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Abstract

Astrocytes are fundamental for the physiology of the central nervous system (CNS). Indeed,
astrocytes dysfunction has been observed in many brain pathologies making them an attractive
target for innovative therapeutical approaches. Proteins mediating calcium signaling are critically
implicated in astrocytic function and dysfunction. However, state-of-the-art tools to study and
modulate astroglial functions faced limited spatio-temporal sensitivity, cell selectivity and low
throughput. While the use of materials and devices enabling photo- and electrical stimulation, have
been shown to successfully modulate neuronal activity, their potential to selectively alter astroglial
behaviour have largely been neglected. To address this challenging issue, we use materials and
devices based on organic semiconductors and graphene as well as Infrared photostimulation to
modulate and to study astrocytes physiology in vitro.

We present a device based on N, N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (P13) that
enables electrical stimulation of astrocytes by evoking increases in intracellular calcium
concentrations ([Ca?*]i) in primary astrocytes. Pharmacological evidences show that the channels
TRPV4 and TRPA1 are critically implicated in the observed effect. Moreover, we show that
electrical stimulation promotes also cell swelling.

We also explore the potential of graphene-based materials as neural interface by using a graphene
oxide functionalized with a phospholipid (GO-PL). We demonstrate that GO-PL allows an
enhanced adhesion of astrocytes without promoting gliosis, that is not caused by modification of

physicochemical properties such as hydrophobicity and roughness.

Finally, we investigate the effect of infrared neural stimulation (INS) on Ca?*-signaling in vitro and
in a validated cell culture model of differentiated astrocytes demonstrating that INS represents a

new label-free method to modulate astroglial Ca?*-signaling in vitro. Pharmacology and siRNA



experiments, show that INS evoke extracellular Ca?* influx, mediated by TRPV4 and TRPAL1
channels, and Ca?* release from intracellular stores. Notably, experiments on astrocytes from
AQP4-KO-/- showed a delayed response.

Collectively, we show the impact of novel technologies for understanding the mechanisms behind

astrocytes function as well as the use of this technologies to target astrocyte functioning.
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Chapter 1 — Introduction

1. Brain structure

The human brain is constituted by several cell types. Neurons are electrically excitable cells that can
fire action potentials, that is propagated to neuronal network through chemical synapses. On the
basis of their ability of generating and propagating action potential, neurons were considered as the

functional unit of the brain cells enabling for our cognitive abilities.

Glial cells are non-excitable cells as they do not fire action potentials. Glial cells are broadly
classified into macroglial and microglial cells. Microglial cells direct the immune response in the
CNS by carrying out phagocytosis of debris and apoptotic cells, remodeling and removal of
synapses and response to injury or pathogenst*-5l. They are present in all regions of the CNS and are
highly motile. Microglia can extend their processes in any directionst® due to their small size and
round morphology with numerous branches, allowing them to surveil their local environment[,
Classically, microglia were considered to be quiescent under physiological conditions, nevertheless,
it is now known that they can also exhibit localize motility under reactive conditionst®,
Interestingly, recent studies suggested that microglia can play an active role in synaptic plasticity,
demonstrating that dynamic interactions occurs between neurons and microglia shape the circuitry

of the nervous system in the healthy braintl.

Oligodendrocytes and astrocytes form the macroglia. Oligodendrocytes possess several short
processes that envelope axons in a structure called myelin sheath. Myelin is a membrane rich in
saturated lipids and proteins that insulates axons to increase the propagation speed of action
potentials, facilitating a process termed saltatory conduction*®H. Furthermore, oligodendrocytes

secrete neurotrophins such as brain derived neurotrophic factor (BDNF), nerve growth factor (NGF)
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and Neurotrophin-3*2 which mediate neural outgrowth. Additionally, oligodendroglial membranes
contain monocarboxylate transporter 1 (MCT 1) that can deliver pyruvate, ketone bodies and lactate

to the enwrapped axon for metabolic regulation!*®l,

Astrocytes, or astroglial cells, which are the cells on which this thesis is focused, are the major type
of glial cell present in the central nervous system (CNS). Many studies affirm that human brain
possess 100 billion neurons and 10 times more glial cells!***7. Although these numbers are
controversial it is established that glial populations and complexity in the brain increased in the
evolutionary ladder. Indeed, a difference in glial has been observed across different species, for
instance, human astrocytes are significantly bigger and present more elaborated processes when
compared with rodent astroglial cells. The physiological role of astrocytes has been “recently”
highlighted in the control and maintenance of ionic balance, of water transport in the extracellular
space, as well as regulation and recycling of synaptic neurotransmitters. They are key players in the
cerebrovascular regulation of the blood flow %1 Nonetheless they provide metabolic support to
neurons. Besides, astroglial cells can release bioactive molecules, such as ATP, glutamate and
adenosine, and D-serine that behave as so called gliotransmitters?’l. These data highlight the
importance of astrocytes for brain functioning. However, much remains to be known about

astroglial functional and molecular characteristics.

2. History of Neuroscience
2.1 Neuron doctrine

The neuron doctrine, that was formally presented in 1891, still widely accepted in modern
neuroscience, describes neurons as the single independent unit in the nervous system[l. Many

scientists contributed to this theory during the 19th century. The best known is Santiago Ramon y



Cajal (1852-1934) that described in detail almost every part of the CNS thanks to the Golgi method,
although von Waldeyer-Hartz (1836-1921) is generally credited with its formulation. Neuroscience
is what it is today largely because of the neuron doctrine and the law of dynamic polarization that
describes neurons as a polarized entity where nerve impulses, or action potentials, occurs. 221 [23.24]

The neurocentric view has historically overshadowed the study of glial cells. However, on the basis
of unconfutable in vitro and in vivo evidence, there is a growing attention on the importance of glial
cells and their molecular, structural, functional relationship with neurons. Taking into account the
function of the multiple cell types comprising the nervous system together may lead to improved

understanding of the nervous system, its functions and pathologies.

2.2 History of glia

Rudolf Virchow (1821-1902) was the first one to introduce the term of “neuroglia” that he
described as connective tissue that could contain a certain number of individual cells?>26],
However, the first glial cells were described even before by Robert Remark in 1838 when he
observed the covering sheath of the nerve fibers (i.e., Schwann cells)!?%l. In 1851, Heinrich Miiller
first described the radial fiber in the retina that was afterwards known as Mller glial cells®?” but it
wasn’t till 1858 when Max Schulze obtained detailed images of these cells?l. In the same year,
Karl Bergmann identified radial fibers in the cerebellum that were later identified as glial cells by
Camillo Golgi?®l. Around 1865, Otto Deiters described for the first time the presence of stellate
cells in the white and gray matter of the human brain?®l. 1t was not until, Jakob Henle in 1869
published the first image of cellular networks formed by these cells that now we know as
astrocytesl?®l. Additional discoveries arrived also from the efforts of some of the most prominent
histologists at that time, including Camillo Golgi and Santiago Ramon y Cajal. Golgi performed the
first histological staining of neuroglia and he described cells that where afterwards identified with

astrocytes and oligodendrocytes. He also noted astrocytic endfeet and their contact with vasculature,



suggesting that astrocytes were involved in metabolic support and nutrient exchange*®. Meanwhile,
Ramon y Cajal invented gold-chloride sublimate staining technique, that significantly improved
microscopic visualization of glial cells in brain tissue (Figure 1)BY. Using his technique, Cajal
confirmed that radial glia are the origin of astrocytes and also that astroglial cells can divide in the
adult brain laying the basis for the current discoveries made on the stem properties of astroglial(?®l,
In 1893, Michael von Lenhossek proposed the term astrocytes that is used still nowadays while in
1894 Carl Ludwig Schleich (1859-1922) first claimed that the interaction between neurons and glial
cells are important for brain functioning 2>, The latter thought that glial cells represented the
inhibitory mechanisms of the brain, controlling brain functions by changing their cellular volume.
According to Schleich, swelling of glial cells inhibits neuronal communications while shrinkage
facilitate signal propagationt®. The first involvement of astrocytes 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, studying the changes in cells after a wound®?. Rio-Hortega developed also the
ammoniacal silver carbonate method (figure 1), that allowed him to distinguish between the three
main glial cell types in the brain being able to separate the “third element” described by Cajal into
two different cell types: microglia and oligodendrocytes.[*3l. Despite the description of glia
appeared almost 50 years before the neural doctrine. During the 20" century, glial cells were largely
much ignored by neurobiologists. In the early 1960s was the first demonstration that glial cells
present electrophysiological properties different from neurons. Glial cells were also found to have a
lower resting membrane potential than neuronst”®l. First electrophysiological recordings from glial
cells were performed by the group of Stefen Kuffler in 1964-1965551, The importance of astrocytes
in uptake of extracellular potassium released by neurons after synapses was first described in
196561, Similarly, electrical coupling between glial cells was first presented in 1966 leading to the
hypothesis of potassium spatial buffering, which was not confirmed until 1969 until the

identification of gap junctions in astrocytest®"-3I,



Gold-chloride First Observation of

sublimation electrophysiological Ca?*waves by
technique to stain recording of glia in using fluorescent
Glia the CNS of leech Ca®" indicartors

Santiago Ramon y Cajal Stefen Kuffler Ann Comell-Bell

[1913 > 1920 > 1964 1988 1990,

Ammoniacal First ion channel
silver carbonate description in
staning to astrocytes thanks
differenciate to patch-clamp
among types of Ben Barres
glia

Pio Rio-Hortega

Figure 1. Abbreviated timeline of the main technological advances in the research of astroglial cells.

