Jeft
panel), with 2 significantly lower amount of GFAP Huorescence
in astrocytes on Au/SINWs (Figure 21D)

We next performed the actin cytoskeleton study with
phaliosdin Factin staining analyses. The results demonstrate
that the astrocytes grown on Aw/SINWs have 3 wellorganized

S R
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pattern of stressed F-actin fibers (Figurve 2E, right panel) com-
pared to the cells on the control substrate, which have disor-
ganized and randomly structured F-actin fibers (Figure 2E, Jeft
panel). In addition, the vinculin fluorescent signal analyses
indicate a patchy distribution and expression of protein in the
elongations of the astrocytes on Au/SiNWs versus a mislocal-
ized distribution in cells on planar Au/Si (Figure S2AB, Sup-
porting Information), To get further insight into the interaction
between astroghial cells and Au/SINWS, we performed SEM
imaging after 5 DIV (Figure 2F-H). Morphological analyses
confirmed that mast of the astroglial cells grown on Au/SiNWs
(98.29% + 3} were differentiated, displaying branches departing
frum the cell body (Figure 2F.G and Figure S2C, Supporting
Information). Moreover, higher magnification images reveal
that astrogyte elongations have lateral profections allowing junc.
tons between cells and eowripping nanowires (Figure 2H)
Atomie force microscopy (AFM) analysis confirmed the dght
interaction of the astrocytes processes with the NWx murface
(Figure 20}, To study the functionality of the astrocytes plated
on Au/SINWs, we investigated the behavior of K' channels
that play a fundamental role in the physiology of astrocytes in
viva "1 For this purpose, we peeformed whale-cell patch-<lamp
measurements on single cells after three days from: re-plating
on Au/SINWs and, as comparison, on planar Au/St subatrate,
In particular, o correlate the morphology with functionality,
wo analyaed the cells on Au/SINWs with “stariike” shape that
resemble the morphology of astrocytes in vivo, The passive
membrane properties were cilculated (Table S1, Supporting
Information)'" and revealed that the values of voltage mem.
brane (V... input resistance (IR), and specific conductance

© 2020 WILEY.VOH Virlag GmbH R Co. KGaA, Wainhem
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capacitance. The typical current profiles obtuined in

response o the applied voltage ramp sre shown in Figure 3 for

the astrocytes on both the planar Au/Si (Figure 3A) and the An
SINWS (Figure 18). 1 the inset of Figure A thy 1pphed voltags
ramp i plotted. A strong outward rectification, s confirmed
by gible currents recorded 2t me e potentials below
40 mV (Figure JA). was shown by the astrocytes on the planar
Au/SL Conversely, we obwerved & double rectification profile

with lagre Inward currents activated a2l membrane potentials
Aut/ SINW
The averaged calculation of current density
120 mV
SINWS display a signibcant increase in inward curment density
(Table $1

It & inferesting ¥
y the Au/SiINWs

contaned

more nesgatve than 40 mV jor the astrocytes on the

(Figure 3B, arrow)

(I pA/pF) at confirmed that as
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¥ & Information)

note that the inward current of the astro
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High

K'L) (Figure S5, Supporting Information, red line} with a posi
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focal images of FDA and Hoechst 33342 stained astrocytes,

eft panel) and Au/SINWS [right panel) at 5 DIV. B} Time course of astrocyte viability on
igated by AB assay at different time points {DIV) from cell re-plating. Data are plotted
reduced A8 + Standard Error (SE) versus diw, n = 3 (number of expenments performed in tripiscate), pval > 0.05 in
1 DIV: pval =085 2t 5 DIV, pval = 0.95 at 15 DIV, Student's r1est. C) Confocal imaging of ustrocytes stained
} captured after § DIV from cdl re-plating. D) Quantification of the GFAP

# = number of analyzed images per condition = 7 for planar Au/Si and

0007 B) Mumgu:.n'. represonting astrocytes immunostained for actin plated on planar
F-H} SEM imaging of cells plated on A /SiNWSs. Elongated branches departing from the cell bady are
e (F). C) Highe magnification images showing sstrocytes coupling and H) astrocytes endfoot enwrapping a nanowire |} AFM image of

tive shift in the reversal potential (£,,). The inward current
is inhibited by sub-millimolar concentrations (200 x 107" )
of Barium (Ba*") to the High [K'), saline solution (Figure S3,
Supporting Information, green line). The biophysical features
observed in astrocytes on Au/SINWs resemble those of inward
rectifier K' (Kir) channels in astrocytes in situ and different
ated Kir 4.1 ia
pized an the protein channel mainly involved in homeostatic

0

IS Among the Kir channels

i vito recog
Thuy, we
Au/SINWY
might induce Kirdl expression. Accordingly, confocal images
SDLE) showed that

expression of the chanpel iy increased in the membrune of

regulation of K' operated by astrocytes in vivo!'

h\p-lh'--.:/r\l that the growth ol astrocytes on
of cells immunostained for Kird 1 (Figure
astrocytes somma and processes when cells are grown on Au/
SINW (Figure YE)

1.3, Extracellular Recordings from Astrocytes Plated on

Au/SINWs MEA

Extracellular recordings wers 'uv‘.u.lnznl by measuring the

clectrochemical voltage of cortical rat astroglial cull pnpnh
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body pval = 1 x 10, Student’s btest, * p < 005, **

grown aon Au/SiINWs MEA over a2 frequency mnge ol
0.1-1 kHz to evaluate the differences between
nanostructured and 3 traditional planar MEA. we fabricated
3 planar Au MEA consisting of Au stripe
onto glass sixdes having the same size and features of the nano-
A PMMA well was glued on top of the area of

the MEAs. This well served for the astrocyte culture and succes

In additior
s evaporated directly

red Ones

stvely as 3 container for the electrolyte solution, as sketched in

Figure 4A. The device was
deveioped sample stage (Figure SIA. Supporting Info

en accommodated in o speciha

nation)

My developed, which allowed four probes amxd the refer

ectrode 10 acoess ar well 30 1o contact the pads and the

was connected to 3 portable acquisition

Astrocyte coserage of the dectrodes was verihed on hw

y for live cells and by SEM analysis

TRCTOSe

for hxed cells both before and affer the experiment, respex

abundantly covering the electrode

we 4B and Figure S4B, Supporting Info
Recording was performed 5 days afler re p;,u'm-,; astrocytes on
Figure 4C shows the typical
n AWSING

trace) and with celis (Figure 4(

tvely, rmowealcd astrocyies

surface (Fig wtion)

the devioes WIRRe versis tme

traces recorded f clecirodes without |Figure 4

lower trace). Revording

was performed in the same expenimental condition
Au nd witl

companson (Fguee 4D, lower trace)

in planar

cells for

ut (Figure 4D, upper trace

The power spectral density (PSD) of the voltage as 3 fum

ure 4, revealed that activity was clearly

detected a1 below 100 H:
SINWS deviee

X
Cyies ¢

when astrocytes are plated on Au/

Analysis of supra-threshold cvents (Le., astro

scillations”) conhirmed that signals were detected only

when cells are plated on Au/SINWy. wherean the same device
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without any cells, shows negligible activity in both counts and
n nn,-hm.!' (Figure 55C.D Supporting Information)
The features of the events of interest were vaniable in dura

tion and freguency. Amplitude vanes from 17 to 132 pV (Figure

S50, Supporting Information), duration from 60 to 730 ms in

duration (Figure SS1 vvation) and imlerval

Supportng

distinct events ocours in a2

between ty
(Figure S5F ‘mmnnhhy Information). The PSD analysis shows
thot signals recorded with the Auw/SsNWs have 10 times hughesr
power magnitude with respect to the planar device in the fre
S Hz). 0 65-9 Hn)
reported in Figure 4E (Mann . Whithey test. p < 0.05). The power
ignals recoeded in planar Au MEA wit

quency ranges & (0.1 and P O-30 Ha. »

and without cells §

g hcantly ditferent (‘(;:;'n 4F). Intevestingly. the powsy
Au/SiNWs
4

MEA can be modudated when oddls are exposed 10 saline with

wl recorded when astrocytes ar

plated on

elevat and pathophysiological concentrations of potassium
(Figure 4G, High K1) or wi
is added 1o the High |K

K'L + Ba™)

barium (BaCl,, 200 x 10* w)

saline solution (Figure 4H, High

3. Discussion

Au/SINWs

irocyies

First, we found that promote adheson, growth

and differentiation of with starlike morphology
M the need of

(Figure 2F-)

typically shown in vivo

additional coating, We noted that in viwveo

1 w
TOCYIes are pivyws

ologically devoled in responding to the environmental chang

In particular, they are equipped with an array of polymedal

receplory possibly respon 3 for their alality 10 sense and
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Figure & Extracelhdar recording and analysin of autrecyte trar b I, A) Schematic llustration of the setup used for the detection

of the actinty in cortical rat astrocytes grown on &channel Au/SINW Mudmm B) SEM wvuges of sstrocytes cultured on the 4channal Au/SINW
MEA O versua tme teaces obtalned by the Au/SINW slectrodes without [upper trace) and with cells (lower trace). D) versus thme
mcnm from planar Au planar electrodes without (upper trace) snd with cetls (fower trace]. E) Power spectral density (PSD) wuvolmn
af oy in 3 population of astrocgtes on Au/SNWs sldctrode (black line). For comparisan the PSD obtaired by ¢

wnhomultnlhomd(ndm) The inset shaws the power spectrad density caloulated for the fist I‘Awm‘hhélimld-lm (odl-)
culls. F) Bar graphs of the average power band calculated in the diffornm Soquency range: § 1015 Mz}, & [ 5-9 Ha), and ) (930 Mz) for the planar
Au and Au/SINWY electrodes with snd withowt oslly, G H) Bar graphs of the sveraged rubo of the power band in the & 0, and fi obtained Trom the
astrocyte population on Au/SINWs electrade sfter C) increasing potassism concentration and H) successnely sdding barum with respect (o record-
ings in basaline conditions. Pharmacolagical manpidation on a swbset of 9 recondings with an extracellular solution containing # high concentration
of potasssem (High [ and by sddtion with barium chlorde (200 jim) to the latter solition (High [ + Ba™). n = sumber of mecardings = 3 for

planar Au w11 for plasar Au +Culls, 0= 5 Tor Au/SINWs and n » 1 7 recordings Sor Au/SINWssCells, g = 004, Mann Witney test

adapting to topographical features. Guided by these findings.
we suppose the stardike shupe cbserved in the astrocytes plated
on Au/SINWE could be promoted by the duordeted armange-
ment and heterogeneous size distnbution of the NWs “forest,”
which resembles the neural and glial thread-like stroctures in
the brain. In addition, in vitro iments have demonatrated
thit the astrocyte ceflular funcrions, including adbeston, prolif-
eration, migration, differentiation and expressed physiological
functionality. can be influenced by nanoscale features of nanom
aterials Ve RTIRAAL Accordingly, we note that the stellsr shape
of astrocytes on Au/SINWs is also accompanied by an aleration
in the cell cytoskedetal architecture (Figure 28 and Figure S28,
Supporting Information), ascribable fo nanoscale cell fmaterial
interaction likely initisted by molecular events involving focal
adhesion point (FAP) protein complex.! ™

Of note, the unaltered CFAP expression (Figure 20.D) sug.
gents that the forest of Au/SINWs does not induce amy gliotic
reaction. Thus, the forest of Au/SINWs may be o promising
cantribuion to implantable devices with reduced inflammatary
response. ™

In addinon, astrocytes on Au/SINWx express the K* channel
called Kir 4.1 (Figure §3, Supporting Information), which is
fundamental in the deatance of extracellular K* accumula-
thon ([K'}). occurring afier the efffux of K* jors from neurons
during repolarization phase of acion potential ' *** Abnormal-
ities in Kird 1 gene protein expeession and functions have been

A g 2920, 4, 19002464
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reported in different forms of epilepsy. ischenua.
depression and autism spectrum disorders (ASD)

Collectively these rosults indicate that the forest of Au/SINWy
induces morphological, melecular and Ruinctional differentias
tion of astrocytes by prompting the celis to display 3 pheno-
type with properties observed also in astrocytes in vivo, In this
respect, our approach will be usefid wo identify Bsctory involved
in the structural and functional regulation of astrocytes and
helpful in guiding the devdopment of novel treatments options
for neuropathologies characterized by astrocyte dysfunction.

The remarkable signal detection from Au/SENWs device is
ascribed to: 1) the large effective surface area of the nanostruc-
tured electrodes: i) the tght junction NW/astrocyte endfeer;
1) the absence of functionalization coatings, which are typi-
cally used to favor the growth and the cellelectrode contact
stability but cause the increase of leak currents ut the cells/
device Interface and Iv) 2 possible NW engulfment into the
cell membrane as reported for nanowires with the same
length utilized here '*

Becaune of the performed signal detection capability of the
Au/SINW device, it has boen possible 1o identify for the Best
tirne the spectral range of differentiated astrocytes transmem-
brane voltage oscillations and their power in the 8 € and
[} frequency range (Figure 4F), Remarksbly, this result has
been abtained from differentiated astrocytes with structusal,
morphological and functional features closer to astrocytes

€ 2000 WALEY-VON Verleg Combitt & Co KGaA, Woirtesm
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in vive. The presented approach provides an sdvantage with
respect to previously repocted studies”™ ' where the recording
wis performed on cultures astrocytes displaying polygonal
morphology. Gr from cesembling the properties of astro.
cytes in vivo, thus having a lower potential of reproducibility
of theit fndings in vivo. In addition, the Au/SINWs device
allowed us to obtain 2 xignal detection from the beginning
of the recording and § days after the plating of the cells on
the device, Indicating the potential o analyze astrocytes
functionality over different time scales. Au/SINWs device
was able o detect the signal modulation, (Figure 4G H) that
occurs when the wonic content of the extracellular milieu is
tuned by increasing K* concentration to pathological con-
centrations occurnng during cpilepsy, lschemia or spreading
depression "

Our results umpact current sclentific debate about the role
played by astrocytes in higher cognitive functions and s cor
tical slow frequency oscillations. Indeed, electrophysiological
recording and amiyses performed in vivo and in situ ane based
on the statement that 2strocytes are electrically silent and equi-
potential. Thus, as they cannot generate allin one events, it is
commonly thought that they canmot directly contrnibute to slow
the voltage escillations. recorded extracellularly from the brain
bulic However, 3 variety of jon channels are localized st astro-
oytes endfeet and cn generate local “displacement jonic cur-
rents” that m situ and in vivo might concur to slow fransmem-
brane voltage wariations observed in extracellular recordings.
In addition, recent hypotheses™*® advance the idea that, at
over volume conduction. Our findings support these recent
assumptions. In particular. the tight junction observed between
Au/SINWs and the astrocyte process (Figure 2HI) supgests
that jonic signals. localized in the microdomains, majorly con-
tributed to the cbserved dow osallations. Concerning the jons
whummwm
tion, we an a role of extracellular Ca* influx/''*
wuhoua:hﬂmﬂa’dmniaut«aﬂymhdhm
cytes microdomain %

Eventually, increasing evidences indicate that astrocytes
maodulate brain network oscillations, tuning their synchron:-
zation and contributing to cognitive functions as’ sleep and
memory performance.® Studies in situ showed that astro-
cytes cupability to clear K* from the extracellular miliew”
and their Ca* activity are potential mechanism through which
astrocytes tune network excitability in the slow-frequency
range. The unprecedented observation of astrocyte activity
at a precise slow frequency range raises the question as to
whether the observed bioelectrical graded and slow frequency
sigrals, recorded in the bulk brain in vivo and physiological
and pathological conditions. might also be derived from astro-
cytes. Our data are event more relevant if considering that an
increase in [K*) to the ceiling and pathophys I levels
observed in spreading and epll perturbs
astrocyte oscillations, especially in the P froquency range. The
signal power is also sensitive 1o addition of Ba’™, an inhibitor
of lon channels (Figure S3, Supporting Information) involved
in potassium spatial buffering, indicating that the phenomena
are correlated with the homeostutic function of astrocytes.
Differential PSD, events detection and waveform tools for

Al Bings 2000 4 | 02204
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analyses are needed 10 discern between astrocyte and new-
ronal in coculture as well in vivo or s pathophysi
ological models /Y However, our work, ng resolved
slow-frequency oscillations in different astrocytes sets the
scene for future transformative findings on brain communica.
ton processes and for bivengineering of reliable bloclectronic
dovice that can actively dialogue with astrocytes 1o record and
modulate their function during pathologies.

4. Experimental Section
MJWM Au catalyred SINW: were produced
by plasma enbunced Genvcal vaper depostion on both mucrowcope
glanr and Si waler. TonhohWMalmMMﬁn
wis selectively svaporated onte the specfic s defned Laeg
and wet esching processes. The growth was performed
with SiH, and M; s precunor ot a totdl peetsawe of | Tomr and substrate
temperatire of 350 “C. The flow mtio SiHy/ (H-SH,) was faed © 110
AuiumnﬁofmwﬁmﬁduSmeb"

rwﬁlowmmwmb&mm
with 2 minimum of faur repetdions on the same electrode

over 3 period time of Th.
Rat Cortcal Asrocyte Cudturr Prrparaton, Mamtenars and Pateg

w%%“mﬂmﬂ&munhﬂdc-w‘

wmummwum
dmmh[ﬂ"ﬁmnhﬂdfdmw
describod praviously ! Colly differentiation was conudeced

© 2000 WILLY WO Verlag Corbid & Ca SEaA Wembews
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when the vertical ¥ 3w for mach cofl wan at feast two times longer
than the horzontsl X asis 3nd star-like whan calls wore displaying more

i

Meubem:mw&dﬁaedu!kﬁkndwx
& sample eate of § bz by Asoputch 2008 amplifier in veltage dump
mode. Hesponses were amphfed, lowpass Ntaved o 1 KMz digitized a
20 Wiz, stored and analyzed with pCLAMP 10. Experiments warn camied
oot at mom temperature [I2-24 "C). When necessary, current values
were plotted as current demsities calculated by divding the current
valurs messured 3t sach membrane potential by the cell capsatunce
mnhc:nmdnnm?wmdww
colly by means of the cicut of the pach-damp amplifier
The passive mm«mn&“uw
M"Ccnﬁhd&mdcmmdmm
and estracniiular saline. cefls were voltage clamped at 2 holding potential
(V) of 60 mV and, slter stepping to 120 mV for 400 ma, 2 slow ramp
(180 mV /500 ms) from mnnmmuumwmw
1o ehat whole cell currents. Cusrent am plitude was recorded. and

of the resting membrene potential (V,_.), input maistance (IR). w«h
condugtance (5G], and Gapacrance (Cp) were s described
previoush/"'| (Table $1, mm)bummu
both control and nanostruciured substrates

wlectophpriological expedments, the standard bath  saline  was

Ad Sons 2000, 4V 900084

COncontration wis
IGG;IOHEFES.SM 74 with NsOH and csmolarty
M»-mmaw The ddferent salines nd-a
pharmacological agents were applied with 2 Qm

input resistance, pval = 133 % 107% | (pA/pF) pval = 042 * p < IS5,
"'<°m -*'dlwl ndependent t-test

Resondings: The dataset comprises
acquisttions in fow ddferent condtions:
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mup.udmmmuuwmm The power
o douleted of wach recorded trace in the ]
sqeency band delts (03-35 M), theta (5-9 M), beta (9-30 Mz)
'Ml’nm*m'ﬂm.?. band for the diffecent
wgwmluuummnu
without cellh). To statiapcally svvens the difference of band power acrom
deffarent condmans {cells plated over Au/SINW versun planis Au MEA),
were pedforrmad. per vach frequency band, the Manna Whitney test using
OrignPro (Orginkabd].