A new era in the study of glial cells physiology began at the end of the 1970s and early 1980s due

to_several important technological advances. Specially, the patch-clamp electrophysiology,

fluorescent calcium indicators, and the preparation and maintenance of glial cell cultures (Figure
1)[431 1t was not until the 1980s were glial cells were started to be seen as an active cell with a
supportive role when glutamate and GABA receptors were identified in astrocytes and
oligodendrocytes*#7. In 1990, it was demonstrated that astrocytes can communicate via calcium
(Ca?*) waves. Subsequently, in 1994 astrocytes were shown to stimulate Ca?* elevation in
neighboring neurons, establishing thus for the first time a bidirectional communication between
astrocytes an neurons (Figure 1)[“8#°1. Both discoveries together and the fact that astrocytes can
respond to neurotransmitters with propagating intra- and intercellular Ca?* waves suggested that
astrocytes were capable of sensing and likely participated in synaptic transmission. Such a
suggestion implied that astroglial cells were important for information processing in the brain®. In
1994, two independent studies reported that astrocytes-neurons co-cultures can trigger Ca?*
increases in neighboring neurons, giving support to the emerging idea that astrocytes were key

partners in higher order brain processes through modulating synaptic transmission*®°1, Currently,



it is known that astrocytes express a wide number of ion and water channels, as well as membrane

receptors that make them critical for brain physiology and pathophysiology.

3. Physiological function of astroglia

Current data about astrocytes suggest that they are critically involved in many brain functions. The
primary function is sustaining CNS homeostasis at all levels of organization, from ionic and
molecular up to cellular network and whole organ systemic control. The main function of astrocytes
defined over the past decades by in vitro, in situ and in vivo studies are overviewed in the following
sessions, describing molecular and cellular mechanism so far believed to be responsible for the

respective physiological astrocytic role.

3.1 Astrocytes and brain homeostasis

Extracellular space (ECS) ECS is the interstitial volume between brain cells that occupy 20% of the
brain volume. ECS is composed by ions, essentially Na*, K*, Ca?" and CI" that are unequally
distributed across the plasma membrane (Figure 2). The maintenance of ions, water, organic
molecules (such as neurotransmitters) concentrations between the ECS is critical for brain
function®, Indeed, electrochemical gradient across the plasma-membrane generated by differences
in ions concentrations across the plasma-membrane serve as driving force for electrical activity of
neurons setting and determining their membrane potential, and in turn, the threshold of action
potential initiation. Accordingly, unbalanced changes in the ECS electrolytes concentration, might
induce alteration of the neuronal excitability and that, affect neuronal network capability to generate

action potential and propagate communication signal through synapse 5354,
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Figure 2. Intracellular and extracellular ion composition in CNS [2,

In this context, astrocytes are the cells responsible for the homeostatic regulation of water and ion

concentration regulation as well as the control of neurotransmitter distribution in the ECS [52:55.56],

The exchange between microvessels and ECS are regulated by the physical barriers formed by
epithelia separating the blood from the ventricular cerebrospinal fluid and from the subarachnoid
cerebrospinal fluid. Endothelial cells forming the blood brain barrier (BBB) that delimit the
boundary between the interstitial fluid of the brain and blood®®. The BBB is a key player in the
mediation of bidirectional communication between cerebral tissue microenvironment and blood and
in the control of solutes concentration and water in the interstitial spacel®®l. Astrocytes are
indispensable for the maintenance and formation of the BBB®®l. Endothelial cells forming the brain
capillaries are in close contact with astrocytic endfeet processes and mesenchymal-like cells called
pericytes (Figure 3C). Astrocytes are therefore, in a key position to act as a bridge enabling flow

and control of ions, water, metabolites by neuropil to the blood vessel®,
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Figure 3. A) Astrocytes and neurons organization in rat cortex. Neurons are marked for microtubule-associated protein
2 (MAP-2) (blue), while astrocytes are marked enhanced green-fluorescent protein (eGFP) (yellow). A vessel is also
seen thanks to the enwrap of eGFP-positive astrocytic endfeet. B) Astroglial ion channel expression in contact with
synapses. The role of astrocytes to maintain homeostasis is crucial for synapses to occur and as a result of action
potential astrocytes are in charge of cleaning the neurotransmitters and ions release in the perineuronal milieu.
Astrocytes uptake the extracellularly accumulated K* and glutamate to maintain their physiological levels. C) At the
glia-vasculature interface K* is release. K* is spatially buffered through the syncytium of astrocytes connected via gap
junctions and is rapidly counteracted by water flux. Intracellular [CI] is important also to set the condition for the
passive K* uptake. Ca®* channels like TRPV4 has also been shown to be express in astrocyte endfeet. Pumps and
transporter in charge to transmembrane movement of ions were not included. Figure A reproduced from ref 61 with
permission from Elsevier.
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Astrocytes elongations endfeet enwrap neurons and blood vessels form neuron-astrocyte interface
and so-called gliovascular interface. Notably at each interface astrocytes expressed a polarized
distribution of ion, water channels and transporters in so-called microdomains that are devoted to
specific functional homeostatic processes such as regulation of extracellular potassium
homeostasis, brain and cell volume homeostasis, pH and neurotransmitters homeostasis
[52576263] (Figure 3). Besides, astrocytes are highly connected between them by gap junctions
allowing astrocytes to act as a functional syncytium enabling a rapid communication and

coordinated functionality through larger areas of brain surfacel4,



3.1.1 Astrocyte regulation ion homeostasis

One of the main homeostatic functions of astrocytes is the maintenance of the extracellular
concentration of potassium ([K*]out). After a series of action potentials, the basal [K*]out rises to
ceiling levels that, if remains unbalanced, depolarize neuronal resting membrane potential and force
inadvertent action potentials. The overexcitation of neuronal network ultimately lead to
uncontrolled synaptic release of neurotransmitters, that compromise CNS functionality and over a

longer term results in loss of neuronal integrity and viability (65671,

The mechanisms underlining K* balancing by astrocytes are called K" uptake and spatial K*
buffering(®®. Potassium uptake, astrocytes take the excess of K* ions by Na+/K* ATPase.
Electroneutrality is maintained by the efflux of cations like Na* and by the influx of CI". K™ uptake

might also be accompanied by osmotically driven water influx and swellingt®",

K™ ions accumulated in astrocytes are released back into the ECS restoring the distribution of K* in
the cell®-71, Astrocytes are highly permeable to K* because of the variety of K* channels
expressed in their plasma membrane. Among them inward rectifying K* channels (Kir) mainly

supports and underpin the astroglial K* conductance involved in potassium buffering.

Indeed, so called K* buffering relies on local K* uptake and dissipation through astroglial network
connected by gap junctions®"8. When K* accumulates at the perisynaptic space, the resting
membrane potential of astrocytes is negative with respect to the Nernst equilibrium potential for K,
causing a driving force that leads to an influx of K* into astrocytes. Potassium influx in turn
propagates through electrically coupled astrocytes to move the K ions to regions with a lower

concentration(’2.

Chloride homeostasis is also essential for neuronal communication. Indeed CI" is an important
counter ion for maintenance of electrical equilibrium. Astrocytes can respond to GABA by CI

efflux to balance neuronal CI" entry and maintaining basal [CI'] to preserve the driving force for CI°



driving inhibitory neurotransmission’®l. Recent studies have also demonstrated the role of
astrocytes in maintaining GABAergic neurotransmission and revealed the role of astroglial
syncytium for ClI- homeostasis as connexons, the proteins forming gap junctions, inhibition during

GABAergic transmission resulted in the breakdown of CI- gradient in neuronst™,

Homeostatic control of pH is pivotal for brain functioning as small changes in pH significantly
affects neuronal excitability and synaptic transmission[?%. Astrocytes can regulate extracellular pH
by glutamate-mediated uptake of H* and by supplying the extracellular environment with HCO®*
[7576] - Astrocytes have also been shown to release H* by active protons pump and experiments in

situ show that they possess pH buffering capability’"),

The ability of astrocytes to regulate their cellular volume in response to physiological stimuli is
crucial for brain volume homeostasis. After increases in cell volume induced by aniso-osmotic
gradients, a feedback mechanism called regulatory volume decrease (RVD) is activated to recover
initial cell volume values by promoting osmolyte efflux and consequent osmotically driven water

outflow (Figure 4)71,

Glu: Na* Ca?(TRPV4)
Fy
4 Na*
o1 / —H
? [Osm] Gy H:0O t[Ca2+] —_—
ClI, excitatory
aminoacids
K* (Kir 4.1) W (VRAC)

H.O (AQP4) H.O (AQP4) K* (Kir 4.1)

Figure 4. Scheme representing proposed mechanism for astrocyte swelling and cell volume recovery. Astrocytes can
modify their volume in response to neuronal action potential when K*, Na* and glutamate uptake occur causing an
increase in osmolytes that produce water influx. This leads to a series of events to recover cell volume that is called
regulatory volume decrease (RVD). Studies in vitro showed that Ca?* elevation might be involved in osmotransduction.
RVD is based on the efflux of intracellular solutes that generate osmotic gradient accompanied by water. For
simplification ion pumps and transporters contributing to the transmembrane movement of ions are not included in the
representation, for a complete review seel®?,



Astrocytes control water movement via several pathways. The most notable one is aquaporins and
membrane transporters. In astroglial endfeet, the colocalization of AQP4, the main water channel in
astrocytes, and Kir 4.1 has prompted the hypotheses possible link between water and K* movement.
To fully understand RVD, it is important to consider the role of [Ca®*]; elevations that occurs in
response to cells swelling. RVD on astrocytes caused by hypotonic stress in vitro has been shown to
be dependent on [Ca?*]; increases and abolished after decrease of extracellular [Ca?*]t"®l. Moreover,
astrocytes respond to hypotonic challenge by increasing CI° conductance by the activation of
volume-regulated anion channels (VRACs)["*®, Altogether, water influx following intracellular
osmolyte concentration (K™ and Na*) in astrocytes cause an increase in cell volume that activates
RVD that is accompanied by an influx of Ca?* and an efflux of CI- and K* that cause water efflux

and volume decrease.

3.1.2 Neurotransmitters homeostasis

To prune synaptic transmission, neurotransmitters must be quickly removed from the synaptic cleft
following their release. Metabolic intermediates must also be restored to the presynaptic terminal to
regenerate neurotransmitters and maintain synaptic function(®. Glutamate act as a major excitatory
neurotransmitter in the CNS; concentrations of glutamate can reach millimolar levels in the synaptic
spacel®. Astrocytes uptake about the 80% of extracellular glutamate in the CNS and provide the
renewal of glutamate in synaptic terminals. Astrocytes express glutamine synthetase, an enzyme
fundamental for glutamate conversion into glutaminel®l. Glutamine is also a precursor for
glutamate when metabolized in neurons by the phosphate-activated glutaminasel®l. A recent study
showed that there is a feedback mechanism that links glutamate uptake in astrocytes with the

release and movement of glutamine to neurons, suggesting astrocytic modulation of neuronal



function®, Glutamine in neuronal presynaptic terminals can be converted into glutamate in
excitatory neurons while in inhibitory neurons, glutamate is then converted into y-aminobutyric acid
(GABA)B],

GABA is the main inhibitory neurotransmitter in the CNS. Both neurons and glial cells are known
to express GABA transporterst®l. Astrocytic GABA transporters surrounding GABAergic synapses
are tactically positioned to contribute terminating or modulating GABAergic neuronal transmission

by locally GABA uptakel®,

3.2 Regulation of synaptic transmission

Astroglial endfeet cover at least half of the synaptic contract in the CNS, though the degree of
coverage differs between diverse brain regions. Perysinaptic astroglial membrane present a great
variety of ion channels are ligand receptors. lon fluxes in this area are of particular importance for
the generation of Ca?* and Na* signals in astrocytes, leading to coupling of homeostatic processes
of astrocytes with neuronal activity®l. This intimate contact between astroglial membrane and

synaptic areas led to the concept of tripartite synapses (Figure 5) [,
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Figure 5. The tripartite synapse. Astrocytic receptors can interact with the neurotransmitters released from the
presynaptic terminal of neurons activating rises in Ca?* ions in astrocytes. Astrocytes can respond releasing diverse



neurotransmitters and neuromodulators, such as, ATP, glutamate, etc. They can act back on neurons to modulate
synaptic activity.

In the tripartite synapse model astrocytes contribute to the regulation of synaptic transmission.
Astroglial processes are a structural part of the synapse together with the pre and postsynaptic
neuronal terminals. The model focuses on a bidirectional, fast glial-neuronal communication where
neurotransmitters induce glial Ca®* signaling causing the release of neurotransmitter from the
astrocyte to the synaptic cleft. Astrocytes can control the initiation and shape of synaptic networks,
by controlling ion and neurotransmitter homeostasis in the synaptic volume and contributing to
synaptic pruning!®,

Experiments performed in the past three decades showed that astroglial cells can release
neurotransmitters and neuromodulators, usually known as gliotransmitters because of their glial
origin. Among these molecules are ATP, GABA, glutamate, Glycine, L- and D-serine, kynurenic
acid and lactatel®®-%3, The issue related to astrocytes release of gliotransmitters is still controversial,
particularly the extent of its physiological relevance. ATP has been observed to be release from
astrocytes, in vitro, in situ and in vivo, frequently occurring by exocytosis and diffusion through
membrane channels?, GABA synthetizing enzymes has been documented in astrocyte from the
cerebellum, hippocampus and neonatal optic nervel®¢l. The release can be mediated by GABA
transporter or by diffusion via anion channels?’l. Glutamate release from astrocytes has been
hypothesize to modulate neuron activity®’l. Glutamate release can occur by diffusion through
membrane channels, Ca?* exocytosis or exchange via the cystine-glutamate antiporter®l, The
release of glycine from astroglial cells is crucial for tonic inhibition of motor neuronst®l. As it
occurs with GABA, glycine is release by diffusion through anion channels or by specific
transporters(?°l,

Astrocytic release of the neuromodulator D-serine seems to occur after the conversion of L-serine

by serine racemase substrate, an enzyme that isomerizes D-serine from L-serine. L-serine is



exclusively synthesized in astrocytes, making astrocytes critical for D-serine neuromodulation(%,
Additionally, kynurenic acid (KYNA) is an endogenous antagonist of NMDA receptor and o7
nicotinic receptors. The release of KYNA from astrocytes is important for the regulation of
glutamatergic, GABAergic, cholinergic and dopaminergic synapses®®1%l. Astrocytes can also
release the lactate they produce that act is not only an energy substrate but also a signaling molecule
capable of mediate astrocyte-neuronal communicationt*04l,

The tripartite model has further developed into a multipartite synapse where apart from the pre- and
postsynaptic terminal and the perisynaptic process from astrocytes, and the process of neighboring
microglial cells are all in contact with the synaptic structure. The extracellular matrix (ECM) also

plays an important role and extends also extrasynaptically!?%05],

3.3 The glymphatic system

For a proper control of tissue homeostasis, it is important to remove the excess of fluid and
interstitial solutes. In peripheral tissues, interstitial fluids return to the general circulation via the
lymphatic system['%l. The CNS has an extremely high metabolic rate; thus, it is very sensitive to its
homeostatic environment. However, the brain lacks lymphatic vessel system. Recent studies has
noted lymphatic vessel in the dural and meningeal membranes, though not directly part of the
brain[1°7'1°8].

Astrocytes endfeet covers the 99% of the vasculature of the CNS creating an unique perivascular
spacel'®. Recent work identified a coordinated pathway that use the perivascular space for
interstitial solute clearance and rapid fluid transport, called the “glymphatic system”. The system
works in a similar way with the peripheral lymphatic system but relies on astrocytes AQP4 water
channels''%. This pathway serves as a discarding system for fluid, larger solutes and proteins from
the CNS. For instance, 65% of B-amyloid is cleared by the glymphatic system™%. Studies showed

that glymphatic transport rates decrease with age, and increase in rodent models of stroke, diabetes



and Alzheimer’s disease™ 4, They glymphatic system can also deliver lipids and glucose to
maintain brain metabolism, and can play an important role in removal of lactatel**>1%71. Altogether,
the glymphatic system may therefore act as a crucial pathway for the elimination of toxic

substances and the delivery of metabolic substrates for the brain.

3.4 Astrocytes and circadian rhythms

Astrocytes possess circadian genes that go through rhythmic expression!**l, Human circadian clock
is localized in the suprachiasmatic nuclei (SCN) in the anterior hypothalamus. Isolated astrocytes
from SCN present also circadian activity, that consist on circadian ATP release following inositol
triphosphate (InsPs)-induce Ca?* signaling and controlled by mitochondria*'®*?%l, Moreover,
astrocytes in the SCN present rhythmic morphological changes from stellate at day to more
protoplasmic shape at night. These changes are accompanied by modifications in glial fibrillary
acidic protein (GFAP) and glutamate transporter expression. This circadian cycle is also associated

with a different glial coverage of synapses being higher at night™21,

4. Astroglial membrane proteins and calcium signaling

All the functions mentioned in the previous section depend on membrane proteins, such as ion
channels and receptors, that helps maintaining proper ion distribution — an indispensable function
for normal brain physiology (Figure 2). Moreover, membrane proteins are also involved in the
release of neurotransmitters. Another important mechanism that enable astrocytic function is the
oscillations in the intracellular calcium concentration ([Ca?*])). The latter is the main
intracellular communication signaling pathways that mediates and it is implicated in almost all

astrocytic functionality.