Ewre Detection Avalyuy: Each recording was low pass filtered below
the powerline froquency with & Chebyshey type I [IR filter with order
20, stop band frequency of S0 Mz using Matlab filter wel, Then,
the Siter was sppled waing the “Al™ fnction 1o prevent
phase devtortion. and each reconfing win down sampled by & factor of
30 (Lo, beeping 1 data point svery 50) in order 1o make the subsequent
computation fater, thus abtaineg 3 sampling Fequency of 00 Hz

I order 1o have 2 smoother and dwaner signal. the Mavimal Overlap
Divcrete Wavelet Transform (MODWT) was  pedormed ™ winich
comvalees the input with & docrete set of wavelet Linctions, splitting the
whuole frquency spectrum in wb bunds: The dincrete set was obtamed
from 2 mother wavelet that was 8t equal 10 “symd” (symiets wavelet
with four vanishing moments). Four levels of decompasition, obtaining
Smtpnm(hn “detailed”™ and one “approxmated”]

wmmumumm:mhem
3 MODWT Maltinesolution Aralysis (MODWTMRA)} was subsoquentiafly
Mhmhwmhﬁmmk
original sigral. summing wp all the p
Muﬁhhmmmk@c«mﬂym‘h
recoerstructed trace. 35 shown in the Figure S5 (Supporting Information)
{black line|, with 2 frequency bandwidth of 0-31 He.

To detect eletrophysiological everts, symmetric amplitude
thresholds apphed an the mmmed traces were used For
ud\m M—n ically from the data
anlgadal”hlhﬁbdduhm
mmdmhmwwbe\uuan(mmdm
dutriboton, 35 follows

'g=v-¢-“&?-; )

where o 3 2 positive dimensionk For this work, n = 5 was
Mabmnlmwm“uhmnvﬁn
for m that guananteed a neglighle number of detected signals in the
no-cell

Once svents were detected a5 points of the trace above/below the
Mkwwdnmnhuﬂﬂ“mmﬂ

S35 (Supporting Information) shows the everits detected
mnduvd-u-mmm;mhm

W method.
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“Cell Volume Regulation Mechanisms in Differentiated Astrocytes” by
Maria Grazia Mola, Emanuela Saracino, Francesco Formaggio, Arcangela Gabriella Amerotti,
Barbara Barile, Tamara Posati, Antonio Cibelli, Antonio Frigeri, Claudia Palazzo, Roberto Zamboni,
Marco Caprini, Grazia Paola Nicchia, Valentina Benfenati has been published as Open Access
publishing on Cell Physiol Biochem. 2021 Nov 5;55(S1):196-212. DOI: 10.33594/000000469

(https://www.cellphysiolbiochem.com/Articles/000469/).

Supplementary information accompanies this paper at:

https://www.cellphysiolbiochem.com/Articles/000469/SM/SM 1033594000000469.pdf.

Licence CC BY 4.0; acknowledgement: © The Author(s) 2021 Cell Physiology and Biochemistry Journal,

Press GmbH&Co. KG.

In a previous study conducted in Benfenati lab, (Posati T., et al., A Nanoscale Interface Promoting
Molecular and Functional Differentiation of Neural Cells, Scientific Reports J., 2016

(www.nature.com/scientificreports, https://www.nature.com/articles/srep31226)), it was demonstrated that

nanostructured interfaces are potential tools to generate reliable models to study astrocytes in vitro. In the
specific hydrotalcite-like compounds (HTIc) were interfaced with cortical rat primary astrocytes, showing
that HTlc were layered nanostructured materials that promote astrocytes differentiation, molecular and
functional up-regulation of inward rectifying potassium channel Kir 4.1 and AQP4. At the astrocytic
microdomain Here, taking advantage of the same substrates (HTIc), it is reported the mechanism
underpinning astrocytic cell volume regulation, critical for brain function and pathology. The ability of
astrocytes to control extracellular volume homeostasis (RVD) and its correlation with the expression and

function of AQP4 as well as with Transient Receptor Potential Vanilloid 4 (TRPV4) and Volume Regulated
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Anion Channel (VRAC), together with Kir 4.1 are here investigated. The main hypothesis is that there is a
functional interaction between AQP4 and each of these anion and cation channels, mainly expressed in the
microdomains of astrocytes in vivo. In conclusion, HTIc represent a valid guide to structural and molecular
investigation of astrocytes role in the brain and they can be useful in identifying novel therapeutic targets
for neurological conditions, such as those characterized by imbalances to hydro saline challenges (i.e.

edema) or by altered cell volume regulation (i.e in glioma).
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Abstract

Background/Aims: The ability of astrocytes to control extracellular volume homeostasis is
critical for brain function and pathology. Uncovering the mechanisms of cell volume regulation
by astrocytes will be important for identifying novel therapeutic targets for neurological
conditions, such as those characterized by imbalances to hydro saline challenges (as in edema)
or by altered cell volume regulation (as in glioma). One major challenge in studying the astroglial
membrane channels involved in volume homeostasis in cell culture model systems is that the
expression patterns of these membrane channels do not resemble those observed in vivo, In
our previous study, we demonstrated that rat primary astrocytes grown on nanostructured
interfaces based on hydrotalcite-like compounds (MTIc) in vitro are differentiated and display
molecular and functional properties of in vivo astrocytes, such as the functional expression of
nwardly rectifying K* channel (Kir 4.1) and Aquaporin-4 (AQP4) at the astrocytic microdomain.
Here, we take advantage of the properties of differentiated primary astrocytes (n vitro to
provide an insight into the mechanism underpinning astrocytic cell volume regulation and its
correlation with the expression and function of AQP4, Transient Receptor Potential Vanilloid 4
(TRPVA), and Volume Regulated Anion Channel (VRAC) Methods: The calcein quenching
method was used to study water transport and cell volume regulation. Calcium imaging and
electrophysiology (patch-clamp) were used for functional analyses of calcium dynamics and
chionde currents. Western blot and immunofluorescence were used to analyse the expression
and localization of the channel proteins of interest. Results: We found that the increase in
water permeability, previously observed in differentiated astrocytes, occurs simultaneously
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with more efficient regulatory volume increase and regulatory volume decrease. Accordingly,
the magnitude of the hypotonic induced Intracellular calcium response, typically mediated
by TRPV4, as well as the hypotonic induced VRAC current, was almost twice as high in
differentiated astrocytes. Interestingly, while we confirmed increased AQP4 expression in the
membrane of differentiated astrocytes, the expression of the channels TRPV4 and Leucine-
Rich Repeats-Containing B-A (LRRC8-A) were comparable between differentiated and non-
differentiated astrocytes. Conclusion: The reported results indicate that AQP4 up-regulation
observed in differentiated astrocytes might promote higher sensitivity of the cell to osmotic
changes, resulting in increased magnitude of calcium signaling and faster kinetics of the
RVD and RVI processes. The implications for cell physiology and the mechanisms underlying
astrocytic interaction with nanostructured interfaces are discussed.

§ 221 The Authoris, Wbkshed by

Cod Pysad Biochenm Press 0. K5

Introduction

Every cell is constantly challenged with osmolyte microgradient alterations as a result
of metabolic cellular activity, nearby cell function and cell processes such as cell migration,
proliferation. differentiation, signaling and apoptotic cell death. As a result, cell volume
perturbation occurs both locally and globally [1-5]. Accordingly, the homeostasis of cell
volume is efficiently preserved by processes referred to as Regulatory Volume Decrease
(RVD) and Regulatory Volume Increase (RV1), driving the efflux or influx of ions and water
for the cell to reach a new steady state,

A wealth of data indicates that astrocytes are essential for the maintenance of volume
homeostasis in the brain since they are in charge of maintaining ions, water and osmolytes
at their homeostatic concentrations [6-11], In particular, astrocytes control ions and water
dynamics at processes contacting synapses and siphon the excess of osmolytes and water
to the blood vessels. Among protein channels involved in astrocytic regulation of the cell
volume, the roles of water channel aquaporin-4 (AQP4), of calcium channels (belonging to
the family of Transient Receptor potential Vanilloid 4 (TRPV4)). and of chloride channels
(Volume Regulated Anion channels (VRAC)) are particularly important [12-15]. AQP4 is
selectively expressed in astrocytic endfeet that face blood vessels. and it mainly accounts
for faster hydrostatically and osmotically driven water transport and distribution in the
brain [16. 17]. TRPV4 is a polymodal sensor that can be gated by different stimuli, including
thermal stress, cell volume and anisotonic challenge across the plasma membrane [18-23].
In the cortex, TRPV4 is expressed mainly on astrocytic membranes that face blood vessels.
In astrocytes in vitro and in Miller cells in situ, TRPV4 mediates osmotically induced calcium
signaling involved in the cell volume regulation mechanism [6]. The efflux of Chloride (C1)
and organic osmolytes (such as taurine, glutamate, and aspartate) through VRAC allows for
the recovery of physiological cell volume during the RVD process [24-26]. Recent studies
have identified the protein called LRRC8-A in the plasma membrane of primary cortical
astrocytes and in situ at the perivascular interface with endothelial cells. Moreover. LRRCS-A
protein expression is essential for proper VRAC mediated osmolyte release [27] and currents
as well as for astrocytic RVD and is a key factor for astroglial volume homeostasis [9, 28],

Cooperation between different molecular players has also been reported in vitro. TRPVA
cooperates with AQP4 in RVD in astrocytes [19, 20], possibly by molecular partnerships that
occur in specific domaing (n situ [19). The VRAC and AQP4 functional interaction has been
demonstrated in primary astrocytes [26]. Notably, the alteration in expression and function
of AQP4, TRPV4 and VRAC is widely recognized as pathogenic in neurological conditions
characterized by dysregulation of astrocytic homeostatic control of volume [25]. All this
evidence highlights that uncovering the mechanisms of cell volume regulation in astrocytes
is of greatinterest. However, major technical issues arise in the study of astroglial cell volume
regulation that limit the knowledge acquired thus far on the mechanisms behind it. To reach
the resolution required for studying dynamics of microdomains in two photon-imaging
experiments in vivo, higher power exposure is required that can lead to phototoxicity [29].0n
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the other hand, amajor pitfall in the study of astroglial membrane channels involved in volume
homeostasis in vitro is that, in standard cell culture conditions, their expression pattern
does not resemble that observed in vivo [30-32]. In this context, we have demonstrated that
plating astrocytes on a nano-structured interface, called hydrotalcite (HTIc), is an efficient
method to obtain differentiated astrocytes in vitro, in terms of morphology differentiation
and both molecular and functional features [33, 34|, In particular, HTlc astrocytes displayed
highly branched morphology, accompanied with increased expression of Kird.1 protein
and conductance and overexpression of AQP4, that was paralleled with increased swelling-
induced water permeability [32).

Given the peculiarity of this cell culture approach, which allows for the study of
astrocytes in vitro in a way that recapitulates important leatures of astrocytes (n vivo, we
sought to study cell volume regulation mechanisms in these differentiated astrocytes, In
particular, we aimed to investigate the functional and moelecular roles of the increased AQP4
mediated-water permeability associated with astrocyte differentiation, on TRPV4 mediated
Ca’ dynamics and on VRAC conductance in the so-called RVD and RVl mechanisms.

We found that RVD and RVI were more efficient in differentiated astrocytes, Moreover,
while the expression of AQP4 is increased in the cell membrane, the expression of VRAC and
TRPV4 is not. Surprisingly. swelling induced calcium increase as well as volume regulated
chloride conductance are higher in magnitude in differentiated astrocytes compared to
polygonal ones. The results presented here indicate that differentiated astrocytes respond
to exposure to anisosmotic conditions with larger cell volume changes and larger restorative
effects because overexpression of AQP4 channels leads to larger volume changes that in turn
activate the volume regulatory effector mechanisms, Collectively, these data confirmed that
AQP4 expressioniscnitical for VRAC and TRPV4 function [18-20] and support the hypothesis
that AQP4 upregulation in the cell membrane might serve as a driver for improved sensing
and effector mechanisms responsible for astrocytic involvement in RVD and RV1,

Materials and Methods

Primary astrocyte culttre preparation and plating

Primary cultures of cortical astrocytes were isalated from brains of postratal Wistar rats, as described
in [35]. Cells weore grown in cell culture flasks contalning DMEM. GlutaMAX medium supplomented with
10% fetal bovine serum (FBS) and pemcillin/streptomycin (100 U/mL and 100 pg/ml, respectively)
Astrocytes were maintained for 34 weeks (n culture, and the medium was changed twice per week.
Microglia and oligodendrocyte contaminating cells were removed by gently shaking the flasks, whon
necessary. Glial fibrillary acidic prowin (GFAP) immunolabeling demonstrated that cells were >95%
type- 1 cortical astrocytes [5, 31, 35] Once confluent, astrocytes were detached using trypsin-EDTA 0,025%
and replated as a single cell suspension onto either Poly-D-lysine (PDL) or hydrotalcite (HTle) -coated
petr} dishes or glass coverslips, depending on the need, HTle films were prepared according to protocols
described previously [32]. Experiments swere performed 5 days after re-plating, Astrocytes were seeded at a
bigh density for western blot and calcein quenching experiments (10 colls/em®). For immunofluorescence
experiments, colls were plated at a low density (2 x 10° cella/cm?). All cell cultsire products were purchased
from Euroclone (Milan, Italy).

Antibodies and Dyes

The DLllowing primary antibodies were used: mbbit antbAQP4 (Cat: sc-20812; Santa Crug
Biotechnology, Dallas, Texas, USA) dilution 1:500, mouse antl-GFAP (Cat G3893; Sigma, Saint Louis,
Missouri, USA) dilution 1:500, rabbit anti TRPV4 (Cat: ACC-034; Jerusalem BioPark, lsrael) dilution 1:200,
rabbit antl LRRCHA (generated by Twin Helix, [28]; Western blot 8 pg/ml; immunofluorescence 0.8 pg/ml).
The following secondary antibodies were wsed at dilutions of 1:1000 for immunoflvorescence; AlexaFluor
488 conjugated donkey anti-mouse IgG (Cat: A21202) and AlexaFluor 488-conjugated donkey anti-rabbit
IgG (Cat: A21206), both purchased from Thermo Fisher Sclentific, Waltham, Massachusetts, USA. The
following secondary antibodies were used at dilutions of 1:5000 for Western blots: horseradish peroxidase

129



Cellular Physiology  cell physiol ochem 2021:55(51) 196212
and Biochemistry Puiswd orine  Nomrbm 2021 |t inywt bt s Gntritcn 66

Moda et sl trteeplay of Chionue and Caloum Chamnets with Aguapon-4 o Dfferertiuted
Astrocytes

(HRP) conjugated goat antl-rabbit IgG (sc-2004) and goat anth-mouse lgG (Cat: sc.2005), both purchased
from Santa Cruz, Blotechnology, Dallas, Texas, USA. AlexaFluor 647 phalloidin (Cat: A22287) diluted 1:1000
wits used to stiln Factin

Protein sample preparation for SDS-PAGE, Western blotting and dengitometric analysis

Astrocytes grown for 5 days on 60 mun petri dishes coated with either PDL or HTcfilms were
washed once in ice-cold phosplute-buffered saline (PBS) and dissolved in five volumes of RIPA lysis buffer
(10 mM Tris-HCL pH 74, 140 mM NaCl, 1% Triton X-100, 1% Na deaxycholate, 0.1% SDS, ImM Na VO,
1 mM NaF, 1 mM EDTA and 1« Protease Inhibitor Cocktail). Cell lysis was performed on ice for 1 b, and
the samples were then centrifuged ar 22,000g for 30 min at 4°C. Supematants were collected and their
protein content was measured using a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific,
Waltham, Massachusetty, USA). 20 ug of membrane proteinsJlane was dissolved in Laemmli Sample Buffer
(Bio-Rad, Hervules, California, USA) and 50 mM dithiothreitol, beated to 37°C for 10 min, resolved on a
10% polyacrylamide gel, and tramsferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore,
Burlington, Massachusetts, USA) for immunoblot analysis. Blocked membranes were incubated with
primary antibodies, washed, then incubated with the appropriate peroxidase conjugated IgG secondary
antibodies. Roactive bands were revealed using enhanced chemiluminescence (Thermo Fisher Sciemific,
Waltham, Massachusetts, USA ) and visualized on a Chemidoc imaging system (Bio Rad, Hercules, California,
USA). The density values of target bands were quantified with Image Lab software 5.2 1 and normalized 1o
the Coomassie blue-stained membrane.