4.1 lon channels
4.1.1 Potassium channels

Inward rectifying K* channels (Kir) are potassium channels that allow K* ions pass easier into the
cell than outward from the cell at membrane voltages more negative to the equilibrium potential of
potassium (ErvK™). Structurally, Kir channels have 2 transmembrane domain and are presented in
16 subtypes classified into 7 families™'??. Kir 4.1 is the most common inward rectifying K* channel
expressed in astrocytes™?®l. They present voltage dependence and gating properties dependent by
ErevK®. Kir currents are inhibited by Cs* and Ba®**?4l, Kir 4.1 is usually concentrated in astrocytes
endfeet that contact synapses and blood vesselst*?l, It contributes significantly to the resting
membrane conductance of astrocytes and elevations in [K*]i increases inward K* currents, making
Kir 4.1 a key channel for K* uptake and buffering in the brain and therefore for the control of brain

homeostasis™?4.

Voltage-gated K* channels (Ky) structurally present six transmembrane segments and are inactive
at resting membrane potential. Ky channels open upon cell depolarization. There are 12 subfamilies
of Ky channels, including delayed rectifying (Kp) and transient (Ka) channels, which are expressed
in astrocytes!!?-1281 - Among Kp channels, Ky 1.5 and K, 1.4 are dominantly expressed in
astrocytes*?>130 Transient currents recorded in astrocytes have been identified mainly with Ky 4,

Kv 3 an Ky1 channels, with Ky 4 the channel that contributes to the 70% of this currents[31],

Calcium-dependent potassium channels (Kca), have been reported in astrocytes. Gating properties
of these channels depends on cytosolic [Ca?*] and membrane depolarization!*®?, Big conductance
(BK), channels in astrocytes are expressed in endfoot processes and in contact with blood vessels
they play a key role in rapid dilation of arterioles following neuronal activity!®l. Intermediate
conductance (IK) channels have been identified also in endfeet in contact with vasculature

contributing to neurovascular coupling and vascular tone*331,



Two Pore-domain potassium channels (Kzp), are open at resting membrane potential. Single-cell
PCR and immunocytochemistry studies revealed that several channels from this family are
expressed in hippocampal astrocytest?”. However, evidences for their contribution to astrocyte

resting conductance is still controversial(?%,

4.1.2 Sodium channels

Voltage-gated Na* channels (Nay) are represented in thirteen isoforms that have been observed in
astrocytes in vitro and in situ. Na* channels have been identified in different regions of the brain,
but their exact localization and the physiological activation is not known yet. Experiments shown
that Na* channels, in particular Nay 1.5, play an important role in gliosis in vitro, but results in vivo
are still lacking™®*. Furthermore, a constant Na* influx is also necessary to maintain internal [Na*]
needed for the proper functioning of Na*/K*-ATPase that in turn, is needed for K™ homeostasis in

the CNSI5l,

4.1.3 Calcium channels

Voltage-gated calcium channels (VGCCs) mediate Ca?" influx following membrane
depolarization. They are complex proteins made of four or five different subunits encoded by
several different genes!*3l. Ca?* current mediated by voltage-gated Ca?* channels present diverse
physiological and pharmacological properties, giving rise to classifying them in different types. L-
type Ca?* currents need a strong depolarization to be activated, and are blocked by
phenylalkylamines, dihydropyridines and benzothiazepines. N-type, P/Q-type, and R-type channels
also require a strong depolarization, but they are blocked by specific polypeptide toxins from snail

and spider venoms. Instead, T-type Ca?* currents are transient and activated by weak depolarization



and they are not sensitive to any of conventional antagonists!*36371. |_-type current have been
recorded in cultured astrocytes, among them at molecular level Cay 1.2 and Cay 1.3 channels were
found in cortical astrocytes**31%1. In neonatal cortical astrocytes in culture expression of N-type, L-
type, R-type and T-type has been detected at transcriptional and translational levelst**°l. There are
less evidence for their expression in situ. Activation of gliotic reaction in astrocytes induce an
increase in L-type Ca?* channels suggesting a role of L-type Ca?' channels in astrogliosis.
Astrocytes treated with LPS showed an upregulation of Cay 1.2 channels while deletion of these

channels avoided gliotic response[41,

The superfamily of Transient receptor potential (TRP) channels is made of 27 known members in
humans classified into 6 subfamiliest**2. TRP channels contribute to many different physiological
functions being especially important for thermosensation, nociception, chemoception and
tastel!43144 They are permeable to Na*, Ca?* and K*[%3]. Several types of TRP channels are found
in the CNS with particularly high expression of vanilloid (TRPV), ankyrin (TRPA), mellastain
(TRPM) and canonical (TRPC) family receptors!**l. The structure of TRP channels is based on six

transmembrane domains (Figure 6).
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Figure 6. Transmembrane topology of TRP channels. The TRP proteins have six transmembrane domains and a TRP
domain in the C-terminal region. The pore region is formed between the fifth and sixth transmembrane domains.
Reproduced from 47 published in frontiers in physiology.



Several types of TRP are express in astrocytes. Among them a member of the TRPV family have
been detected in astroglial cells. TRPV4 (Figure 7A and B) has been detected in cortical and
hippocampal in vitro and in situ and with dominant expression observed in endfeet!43-1%1 TRPV4
in primary cortical astrocytes can be activated by cell swelling and cause an increase in [Ca?*]i that
is blocked by TRPV inhibitor ruthenium red. Meanwhile, specific agonist 4a-phorbol 12,13-
didecanoate (4aPDD) induce cationic currentsi**?l. Likewise, increases in [Ca?*]i mediated by
TRPV4 were recorded in hippocampal slices!**], Furthermore, TRPV4 can act together with AQP4

in the development of RVD following hypoosmotic shock (Figure 3)1511,
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Figure 7. TRPV4 structure and expression on astrocytes. A) The TRPV4 protein is composed of six transmembrane
domains (green) that includes the pore region (pink), a cytosolic N-terminal and an intracellular C-terminal tail.
Reproduced from 1521 with permission from Springer Nature. B) GFAP (Red) and TRPV4 (Green) immunostaining of
Astrocytes isolated from sham-operated rats cultured from 4-5 days. Reproduced from 481 published by plosONE. C)
(a-c) Single-plane confocal immunofluorescence images of large-caliber blood vessel of rat occipital cortex showing
triple labeling for AQP4 (Green), TRPV4 (Red) and GFAP (blue). Merge is shown in d. (e-g) Single plane confocal
immunofluorescence images of sagittal section of rat occipital cortex showing triple labeling for AQP4 (Green), TRPV4
(Red) and GFAP (blue). Merge is shown in h (Scale bar 50 um). Reproduced from 54 published by PNAS.

TRPAL channels are also expressed in astroglial cells. They are activated by noxious cold stimulus
and diverse pungent substances and proinflammatory agentsi*42144 TRPA1 is implicated in the

control of basal levels of [Ca®']i by frequent and “spotty” Ca®* fluxes localized near the membrane



(Figure 8). Decrease in resting [Ca?*] concentration mediated by TRPA1 reduced GABA uptake via
GAT-3 elevation, thus modulating extracellular GABA concentration to regulate inhibitory
synapses*®®l, They also can mediate also D-serine release into the extracellular space contributing

to NMDA receptor-dependent long-term potentiation (LTP)[54],
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Figure 8. Structure of TRPAL and evidences of mediation of spotty Ca®* signals in astrocytes. A) The TRPAL1
protein is composed of six transmembrane domains (purple), a cytosolic N-terminal and an intracellular C-terminal tail.
Reproduced from [ published by Springer. B) Calcium imaging frames obtained by 300-frame video before (control),
during and after (washout) of HC 030031 (40 puM) showing that HC030031 almost completely block spotty Ca?*
signals. C) Intensity versus time of ten regions of interest (ROIs) of calcium imaging experiments performed in
astrocytes in vitro, showing the spotty Ca?* signals observed when adding AITC (1uM). D) Intensity versus time of
eight ROIs of calcium imaging experiments showing the blocking of spotty Ca?* signals using HC 030031 (40 puM).
B,C and D are reproduced from [%1 with permission from Springer Nature.