Immuncfiuorescence and confocal microscopy analysis

Cultured astrocytes grown on 12 mm diameter glass coverslips coated with PDL or HTlc were fixed in
4% paraformaldehyde solution, rinsed 3 times in PBS {Euroclone, Milan, Italy) and permeabilized for 15 min
with 0.3% Triton X 100 (Sigma, Saint Louis, Missouri, USA) in PBS. After blocking with 0.1% gelatin (Sigma,
Saint Louis, Missouri, USA) in PBS (blocking solution), cells wore incubated for | h with primary antibodies,
washed with blocking solution, and incubated for 45 min with the appropriate Alexa Fluor conjugated
secondary antibodies or AlexaFluor 647 phalloidin. Cover slips were mounted on slides, using a medium
containing 50% Glyverol and 0.01% N-Propylgaliate in PBS, and nmunostained cells were observed with &
confocal laser scanning microscope (Lelca TSC-SP8, Lelca Microsystems, Wetzlar, Germany). Single or well:
spread cells were prefeventially imaged for the analysis under 100X magnification. Fluorescence emission
was obtained by laser excitation of Alexa Fluor 488 at 488 nm and for Alexa Fluor 647 at 640 nm. Emission
was collected between 510 and 540 nm and 670 to 720 nm, respectively. Two empty areas with 0o cells
in the field were also acquired and collected as sample background images for each condition. The auto
contrast function was applied to the captured images as a whole using Adobe Photoshop CS6 software to
improve the visual quality of images in terma of colour and contrast.

Confocal microscopy analysis

Image analysis wans pecformed using Fiji software (NIH). After background subtraction, a minimum of
three square-shaped ROLs with an area of 100 um® was drawn at the edge of single and isolated astrocytes
or on their processes, whon expressed. The two channel ROls were analysed using the JACoF plug-in. The
software dofines an sutomatic threshold for sach sitgle chantel lmage and allows caleulstion of Pearson’s
coeflickent ¢, which ls a measure of correlation between actin (red channel) and membrane proteins (groen
channel). Pearson’s coefficient values range from +1 10 - 1, where « 1 indicates a perfect positive relationship,
-1 Indicates a perfect negative relationship, and 4 0 indicates ne relationship, In this work, 4 high degree of
correlation has been ascribed to the values lylng between + (.50 and + 1, while coefficients lying between
+0.1 and +0.49 have been interpreted as o moderate or poor degree of correlation. The results are the
average of thive independent experiments where 3 ROls were analysed for sach cell.

Fluorescence quenching Assay

Celivolume changes in primary cultured astrocytes were assossed wsing caloein quenching
Nuorescence assay a3 described previously [35). Astrocytes were seeded oo black, clear-bottom, 96 well
plates (Coming New York, USA) coated with vither PDL or HTlc at a density of 3,500 cells per well, and
water permeability measurements were taken 5 days after plating.
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Nearly 90% confluont cells were loaded with 10 gM membrane permeable calcoin AM (Molecular
Frobes, Eugone, Oregon, USA), which i trapped intra-collularly after cleavage by estorasen and exhibity
# Buorescence intensity directly propertional to changes in cell volume. Caleeln fluorescence kinetics In
response to altored extracelludar osmolacity were recorded on a FloxStation3 plate reader, equipped with
& Hguid handling module (Molecular Devices, San Jose, Callfornla, USA) able to transfer reagents from a
source plate to the read plate during dats acquisition, Fluorescence was excited at 490 nm and detectod at
520 nm using dual monochromators.

Cells were rinsed in isotonic PHS, and the osmotic shilt was applied by automated addition of an
asppropriate vohune of hypotonic (NaCl-free PBS) or hypertonic (D-mannitol 0.5 M) solution in order to
obtain the required final extracellular osmolarity [20, 35-39] Calcein fluorescence intenaity increased upon
addition of hypotonic media due to water influx and cell swelling and decreased in response to hypertonic
stimulation due to water #fflux and coll shrinkage, Data acquisition was performed by Soft Max Pro software,
and the data were analysed with Prism software (GraphPad Software, La Jolla, €A, USA),

The time comstants of ooll volume changes upon elther the axmotic utimull or regulatory volume
decrease (RVD) were obtained by fittung the data with an exponential function, The time constant of the
regulatory volume increase (RVI) kinetics reglstered after the hypertonic induced cell shrinkage win
calculated by the linear fitting of the tangent line to the infdal region of the recovery curve and exprossoed as
1/s%ope (£). The percentage of volue recovery was calculated from the maximum intensity of fluorescence
reached after the osmotic shock (the amplitude of cell volume variation) and the level of fluorescence
reachad after the regulatory mechanism

Introcellular Colcium Meazurements

Intrace lular calcium changes in response to hypotonic gradient were measured using the FlexStation3
plate reader, as previously described [20]. Astrocytes were seeded on black, dear-bottom, 96-well plates
(Coming New York USA) coated with either PDL or HTc at a density of 3,500 cells per well, and calcium
measurements were done 5 days alter plating, Cells were loaded with the ratiometnic calclum indicator
Fura-2.AM (8 uM; Molecular Probes, Eugene, Orepon, USA) in DMEM for 30 min at 37°C, Cells were then
washed with DPBS and stabilized in the same baffer for 10 minat 37°C, The hypotonie stimulus was induced
20 5 afver the beglnning of the data acquisition by adding an appropriate volume of hy potonle solution (NaCl-
free DPBS) ln order to obtaln the required final extracellular osmolarity, and the Huorescence was recorded
for 100 & Intraceliular calclum level was monitored by the ratio of the fluorescence intensity at 510 nm
excited alternatively by 340 nm and 380 am (F340/F380). The fluorescence ratio F340/F380 was used as
an indicator of cytosolic [Ca™] changes, and the maximum intensity of F340/F380 ratio reached after the
osmotic shock corresponds to the peak of calclum regponse, The relative time to reach this maximum was
also measured. Data analysis was performed using SoftMaxPro and Prism 5 (Graph Pad).

Blectrophysiology

Whole coll recordings of swelling-activated €1 currents were performed in cultured astrocytes an
previously described [26]. Astrocytes plated both on PDL and HT e were mounted on aninverted microscope
(Nikon Diaphot; Nikon Italy, Firenze, Italy) Currents were recorded with the patch-clamp technigue in a
whole cell configuration [40]. Patch pipettes wore propared from thin walled borosilicate glass caplilaries
1o obtain a tp resistance of 24 MO Membrane currents were amplified with an EPC7 amplifier (List
Electronic, Darmstadt, Gormany) and low pass filtered at 2 kHz (3 dB). Data were acquired with a sample
rate of 5 kiz. Traces were analysed offline with pClamp 6 software (Axon Ingtrument, Foster City, CA, USA)
and Ovigin 6.0 (MicroCal, Northampton, MA, USA). Experiments were performed at room temperature (22-
24%C).

Saline solutions for patch-clamp experiments were prepared with salts of the highest purity grade
delontzed and stenlized water (Millipore Sigma, Merck KGaA, Darmstadt, Germany). For electraphysiological
recordings, the standard bath solution was the following (mM): 140 NaCl, 4 KCI, 2 MgCl, 2 CaCl, 10
HEPES, 10 ghucose, pH 7.4 adjusted with NaOH, and the osmolarity was adjusted to 315 mOsm/L with
mannitol. To solate the C1 current, the external bath perfusion, termed control saline, was the following
(mM): 120 Col, 2 MgQl, 2 Cal, 10 2-[Tris (hydroxymethyl) methylamino]-ethanesulfonic acid (TES),
10 glucose, pH 74 adjusted with CsOM, and the oxmolarity was adjusted to 320 mOsm /L with mannitol
(60 mM). The intracellular (pipette) solution consisted of the following (mM): 126 CsCl, 2MgCL, 1 EGTA,
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10 TES, pH 7.2 adjusted with CsOH, and the osmolarity was adjusted to 300 mOsm/L with mannitol, The
hypotonic extracellutar solution of 260 mOsm /L was obtained by omitting mannitol in the control solution.
To block VRAC currents selectively, carbenoxolone (CBX) was freshly added to the hypotonic solution at 4
concentration of 100 M [41].

Statistical analysis

Three independent experiments were performed on different astrocyte primary culture preparations
for quantitative analysis. Statistically significant differences between PDL and HTlc astrocyte cultures
exposed to a range of osmotic gradients were computed using one-way ANOVA analysis with a subsequent
Newman-Keuls Multiple Comparison Test. Shapiro-Wilk normality test was performed on Pearson's
correlation coefficients; then statistical significance between conditions per channel was evaluated using
the unpaired t-test, Data are shown as mean + SEM by using GraphPad Prism 5 software, and the level of
significance was set at p <0.01.

Results

HTlc astrocytes displayed faster cell volume changes and higher efficiency of cell volume

regulation compared to PDL astrocytes

The availability of a reliable in vivo-like model of astrocytes [32] allowed us to study the
AQP4-mediated water transport considering the well-known molecular up-regulation of this
channel promoted by the HTlc interface. Measurements were made on primary cultures of
rat astrocytes 5 days after re-plating on poly-D-Lysine (PDL) or HTle.

The impact of HTle nanoparticles on osmotically induced changes in cell volume was
characterized by calcein quenching-based assay [32,35]. The osmotic behaviour of astrocytes
grown on HTlc with respect to those grown on PDL was compared for their responsiveness
in both hypotenic and hypertonic conditions, We also evaluated the dependence of water
permeability parameters on the osmotic pressure gradient. Fig. 1A and B show representative
data for the time courses of cell swelling in response to a series of hypotonic gradients
between 20 and 100 mOsm /L recorded in PDL and HTlc plated astrocytes, respectively. Each
shown kinetic includes a swelling phase related to the osmotic water influx and a regulatory
volume phase that reached a steady-state cell volume (RVD phase). The time course of
fluorescence signal was analysed in terms of swelling and RVD rate, swelling magnitude and
percentage of volume recovery and measured parameters were compared between cells
grown on PDL and HTlc substrates.

The analysis of the swelling phase revealed that HTlc astrocytes exhibited faster
osmotic swelling compared to PDL astrocytes and that the measured swelling rate values
were independent of the extracellular osmolarity in both growing substrates, as expected
(Fig. 1C) [35, 42]. In agreement with previous studies [20, 37, 42, 43], we found a linear
dependence of calcein signal (AF/F ) on the refative change in cell volume in the whole range
of osmotic gradients tested on both PDL and HTlc substrates (Supplementary Fig. S1A -
for all supplementary material see www.cellphysiolbiochem.com). Interestingly, astrocytes
plated on HTlc films showed a significantly higher maximal amplitude of cell swelling for
all esmotic gradient size compared to PDL astrocytes (Fig. 1D), Looking at the RVD phase, a
higher efficiency of cell volume regulation in terms of rate of recovery (Fig. 1E) was detected
in differentiated astrocytes in all hypotonic challenges. Similar to the trend observed in the
swelling phase, the rate of the RVD phase was insensitive to the size of the osmotic gradient
in both growing substrates. However, the percentage of volume recovery (Fig. 1F) was
significantly enhanced at low osmotic gradients (20 and 25 mOsm/L) in differentiated cells.
In parallel, the impact of HTle nanoparticles on the glial functional response to hypertonic
shock was explored. Fig. 2A and B show representative time courses of cell shrinking in
response to a range of hypertonic gradients between 20 and 100 mOsm/L recorded in PDL
and HTlc plated astrocytes, respectively. Each shown kinetic response includes a shrinking
phase triggered by the osmotic water efflux and a regulatory volume phase that tends to
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restore cell volume (RVI phase). The cell shrinking rates, computed from the time course
data, were found to be remarkably enhanced in HTleastrocytes compared to PDL astrocytes,
Again, both PDL and HTlc astrocytes were insensitive to the entity of the osmotic shock
(Fig. 2C). As observed in hypotonic conditions, the maximal amplitude of cell shrinkage
was enhanced in differentiated astrocytes (Fig. 2D) and linearly related to the extracellular
buffer osmolarity both in HTlc and PDL astrocytes (Supplementary Fig. S1B). Finally, HTl¢
films also promoted RVI efficiency in terms of rate (Fig. 2E) and extent of valume recovery
at all hypertonic osmolarities in HTle compared to PDL plated astrocytes (Fig. 2F). Similar
to the RVD, the RVI response was also independent of the extracellular osmolarity in both
differentiated and undifferentiated cells.

Swelling-induced calcium and chloride current response was up-regulated in astrocytes

grown on HTlc nanoparticles

The osmotic swelling of cultured astrocytes in response to hypotonic stress has
been associated with a transient rise in cytosolic calcium [19, 20]. Here, we used HTlc-
differentiated astrocytes to evaluate whether faster cell swelling and higher volume increase
observed in HTLc cells could have an effect on hypotonicity induced calcium influx (Fig.
3A and B). To this end we exposed astrocytes plated on PDL and HTlc plated astrocytes
to hypotonic challenge (Osm=60mOsm/L) at room temperature, a condition essential to
distinguish the response of TRPV4 to diverse modalities of activation [44]. Notably, the
hypotonic challenge induces comparable calcium increase in PDL and HTle (Fig. 3A, B). The
role of TRPV4 in hypotonic induced calcium signaling in astrocytes was evaluated by adding
the TRPV4 activator 4-alpha-phorbol-12,13-didecanoate (4aPDD) [18, 19] and then the
TRPV4 antagonist RN1734 to the hypotonic solution [45, 46]. We demonstrate that both
PDL and HTlc astrocytes respond to the addition of TRPV4 agonist 4aPDD to the hypotonic
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(gray bars) for each gradient size (20, 25, 60, 100
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solution with an increase in intracellular calcium signaling, Notably, the magnitude of the
increase in calcium response, observed after application of the agonist 4aPDD to hypotonic
solution, was significantly higher in HTlc-differentiated cells compared to PDL cells (Fig.
3A, B). Accordingly, the increase induced by the TRPV4 agonist is significantly reduced after
sequential addition of TRPV4 antagonist RN1734. Next, we studied intracellular calcium
variations induced by hypotonic challenge at a physiological temperature of 37°C, at which
TRPV4 is constitutively activated in heterologous system and in cortical astrocytes in situ
[21, 45]. We found that hypotonicity induced calcium increase was higher in amplitude in
HTlc differentiated astrocytes than in PDL astrocytes at all the hypotonic gradients tested
between 20 and 100 mOsm/L. The magnitude of the response increases proportionally
with osmotic challenge. On the other hand, the time-to-peak values remained unaffected
{Supplementary Fig. S2).

To analyze hypotonicity-activated current, we applied protocols previously reported
[26, 28]. Accordingly, astrocytes were clamped at the holding potential (Vh) of 0 mV, next
to the astrocyte zero-current potential under our experimental conditions, and stimulated
with voltage ramps of 1-s duration from -80 to 80 mV (Fig. 4A. B). Whole-cell membrane
conductance recorded in extracellular isotonic saline (Fig. 4A, trace 1) was small in
magnitude and increased upon exposure to hypotonic solution (AOsm = 60 mOsm) in PDL
astrocytes [46], (Fig. 4A, trace 2). Of note, steady-state ramp currents were inhibited by a
micromolar concentration of VRAC inhibitor carbenoxolone (Fig. 4A, trace 3) [39]. In HTlc
plated astrocytes, hypotonic challenge proved to elicit a significant increase in the magnitude
of whole-cell currents compared to PDL plated astrocytes (Fig. 48, E).

134



Cellular Physiology  cell Physiol Biochem 2021,55(51):196-212

= DOV 10.33594/000000469 Ie 2027 The Authorls, Publshed by
and BiOChemlstry Published online; 5 November 2081 | Cell Physol Biochem Fress GmbH&Co, KG
Mola et al: Interplay of Chionde snd Caloun Channds weth Aquaporin-4 in Differentiatad

Fig. 3. Hypotonicity-induced cal-
cium increase in PDL and HTic POL

WTic
e —_—
differentiated astrocytes. a) Rep- f'\-\, _/\\N os iy
resentative trace of hypotonicity- 5 _/\u_\ /\__“L_ﬂ 241

induced Ca™ response recorded ] @0 moant #8 mclerd. Y A
from cells grown on PDLand HTlc | § "~ — e ko &
films observed after exposing the ————— f;—;m- e i
cells to hypotonic solution (AOsm= ! t el o
60 mOsm/L, lane 1) or to hypo- c i d .

tonic solution with TRPV4 agonist J wro M oy T mey
4aPDD or with 4aPDD +TRPV4 g a0] poy =,
antagonist RN1734, The arrows g /\\\w o i oA

indicate the time at which solu- 3 J ze2

tions were added to the control sa-
line. Experiments were performed
at RT b) Barplot showing the
meantSE values of the increased
Ca* amplitudes measured in the conditions reported in A. Data were obrained from 12 to 15 different
measurements of three independent experiments performed using 3 different astrocyte cultures. One-way
ANOVA and Newman-Keuls Multiple Comparison Tests were performed. ***P<0.0001; **P<0.001; *P<0.01.
c) Representative traces reflecting variations of cytosolic calcium Ca** concentration recorded in cells grown
on PDL and on HTIc films. Experiments were performed at 37°C. The osmotic challenges were obtained by
addition of NaCl-free PBS in order to apply the indicated osmotic gradient size, at the timepoint indicated
by the arrow. d) Bar plot showing the mean+SE values of calcium variations measured in the conditions
reported in c. Data were obtained from 20 to 24 different measurements of three independent experiments
performed using different astrocyte cultures. One-way ANOVA and Newman-Keuls Multiple Comparison
Tests were performed, ***P<0.0001; **P<0.001; *P<0.01.

Fig. 4. VRAC-mediated current in astrocytes plated
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(b) in response to ramp current protocol (inset). : “oon
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In order to analyze whether HTlc plating affects biophysical properties of VRAC, the
voltage- and time-dependency of VRAC was analyzed in PDL (Fig. 4C) and in HTlc (Fig. 4D)
plated astrocytes, To this end, Cl currents were elicited with a voltage step protocol (Fig.
4C, inset), consisting of a family of voltage steps from Vh 0 mV from -80 to +80 mV in 20 mV
icrements delivered every 10 sec.

Hypotonicity-activated currents were obtained by digital subtraction of current traces
recorded after 5-7 min of exposure to hypotonic saline from the currents recorded in control
saline (Fig.4C). Consistently with the VRAC biophysical profile, the currents in HTlcastrocytes
activated instantaneously at all voltages and did not inactivate at potentials between -40 and
+40 mV (Fig. 4D). At membrane potentials higher than +40 mV, the hypotonicity-evoked
currents displayed a typical time-dependent inactivation, the rate and extent of which
became larger at more depolarized potentials.

The expression levels of TRPV4 and VRAC channels are not altered in HTlc differentiated

astrocytes

In line with our previous results, GFAP staining (Fig. 5A) revealed a polygonal shape
in astrocytes grown on PDL and a remarkable morphological differentiation in HTlc plated
astrocytes. Immunoblotting analysis confirmed compamble expression levels of GFAP, a well-
known gliotic inflammatory marker (Fig. 5B and C) in cells grown on both substrates as well
as the molecular up-regulation of AQP4 in HTlc-plated astrocytes. On the other hand, TRPV4
and VRAC protein expression levels remained unaltered in cells grown on HTle compared to
those grown on PDL.

To assess whether a gain in functionality was associated with a different expression
pattern of the channels in the membrane, fixed astrocytes labelled for F-actin and the three
aforementioned proteins were imaged using confocal microscopy (Fig. 6). The F-actin label
was chosen in order to easily discriminate between differentiated and undifferentiated
astrocytes as well as to identify the median focal planes within the cells with well-defined cell
edges. Pearson’s coefficients obtained from co-localization analysis between the membrane
channels and F-actin showed that, while TRPV4 and VRAC were similarly distributed in both
differentiated and undifferentiated cells without correlation to the F-actin distribution, AQP4
localization exhibited a profound rearrangement in differentiated star-shaped astrocytes
grown on HTlc with a continuous plasma membrane staining strongly colocalized with
cortical actin.

Fig. 5. Expression of GFAP, AQP4,
TRPV4 and LRRC8-A proteins in
astrocytes plated on PDL and HTlc.
a) GFAP staining of PDL and HTle
astrocytes. (Scale bar: 50 pm).
b} Representative Western blot
analysis of GFAF, AQP4, TRPV4
and LRRC8-A expression in pri-
mary astrocytes grown on PDL and b c
HTlc. ¢) Comparative densitomet- POL HTk

ric analysis of GFAP, AQP4, TRPV4 l
and LRRC8-A corresponding signal I
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Fig. 6. AQP4, VRAC and TRPV4 pro
tein expression and localization
a) Single-plane confocal Images
of astrocytes grown on PDL (up
per panel) and HTle (lower panel)
immunostained for the channels
(green) and F-actin (red) (Scale bar:
25 um). b} Magnification of the yel-
low-boxed regions from (a) (insets:
10 um x 10 um). ¢) Pearson’s Cor-
relation Coefficients resulting from
colocalization analysis between
membrane proteins and F-actin. In
HTlc-grown astrocytes, AQP4 and
F-actin colocalize with a greater
extent compared to undifferenti
ated cells/ controls (Pearson's coef
ficient (r) = 0.65 + 0.01, n = 27 for
HTle; r=0.21 £ 0.02, n = 45 for PDL). c
No changes in the degree of overlap
between VRAC or TRPV4 and F-
actin were detected in differentiat-
ed astrocytes (r VRAC HTlc = 0.382
+ 0.03, n = 45, r VRAC PDL = 031
0,02, n =45, r TRPV4 HTlc = 0.229
+ 003, n =48, r TRPV4 PDL =024
¢ 0,02, n = 45), Unpaired t-test;
=P <0,0001,
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Discussion

Severalstudies highlightthat the astroglial syncytium strategically regulates homeostasis
within the brain environment through a pool of ion and water channel proteins specifically
distributed in microdomains facing diverse fluid-filled spaces [1, 47]. Astrocytic cell volume
regulation in response to anisotonicity results from 1) sensing anisotonic environment and
cell volume changes caused by osmotically driven water flux across the cell membrane; and
2} activation of effector mechanisms that restore the original cell volume. However, the
mechanism behind cell volume regulation needs further insights,

Inthiswork, we sought toinvestigate cell volume regulating mechanisms in differentiated
astrocytes (nvitro [32], that recapitulate morphological, molecular and functional features of
astrocytes in situ. We confirm that AQP4-overexpression is accompanied with enhanced rate
of water transport in astrocytes under hypotonic conditions and, as herein demonstrated,
also under hypertonic conditions, Notably, the amplitude of the anisotonicity-induced cell
volume responses of glial cells were considerably higher in differentiated astrocytes. One
of the major novel findings of the present work is the improved response of differentiated
astrocytes in terms of volume recovery.

To obtain insight into this phenomenon, we studied the hypotomaity induced calcium
signalling and volume regulated anion conductance in PDL and HTlc astrocytes because
they are mainly responsible for the cell sensing and effector mechanisms activated by
anisotonicity.

We found that hypotonicity induced calcium signals is increased in its magnitude in
differentiated astrocytes only when TRPV4 is activated by the selective agonist (Fig. 4A,
B) or by temperature above 25°C. Thus, the upregulation might be either dependent or
independent of the higher swelling observed in experiments performed at 22°C,
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Notably, the amplitude of the swelling kinetics was half as large as the amplitude of
shrinking kinetics [48]. Cell swelling processes are more complex than cell shrinkage as the
plasma membrane exhibits a very limited stretch capacity and is constrained by extensive
cytoskeletal networks [10].

Astrocytes grown on HTlc films display faster active RVD and RVI together with a more
efficient volume recovery compared to undifferentiated cells.

It can be argued that the different surface-to-volume ratio between flat and stellate
astrocytes should be taken into account with respect to the increased water transport kinetic
properties measured in cells grown on HTle. However, in line with previous manuscripts
published by our group in which a morphological change of astrocytes was obtained, [31,32,
49, 50] we have considered here the time constantof cell swelling or cell shrinkage a sufficient
indicator of the water flux rate. In general, we have demonstrated that cell differentiation
promotes the polarized expression of AQP4 on the cell plasma membrane associated with
an increased water transport rate, suggesting that the selective AQP4 plasma membrane
localization positively affects the permeability and the cell volume recovery mechanism in
differentiated astrocytes,

It is plausible that AQP4 dependent increases in the plasma membrane stretching
abilities are able to drive higher sensitivity of the cell to osmotic changes, thereby resulting
in increased magnitude of osmotic induced calcium signaling (Fig. 3A and B) and faster
kinetics of the RVD and RVI processes. Accordingly, we previously demonstrated [19, 20]
that the hypotonicity-induced calcium transients recorded from WT and KO astrocytes were
significantly differentin terms of amplitudes and kinetics, indicating that the more rapid cell
swelling provided by AQP4-mediated water influx plays a major modulatory role on TRPV4-
mediated calcium signalling events.

Recent works have also indicated that TRPV4 is more of a volume-sensor than an
osmo-sensor [51]. The results provided at room temperature are, however. more in favor
of the ability of TRPV4 increased magnitude ta sense osmolarity more than the cell volume.
Indeed. increased magnitude of calcium signal in HTLc is observed only when TRPV4 is
already activated by temperature or by an agonist, two conditions where discrimination
among stimuli cannot be achieved [44, 52]. Our results support the tenet that AQP4 is
a crucial player in the RVD and RVI mechamsms and that a molecular and functional
interaction with TRPV4 exists in differentiated astrocytes [19, 20, 33, 53]. Our results have
also demonstrated a dramatic increase in VRAC current in response to hypotonic challenge
in differentiated astrocytes. The result observed might explain the more efficient kinetics of
RVD observed in these cells following rapid osmotic influx or efflux of water in response to
an anisotonic stimulus. The result is not surprising since, indeed, VRAC channels are known
to be critical contributors to the cell volume regulation in astrocytes [27, 28, 34], Moreover
in a previous work we found that AQP4-KD induced a down regulation of VRAC current [26].
Thus, a functional cooperation between AQP4 mediated swelling and VRAC is confirmed in
differentiated astrocytes. We recently found that the expression of LRRC8BA subunit of VRAC
was essential for the amplitude of astrocytic VRAC conductance and RVD. However, in the
present work, the increase in magnitude of VRAC current was not paralleled by an increase
in LRRC8A total protein amount nor by higher expression in the astrocytic membrane, Thus,
it i1s plausible that, in the case of VRAC, the higher cell volume achieved is linked to the
higher expression of AQP4 in the cell membrane, resulting in a more effective stimulus for
the activation of VRAC.

Cell volume regulation nanostructure induced differentiation

The herein reported nano-scale interface, HTlc, is known to promote differentiation of
astrocytes with mechanisms involving the cytoskeleton rearrangement [32, 55, 56], The tight
interaction of the cell with the nano-scale environment might continuously challenge the
cell, locally, to rearrange its surface and volume. Thus, RVD and RVI molecular and functional
components could be improved. In this regard, a prominent role for RVD and AQP4 in
glioma cells has been highlighted [57, 58]. The latter condition is typically characterized by
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alterations in mechanical properties of the extracellular environment, and AQP4 mediated
water flux seems to play a key role orienting glioma cell fate toward increased migration
properties (AQP4 dependent increase in cell migration) or apoptosis (AQP4 dependent
apoptotic volume decrease) [57]. In addition, it has been recently shown that TRPV4 might
actas mechano-sensor in astrocytes. Thus, the increased response of TRPV#4 in differentiated
astrocytes might be a consequence of the nanomechanical challenge induced by HTle. This,
on turn, might set a lower threshold to activate TRPV4 in response to osmotic challenge or
to cell volume. In this respect, the data herein provided and the growth of astrocytes on HTle
will be useful to understand the molecular mechanisms of differentiation and migration, as
two typical traits of astrocytes in health and disease.

We can also speculate that the cell/material interface induces gene expression driving
a molecular and functional phenotype that is more similar to the one observed in vive, as
previously described, which includes recapitulation of microdomains serving homeostatic
function towhich AQP4, Kir4.1 [32], TRPV4 and, more recently, VRAC have been demonstrated
to belong [26, 28]. In this view, our work provides new insight into cell physiology and
biophysics by controlled in vivo-mimicking - in vitro cell culture model.

Conclusion

Here we demonstrate that the differentiation of astrocytes is associated with an increased
AQP4 dependent water permeability. We hypothesized that the enhanced transmembrane
osmotic water flux, conferred by the upregulated water channel protein and function,
might drive higher sensitivity of the cell to osmotic changes. This enhanced flux results in
increased magnitude of calcium signaling and faster kinetics of the RVD and RVI processes
by functionally recruiting both TRPV4 and VRAC ion channels, even though the total protein
levels of both TRPV4 and VRAC remain unaltered.

The present in vitro cell culture method to obtain differentiated astrocytes representsan
important tool to study the dynamics underpinning the cellular localization and functionality
of channel proteins belonging to astrocytic microdomains and has allowed us to test the
hypothesis that volume transmission is a new communication path in non-excitable cells,
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1.1 Introduction to Paper 1

“Decoding natural astrocyte rhythms: dynamic actin waves result from environmental sensing by
primary rodent astrocytes” by

Kate M. O’Neill, Emanuela Saracino, Barbara Barile, Nicholas J. Mennona, Maria Grazia
Mola, Spandan Pathak, Tamara Posati, Roberto Zamboni, Grazia P. Nicchia, Valentina
Benfenati, Wolfgang Losert has been published as pre print on bioRxiv 2021.09.13.460152; DOI:

https://doi.org/10.1101/2021.09.13.460152. This article is a preprint and has not been certified by peer

review. (https://www.biorxiv.org/content/10.1101/2021.09.13.460152v1 ).

The copyright holder for this preprint is the author/funder, who has granted bioRxiv a license to
display the preprint in perpetuity. All rights reserved. In a previous study conducted is widely
recognized that astrocytes, once defined as passive glue cells, play an active role in determining
excitability in the brain. Astrocytes are key regulators of brain homeostasis in the extracellular milieu
of the brain and it is essential for the cognitive function. In particular, in the CNS, the homeostasis of
K™ is critical in the extracellular space and it is maintained by homeostatic process at 4 mM in
physiological condition. Alterations in membrane properties including the decrease of IR,
depolarization of the resting membrane potential could result in disorders such as epilepsy, or
syndromes that affect behavioural tasks, such as sleep, learning, and attention?®2%”- Qur study
introduces actin dynamics in astrocytes as a potential carrier of information and actuator of the
astrocytic response to changes in the local environment; actually, the role of cytoskeletal dynamics in
this critical regulatory process is still unknown, although the importance that actin behave as an

excitable system is increasing. The following work focuses on the dynamics of actin in specific
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subcellular regions, near the cell boundary, called “hotspot” regions that selectively respond to certain
chemo-physical stimuli. The induced stimuli, we applied, are targeted to simulate homeostatic
challenges of ion or water concentration increases. This hypothesis has been validated through
astrocytes actin-GFP transduction, optical flow algorithms and shape analysis?'#?!3, Images were
performed by means of live time-lapse confocal microscopy. The same approach was performed on
HTlc-substrate topography. The role that HTlc nanostructured topography can have on astrocytes
homeostasis properties have been reported in the dedicated paragraph 1.4 of Chapter V. Here, taking
advantage of the previous results, we define actin dynamics also on the following system where
differentiated astrocytes grow. These rhythmic behaviours are associated with the transition between
distinctive network oscillation frequencies of discrete neural networks, which are associated with
different oscillation frequencies in neurons, as a reaction to the ever-changing environment.

Here it is reported a preprint version of our manuscript.
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Decoding natural astrocyte rhythms: dynamic actin waves result from
environmental sensing by primary rodent astrocytes

Kate M. O'Neill't, Emanuela Saracino’t, Barbara Barile®, Nicholas J. Mennona'+,
Maria Grazia Mola®, Spandan Pathak', Tamara Posati’, Roberto Zamboni®, Grazia P. Nicchia®,
Valentina Benfenati*’, Wolfgang Losert'**

4 Inst. for Physical Science and Technology, Univ. of Marviand, College Park, MD, USA

2 Inst. of Organic Synthesis and Photoreactivity, National Research Council of Italy, Bologna, Italy
* Dept. of Bioscience, Biotechnology and Biopharmaceutics, Univ. of Bari Aldo Moro, Bari, Italy

 Physics Dept., Univ. of Maryland, College Park, MD, USA

t equal contributions as co-first authors
* valentina.benfenati@isof.cnr.it and wiosert@umd-edu (equal contributions as
co-corresponding authors)

Abstract

Astrocytes are key regulators of brain homeostasis, which 1s essential for proper cognitive
function. The role of cytoskeletal dynamics in this critical regulatory process is unknown. Here
we find that actin is dynamic in certain subcellular regions, especially near the cell boundary.
Our results further indicate that actin dynamics concentrates into “hotspot™ regions that
selectively respond to certain chemophysical stimuli, specifically the homeostatic challenges of
ion or water concentration increases. Substrate topography makes actin dynamics more frequent
yet weaker, and it also alters actin network structure. Superresolution images analyzed with a
filament extraction algorithm demonstrate that surface topography is associated with a
predominant perpendicular alignment of actin filaments near the cell boundary whereas flat
substrates result in an actin cortex mainly parallel to the cell boundary. Thus, actin structure and
dynamics together mtegrate information from different aspects of the environment that might
steer the operation of neural cell networks.

Short Title
Homeostatic actin dynamics in astrocytes

Teaser
Astrocytes display dynamic actin that is modulated by combinations of chemophysical stimuli
and environmental topographies.

147



beoRxw prepnnt dot: hittps:idor org/10 11012021 00 13 460152; this version posted September 13, 2021, The copynght holder for this prepant

43
44
45
46
47

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

65
66
67

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

(which was not certfied by peor review) 15 the authoofunder. All nghits reserved No reuse alowed without permission

Introduction

The ability of the brain to receive and compute information depends on the unique abilities of its
component brain cells, In particular, astrocytes play crucial roles in cognitive function by
maintaining electrochemical gradients of ions and both responding to and counteracting changes
in the chemophysical environment of the extracellular milieu [1-3]. More recently, the
importance of astrocytes” structural and functional properties has been highlighted for organ- and
system-level functions, including synaptic plasticity, memory formation, learning, and regulation
of sleep and metabolic activity [4, 5].

Astrocytes exhibit a branched morphology [1, 3] and express a variety of transmembrane
proteins and receptors in a specific. patchy distribution throughout the cell. resulting in so-called
functional microdomains. This molecular and structural patchwork allows astrocytes to uptake
and pump 1ons, osmotically drive water and neurotransmitters across the cell, and redistnbute
and spatially “buffer” solute concentrations [6]. In this way. astrocytes precisely control the
extracellular environment locally by continuously monitoring, sensing, and balancing changes in
response to the neuronal network activity. At the same time, the gap junction coupling between
astrocytes serves as a signaling path enabling synchronicity and lateral communication within the

larger astroglia syncytia [7].

Though gap junctional communication coupling enables dynamic exchange at the tonic and
molecular scales [8, 9], questions remain how these dynamics couple with, modulate, and impact
responses of cell networks or of the whole bram. Here we mvestigate the actin cytoskeleton as an
integrator from the molecular to the systems scale due to its ability to self-assemble into dynamic
networks,

Indeed. experiments on fixed samples indicate that the astrocytic actin cytoskeleton plays a role
in several homeostatic processes, such as volume regulation and potassium spatial buffering [ 10-
12]. However, much less ts known about the dynamics of the actin cytoskeleton in these cellular
processes. For migrating cells — such as neutrophils. metastatic cancer cells. and even microglia
-~ actin dynamics has been mostly considered as a facilitator of changes in cell morphology. For
example, a recent study in T cells demonstrated the importance of global (whole cell) actin
dynamics in facilitating immunological synapse formation [13],

Moreover, recent studies across multiple cell types have demonstrated not only that the actin
cytoskeleton is dynamic when a cell changes shape and moves but also that the actin
cytoskeleton is an excitable system with its own intrinsic dynamics, including sustained waves
and oscillations that persist independently of changes to cell shape [14-21]. The source of actin
dynamics is thought to be twofold: 1) a cytoskeletal excitable network of proteins (CEN) that
drives cycles of polymerization and depolymerization typically lasting a few seconds. and 1) a
signal transduction excitable network (STEN) that can self-organize these local oscillations into
larger scale waves that drive cell migration [17, I8, 22, 23],

Indeed, CEN waves can carry information. Actin waves have been shown to be sensitive 1o

extracellular local topography upon which cells are cultured [24, 25] and are important for
biological function [22, 26], such as surveillance of the brain parenchyma by microgha [27].