TRPC channels have also been detected at protein and mRNA level in freshly isolated and primary
culture astrocytes. Seven members (TRPC1-7) exist under the TRPC subfamily. They are activated
by phospholipase C (PLC), diacylglycerol (DAG) and mechanical stimulationt6], In astrocytes,
activation of TRPC channels contributes to Ca?* signals mediated by purinergic, glutamatergic and
mechanical stimulation!*®”). Data also suggest that TRPC1 in astrocytes and most likely assembles

as a heterotetramer with TRPC3, 4 and 5, which are responsible for store operated calcium entry



(SOCE), a central mechanism in astrocyte Ca?* signaling and control of Ca?" balance that connect
endoplasmic reticulum with plasmalemmal entry of Ca?*[14¢],

Calcium release activated calcium channels (CRAC) are plasma membrane Ca®* channel that
activate to slowly refill endoplasmic reticulum following depletion™%8l. CRAC currents are the main
component of SOCE in most of the non-excitable cells. Orai proteins are the molecular substrate of
CRAC currents and STIM proteins control their gating acting as endoplasmic reticulum (ER) Ca?*
sensors*®. Orai proteins have been detected in primary culture of astrocytes, while STIM1 and
STIM2 are expressed in cultured astroglial cells with STIM1 being the dominant isoform[6%,
SiRNA silencing of Orail reduces SOCE in primary cortical astroglial cells. On the other hand,
hippocampal rat astrocytes express Orai3 as the main isoform at levels six time higher than Orai2,

while Orail is not detected!*6H,

Orai proteins have been detected in primary culture of astrocytes, while STIM1 and STIM2 are
expressed in cultured astroglial cells with STIM1 being the dominant isoform[*®°l. siRNA silencing
of Orail reduces SOCE in primary cortical astroglial cells. On the other hand, hippocampal rat
astrocytes express Orai3 as the main isoform at levels six time higher than Orai2, while Orail is not

detected(61],

Intracellular calcium channels and pumps are expressed in endomembrane of the ER and they are
divided in two families that are inositol trisphosphate receptors (InsPsRs) and Ca?*-gated Ca?*
release channels or ryanodine receptors (RyRs). The InsPsRs are formed by three members:
InsP3R1, InsP3R2 and InsP3R3, which are all of them activated by InsPs. While InsP3R1 presents an
open probability that increase at resting Ca?* levels between 50-100 nM and 1uM the activity of
InsPsR2 and InsP3R3 increase with [Ca?*]i. Data suggest that InsPsR2 is the main isoform present in
astrocytes; the deletion of InsP3R2 strongly reduced or abolish ER Ca?* release in cortical and

hippocampal astrocytes!*62-261, There are also three types of RyR channels: RyR1, RyR2 and RyR3.



They are all activated by intracellular Ca?* acting as an amplifier of Ca®* signals*l, The function
of RyRs in astrocytes is still not clear. Ca?* signal mediated by RyRs channels have been described

in vitro and in situ from thalamic cells, but not from hippocampal cells when agonists were used™¢7-

169]

4.1.4 Chloride channels

The CLC family of channels has nine members that show different tissue distribution and function
in multiple tissue types. They are expressed not only in the plasma membrane but also in

intracellular organelles. Structurally, they present 10-12 transmembrane domains*".

CIC-1, CIC -2 and CIC -3 channels expression have been detected in astrocytes at protein levels and
CIC-mediated currents have been characterized in cultured astroglial cells and hippocampal
slices™. CIC-2 channels are localized in astrocyte processes near GABAergic synapses suggesting
a role of GABAergic transmission by regulation [CI7] in the synaptic cleftl!’H. CIC-2 channel has a
high open probability at resting potential, which is modulated by changes in cell volume CI" release

in response to cell swelling!*.

Volume-regulated anion channels (VRACS) are activated upon hypotonic stress. They are made of
close paralogues of the leucine-rich repeat-containing protein 8 (LRRC8) that forms hexameric
complexes in the extracellular membranel*”®l. In astroglial cells, VRACs are crucial for RVD and its
currents have been characterized in vitrol’®*74l. VRAC is involved also in the release of excitatory
amino acids like glutamate, taurine and aspartate which can be blocked by the gap junction
antagonist carbenoxolone (CBX)I751761 A recent study described that VRAC mediated ATP release
is involved in Ca?* wave propagation to not neighboring*’"l. Therefore, the volume-regulated
release of excitatory aminoacids and other molecules from astrocytes could in turn affect transmitter

release from the presynaptic terminall*"l,



415 Aquaporins

Three members of the aquaporin family are expressed in astrocytes, AQP1, AQP4 and AQP9, being
AQP4 the dominant channell!’®1781 AQP4 is made of eight transmembrane segments and two
translation initiation sites called Metl and Met23 defining therefore two AQP4 isoforms known as
M1 and M23[1 AQP4 is concentrated in astrocyte endfeet where they are assembled into

orthogonal arrays of particles, the basis for which is still unclear (Figure 9 B and C)[81,
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Figure 9. AQP4 structure and plasma membrane organization. A) Schematic representation of the primary
aminoacids sequence and membrane topology of AQP4. It presents eight membrane-embedded segments that are
labelled as M1-M8 as well as two translation initiation sites named Metl and Met23, respectively. Reproduced from
(180 with permission from springer Nature. B) AQP4 tetramers cluster in the plasma membrane forming orthogonal
arrays of particles (OAPs). A and B are reproduced from [82 published by the American physiological society. C)
Freeze-fracture electron micrograph of OAPs in the membrane of astroglial cells. Reproduced from 8 with permission
from Elsevier.



AQP4 seems to be implicated in a wide variety of CNS functions. It is essential for water
permeability, K* buffering and regulation of extracellular spacel*®*&1, Furthermore, it is crucial for
cognitive functions like hippocampal LTP/LTD and spatial memory™¢81  Finally, AQP4 was

found to be linked to astrocyte Ca®* signaling following osmotic stress!*el,

4.1.6 Connexons

Connexons are gap junction proteins expressed in astrocytes, which are essential for syncytia
formation. Connexons between two cells can interact when they become accurately aligned to form
a gap junction (Figure 10). Instead when they are not aligned, they can act as pores known as
hemichannels. Connexons are formed by six subunits known as connexins (Cx) (Figure 10). There
are 21 types of connexins that have molecular masses between 26 and 62 kDa. All of them present
four transmembrane domains. Connexons pore diameter range between 6.5 and 15 A that allows
the passage of not only ion but also hydrophilic molecules up to 1kDal'®%1% |n astrocytes,
connexons can also connect different parts of the same cell through reflexive gap junctions creating

shortcuts in highly arborized astroglial cells*®!,
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Figure 10. Structure of connexins and gap junctions. A) Connexins 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.
Relative positions of cysteines (Green balls) are also shown. Connexons are formed by the combination of 6 connexins.
B) Gap junctions are from by the connection of two connexons. It facilitates the intercellular exchange of metabolites,
second messengers and ions. A and B are reproduced from %2 published by frontiers of molecular neuroscience.



Astrocyte homocellular gap junctions are formed mainly by Cx26, Cx30 and Cx43 of which the
Cx43 is the most abundant. Cx30 and Cx43 can form homo- and heteromers, while Cx26 is
implicated just in the formation of homomerst*®1%l Gap junctions’ biophysical properties are
regulated by many factors, such as, pH, [Ca®*]i and phosphorylation state!?°l,

Hemichannels have been identified in astroglial cells in vitro and in vivo, being formed by all the
three types of connexons[*®®!. Natively, hemichannels are closed in physiological conditions, but can
be activated by low extracellular [Ca?*], by depolarization or specific intracellular Ca?* signals or
proinflammatory agents. Hemichannels may provide a release pathway for neurotransmitters and

neuromodulators!?,

4.1.7 Pannexons

In contrast to connexons, pannexons don’t form intercellular channels and then they form single
pores (Figure 11) [*%l |n the CNS, Pannexin 1 (Panx 1) was reported to be present in neurons and
glial cells in vivo an in vitro. Cultured astrocytes express functional Panx1 forming hemichannels
which can mediate ATP release after activation by membrane depolarization or P2X5
stimulationl**”]. Panx 1 can also form a complex with P2X7 receptor that has been shown to be
implicated in ATP-release mechanism that helps in the propagation of intercellular Ca>* waves and

D-serine release %1% Panx1 can also be activated by elevations in extracellular [K*]%.
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Figure 11. Structure of pannexin and hemmichannels. A) Pannexin consist of a four a-helical transmembrane
domain connected by two extracellular and on intracellular loop and having both the C- and N-terminal in the cytosol.
Relative positions of cysteines (Green balls) are also shown. Pannexons are single membrane channels composed of six



pannexin subunits. B) Hemichannels are closed under resting conditions but they are activated by diverse physiological
and pathophysiological conditions representing a transmembrane route between the intracellular and extracellular
environment. A and B are reproduced from 192 published by frontiers of molecular neuroscience.