148



beoRxw prepnnt dot: hittps:idor org/10 11012021 00 13 460152; this version posted September 13, 2021, The copynght holder for this prepant
(which was not certfied by peor review) 15 the authoofunder. All nghits reserved No reuse alowed without permission

89  These waves are due to the second scale polymerization and depolymerization dynamics that
90  occur locally due to CEN and are usually obscured by the longer imescale wave dynamics, but
91  they can be revealed by suppression of STEN [17, 18, 22, 23].

92

93  We propose that, in astrocytes, CEN dynamics dominate, thus leading to local actin dynamics
94  that are stationary in space and occur on a second timescale. Thus, cvtoskeletal excitable
95 networks camry information about homeostatic challenges that occur at the nanometer, ionic, and
96  molecular scales. The actin cytoskeleton therefore serves as the bridge from these smaller scales
97  to larger scales and facilitates the global homeostatic response of astrocytes.

98

93  To evaluate our hypothesis, we use optical flow algorithms and shape analysis on images of
100  prumary astrocytes transduced with actin-GFP. We demonstrate that actin dynamics occurs n
101 astrocytes and that it can be triggered by extracellular environment modifications, such as an
102  increase in ion concentrations or a change in nanomechanical features, The spatial distribution of
103 the actin dynamics is localized near the boundary of the cell and is concentrated into patches we
104  term “hotspots™,

105

106  Notably, the strength of the actin dynamics is different depending on whether the exposure is to
107  an increase in extracellular potassium or to hypotonic challenge (referred to as “triggering”
108  conditions and abbreviated as “high K=" and “hypotonic™, respectively). In addition, activity
109  identified in the processes of differentiated astrocytes, induced by nanotopography, is weaker but
110  more frequent when compared to undifferentiated cells. Superresolution imaging by STimulated
111 Emussion Depletion (STED) microscopy and analysis with a filament extraction algorithm
112 demonstrates that the specific orientation of actin filament structures occurs only n differentiated
113 cells, indicating that both structure and dynamics carry information about the environment.

114

115  Overall, our results mdicate that actin 1s dynamic in astrocytes and behaves collectively by
116  clustering into “hotspot™ regions that respond in distinct ways to different stimuli and may dnive
117  the homeostatic response of the neural cell network.

118

119

120  Results

121

122 Prmary astrocytes display actin dynamics in response to chemical cues

123

124  Our live imagng results demonstrate that astrocytes consistently display actin dynamics,
125  particularly near the boundary of the cell. Representative overlays of fluorescent images are
126  shown in Figure 1A (Al, mset A3 for representative control timelapse and A2. inset A4 for
127  representative “triggering” timelapse). In this representation, a perfectly stationary cell would
128 appear all white; the appearance of different colors indicates non-overlapping structures at either
129 earlier (more blue) or later (more red) times. To quantify actin dynamics, we employ an optical
130  flow method [28] similar to that used in our previous work [19]. We additionally use shape
131 analysis [16, 29, 30] to separately consider actin dynamics within the whole cell, boundary
132 region, and bulk region (see Figure 1B and 1C for schematics and Materials and Methods for
133 more detail),

134

149



beoRxwy prepnnt doi: hittps: idosorg! 10 110172021 00 13 460152; this version posted September 13, 2021, The copynght holder for this prepant
{which was not cedffied by pece review) is the authodfunder. All nghls reserved  No reuse alowed without permission

135 To obtain an overall picture of how actin dynamics changes between control and triggering
136  conditions, we first examined the strength of actin dynamics within specific regions
137 (Figure 1C2). Both tnggering conditions show increased strength of actin dynamics within the
138 boundary region (p=0.014 and p=0.028 for high K+ and hypotonic, respectively) but not within
139 the bulk region (p=0.050 and p=0.057 for high K+ and hypotonic, respectively) when compared
140 to paired controls (p-values determined by paired t-tests),

141

142 We then wanted to understand whether actin dynamics becomes relatively more probable in the
143 boundary region and/or in the bulk region after a triggering stimulus. To accomplish this, we
144  calculate a relative fraction and find a significant shift in actin dynamics towards the boundary
145  under high K+ conditions compared to paired controls; there is no significant difference for
146 hypotonic conditions compared to paired controls (Figure 1C3; p=0.026 and p=0.466.
147 respectively, as determined by paired t-test).

148

149  To delve into distance dependence of actin dynamics more closely, we quantify the distance
150  from instances of actin dynamics to the cell boundary (true boundary shown in Figure 1B).
151  Curves of the representative cells shown in Figure 1A are shown in Figure 1D1 with the
152 boundary region and bulk region labeled. Since we are most interested in the high actin activity
153  near the boundary. we compare how the probability of actin dynamics changes over distance
154  when comparing the two triggening conditions to their matched controls. High K+ cells are
155  significantly less likely to show actin dynamics near the boundary edge compared to their
156  matched controls, though the mean difference is extremely small (p=0.019 for 3.24 um and
157 p=0.021 for 3.6 um, determined by repeated measures ANOVA), On the other hand, hypotonic
158  cells are significantly more likely to show actin dynamics within the boundary region compared
159  to matched controls, specifically between 0.36 and 2.52 um from the boundary (p<0.05 for all
160  distances as determined by repeated measures ANOVA, refer to Figure 1D3 legend for exact p-
161  values). Taken together with the data from Figure 1C3, we show that a higher probability of
162 actin dynamics at specific distances is not necessarily accompanied by an overall shift to the
163  boundary region.

164

165  These results indicate the following: 1) actin dynamics has a higher probability of occurring
166  under high K+ conditions (Figure 1C2), ii) a relative shift of actin dynamics to the boundary is
167  observed when cells are exposed to high K+ (Figure 1C3), i) increased probability of actin
168  dynamics at specific distances is observed when cells are exposed to hypotonic challenge
169  (Figure 1D3), and v) for both triggenng conditions, the strength of actin dynamics increases
170 within the boundary region but not within the bulk region (Figure 1C2),

171

172 Actin dynamics within astrocytes is clustered into active “hotspot™ regions

173

174  While characterizing actin dynamics within astrocytes, we noticed that many cells seemed to
175  have active regions near the boundary (Figure 2A1) that we suspected were responsible for most
176  of the actin dynamics. To identify these “hotspot” regions, we applied the image processing
177  techniques of erosion and dilation to identify areas of persistent activity (Figure 2A2). After
178 applying thresholds for activity magnitude and probability and hotspot size, we segment regions
179  that meet these criteria (Figure 2A3, inset Figure 2A4).

180
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181  We first compared the strength of actin dynamics within the hotspot regions, considering the
182  boundary and bulk regions separately as in Figure 1C2. Following the trend of activity within
183 the whole cell, we found that actin dynamics is stronger in cells exposed to both high K+ and
184  hypotonic, specifically within the boundary region (p=0.015 and p=0.032. respectively, as
185  determined by paired t-test) and not within the bulk region (p=0.464 and p=0.527, respectively,
186 as determuned by paired t-test) as shown mn Figure 2B1. We also mvestigated the relative
187  strength of hotspot dynamics where the average magnitude within hotspots is normalized by the
188  average magnitude of dynamics within the whole cell (Figure 2B2), When companng this
189  relative strength between cells in triggering conditions and their matched controls, we found that
190  only high K+ cells displayed significantly stronger actin dynamics within hotspot regions
191  compared to the whole cell (p=0.028 for control vs. K+ and p=0.087 for control vs. hypotonic as
192 determined by paired t-test). Finally, we mvestigated whether actin dynamics in these hotspot
193 regions is more persistent and found that the duration 1s not sigmficantly different for either
194  high K+ cells or hypotonic cells compared to matched controls (p=0.095 and p=0.831,
195  respectively, as determined by paired t-test), as shown in Figure 2B3.

196

197  To provide a static visualization of actin dynamics within these hotspots, we show traditional
198  actin fluorescence kymographs (Figure 2C1) and novel actin dynamics kymographs
199  (Figure 2C2) for the three largest hotspot regions (reg, orange. and yellow) in the representative
200 cell. Both types of kymographs clearly show stronger dynamics in the triggering condition.
201 Taken together, these results show that hotspot regions respond distinctly to different stimuli and
202 that they are particularly active in general and specifically reactive to the high K+ chemical
203 stimulus.

204

205  Astrocytes respond to nanotopographic surfaces with distinet actin dynamics

206

207  Finally. we took advantage of the topographic features in hydrotalcyte-like compound (HTle)
208  films to understand how actin dynamics is altered by mechanical stimuli at the nanometer scale.
209 HTle films direct polygonal astrocytes to develop a highly branched and differentiated
210  morphology. thus recapitulating in in virro astrocytes the functional microdomains regulating
211 waler and potassium homeostasis that would be seen in vivo [31, 32].

212

213 To this end, we cultured primary rat astrocytes on PDL-coated glass or on HTlc nanoparticle
214 films and imaged them under control conditions using the same parameters as before.
215  Morphological and functional differences between cells grown on these two surfaces have been
216  thoroughly charactenized previously [31], and similar differences are observed in our system as
217 shown in Figure 3A.

218

219 We first compared how actin dynamics differs in the various regions of PDL cells versus HTle
220 cells. We found that PDL cells show significantly stronger dynamics both within the boundary
221 region and within the bulk region (Figure 3B1, p<0.001 as determined by unpaired t-test).
222 Surprisingly though, when comparing boundary to bulk within each nanotopographic surface
223 (Figure 3B2), we found that both PDL and HTle show significantly stronger boundary dynamics
224 compared to bulk dynamics (p<0.001 for PDL and p=0.021 for HTlc as determined by paired 1-
225  test).

226
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227  We next compared how likely cells on the different surfaces are to show actin dynamics. When
228  companng within cach region, we found that HTle cells are significantly more likely to have
229  actin dynamics, both within the boundary region and within the bulk region compared to PDIL
230  cells (Figure 2C1; p=0.014 and p=0.020, respectively, as determined by unpaired t-test). In this
231  case, there is no significant difference between boundary and bulk for either surface
232 (Figure 2C2; p=0.072 for PDL and p=0.184 for HTl¢ as determined by paired t-test).

233

234 Finally, we evaluated distance dependence in Figure 3D sinular to in Figure 1D. We show the
235  full distance curves in Figure 1D1 for the representative cells. When comparing the individual
236 distances within boundary region, we see that HTlc cells are significantly more likely to have
237  actin dynamics (Figure 3D2; p<0.05 for all distances between 0.36 and 3.6 um as determined by
238 two-way ANOVA), Finally, when normalizing for size of the boundary (Figure 3D3), we do not
239  find any difference 1n the relative fractions of actin dynamics within the boundary region
240  compared to the bulk region for either surface (p=0.287 for PDL and p=0.058 for HTlc as
241 determined by paired t-test). Taken together, these results indicate that HTlc cells show more
242 frequent and weaker actin dynamics than PDL cells.

243

244 Astrocytes sense nanotopographic cues through actin orientation near the boundary

245

246  Inspired by our analysis of actin dynamics in live astrocytes, we sought to understand i) why
247 certain “hotspots™ of actin activity are more prevalent in cells grown on PDL than in cells grown
248  on HTlc and ii) whether the characteristics of actin dynamics are related to the underlying actin
249  structure. To this end, we cultured primary rat astrocytes on PDL-coated glass or on HTlc films
250 and performed STED microscopy on fixed cells stained for F-actin and the intermediate filament
251 protein glal fibrillary acid protein (GFAP). Representative images are shown in Figure 4. HTle
252 preferentially induces stellate morphology characteristic of differentiated astrocytes, whereas
253  astrocytes grown on PDL-coated glass display the polygonal shapes charactenstic of
254  undifferentiated astrocytes.

255

256 Confocal images of F-actin labeled astrocytes reveal that there is a marked tendency for cells
257  grown on PDL (Figure 4A) to display a non-differentiated and dynamic phenotype with distinct
258  leading and trailing edges and several motile structures (i.e. lamellipodia, filopodia, stress fibers;
259  Figure 4C). Conversely, in the “star™ shaped cells grown on HTlc (Figure 4B), the same motile
260 elements that would indicate direction of propagation are not clearly visible (Figure 4D).
261  Moreover, the astrocytic actin is seen to “burst™ out of the actin cortex in HTle cells
262  (Figure 4D). This bursting or “flaring" behavior is indicative of a functional microdomain,
263 known to be present in differentiated astrocytes grown on HTle [31]. Although many regions in
264  the representative HTlc cell display this microdomain morphology. the actin dynamics of
265 astrocytes plated on HTle 1s of lower magnitude than that of astrocytes grown on PDL (refer to
266  Figure 3B). Therefore. we chose 1o investigate how astrocytic actin senses the different
267  mechanical environments presented by PDL-coated glass and HTle films and the subsequent
268 cytoskeleton remodeling at a nanoscale level via superresolution imaging. We used a method for
269  quantitative, semi-automated analysis of the actin bundles” preferential orientation [33] to assess
270  the mvolvement of actin organization in sensing the local mechanmcal environment around

271 astrocytes.
m
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273 Image analysis was performed by combining segmentation via an anisotropic, rotating Laplacian
274  of gaussian (LoG) kemel with a hierarchical cluster analysis (see Figure SA for a schematic
275  overview and Materials and Methods for a detailed description). These image processing
276  methods allow for the analysis of actin angle organization and the determination of fractions of
277  actin roughly parallel versus roughly perpendicular to the leading edge of the cell boundary
278  (Figure 5B). From our clustered data, we determine that PDL astrocytic actin 18 oriented more
279 panallel relative to the leading edge of the astrocyte, whereas HTlc astrocytic actin is oriented
280 more perpendicular (Figure 5C), The difference seen between the actin of cells grown on PDL
281  versus on HTlc is significant as the cluster algorithm identifies two clusters within the data.
282 Moreover, we see the cluster groups largely correspond with the chosen nanotopography, with an
283 error of seven out of 37 cells: one HTle cell is misclustered, and six PDL cells are misclustered
284  (re.six PDL cells can be found in the cluster of predicted HTle actin fractions). While the
285  differences observed between astrocytes grown on HTle and those grown on PDL at a dynamic,
286 micron scale do not necessarily correspond to the differences seen in structure at the nanometer
287  scale. our analytical approach reveals that the underlying nanoscale organization of actin within
288  astrocytes does mdeed change when the cells are exposed to different nanotopographic surfaces.
289

290
291  Discussion
292

293 We show for the first time, by means of live timelapse confocal microscopy, that astrocytes
294 respond to changes in the chemophysical environment with changes in actin dynamics. Actin is
295  spatiotemporally organized into micron scale termtories that enhance the dynamics in response to
296  chemophysical stresses. Topography enhances the frequency of these dynamies but lowers their
297  strength.

298

299 Our study reveals that actin dynamics occurs persistently and on different spatial scales, with
300 local actin dynamics detectable near the boundary even when the boundary itself does not shift
301 measurably. Dynamics are stronger in cells grown on PDL and cluster into hotspot regions,
302  whereas they are more frequent in cells grown on HTlc and do not cluster into large enough
303 regions to be detected with confocal microscopy. Both high potassium and hypotonic stimuli
304 increase the strength of actin dynamics within the boundary region, but high potassium
305  preferentially increases the strength of dynamics within hotspots, which is likely why the relative
306  fraction of dynamics shifts towards the boundary. We find that these dynamics are localized to
307  one or multiple boundary regions characterized by a lack of strong stress fibers, with a spatial
308  scale larger than individual synapses.

310  While astrocytes do not change shape substantially on the short timescales of our experiments,
311 we see small filopodial and lamellopodial structures near the cell boundary that appear to “idle™
312 by rapidly extending and retracting, effectively sampling their local environment. It is in these
313 regions that we most often observe actin dynamics.

314

315  Simular to previous studies, we note that on longer timescales astrocytes are extremely plastic
316 cells. For example, after injury, astrocytes in vive become reactive and highly ramified [34, 35].
317 Astrocytes cultured in vitro, however, appear polygonal and lose their starlike shape when the
318  McCarthy and de Vellis preparation method is used [36-38], but it i1s possible to induce
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319  differentiation and #n vive-like structural and functional properties over the course of a few days
320 using a previously validated approach [31, 32], which consists of growing astrocytes on HTle
321 nanostructured films.

322

323  Surprisingly, actin is more dynamic in polygonal cells grown on flat surfaces (glass coverslips
324  coated with PDL), which also favors the formation “hotspots™ of actin dynamics compared to
325  highly differentiated cells grown on nanostructured surfaces (HTlc films). The frequency of
326  activity and the structure of the network is distinct for differentiated cells grown on HTlc, with
327  flaments preferentially oriented perpendicular to the cell boundary.

328

329  The presence of a dynamic cytoskeleton during structural remodeling in astrocytes has been
330  hypothesized 1o support the rapid morphological changes that occur in perisynaptic astrocytes
331 processes (PAPs), seen in organotypic culture, in response to synaptic activity and long-term-
332 potentiation [39]. Our results support this hypothesis. but, unexpectedly, we found that the
333 strength of actin dynamics is lowered in differentiated astrocytes with respect to polygonal cells
334 while the frequency of the movements is higher. Dynamic hotspots in differentiated cells might
335 present as mimature versions of lamellipodia and filopodia, the F-actin-rich subcellular
336 compartments of migrating non-neuronal cells [40].

337

338 Our STED data nught also provide the key to understanding the conclusion that non-
339  differentiated cells perform more robust cytoskeleton dynamics: a more parallel and dispersed
340  organization of actin fibers into a meshwork underneath the cell membrane is likely to confer
341 mechanical plasticity to the plasma membrane when compared to more differentiated cells on
342  HTLc, where actin fibers are packed into “actin rails”™ and not only maintain the cell shape
343 (especially in the cellular processes) but also might cause membrane stiffness or resistance to
344  motility. We also hypothesize that this distinet structure will lead to differences in the interaction
345  with neighboring cells. As stellation enables communication with other cell types, perpendicular
346  actin may ensure processes are directed along a specific line of communication. Our finding that
347 almost all cells on HTle have actin structures perpendicular to the boundary affirms the ability of
348  HTIc to encourage differentiation of astrocytes [31]. This analysis also hints that some cells
349 grown on PDL have actin structures that “look™ like the actin structures of stellated cells grown
350  on HTle, consistent with previous observations that growth of astrocytes on PDL delays but does
351  not fully suppress spontaneous or gliotic differentiation that might occur i standard cell
352 culture [11, 31,41, 42].

353

354  Our previous studies demonstrated that astrocytes grown on HTlc are more efficient m their
355  homeostatic process. In particular, the expression and function of Kird.l and AQP4 as well as the
356  functional response to anisotonic challenge are improved in differentiated cells [31. 32]. In this
357  respect, a faster and prompter response to chemophysical challenges might not require a major
358  effort from the dynamic actin network, which might explain the lower magnitude of actm
359  dynamics in differentiated cells. Moreover, the functionally better equipped differentiated
360  astrocytes may also be able to more easily sense changes in the extracellular environment and
361  react more frequently to them via actin dynamics. Thus, our findings are no longer surprising if
362  we consider that astrocytes hamess the excitable dynamics of actin to codify and convey
363  information coming from the extracellular milieu,

154



beoRxw prepnnt doi: hittps:iidos org/10 11012021 00 13 460152; this version posted September 13, 2021, The copynght holder for this prepant
(which was not certfied by peor review) 15 the authoatunder. All nghits reserved No reuse alowed without permission

365 Our finding that actin dynamics is altered by chemophysical stimuli and topography raises
366  1mportant questions for astrocyte physiology and pathophysiology: Is 1t possible to control and/or
367  modulate the size of the spatial region where actin dynamically rearranges by activating a Signal
368  Transduction Excitable Network (STEN)? Studies on other cell types suggest that activating
369 STEN would enable traveling waves of varying sizes and may even trigger cell migration [17,
370 I8, 22]. Could extreme conditions strengthen and alter the actin dynamics so much as to drive
371 astrocyte differentiation? These questions remain to be elucidated, and studies in microglia [27]
372~ which demonstrated that actin dynamics is critical for their pnincipal function, surveillance -
373 indicate that actin dynamics also plays an important role in vive in neural cells. We propose that
374 actin dynamics in astrocytes 15 enitical for their principal functions: maintaining homeostasis and
375  modulating neuronal communication. Finally, given that cytoskeletal alterations are reported in a
376  vanety of neurological conditions characterized by a gliotic state [43], we expect investigations
377  of cytoskeletal dynamics in defined animal models to be an important area of exploration to
378  validate the pathophysiological relevance [44] of our findings.

379

380

381 Materials and Methods

382

383  Rat cortical astrocyte culture preparation. maintenance. and plating
384

385  Celi culture:

386 Primary astrocytes were obtained from Sprague Dawley rats housed at the University of
387 Maryland (in concordance with the recommendations of and approval by the Umversity of
388  Maryland Institutional Animal Care and Use Committee; protocols R-JAN-18-05 and R-FEB-21-
389  04) or from Wistar rats housed at the University of Bologna (in concordance with the Ttalian and
390 European law of protection of laboratory amimals and the approval of the local bioethical
391 committee, under the supervision of the veterinary commission for animal care and comfort of
392  the University of Bologna and approved protocol from [talian Ministry of Health: ethical
393 protocol number ID 360/2017 PR, released on May 2017, valid for 5 years).

394

395 Prmary cultures of astrocyles were prepared as described previously, from newborn rat pups
396  between postnatal days | and 2 [3. 36, 45]. Briefly. neonatal cerebral cortices devoid of
397 meninges were gently triturated, filtered with a 70 pm cell strainer (cat. no. 22-363-548; Fisher
398  Scientific. MA, USA), and plated in T25 cell culture flasks (cat. no. 229331; CELLTREAT
399 Scientific Products, MA, USA) containing Dulbecco's Modified Eagle Medium (DMEM) with
400  GlutaMAX and high glucose (cat. no. 10-566-024: Fisher Scientific, MA, USA) supplemented
401 with 15% fetal bovine serum (FBS; cat. no. 100-106; Gemini Bio-Products, CA, USA) and
402  penicillin-streptomycin at 100 U/mL and 100 pg/mL, respectively (cat. no. 15070063: Thermo
403  Fisher Scientific, MA, USA). Flasks were maintained in an mcubator at 37 °C, 5% COz, and
404  proper humidity levels for two weeks. Duning this period, we replaced cell medium every two
405  days, and flasks were gently shaken when necessary to remove undesired microglial cells. When
406 confluence was reached, astrocytes were dispersed using trypsin-EDTA  0.25%
407  (cat, no. 25200056, Thermo Fisher Scientific, MA, USA), and the cell suspension was re-plated
408 on glass coverslips functionalized with Poly-D-lysine hydrobromide (PDL; cat. no. P7886;
409 Sigma-Aldrich, MO, USA) as previously described [31, 45-48] or with HTlc as previously
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410 described [31, 49]. Cells were plated at a density of 5-10x<10° per dish and maintained in culture
411 medium contaming 10% FBS.

412

413 PDL and HTle film preparation:

414  Microscope coverslips were functionalized with PDL to serve as a control surface or with Zn-Al
415  hydrotalcite nanoparticles (HTle) to induce morphological differentiation of astrocytes. For live
416 1maging, PDL was used at a working concentration of 0.1 mg/mL, and cells were cultured for
417  three to seven days after replating prior to imaging. For STED imaging, PDL was used at a
418 working concentration of 0.0 mg/mL. and astrocytes were cultured for five days after replating
419 prior to fixation. In both cases, coverslips were coated with PDL for 20 minutes at room
420  temperature and washed three times with approximately 500 ul. of sterile H>O. Coverslips were
421 functionalized with HTle by adding the HTlc suspension drop by drop on the coverslips and
422  allowed to dry overmight. Once dmed, the HTlc coverslips were stenlized by UV for
423 approximately 30 min.

424

425  Transduction of cells with actin-GFP

426  To visualize actin dynamics, astrocytes were transduced with CellLight Actin-GFP, BacMam 2.0
427  (cat. no. C10506; ThermoFisher Scientific, MA, USA) at a concentration of 100 particles per
428 cell. At 48 hr prior to live imaging, 5-10 uL (depending on the plating density) of the reagent
429  was added to the cell culture media. A full media change was performed 16-20hr after
430 transduction, and imaging was performed 24-48 hr after the full media change.

431

432 Live confocal imaging of transduced astrocvtes

433  Live imaging timelapses were acquired at the University of Maryland CMNS Imaging Core
434  using a PerkinElmer spinning disk confocal microscope with an o1l immersion 40x objective
435 (130 NA; 036 pm/pixel) and under temperature, CO.. and humidity control. The microscope
436  was equipped with a Hamamatsu ImagEM X2 EM-CCD camera (C9100-23B), which recorded
437  16bit images. Data acquisition was performed with PerkinElmer's Volocity software
438 (version 6.4.0). A subset of timelapses were taken at the CNR on an inverted confocal
433 microscope (Crisel Instruments) using a 40x water immersion objective (0.16 pm/pixel).

441  Transduced astrocytes were identified by a positive signal in the 488 nm laser channel. After
442  imaging parameters were set, the media was changed from growth media to standard external
443  solution (control) followed by one of the triggening conditions (high potassium solution or
444  hypotonic selution). Single-plane images were acquired every 2sec in the 488 channel. A
445  consistent z-plane was assured with Perfect Focus (Nikon PFS).

446

447  Immunostaining and superresolution imaging of fixed astrocytes
448

449  Antibodies:

450  Mouse monoclonal Anti-Glial Fibrillary Acidic Protein (GFAP) antibody (diluted 1:200;
451 cat. no. G3893; Sigma-Aldrich. MO, USA) and Goat anti-Mouse IgG (H+L) Highly Cross-
452  Adsorbed Secondary Antibody. Alexa Fluor 594 (diluted 1:300:; cat. no. A-11032: Thermo
453 Fisher Scientific, MA, USA) were used as primary and secondary antibody, respectively, for
454  GFAP immunostaining. Alexa Fluor 488 Phalloidin (diluted 1:500: cat. no. A12379; Thermo
455  Fisher Scientific, MA, USA) was used for direct labelling of actin,
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456

457  STED immunostaining:

458  Immunofluorescence for gated STED (gSTED) was performed as indicated in the Quick Guide
459  to the STED Sample Preparation (www.leica-microsystems.com), with some slight adjustments
460  as previously reported [S0, 51]. Astrocytes were plated on the PDL and HTlc-treated coverslips
461 and cultured for five days. On the fifth day of culture, cells were fixed with 2%
462  paraformaldehyde (cat. no. P6148; Sigma-Aldrich, MO, USA) in PBS for 10 min, washed with
463  PBS, and permeabilized with 0.3% Triton X-100 (cat. no. T8787: Sigma-Aldrich, MO, USA) for
464 10 min. After blocking with 0.1% gelatin in PBS, fixed astrocytes were incubated with GFAP-
465  primary antibody for 1 hr at room temperature, Cells were then rinsed with 0.1% gelatin-PBS
466 and co-incubated with Alexa Fluor 488 Phalloidin and Alexa Fluor 594-conjugated secondary
467 antibody for 1 hr at room temperature. After washing with PBS, coverslips were mounted on
468  microscope slides by using the ProLong Glass Antifade Mountant (cat. no. P36980; Thermo
469  Fisher Scientific, MA, USA) without DAPI, as indicated in Leica official guide, and imaged with
470  both confocal and STED microscopy.

471

472 STED imaging:

473 Confocal and STED images of fixed astrocytes grown on PDL and HTlc were acquired using a
474  Leica TCS SP8 3X microscope, provided with AOTF and AOBS, white light laser (WLL).
475  Hybrd Detectors (HyD), and two STED lasers (5392 nm, 660 nm) [51]. A Leica HC PL APO
476  100x/1.40 NA Oil STED White objective and Type F Immerston liquid with a refractive index of
477 1.5 were used. Before starting imaging, the excitation and the doughnut-shaped STED beams
478  were switched on (WLL set laser power= 70%: STED-592 nm set laser power = 98%), aligned.
479 and allowed to reach operating temperature. The beam alignment was repeated whenever
480  necessary. Excitation of the Alexa Fluor 488 dye was achieved using a continuous-wave 488 nm
481 laser line (NKT Photonics supercontinunm laser). For superresolution imaging of actin, g-STED
482  was performed using the continuous wave 592 nm-emitting STED fiber laser. More detailed
483  acquisition settings are reported in Table 1. All confocal and STED images were acquired at a
484  set room temperature of 20 °C under constant Acquisition Mode settings (Format scanning
485  resolution: 1024x1024 pixels; Scan Speed: 100 Hz).

486

487  Criteria for acquisitions of ROIs:

488  Single or few and well-spaced cells were preferentially chosen for STED imaging to ensure no
489  overlap of actin structure belonging to different cells. Actin and GFAP images of the whole cell
490  were first acquired by confocal microscopy at an onginal magnification of 100x. Then, multiple
491  random regions of mnterest (ROIs) (~20x20 pm sized) were selected and imaged using an extra
492 optical zoom (from 5 to 7) by confocal and STED microscopy. Three independent experiments
493  were conducted.

494

495  Synthesis of ZnAl-HTlc nanoparticles and film preparation

496  Colloidal aqueous dispersion of ZnAl-HTlc nanoparticles having the formula
497  |Znp2Alo 25(OH):] Bo2s 0.69 H:O were prepared by the double-microemulsion technique
498  previously described [31]. For the film preparation, 2 125 or 160 uL aliquot of ZnAl-HTle
499 colloidal dispersion at a concentration of 1.2 mg/mL was dropped onto 15 or 19 mm diameter
500 glass coverslips and successively dried for 4 hr in a sterile hood. The obtained ZnAl-HTlc films
501  were used to culture astrocytes and as substrates for live dynamics imaging and fixed STED
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502  imaging as described above. In this manuscript, the ZnAl-HTlc films are referred to simply as
503 HTle.

505  Solutions and chemicals

506  All salts and chemicals employed for the investigations were of the highest purity grade. For live
507 imaging experiments, the standard external solution (“control”) was (mM): 140 NaCl, 4 KCl,
508 2MgCl, 2CaCl:, 10 HEPES, 5 glucose, pH 7.4 with NaOH and osmolarity adjusted to
509  ~315 mOsm with mannitol. When using external solutions with different iomc compositions,
510  such as the high potassium solution (“high K+, [40 Mm]). salts were replaced equimolarly. The
511  hypotonic extracellular solution (“hypotonic”™) of 260 mOsm/L. was obtained by omitting
512 mannitol in the control solution. When imaging, media was changed carefully to prevent
513  accidental, mechamical stimulation of cells with the pipette. Moreover, we controlled for any
514  effects that changing media might cause by changing media prior to unaging under control
515  conditions (from growth media to the standard external solution) and under triggering conditions
516  (from the standard external solution to high K+ or hypotonic medium).

517
518  Analysis of live imaging data
519

520  Pre-processing of timelapses:

521  All timelapses were smoothed in time using a Simoncelli smoothing filter [52]. Prior to
522  smoothing, any timelapses that showed noticeable jitter or drift due to thermal gradients were
523  processed through a jitter correction algorithm using discrete Founer transform (DFT)
524  registration and an upsampling factor of 100 (using the “dftregistration™ code package from
525  [53]). For melapses where drift was inconsistent and unable to be fully corrected with the DFT
526 method, an additional correction using intensity-based image registration (via the MATLAB
527 functions “imregconfig™ and “mmregister”) was applied using the average image of the DFT
528 comected timelapse as the fixed image.

529

530  Shape analysis and identificarion of bulk and boundary regions:

531  We used shape analysis to identify cell boundaries and subsequently to be able to compare actin
532  dynamics within different regions of astrocytes. Using a snake algorithm from our previous
533 work [16, 29, 30], we analyzed the average fluorescent image of each cell to generate the “true
534  boundary™ (see Figure 1A-B). Prior to shape analysis, images were smoothed (“imgaussfilt” in
535 MATLAB with a standard deviation of 1.0) and subsequently sharpened (“imsharpen™ n
536 MATLAB with a radius of 2.5 and amount of 1.0). Alpha and beta parameters for the snake
537 algorithm (tension and rigidity, respectively) were 0.20 and 0.25, respectively. We found that
538  this true boundary tended to capture the most prominent morphological features of the cell but
539  often excluded regions that were only transiently dynamic. To mitigate this challenge, we eroded
540  or dilated the true boundary using a spherical structural element with a radius of 10 pixels. By
541  subtracting the eroded cell region from the dilated cell region, we identified a boundary region.
542  We considered the eroded cell mask to be the bulk region.

543

544  Optical flow analysis of actin dynamies:

545  Optical flow analysis similar to that used in [19] was performed on smoothed and jitter-corrected
546 timelapses in Python 3.8, The optical flow weight matrix was a 19x19 pixel Gaussian with a
547  standard deviation of 3 pixels (1.1 um) for all timelapses taken at UMD. For a small subset of
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548  HTIc timelapses taken at the CNR, the optical flow weight matrix was a 41x41 pixel Gaussian
549  with a standard deviation of 6.75 pixels (1.1 wm). The truncation value for the Gaussian kernel
550 was consistently set to 3, Because actin dynamics in astrocytes is less prominent than in
551  migrating cells usually studied by our lab [15, 19], we only considered optical flow vectors with
552  the highest 1% of magnitude within the dilated cell boundary that also passed our reliability
553  criteria (at least 33% of the mean reliability value for that imelapse), These strict criteria ensured
554  that we were only considering dynamic actin events that are large and reliable compared to
555  background noise.

556

557  Segmentation of active regions ( “hotspots ) of actin dvnamics-

558  To identify regions with the most actin activity, we further analyzed our thresholded data by
559  eroding and dilating in the x, y, and time dimensions using an elongated cube with dimensions of
560 [3.3.2]. To ensure that we were not including regions of low activity. we set an event probability
561  threshold of 0.10, meaning that a region had to be active at least 10% of the time to be
562  considered a “hotspot”. Furthermore, we imposed a size constraint of 20 pixels (including the
563  time dimension) to ensure that any active regions did not just barely meet the volume require of
564  3x3x2. Since the dynamics within HTle cells are on a smaller scale. the microdomain analysis
565  did not reveal any regions that were clearly active.

566
567  Analysis of STED images of fixed astrocytes
568

569  Laplacian of Gaussian (LoG) filtering to segment actin:

570  To characterize the organization of the actin meshwork in STED images of fixed cells, as shown
571 in Figure 4, we performed several image processing techniques using custom-written algorithms
572  in MATLAB (Mathworks). Prior to processing. all STED images are adjusted using a contrast-
573 limited adaptive histogram equalization (“adjusthisteq™ function in MATLARB's proprietary API
574  (https://www mathworks. com/help/images/adaptive-histogram-equalization html). The resolution
575  of the STED images is 16.18pix/nm. Next, each image is convolved with an anisotropic, rotating
576  Laplacian of Gaussian (LoG) kernel. The exact kemel parameters were determined through trial
577  and error to approximately match the cylindrical shape of actin as visualized by Phalloidin-488
578  stamming. The number of angles through which the LoG kemel is rotated was chosen to balance
579  computational time and segmentation accuracy. For each pixel, the best match angle is chosen
580  via the maximum value resulting from convolving that pixel with all rotations of the filter, and a
581  threshold is-applied to ensure a high-quality match. This processing results in a filtered image
582  that highlights both the actin organization and the angle associated with each filament extracted
583  from kernel (see Figure 5A1), The angles associated with the extracted actin are defined in terms
584 of the Cartesian coordinate system, which is not biologically meaningful. To establish the angle
585  at which the actin organizes relative to the cellular boundary, we manually draw a boundary for
586 each cell. The number of pixels per boundary varies on a cell-to-cell basis. For each pixel, we
587  derive the angle of that pixel's actin relative to the closest boundary point. This transformation
588  generates angles in the range of 0 to n/2. We then apply an additional threshold at an arbitrary
589  value to only segment the longest actin (Figure 5A2): doing so greatly reduces the noise in our
590  processed data. We analyzed at least 15 individual cells per nanotopographic surface, and the
591  morphologies of the imaged areas varied from cell to cell. Thus, the boundanes are generated to
592 normalize the distributions of the relative angles across the data sets. We noticed that for the
593  STED images taken of astrocytes grown on HTle, there is more total boundary per unit-area.
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594  Thus, the boundaries from which the relative angles are calculated are drawn to coincide with
595  only the leading edge of the cell (see Figure 5B for representative examples),

596

597  Cluster analysis of relative angles:

598  To understand how astrocytic actin organization differs when the cells are grown on different
599  nanotopographies, we use a hierarchical cluster analysis from MATLAB's proprietary API
600  (https:/www, mathworks.com/help/stats/cluster-analysis.html). From the relative angle
601  distributions across both PDL and HTlc (22 imndividual cells and 15 individual cells,
602 respectively), we group the distributions into “parallel” (angles between 0 and =/6) and
603  “perpendicular™ (angles between m/3 and 7/2), as shown in Figure SB. As inputs to the
604  clustering algorithm, we use the fractions of “parallel” and “perpendicular” actin of the 37
605  individual cells but do not include information about the corresponding nanotopographic surface.
606  We then use the “pdist,” “linkage,” “cophenet,” and “linkage” functions (while optimizing the
607  cophenetic coefficient of our ‘distance’ and ‘linkage” parameters) to generate predictive clusters
608  ofthe input data.