4.2 Receptors
4.2.1 Purinoceptors

Purinergic signaling, as it is called the extracellular signaling mediated by purine and pyrimidines,
represent the most ubiquitous signaling system as it is present in every organ of the human body. In
the CNS, purines and pyrimidines have been shown to be released by both neurons and glial cells.
[Ca?*]i increases in astrocytes can be mediated by both ionotropic and metabotropic purinergic

receptors?0l,

lonotropic P2X receptors are ligand-gated cationic channels permeable to Na*, K* and Ca?*. They
can assemble as homo- or heterodimers from seven different subunits that are classified from P2X;
to P2X7[2%21. Homo- and heteromeric assembly of P2X; to P2Xs subunits are activated by low ATP
concentrations, whereas homomeric P2X7 receptor requires millimolar ATP concentration to be
activated!%®,

Astrocyte P2X7 receptor has been widely studied mainly because of its pathological significance.
These receptors present a very low ATP sensitivity, the ability to create large transmembrane pore
and almost complete lack of desensitization?®?, Contributions of P2X7 in astrocyte physiology
seems to be related with the release of molecules like glutamate, GABA, ATP and other purines by
exocytosis[?420%],

P2X7 receptor can also respond to diverse intracellular signaling pathways thanks to the extended
COOH terminus that is able to interact with several proteins, such as, serine-threonine kinase (Skt),

protein kinases (ERKS), p38 kinase, mitogen-activated protein kinase (MAPK) and c-Jun NH2-



terminal kinases (JNKs)[2%l, This P2X7; mediated signaling is activated a lower ATP concentration,

showing a possible non-channel mode of receptor function in physiological condition[?°7],

Metabotropic P2Y receptors are classified into two groups depending on the G protein preference.
P2Y1, 2, 4,6 11 couple to PLC via Gg¢/G11 pathways leading to Ca?* release through InsP3 receptors.
P2Y12, 13 14 receptors can modulate ion channels and inhibit adenylyl cyclase through Gip
pathways[?%l. P2Y receptors are widely expressed in astroglial cells?%,

Stimulation of P2Y receptors in astrocytes in vitro lead normally to production of InsPs and Ca?*
release from the ER[?1%2'1, pPharmacological study of intracellular Ca?* dynamics in astrocytes in
vitro and in situ shows the leading role of P2Y1 and P2Y> receptors, although other receptors like
P2Y14 seems to be also implicated in the signalt?12:213],

Among the roles of P2Y receptors in astroglia they have been demonstrated to be couple with
numerous intracellular signaling pathways, including MAP kinases!?*4. P2Y1, P2Y2 and P2Y4 are
linked to glycogen synthase kinase (GSK)-3, that is involved in cell survival, proliferation and
differentiation[?'], They are also involved in coupling with «'B%/8® integrin in astrocytes controlling
cytoskeletal remodeling and motility?*6l. Furthermore, stimulation of P2Y2 receptor induce the

activation of epidermal growth factor receptor (EGFR), that regulates astrocyte proliferationt?],

4.2.2 Glutamate receptors

There are several types of ionotropic glutamate receptors (iGIuRs). Based on their biophysical
properties and pharmacological response, iGIuRs are divided into three families: cl-amino-3-
hydroxy-5-methyl-4-isoxazolepropinonic acid (AMPA), kainite and NMDA receptors!?8l,

AMPA receptors are expressed in astrocytes in vitro and in situl?°220 All four types of AMPA
receptors (GluA1-GluA4) have been observed in astrocytest??. Functionally, AMPA receptors are

expressed by hippocampal astrocytes show changes in their electrophysiological properties during



postnatal development presenting lower currents in the younger stages. Immature astroglial cells
also showed a prolonged activation of AMPA receptors, inducing an influx of Na* and Ca®*
increasing its response as astrocytes mature[??l, Functional expression of kainite receptors have not
been identified in astroglial cells yet, although its subunits were identified at transcriptional and
translational level?%2,

Astrocytes expression of NMDA receptor was discovered in astrocytic processes from cortical
preparations(??®l. Transcripts for all seven NMDA receptor subunits have been described in human
astrocytes. Experiments in animal models suggest the involvement of NMDA receptors in astroglial
signalingf??4l. NMDA receptors in cortical astrocytes produce miniature spontaneous currents but
also currents mediated by neuronal synaptic inputst?®l. In primary cortical astrocytes they were

found to be activated also by mechanical stimulation caused by fluid shear stress[??l.

Metabotropic glutamate receptors are divided in three groups according to the G protein they are
coupling to. Group | that includes mGIuRs 1 and 5, group Il that compromise mGIuRs 2 and 3 and
group 111 that includes mGIuRs 4, 6, 7 and 8. Generally, group | receptors interact with PCL to form
InsP3 and release Ca?* from intracellular stores while receptors from groups 11 and 111 are coupled to
adenylyl cyclase modulation. They all structurally present as seven-transmembrane domains{??7l,

The mGIUR3 subtype is the most abundant in astrocytesi??l, The mGIuRS5 is also expressed in
astrocytes and has been correlated to Ca?* signals that accompany hippocampal synaptic

transmission providing astrocytes with a mechanism to regulate elementary aspects of synapses(??°l.

4.2.3 GABA receptors

lonic currents mediated by GABAA receptors have been extensively studied in astrocytes in vitro
and in situ from various brain regions. According to their pharmacological, electrophysiological and

biochemical properties GABA receptors are divided in two groups, GABAA and GABAg. The



recorded currents are inward currents mediated by CI efflux that occurs at resting membrane
potentials?®°-2%21, They might also have an important role in extracellular [CI-] regulation[?,

Metabotropic GABAg receptors are expressed in astrocytes. Their activation results in ER Ca?*
releasel?®®l, Activation of GABAG receptors induces [Ca?*]i oscillations in astrocytes that have been

observed in vitro, in situ and in vivol23:234,

4.3 Calcium signaling and calcium waves in astrocytes

Astrocytes express a variety of ion channels and membrane receptors that allow them to respond to
neuronal activity by changing their membrane potential or/and changing their [Ca®'i (Figure 12).
These findings lead to the hypothesis of Ca?* signaling in astroglial cells provides a crucial role in
CNS for not only maintaining homeostasis but for the processing of information®4. Furthermore,
astrocytes are able to respond to external chemical and mechanical stimulus with increases in

[Ca2*]i as well as transmitting these Ca?* signals to neighboring astrocytes, termed intercellular Ca2*
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Figure 12. Astroglial Ca?* signaling. Intracellular Ca?* signaling is driven by the influx and efflux of Ca?* from the
extracellular space and the intracellular stores. Upon opening of plasmalemmal or intracellular Ca?* channels, Ca®*



fluxes will generate creating [Ca?*]; dynamical changes. The release of Ca?* from the intracellular stores is mediated by
inositol triphosphate (IP3) after activation of metabotropic receptors and can be amplified by ryanodine receptors
(RyR). The entry via plasmalemmal Ca?* channels can occur via ionotropic receptors (iGIuR and P2X), Voltage gated
Ca?* channels (VGCC), Orai and transient receptor potential (TRP) family of ion channels. Sarco (endo) plasmic
reticulum Ca?*-ATPase (SERCA) restores intracellular stores Ca?* concentrations. Astrocytes are communicated with
each other by gap junctions forming a syncytium where Ca?* waves can spread. Hemichannels can collaborate in the
propagation of Ca®* waves by mediating the release of molecules.

In situ and in vivo experiments showed that Ca2* signals in astroglial processes can develop
independently from somatic Ca?* signals showing also a different kinetic profile. Often, [Ca?*];
transients are larger and longer in the soma while in the terminal processes’ where fluctuations in
[Ca?*] tend to be faster and more frequent, although some slow events were also identified!236-231,
Ca?* signals localized in the endfeet have been observed to occur in “microdomains” as a response
to neural activity and without any clear link to synaptic activity!236.237:239.240]

The observed anatomical segregation of Ca?* signals suggest different molecular pathways are
responsible for Ca?* signals in different parts of the astrocytes. One of the basic mechanisms to
induce intracellular Ca?* waves in astrocytes involve activation of G-protein-coupled receptors
(GPCRs). These receptors lead the activation of phospholipase C (PLC) and production of InsP3
that can cause Ca?* release from the ER via InsPsR[2*!. The intracellular Ca?* currents occurring
after activation of these receptors are spatially and temporally complex events. Then, Ca?* signals
can propagate throughout the cell by an amplification mechanism that involve four components,
including the activation of nearby IPsRs by co-agonistic action of Ca?* on these receptors, the
generation of IP; by Ca?" activation of PLC, the buffering power of mitochondria and the presence
of low affinity Ca?* buffers limiting the diffusion of Ca2*[64],

Astrocytes also express ionotropic receptors and ion channels that function at the external
membrane and can mediate external Ca®* entry. The role of ionotropic receptors in Ca* signaling is
often neglected despite of the fact that astrocytes are known to express these receptors. Recent data
shows that synaptic stimulation induce [Ca?']i increases in cortical astrocytes and which are

sensitive to inhibitors of NMDA and P2Xy5 receptors!?42,



Activation of VGCCs can also lead to [Ca®']; transients. Nevertheless, expression of VGCC often
requires trophic remodeling in vitro, such as that obtained with the dibutyryl-cAMP treatment, co-
culturing with neurons, or acute oxidative stress.

TRP family of ion channels are also responsible for Ca?* signaling. Activity of TRPAL channels
contributes to set the resting [Ca?*]i in astrocytes. Inhibition of these channels resulted in a notable
reduction of basal [Ca?*]. This decrease in basal [Ca®*] reduced in turn functional expression of
GAT-3 transporters that results in an elevated extracellular GABA concentration and desensitized
of GABAAa receptors in adjacent hippocampal neurons, decreasing inhibitory synaptic
transmissiont**8l, On the other hand, TRPC1 channels contribute to [Ca®"]i transients following
simulation of purinergic and glutamatergic GPCRs, and blocking TRPC1 activity with an anti-
TRPC blocking antibody decreased the Ca®* responsel*®), TRPC1 channels are also sensitive to
mechanical stimulation?®l, The knock-down of antisense RNA of TRPC1 and the inhibition of the
channels demonstrated a reduction of SOCE in cortical astrocytes showing the interdependence of
TRPC1 in SOCE5"2#1 Finally, TRPV4 channels are widely expressed in astrocytes and known to
be activated by hypotonicity, which triggers substantial Ca?* influx and subsequent [Ca?'];
increasest**¥. In cortical astrocytes, TRPV4 is known to complex with AQP4, which has been
demonstrated as a critical complex for volume decrease ensuing hypo-osmotic shock™521,

The [Ca?*]i elevations can pass to adjacent astrocytes forming a syncytium. There are two pathways
by which Ca?* signals can be transmitted between cells. The first pathway involves the transfer of
Ca?" via second messengers from the cytosol of one cell to the neighboring cell through gap
junctions. The second pathway involves the generation of secondary messengers in adjacent cells
through the activation of membrane receptors by diffusion of agonists in the extracellular
environment. These two pathways are likely to work together in order to provide coordinated

activity within group of cells[®4231,



Ca?" signalling are known to be involved in the control of synaptic activity. Observations were
made in co-cultures by recording neuronal evoked activity induce by intercellular Ca?* waves in the
neighboring carpet of astrocytes?*®l, This data was afterwards confirmed on in situ experiments that
showed that astrocytes can release neurotransmitters to modulate neuronal activity®*62471 A new
role of Ca®* waves has been recently demonstrated in the generation of Na*-mediated waves in
astrocytes. Single cell stimulation in astrocytes in vitro generate Na* waves in parallel to Ca®*
waves but with different spatial and temporal propertiest?*l, Lastly, [Ca?*]i elevations in astrocytes
processes have also been reported in producing dilation and constriction of blood vessels?4%2501,
Astrocytes in the somatosensory cortex in vivo have been shown to be able to control vasodilation,
suggesting that the control of microcirculation in response to neural activity and its dysfunction is

one of their physiological roles?1,

5. Astrocytes pathophysiology

Alterations in astroglial cells physiological roles have been demonstrated to contribute to cerebral
pathology. Given the fact that astrocytes are critical for normal brain functioning, it was likely to
consider that they could also play a pivotal role in pathological conditions. Analysis of human
tissues and animal models of CNS pathologies showed that indeed, astrocytic dysfunction
contribute to several neurological and psychiatric disorders(?>2,

A wide variety of CNS diseases are commonly characterized by reactive astrogliosis, which consists
on molecular, cellular and functional astrocytic changes in response to CNS injuries (Figure 13).
Weak and moderate astrogliosis is normally associated with mild trauma or located far from the
lesion sites and astrocytic proliferation is almost nonexistent. An increase in GFAP expression is
commonly observed, as well as cell body and process hypertrophy?>3l. Moderate astrogliosis
stimulates the expression of inducible nitric oxide synthase, and liberation of trophic factors and

cytokines?>l, This type of mild or medium reactive gliosis can disappear if the insult resolve or is



removed and the cells return to similar conditions than healthy cells?®®l. On the other hand, near the
lesions, neurodegenerative areas and infection severe astrogliosis occur and is characterized by an
increased proliferation. This increased proliferation cause overlapping of adjacent astrocytic
processes disrupting individual astrocyte domains. In some cases, this reaction can lead the
formation of the glial scar which can form around the damage tissue. In this case, the changes are
long-lasting and persist after the damage disappears!?>l. Nevertheless, the glial scar can also act as a
barrier to protect the surrounding healthy tissue from the areas of intense inflammation. Reactive
astrocytes can also protect brain cells by uptaking excess of glutamate, degrading amyloid 8
peptides, regulating extracellular space volume and ion balance, regulating CNS inflammation and

helping in the repair of blood brain barrier[?6l,
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Figure 13. Immunohistochemical and schematic representation of several grades of astrogliosis. A)
Immunohistochemical staining of GFAP in wild type mice of (a) astrocytes in healthy cerebral cortex, (b) moderately
reactive astrogliosis produced by intracerebral injection of the bacterial antigen lipopolysaccharide (LPS) and (c)
severely reactive astrogliosis and glial scar formed after a traumatic injury and inflammation. (Scale bar=8mm). B)
Schematic representation of reactive astrogliosis in different states of severity. (a) Mild to moderate astrogliosis are
characterized by variable changes in molecular expression, functional activity and cellular hypertrophy. These changes



depend on insult severity. (b) Severe astrogliosis and the formation of glial scar along the borders of tissue damage and
inflammation. A and B reproduced from 271 with permission from Elsevier. C) Role of astroglial cells in physiological
conditions, during reactive astrocytosis where they present a double function of cell death and pro-neuroprotection and
during reactive astrogliosis showing genetic modifications. Reproduced from [?8l, D) Scheme of the pathological
potential of astroglial cells. Reproduced from [25],

5.1 Edema

Brain edema is characterized by disruption of BBB integrity after injury in the CNS. As brain is
surrounded by a rigid skull, increases in brain volume following edema, translate into brain
herniation and impaired blood supply in the brain. Astrocytes are key participants in brain edema
due to their close contact with vasculature and their role in water and ion homeostasis. The
formation of cytotoxic edema is a critical event following ischemia/hypoxia. During cytotoxic
edema, astroglial cells uptake Na* forming an electrochemical gradient that drives edema
formation[®. To counteract this effect, anions and water enter the cell causing cell swelling.
Cytotoxic edema by itself does not trigger brain swelling. However, it cause the depletion of
extracellular Na* causing a Na* gradient that induce the movement of Na* from vascular to
parenchymal compartments that is again compensated by water flow?l. This transport of
substances across endothelium cause vasogenic edema that increase brain volumel?6%,

The principal water channel in astrocytes is AQP4 and its role in water flux in brain edema has been
intensely studied. Nevertheless, AQP4 role is still contradictory in different types of edema. Several
studies showed that AQP4 gene deletion was protective against the formation of edemal?62-2%4, On
the other hand, AQP4 gene deletion was also shown to increase edema load!?®®l. Additionally, the
physiological localization of AQP4 in astrocytes processes is altered after injury, where AQP4
distributes uniformly on astrocyte membranel?6l. After injury, astrocytes undergo a series of
activities that depend on AQP4 such as morphological change, migration, hypertrophy, cytokine
release and cell division, suggesting that AQP4 dysregulation might not happen in the earlier stages

of edema formation(6%,



A recent study also showed that the polymodal TRPV4 channel was upregulated after cerebral
hypoxia/ischemia in adult rat hippocampal CA1 region. TRPV4 upregulation coincides with the
development of astrogliosis. Moreover, TRPV4 mediated Ca®* entry was observed™®8],

Extracellular K™ and glutamate has been shown to accumulate after injury, triggering astrocyte

pathological swelling during the clearing of this excess[?67-26¢],

5.2 Epilepsy

Epilepsy is one of the most commons neurological diseases that is characterized by repetitively
recurrent seizures, that affect normal brain functioning. It is commonly thought that epileptic
activity is generated solely by neurons but research showed an astrocytic basis for epilepsy[?®l.
Reactive astrogliosis is present in almost all types of epilepsy[?™. Astroglial cells are key players in
the regulation of extracellular K*, and since increased levels of extracellular [K*] have been related
with the pathophysiology of epilepsy, Kir channels have been investigated to understand their role
in epilepsy. Studies in slices showed impaired K* buffering. Moreover, patch-clamp recordings and
single cell RT-PCR carried out in human sclerotic hippocampus slices showed a significant
diminution or complete loss of Kir 4.1 currentst?”272, This data was supported by western blot and
immunohistochemistry analysis showing a decrease of Kir 4.1 expression in epileptic tissue
compared with normal patientst>”3l,

Water transport is also altered in epileptic patients. RT-PCR, immunohistochemistry and gene chip
analysis showed an elevated expression of AQP4 accompanied by a reduction on the levels of
dystrophin, that is involved in AQP4 anchoring to the endfeet membranel?’4l. This altered flow of
water can affect extracellular K* buffering and in turn contribute to epileptogenicity.