610  Data representation and statistics
611  All data were plotted and all statistical tests were performed in MATLAB 2021a, For data

612 showing differences between control and triggering or between boundary and bulk regions,
613  paired t-tests were used (“ttest” function in MATLAB). For data comparing PDL to HTlc,
614  unpaired two-sample t-tests were used (“ttest2” function in MATLAB). When analyzing optical
615  flow prevalence vs. distance, ANOVA tests were used: repeated measures ANOVA was used for
616  paired data in Figure | (“fitrm" and “ranova” functions in MATLAB), and two-way ANOVA
617  was used to compare PDL and HTlc in Figure 3 (“anovan” function in MATLAB). In both cases,
618  Tukey's multiple comparisons test (“multcompare™ function in MATLAB) was used as the post
619  test. All errorbars indicate 95% confidence interval, and the significance level was set at a=0.05.
620  Adobe Illustrator (version 25.0.1) was used for final assembly of all figures.
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780 Figure 1: Optical flow analysis reveals actin dynamics in primary astrocytes.

781  A) Actin-GFP timelapse for representative cell, control (A1, inset A3) and triggering (A2, inset
782 A4) conditions. Colorbar indicates time. B) Optical flow analysis for representative cell from A,
783  control (B, inset B3) and triggering (B2. inset B4) conditions. Colorbar indicates average

784  optical flow magnitude. C) Characterizing actin dynamics. C1) Shape analysis[16, 29, 30]
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identifies true boundary (solid grey line). Boundary region (orange) is created by dilating (solid
black line) and eroding (dashed black line) true boundary by 10 pixels and is distinct from bulk
region (green). C2) Strength of actin dynamics for control vs. K+ (p=0.014 for boundary,
p=0.050 for bulk) and for control vs. hypo (p=0.028 for boundary, p=0.057 for bulk).
C3) Relative fraction of actin dynamics within boundary for control vs. K+ (p=0.026) and for
control vs. hypo (p=0.466). D) Distance dependence of actin dynamics: D1) Probability Pfd) vs.
distance from boundary 4 for representative data shown in B. D2-D3) Probability within
boundary region P(d within B) vs. distance from true boundary within boundary region d within
B for all cells for control vs. K+ (D2; p=0.019 at 3.24 um, p=0.021 at 3.6 um) and for control vs.
hypo (D3; p=0.033, p=0.032, p=0.030, p=0.036, p=0.025, p=0.001, p<0.001 at 0.36-2.52 pm). P-
values determined by paired t-test (C) or by repeated measures ANOVA (D). n=15 paired cells
for control and K+, and n=8 paired cells for control and hypo. Scalebars indicate 20 pm (A1-A2,
B1-B2) or 5 um (A3-A4, B3-B4). Error bars/boxes indicate 95% confidence intervals. Solid
black lines and opaque circles indicate mean. Transparent lines in D2-D3 represent individual
distance curves. “Control” indicates cells imaged in standard external medium; “triggering”
indicates cells imaged in isotonic high potassium solution (“K+™) or hypotonic solution

(*hypo™).
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Figure 2: Persistence analysis of actin dynamics reveal “hotspots™ of actin activity.

A) Identification of “hotspot™ regions. Optical flow results (Al; from Figure 1) are eroded and

dilated 1n space and in time (A2) to identify the most persistently active regions. Regions that

meet criteria are binarized and segmented (A3, inset A4) for comparison between cells and

conditions, B) Characterization of hotspot dynamics. B1) Average strength of actin dynamics for

control vs. K+ (p=0.015 for boundary, p~0.464 for bulk) and for control vs. hypo (p=0.032 for

boundary, p=0.527 for bulk). B2)Relative strength of actin dynamics for control vs. K+

(p=0.028) and for control vs. hypo (p=0.087). B3) Average persistence of actin dynamics for

control vs. K+ (p=0.095) and for control vs. hypo (p=0.831). All p-values determined by paired
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815 t-test. Solid black lines indicate the mean. Grey regions indicate 95% confidence interval.
816 ) Kymographs of normalized actin fluorescence (C1) and of optical flow magnitude (C2) for
817  three largest hotspot regions from A3-A4. Grey labels between kymographs indicate lengths of
818  regions. Colorbar indicates normalized fluorescence (C1) and optical flow magnitude (C2). n=15
819  paired cells for control and K+, and n=8 paired cells for control and hypo.

820
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824  Figure 3: Actin dynamics differs substantially in undifferentiated astrocytes grown on PDL
825 compared to differentiated astrocytes grown on HTlc.

826  A) Actin-GFP timelapse for representative cells grown on PDL-coated glass ("PDL™; Al, inset
827 A2)and HTle films ("HTlc"; A3. inset A4). Colorbar indicates time. Optical flow analysis for
828 representative cells (PDL in AS, inset A6: HTlc in A7, inset A8). Colorbar indicates average

829  optical flow magnitude. B) Strength of actin dynamics. B1) Strength of actin dynamics within

169



beoRxw prepnnt doi: hittps:iidos org/10 11012021 00 13 460152; this version posted September 13, 2021, The copynght holder for this prepant

830

831

832

833

834

835

836

837

838

839

840

241

842

843

(which was not certfied by peor review) 15 the authoatunder. All nghits reserved No reuse alowed without permission

boundary (p<0.001) and within bulk (p<0.001) for PDL vs. HTlc cells. B2) Strength of actin
dynamics in boundary vs. bulk for PDL (p<0.001) and for HTlc (p=0.021) cells, C) Probability
of actin dynamics. C1) Probability of actin dynamics within boundary (p=0.014) and within bulk
(p=0.020) for PDL vs. HTlc cells. €2) Probability of actin dynamics in boundary vs. bulk for
PDL (p=0.072) and for HTlc (p=0.184) cells. D) Distance dependence of actin dynamics.
D1) Probability Prd) vs. distance from boundary d for representative data shown in AS-AS.
D2) Probability within boundary region P(d within B) vs. distance from true boundary within
boundary region d within B for all PDL and HTlc cells (p<0.001 at 0.36-3.24 um, p=0.01 at
3.6 um). D3) Relative fraction of actin dynamics within boundary (p=0.287 for PDL, p=0.058
for HTlc). P-values determined by unpaired t-test (B1, C1), paired t-test (B2, C2, D3), or two-
way ANOVA (D2). n=24 cells for PDL, and n=9 cells for HTlc. Scalebars mdicate 20 um (Al,
A3, A5, A7) or 5 um (A2, A4, A6, A8). Error bars’boxes indicate 95% confidence intervals.
Solid black lines and opaque circles indicate mean. Transparent lines in D2 represent individual

distance curves.
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PDL HTlc

tin, GFAP

Confocal - A

Actin

STED -

Figure 4: STED microscopy visualizes nanoscale actin structure within primary astrocytes
grown on PDL and on HTlc.

A-B) Confocal microscopy images of tepresentative astrocytes grown on PDL-coated glass (A)
or on HTle films (B) for five days, fixed. and stained for actin (green) and GFAP (red). Scalebars
indicate 10 um. C-D) Superresolution images taken via STED microscopy of cells grown on

PDL (C) and on HTle (D) of boxed yellow regions from A and B. Scalebars indicate 2.5 um.
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858 Figure 5: Filtering STED images with a rotating, anisotropic LoG Kernel reveals
859  differences in nanoscale actin structure for astrocytes grown on PDL versus on HTlc.

860 A) Extraction of relative angle information from actin filaments. A1) STED images are
861 convolved with a rotating, anisotropic LoG kernel. A2) Filtering extracts actin bundles and a best
862 match angle that is relative to the MATLAB frame (“absolute angle™) with a range of [0. 2r]
863  (shown as full colorwheel). A3) A leading edge boundary (red) is drawn manually and is used to
864 transform actin angles to be relative to the closes boundary point (“relative angle™) with a range
865  of [0, ©/2] (shown as a quarter colorwheel). B) Output from A for representative cells (PDL in

866 BI1-B3. HTlc m B4-B6). All relative angles, parallel angles only (range of [0, n/6]), and
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867  perpendicular angles only (range of [n/3, m/2]) for representative PDL (B1, B2, B3, respectively)
868 and HTle (B4, BS, B6, respectively) cells. Solid white lines indicate leading edge boundary.
869  Scalebars indicate 2.5 um. C) Parallel (y-axis) vs. perpendicular (x-axis) fractions of actin
870  detected within PDL (purple) and HTle (orange) astrocytes. A hierarchical cluster analysis
871 reveals two distinct clusters (cluster 1: open circles. cluster 2: crosses). Arrows indicate
872  representative cells. 1=22 cells for PDL, and n=13 cells for HTlc.

873
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874
Parameter Actin GFAP
Confocal WLL (488 nm) 10 10
intensity, %
Gain 25 25
STED WLL (488 nm) 40
intensity, %
STED (592 nm) 97
intensity, %
Gain 200
875

876  Table 1: Imaging parameters. Parameters used for STED and confocal imaging of fixed
877  astrocytes on PDL and HTlc.
878
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EMBARGO REQUEST- data not yet published

Gold Nanocluster impact on astrocytes structure and function
Evidences over the past 40 years have indicated that astrocytes have a critical role in sensing chemo-

physical changes occurring in the brain extracellular environment. Crucial in maintaining thehomeostatic
balance of the central nervous system (CNS) in vivo are the expression of ion channels and aquaporins at
nano-microdomains of astrocytes end-feet. However, how astrocytes modulate their response to different
chemo-physical stimuli are still unknown. Herein, we propose ultrasmall size (1-4 nm) metal nanoclusters
(NCs) as a new class of nanoprobes useful in understanding the complex chemistry and physics of
biological systems. We investigate the effect of gold nanoclusters (AuNCs) on primary rat cortical
astrocytes structure and function in vitro.

By means of viability assay, time lapse imaging and confocal immunofluorescence, we found that
treatment with AuNCs are not toxic for astrocytes and induce a formidable morphological differentiation
in astrocytes. The tremendous cytoskeleton rearrangement demonstrates a hugecortical expression of
actin in treated cells; data were followed by stimulated emission depletion microscopy (STED) imaging
to qualitatively reveal the expression of inward rectifier potassium channels (KIR 4.1) and aquaporin 4
(AQP4), also revealed by western blot (WB) experiments. Moreover, scanning electron microscopy
(SEM) was performed to reveal the possible localization ofthe cluster inside the astrocytes. Patch-clamp
experiments indicated that differentiation was accompanied by the expression of potassium (K*) currents
increase in the whole-cell membrane currents upon photo-stimulation. Calcium Imaging was measured
in order to collect Ca?" fluxes across the cell membrane in response to trigger selective activation of
transmembrane receptors and channels in treated cells.

Specifically, a category of NCs: NCs-conjugated with Gold (AuNCs), in addition with protein-
synthesised bovine serum albumin (BSA, fAUNCs/BSA)*®, endowed with unique and tunable plasmon

resonance properties, unique magnetic properties, high signal-to-noise ratio, intense
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photoluminescence and high stability, have been analysed in ISOF Laboratories and in collaborationwith
ARL Laboratories of Aberdeen by Dr. Shashi Karna, in the context of ASTROGOLD Project (US CCRL-
ROP-L Neurophysiology of Cognition Army Research Laboratory W911NF-21-2-0074).Versatility in
nano-size, surface and hydrophilic or lipophilic characteristics of fAUNCs in vitro allows already the
internalisation into cervical, kidney, and fibroblast cell lines without a negative impact on the cell
viability; however, the effect of fAUNCSs has never been evaluated on brain cells. Here, the effects of 24h
treatment of FAUNCs and fAUNCs/BSA on the astrocytes viability, biophysicsproperties, cytoskeleton re-
organization and morphology and ion and water channels expressions, arereported. These findings suggest
that AUNCs/BSA offer 1) a powerful biocompatible, nanoscale toolto probe and sense astroglial
bioelectrical properties and 2) a transformative approach to study astrocytic homeostatic regulation and
the glial/neural network involvement in diseased brain physiology.

AUNCs induce astrocytes morphological differentiation

In order to determine the impact of fAuUNCs on astroglial cell growth, pure rat neocortical astroglial cells
were re-plated on glass coverslips coated with poly-D-Lysine (PDL). Single plane fluorescein diacetate
(FDA) imaging and morphological observations after 3 div from the re-plating are reportedin Fig. 5.1,
revealed viable not treated (NT) and fAUNCs/BSA or fAUNCS treated astrocytes [1 Mm].Polygonal flat
shapes, (Fig. 5.1C), resembling the typical phenotype of in vitro primary astrocytes grown on polystyrene
Petri dishes, were observed in NT cells?®-2’0 while astrocytes treated for 24h with fAUNCS/BSA
displayed a differentiated phenotype, characterised by processes departing from the cell body and
projecting their end-feet on distal cells (Fig. 5.1D). To verify astrocyte adhesion and proliferation, images
of cells stained with DAPI were taken after 1 div from the fAUNCs/BSA treatment and the cell nuclei in
each image were counted. In agreement with the cell viability assay, the histogram plot reports the
number/area of DAPI stained cell nuclei, calculated for different fAUNCs/BSA concentrations (Fig.
5.1B). It should be noted that, the survival of astrocytes is not severely compromised by the increasing

fAUNCs/BSA concentration, while the morphology of strocytes is strongly influenced by
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the higher concentration of fAUNCs/BSA [1mM] treatment, indicating that the cell body size is

bigger and that cells look more differentiated when NT or low [fAUNCs/BSA] treated.
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Fig. 5.1: Analyses of the effect of AUNCs on astrocytes viability and morphology properties. A) Scheme representing the AUNCs/BSA
approach to treat astrocytes. B) Histogram shows the number of live cells/area for each conditions captured after 24h the treatment, C-
E) Single plane confocal images of FDA/HOESCHT stained astrocytes: NT cells (C), AUNCs/BSA [1 mM] (D) and AuNCs [1 mM]
(E). Scale Bar is 40 pum.

The 24h treatment of astrocytes with no BSA fAUNCs is not toxic for cells, however the quenching of
fluorescent, due to the metal, does not allow to properly observe the cell body of astrocytes. The kind of
differentiation caused only by fAUNCs seem to have a different impact on the astrocytes morphology
treated with fAUNCs/BSA (Fig. 5.1E). In conclusion, fAUNCs are not toxic for the cellsafter 24h
treatment, even the role exercised by BSA protein could be fundamental to increase the biocompatibility
of gold nanoclusters, to allow a more in vivo-like morphological differentiation, andto be employed as a
useful tool for the study of glial cells. The results suggest that, in general the fAUNCs promote

morphological phenotype of astrocytes; astroglial cell viability is severely
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compromised over the long term when astrocytes are treated with fAUNCs (Fig. 5.1E), demonstratingonce
more, the importance of BSA protein blending with fAuUNCs in the adhesion and healthy differentiation
of cells.

Functional properties of astrocytes treated with AUNCs

One of the main goals of this study was to verify the effects of fAuNCs on astroglial ion channels’
functions, involved in the physiology and pathophysiology of CNS in vivo. To this end, whole-cell patch-
clamp measurements were performed 3 days after re-plating, on NT, fAUNCs/BSA andfAuNCs treated
astrocytes at low density, (Fig. 5.2), Moreover, the following study is the first reporting the demonstration
of functional regulation of ion channels by metal NCs application in vitroin astrocytes, without the need of
either patterning or chemical functionalization of the plating surface(i.e. glass and cover glasses), in
contrast to previous models where different methods have been reported to promote astrocytic functional
differentiation via the addition of chemicals to the bath media. Cells were voltage clamped at a holding
potential (Vh) of —60 mV, a slow ramp from —120 to60 mV inset in Fig. 5.2A) with intracellular and
extracellular saline controls, to evoke whole-cell currents. The current amplitude was recorded and passive
membrane properties were calculated as anadditional indication that fAUNCs modify astroglial cell
morphology, size and cell phenotype (Table5.1) The resting membrane potentials (Vmem) of NT seeded
cells were -30,5 + 5,1 mV, which is comparable with values previously reported for primary astrocytes
grown in vitro on different substrates®%. Vmem was more hyperpolarized -22,4 + 11,3 mV in
fAUNCs/BSA treated cells. Accordingly, asignificant decrease was observed in the input resistance values
(355 £ 47 MQ in NT-astrocytes, 44 £ 6MQ in fAuUNCs/BSA cells) while the specific conductance (0,14
+ 0,01 ns/pF for NT cells; 1,2 £ 0,2 ns/pF fAUNCs/BSA cells) recorded at —60 mV. The capacitance was
notsignificantly different between NT and fAUNCs/BSA treated cells (25 + 2,7 pF for NT astrocytes; 24

+ 2,4 for fAUNCs/BSA treated cells). The ramp current traces in AUNCs/BSA [1mM] cells (Fig. 5.2B)
displayed a strong inward and outward rectification, compared to currents recorded on the same daysin

NT-plated cells. Importantly, the huge current density recorded at —120 mV and +60 mV was
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significantly higher for fAUNCs/BSA compared to NT-plated cells (--6,2+ 0,9 pA/pF at—120 mV and37,7+

17,6 at +60 mV for NT; -112 + 23 pA/pF at —120 mV and 82+ 16 at +60 mV for fAUNCs/BSA-treated

cells).
C (pF) Vmem (mV) | 1 MAX (-120) | | MAX (+60) IR (MQ) SG (ns/pF)
(pA/pF) (pA/pF)
NT 25+2,7 -30,5%5,1 -6,2+ 0,9 37,7+ 17,6 355 +47 0,14 + 0,01
N=11
AuNCS/BSA 24 £2,4 -22,4+ 11,3 -112 +23 82+ 16 44 + 6 1,2+0,2
N=17 ew _— " LR =
AuNCS 1745 13+ 4.2 50 + 25 32+11 197 + 88 0,602
MN=5 o o

Table 5.1: Electrophysiological properties of astrocytes NT and treated with AUNCs/BSA and AuNCs. Cp, membrane capacitance;

Vmem, resting membrane potential; SG, mean specific conductance; IR, input resistance; I, current density.

179




Furthermore, in astrocytes differentiated in vitro and in situ, the potassium Kir 4.1 up-regulation is known

to be responsible for a significant increase in cell conductance and modulate the biophysical properties of

cel |888,92,268,269_

A B C
— NT AuNCs/BSA [1 mM] AuNCs [1 mM]
.
e ety 02
=J
+60mV '

Fig. 5.2: Effects of AUNCs/BSA on astrocytes bioelectrical properties. A-C) Current traces recorded stimulating astrocytes with a
voltage ramp protocol (inset A) from Vh -120 to +60 mV (500 ms), in NT astrocytes (A) and treated AUNCs/BSA [1 mM], (B), and
AUNCs [1 mM], (C). Data are expressed as mean+SE.

In conclusion, the effects of fAUNCs on astrocytes bioelectrical properties seem to be extremely
dependent on the presence of BSA protein blended to AuNCs. Indeed, potassium was omitted by
intracellular solution to verify the influence of anions on the astrocytes functionality; it was replacedwith
cesium (CsCl) to eliminate influence of the K™ currents. As shown in Fig. 5.3A, B, the potassiumseems to
be inhibited. Accordingly, astrocytes were clamped at the holding potential (\Vh) of 0 mV, next to the
astrocyte zero-current potential under our experimental conditions and stimulated with voltage ramps
from -80 to 80 mV. Whole-cell membrane conductance was recorded in extracellular saline for both NT
and fAUNCs/BS conditions. In order to analyse whether fAUNCs/BSA treatment affects biophysical
properties of chloride current, the voltage chloride ramp was analysed in NT and

fFAUNCs/BSA treated astrocytes (Fig. 5.3C, D). The averaged ratio value for peak current densities
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(pA/pF) at -80 mV and +80 mV in NT astrocytes (left panel) and fAUNCs/BSA-[1mM] treated cells(right
panel) is reported in the histogram (Fig. 5.3E). Results lead to the conclusion that Au nanoclusters
compared to semiconductor quantum-dot emitters for their ultrasmall size, high stability,and nontoxicity

of TAUNCs exhibited a high efficiency to be further engineered i.e. in the devices targeting brain disease.
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Fig. 5.3: Effects of AUNCs/BSA on astrocytes bioelectrical properties when potassium currents were inhibited with internal CsCl
solution. A, B) Current traces recorded stimulating astrocytes with a voltage ramp protocol (inset A) from VVh -80 to +80 mV (500 ms),
in NT astrocytes (A) and treated AUNCs/BSA [1 mM (B)]. C, D) Representative current traces of activated current recorded in
astrocytes plated on PDL (C) and AuNCs/BSA (D) astrocytes in response to family of voltage steps protocol (inset, C). Astrocytes
were voltage clamped at the holding potential (Vh) of 0 mV, and families of voltage steps of 20 mV increments were delivered from -
80 mV to +80 mV. E) Histogram reports the averaged value for peak current density at -80 mV and +80 mV in NT and AUNCs/BSA
treated astrocytes (n=12 for NT, n=9 for AUNCs/BSA [1 mM]). Data are expressed as mean+SE.
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In order to investigate the mechanisms underpinning astrocytes and fAuUNCSs interaction, we performed
F-actin staining to mark cytoskeletal fibres. As shown in Fig. 5.4, randomly interweaved F-actin fibres
were observed on NT cells (Fig. 5.4A, B). A more ordinary and cortical pattern of actinfibres expression
was observed in TAUNCs/BSA treated cells (Fig. 5.4C, D), evident pronounced expression of actin is
expressed on lateral endfeet. Collectively these data support the tenet that FAUNCSs/BSA treatment induces

differentiation in astrocytes by promoting cytoskeleton rearrangement.
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Fig. 5.4: Single plane confocal images of primary cortical astrocytes stained with Rhodamine Phalloidin/DAPI in not treated (NT) and
AUNCs/BSA treated cells. The graphs show the response of astrocytes morphology and cytoskeleton to AUNCs-24 h treatment: NT cells (A,

B) and AUNCs/BSA [1mM] (C, D), treated cells. Scale Bar is 40 um (A, C) and 100 um (B, D).

Since morphological alteration occurs upon gliosis, we next evaluated the distribution and expressionlevel

of GFAP, a well-known marker of astrogliotic cells in vivo and in vitro.
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Immunoblotting confirmed that the expression levels of GFAP were not different in NT andfAUNCs/BSA
treated astrocytes, thereby it indicates that AUNCs do not promote any gliotic reactionsin vitro. Western
blot analyses and relative quantification (Fig. 5.5) revealed that the expression levelsof AQP4 (Fig. 5.5A,

B) were not significantly higher in AUNCs/BSA treated cells?’?"2,

A
il AuNCs Crrl AuNCs
] -
Gfap
~AQPa
B
0e 10

H . §

é 0s g o I
§ £ oe
02 3

:
04

i 3
g Z 2

s g
oe

Ol

Fig. 5.5: A) inset shows the representative western blot analysis of AQP4 and GFAP expression in primary astroglial cultures after 24h of
treatment with AuNCs. The immunoblotting and quantification of the expression level of GFAP are used as control for signal normalisation.
Note that the expression level of GFAP was not significantly different between NT and AuNCs/BSA treated astrocytes,indicating that AUNCs
does not promote gliotic reactions in vitro. B) Summary of the densitometric analysis of AQP4 corresponding signals normalised to the No-

Stain™ Protein Labelling Reagent-stained membrane.

All the collected results open the way to postulate use of nano-molecules as nanoglial interfaces andfuture

sensor technology to catch unknown mechanisms behind the biophysical properties of astrocytes.

Organic semiconducting polymer pillars for studying structural and functional properties of astroglial

cells
In recent years, it has been investigated on the fabrication of 3D-polymer structures and electrodes
interfacing with living cells, expoting specific geometries, such as nanowires, nanopillars, mushrooms.

Taking advantage from the use of nanostructured semiconductive polymers that, Tullii et al., fabricated

interface made of polythiophene (rr-P3HT), a well-known semiconductive polymerand distinctive
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optoelectronic features and biocompatibility processing them in form of nanostructured pillars in the top
of the surface. The pillar structure was obtained by pushcoating technique. Tulii et al, demonstrated
that interfacing rr-P3HT nanopillars with neurons determined anenhancement of the cell membrane
capacitance of neurons, due to the cell membrane thinning in correspondence to the pillars’ top. Despite
this, any negative effect was identified in the cell proliferation rate of neurons; similar results were
obtained with other cell lines (i.e. HEK 293). Withthe perspective of use rr-P3HT pillars as soft interface
and taking advantage of conductivity of rr- P3HT, we investigated, in collaboration with the group of Dr.
Antognazza, IIT-CNST, on the morphological impact of the architectured pillars of P3HT with
astrocytes?®?, Morevorer, ongoing electrophysiological results are defining the functional signal of
differentiated astrocytes on rr-P3HTnanopillars interface compared to rr-P3HT FLAT (control, no pillars)
interface. Future goal is to establish the role of light-sensitive properties of specific polymers, such as the

rr-P3HT and how lightcould be a triggered tool to modulate the functionality of astrocytes.
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Nanopillars Topography of organic semiconducting P3HT polymer allows the differentiation of

astrocytes

As first approach, we evaluated astrocytes cell biocompatibility, growth and proliferation on rr-P3HT
pillars and FLAT substrates, used as control (CTRL). The long-lasting biocompatibility was measured by
performing bright field imaging at different time points (data not shown) and fluorescentimaging at 5 div
from the cells re-plating. The results showed a different response of the cells on different substrates,
specifically the morphology of the cells on the flat substrate was more polygonal,while the morphology on
the pillar was differentiated. Fig. 5.1.1 shows GFAP immunostaining of astrocytes at 5 div. The GFAP
marker was used to evaluate both the morphology and the biocompatibility of the material with cells and
no overexpression has been detected, demonstrating that plating cells without the use of standard coating
(i.e. PDL) allows the long biocompatibility of the polymer’s nanostructure with the astrocytes. The
substantial difference of the two system FLAT and P3HT pillars is due to the structured region formed by
the hierarchical organization of pillars, that we supposed to be responsible of the response of astrocytes
in adhesion and growth. Besides, the health of the cells seeded on the top of the two substrates,
fluorescent imaging clearly shows the significant difference in the morphology of cells according to
the two different substrates. Both express a phenotype different from PDL standard system, because
astrocytes look no polygonal, butthe topography of rr-P3HT pillars leads to a more elongated morphology
of the cell body compared to FLAT CTRL. The architecture of FLAT substrate was similar to a 2D system
rather than a 3D system as the nanopillars conferred to the rr-P3HT interface. Moreover, fluorescent
imaging was ableto quantitatively demonstrate the previous observation by the counting of differentiated
and elongatedastrocytes seeded on the top-view surface area of the two substrates. Data (not shown) define
a significant increase on rr-P3HT pillars of differentiated phenotype of cells on pillar substrates. The same
was confirmed by AB assay and by the determination of proliferation rate. (data not shown). On the basis
of the following observation, we speculate that, the topography of the interface remodelsastrocytes cell

body expoiting the structure conferred by nanopillars to rr-P3HT interfaces.
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A FLAT B P3HT PILLARS

25 ym

Fig. 5.1.1: Analyses of the effect of rr-P3HT nanopillars on astrocytes viability and morphology properties. A) Fluorescent-GFAP
image representing the astrocytes phenotype on FLAT substrate B) Fluorescent-GFAP image representing the differentiated astrocytes
phenotype on P3HT PILLARS substrate. Scale Bar is 25 pum.

According to these findings, we are investigating the functionality of differentiated astrocytes seededon
the rr-P3HT substrates. In particular, the focus is on the modulation of astrocyteselectrophysiological
properties exploiting the semiconducting qualities of rr- P3HT (data not shown).Once the role of specific
ion channels and mechanisms underpinning the morphological differentiation conferred to astrocytes
by the nanostructure has been defined and characterized, we will investigate on the potential of use light
(through low-LED stimulation) as possible optical tools to modulate astrocytes functionality. The light
sensitivity of rr-P3HT makes it favourable to integratein implantable devices with the aim to become a

potential therapeutic approach in case of brain disorders.
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Conclusions and Perspectives

There is an increased demand in Nanoneuroscience for advanced biomedical tools, enabling real-time
recording and manipulation of dynamic communication processes between neural cells. In particular,
spreading knowledge on the mechanisms underlying brain function are an open issue for neuroscientists,
since the advent of neural engineering, when the study of neurons was the main target; however, studies over
the past four decades have revealed that astrocytes, which are non-excitable glial cells of the CNS, have a
molecular, functional and cellular role in brain physiology. Nonetheless, their role is critical in the
homeostasis of the brain, in the synaptogenesis and in the design of the neuronal network and cognitive
functions, too. In addition, dysfunctions of astrocytes affect acute and chronic neuropathologies, some of
them known as channelopathies. Based on the following assumptions, it is determinant to unravel
molecular and cellular mechanisms of astrocytes, targetingselectively specific molecular, functional
players expressed by astrocytes (i.e. ion channels, Ca?* signalling, aquaporins) by means of advanced
neural interfaces that provide bi-directional communication between electronic devices and neural tissues.
The interest of biomaterial science engineering and bioelectronics moved to the “other brain” to overcome
the past 50 years’ studies in bioelectronics interface targeted the bioelectrical activity of neurons. It
revolutionized our understanding of the brain physiology and it introduced innovative procedures for

treating pathologies such as AD, Parkinson’s disease, epilepsy, depression and psychiatric disorders.
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This thesis illustrates how novel approaches can be addressed specifically to target astrocytes’
functional, structural and biological mechanisms by proposing glialinterfaces and glioenginnering asan
emerging revolution of glioscience. Nanostructured scaffolds have been developed bycollaborators
to investigate the astrocytes' complexity at multilevel scale. Several types ofnanostructured materials
(inorganic, organic and polymers) were tested to show their suitability forbioelectronic probing and
sensing of astrocytes morphological, structural molecular and functionalproperties. The approach of the
thesis was to study these materials as active nanoglial interfaces; itwas achieved by results showing the
ability of the different approaches to promoting the structuraldifferentiation of astrocytes accompanied

by a mature functional phenotype in in vivo-like models. Specifically, the major results are the following:

e Substrates based on electrospun aligned PCL polymers and combined with gelatin allow the
adhesion, growth and differentiation of glial cells. The substrates modify astrocytes’ structurenot
affecting their electrophysiological properties.

e The same electrospun PCL interface, enriched with a conductive polymer (PANI), processedin
form of nanoneedles, do not significantly impact on astrocytes’ biophysical properties, thus
revealing that PCL electrospun fibers are promising platform for potential electrical stimulation
of astrocytes with resolution at the nanoscale.

e AU/SiNws promote a favourable nanomaterial-astrocytes interaction over long-term and
represent a valid system to obtain in vitro a cell culture model of astrocytes with features
comparable in terms of molecular morphological differentiation similar to the one expressedin
vivo. Moreover, it allows insight into astrocytes' function, by unprecedented recording of their
bioelectrical slow wave properties. The results set bases for ongoing studies on brain
communication and processes through bioelectronics devices that can actively dialogue with
astrocytes to record and stimulate their function during disorders that are on the way within the

framework of EU-funded.
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e Taking advantage from previous results achieved in Benfenati’s lab, a nanoscale interface based
on hydrotalcite-like compounds was used to study the dynamics underpinning the cellular
localization and functionality of channel proteins belonging to astrocytic microdomains. The work
done during my PhD demonstrated that the differentiation of astrocytes is associated also with an
increased AQP4. Its upregulation influences the sensitivity of the cell to osmotic changes and
impact on the RVD and RVI processes. Both TRPV4 and VRAC ion channels are engaged, even
though the total protein level of expressionis unaltered.

e As it has been hyhothesized, advanced technologies to probe astrocytes sensing suggest astroglial
cells are equipped with their own oscillation and excitability “rhythm” that make them not silent
cells. we investigate the physiological response of astrocytes to extracellular environment
modifications (increase in ion concentrations or change in nanomechanical features). The results
address the role of astrocytes as modulators and targets of the signalling processes in the brain.
Advanced tools such as nano-label-free NCs are investigated to modulate astrocytes signalling,
revealing a potential as nanoscale sensors or nanoprobes in the neuronal circuit. NCs are able to
affect the astroglial cells in vitro in an in vivo-like phenotype after 24h of exposition and to impact
on the functional properties of differentiated astrocytes.

e 3D architectures based on semiconducting rr-P3HT interfaces, endowed with nanosized pillars on
the top of the surface and endowed with responsivity to visible light are able to impact on the
structural differentiation of astrocytes in vitro, resulting in star like phenotype and cell body
elongation. The effect is supposed to be dependent on the topography rather than on the chemistry
(comparing data with a flat rr-P3HT substrate). Besides, the intrinsic conductivity of the material
allows the stimulation of the functional properties of astrocytes. Additionally, the intrinsic
responsiveness to light represents novelty and the potential of therr-P3HT interface as photoactive

elements for the modulation of cell activity sensing.
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All the properties of nanoglial interfaces were considered as “glio-interfacial keys”to drive the design and
development of new materials and devices and technologies to define the roleof astrocytes in brain
function and to clarify the implication of astrocytes in neuropathology.

The impact and the role of astroglia keys players were investigated in organic and hybrid conductive
polymers and organic semiconductor materials that provided recent advances in traditional technologies,
such as long-term biocompatibility, mechanical flexibility, stiffness, functionalization,and low-cost
fabrication. Instead, natural polymers result in more tuneable and dynamic mechanical properties,
flexibility, in addition to intrinsic biocompatibility, biodegradability, and easy processability in different
formats (i.e. flat platforms, films, hydrogels, sponges). Materials such as inorganics, metals, metal alloys,
employed as semiconductors in bioelectronics devices targeting neurons, show limits in interfacing with
living systems, that call for the development and detailed study in the interaction of those materials with
glial cells. The first rising problem in facing such devices with brain tissues is biocompatibility. The
potential material, recognized as “foreigner body”generates an uncontrollable inflammatory reaction,
known as gliosis. Gliosis event is mediated by astrocytes and leads to the hyperproliferation of astrocytes
surrounding electrodes and implants and compromise its applicability. It demonstrates, that it is obvious,
astrocytes can sense material surface properties; however, the molecular mechanisms behind this
observation are still unclear. We found that astrocytes sense biomaterials and nanostructured interfaces,
influencing water and ion transport,the actin cytoskeleton rearrangement. In addition, we consider new
insights regarding the ability of astrocytes to respond directly to electric and photonic stimuli.

In the context of this PhD thesis work, major studies are ongoing in 3D-in vitro models through high-
resolution dynamic imaging and electrophysiology (Patch-clamp, MEA).

Future outlooks are also targeted to integrate tools, such as drugs, molecules and optical/photonic neural
probes into bioelectronic and optoelectronic devices, able to selectively switch “on and off” the
functionality of the astrocytes’ targets.

In conclusion “Nanoglial Science” could help either to define new clues in neuroscience but also might
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represent a revolutionary approach in designing therapies clinical and advanced diagnostics for brain

disorders (fig. 6.1).

Functional Properties Behavioral Activity

Molecular Properties Cognitive Functions
Structure and Morphology Neuronal Circuit
Nanoscience
Neuroscience
Diagnostic Tissue Regeneration
Surgery Tissue Differentiation
Therapy Tissue Protection

Fig. 6.1: Schematic illustration of the relationship between Nanoscience and Neuroscience. The emerging field of crosslinking between
these two disciplines aims to improve the knowledge about brain functions at different levels and to address different questions (created
by Office PowerPoint ®).
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