Furthermore, astrocytes have a critical role in removal of glutamate and GABA from the synaptic
cleft. Extracellular glutamate and GABA are uptake by astroglial cells through GLAST and GLT-1

for glutamate and GAT3 for GABA. In vivo microdialysis showed that epileptic patients presented



five-fold higher levels of glutamate in the extracellular environment in the hippocampus when
compared with healthy patients?”®l. Besides, immunocytochemical analysis showed a decrease in
GLT-1 and GLAST expression in epileptic patients!?’8l. On the other hand, an increased expression
of GAT3 was observed reducing GABA extracellular levels?”’l. Indeed, in vivo microdialysis
demonstrated that epileptogenic hippocampus of epileptic patients showed lower extracellular
GABA concentration and higher glutamate levels right before seizures onset(?’7].

Finally, an increased expression of voltage-gated channel, expressed in astrocytes at a low level in

healthy brain, has been observed in epileptic brain specimens!?’8l,

5.3 Brain tumors

Gliomas represent the majority of brain tumors and they are one of the most aggressive. Specially,
tumors derived from astrocytes are the most common type of glioma. Tissue of glioma patients
presents an overexpression of GFAP correlated with tumor size but not degree of malignancy?”.
Extracellular glutamate levels are increased in tumoral and peritumoral regions. This altered
glutamate homeostasis explains why 60-80% of glioma patients suffer from seizures during the
development of the disease®®®?l. Brain tissue from glioblastoma patients presents a very low
expression of GLT-1 while GLAST is normally expressed but mislocalized in cell nuclei. Decrease
in GLT-1 levels seems also to be related with high-grade astrocytomal?°6l,

Moreover, impairment of gap junction mediated intercellular communication might result in
anomalous growth and tumor development. Low-grade gliomas present a strong Cx43
immunoreactivity being particularly present in reactive astrocytes, on the other side, surgical
removed tissue from high-grade astrocytoma patients present low levels of Cx43 and only non-
phosphorylated forms of Cx43 were found®®l. Interestingly, the reduction in Cx43 expression is

proportional to the tumor proliferation capacity and tumor gradel?%?,

~ A4~



Glioma present also changes in the expression of Na* and K* channels. Indeed, astrocytoma cells
presented delayed rectifying K* currents but no transient A-type and Kir channels have been
detected. Besides, they also present an increase TTX-sensitive Na* currents, allowing them to

generate spike-like events after current injections[?l,

5.4 Alzheimer’s disease

Alzheimer’s disease is the most common neurodegenerative disease affecting the 60-80% of the
dementia patients!?®4l. It its characterized by a loss of memory and a deficit in recalling the near past
because of the loss of long-term memories. The pathological hallmarks of Alzheimer’s disease are
the extracellular deposits of amyloid-beta (AB) protein and abnormally phosphorylated tau
proteint?®], Effective treatment is still lacking, and the origin of the disease is still unknown.
Reactive astrocytes have been observed in Alzheimer’s, although the role is not totally understood
yet. Astrocytes present an increased expression of GFAP and hypertrophic morphology near
amyloid plaquest®®l. Reactive astrogliosis and GFAP overexpression are accompanied by
dysregulation of other cytoskeleton proteins such as, p-actin, dynein and integrins(?&],

The stimulus inducing astrogliosis in Alzheimer’s disease is still elusive. Studies showed that Ap
plaques can induce astrocyte activation in vitro, causing GFAP up-regulation and changes in the
morphology!?®. Moreover, AP42 is accumulated in the cytoplasm of astrocytes and this
accumulation is directly linked with Alzheimer’s disease pathology. Nevertheless, AB42 has a
neuronal origin and it derives from the internalization of dendrites phagocytosis and degenerating
synapse. Besides, AP42 accumulated in astroglial cells can undergo lysis forming small GFAP*
amyloid plaques?®.

Glutamate function seems to be also impaired in Alzheimer’s disease. GLT-1 immunoreactivity is
decreased in the frontal cortex of Alzheimer’s while no change in GLAST expression was

observed?®, Moreover, the control GABA homeostasis is also altered in astrocytes in Alzheimer’s



disease. Accumulation of GABA and increase in GAD67 and GAT3 have been observed in GFAP*
astrocytes(?%H,

Gap junction communication and K* buffering are also altered in Alzheimer’s disease. Increased
expression of Cx43 has been found in human tissue near the areas containing amyloid plaques!?®?,
Furthermore, An alteration in the expression of Kir 4.1 and AQP4 has also been observed?®,
Alterations in Ca?" levels seem to be implicated in initial steps to Alzheimer’s disease. Basal Ca?*
levels are elevated and Ca?* transients are more frequent and coordinated along big distances as
well as independent of neuronal activity®®l. Besides, mGIuR5 has been observed to be overexpress

in proximity of AP plaques in hippocampal astroglial cells of Alzheimer’s disease patients?*],

5.5 Depressive disorder

Major depressive disorder is a chronic mental illness that is characterized by depressed mood, sleep
alterations, difficulties of concentration and thought of death and suicide among other symptoms.
Astrocytes have been observed to be altered in this disease, affecting their morphology, density,
membrane channel function and protein expression. Indeed, decrease in astrocyte number and
packing density has been observed[?®l, Moreover, increases in the size of the nuclei seems also to
be present on these patientst>®l. Major depressive disorder patients present lower concentrations of
glutamate, glutamine and the complex formed by glutamate/glutamine (GIx) in several brain
regions as well as reduce expression of GLAST and GLT-1. Reduce GABA levels have also been
observed and GABAA receptor subunits are up-regulated(?®®l, Lastly, astrocytes in major depressive
disorder present altered K* and water homeostasis. Kir 4.1 channels and AQP4 were found to be

down-regulated and a poor coverage of blood vessels by astroglial endfeet was observed![?%7:2%],



7. State of the art techniques to study astroglial cells

Currently, the available methodologies to study astroglial cells rely mainly on the development of
molecular and optical tools. Although astrocytes are electrically silent cells as they cannot fire
action potentials. However, Ca?* signaling in astrocytes could be consider a kind of excitability.
Nowadays, many questions related with the role of Ca?* signaling in astrocytes remains unsolved,
mainly because a lack of methodologies to properly address these questions. Research of Ca?*
signaling is mostly based on bulk-loaded Ca?* indicators capable of passing through the membrane.
There are many commercially available organic Ca?* indicators that present different spectral
properties. These indicators can be used both to measure florescence changes and for radiometric
probes that allows the calculation of absolute Ca®* concentrations!?®®l. This allows the imaging of
somatic regions and the bigger processes but does not allow to properly observe Ca?* changes in
astrocytes microdomainst®®, Moreover, the lack of specificity of these membrane-permeable Ca?*
indicators makes necessary the use of secondary markers to allow the differentiation of neurons and
astrocytes®H. However, the use of these secondary markers can alter functional studies. To address
this issue, transgenic animals expressing fluorescent proteins that allows astrocyte identification can
be used as an alternativel®?. Moreover, genetically encoded Ca?>* (GECI) represents also an
alternative for non-invasive imaging of Ca?* signaling in brain slice and in vivo%3l,
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Figure 14. Methods to study Ca?* signaling in astrocytes. Expression of GCaMP3 in astroglial cells and comparison
with Fluo-4, cyto-GCaMP3 and Lck-GCaMP3. A-B) Representation of membrane-targeted LcK-GCaMO3 and



cytosolic non-targeted Cyto-GCaMP3. C) Scheme of the protocol of AAV2/5 injection into the hippocampus of a
mouse. D) Fluorescent micrographs (top) and representative traces (down) of Ca?* signals imaged with Fluo-4AM
(black traces), cyto-GCaMP3 (green traces), and Lck-GCaMP3 (red traces). Adapted from 304,

Optical limitations need also to be overcome. Two-photon microscopy presents a great potential for
monitoring Ca?* in astroglial cells. Nevertheless, the limited spatial resolution is still an issue to
detect small morphological and [Ca?*]i changes®®]. On the other hand, two-photon microscopy
combined with two-photon stimulated emission depletion (STED) presents an increased lateral
resolution%1, Recently, super-resolution images of dendrites were reported in brain mouse in
vivol*%7l, This increase resolution makes two-photon STED microscopy an attractive and promising
optical tool for observing the finest parts of astrocytes.

Specific tools capable or modulating astrocyte activity are also necessary in order to properly
understand their physiology and the interaction between neurons and astrocytes. Recently,
optogenetics emerged thanks to the interaction of channelrhodopsin 2 (ChRs2), a blue sensitive
cation channel found in cyanobacteria, with light®°l. Optogenetics is based in 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.
It has been used as a neuromodulation technique that allows a reduced radiant exposure to decrease
phototoxicity. Optogenetics have been widely used in neuroscience, in fact, the first experiments
were performed by introducing ChRs in hippocampal neurons, where they demonstrated
millisecond precision control of neuronal responsel®®. Additional studies followed both in cell
lines and primary neurons by inserting light-activated signaling proteins as well as retinal neurons
to convert them into photosensitive cells in order to restore the ability of retina to encode and
transmit light signalst°-3%3l. Experiments performed in astroglial cells showed that photoactivation
of ChR2-expressing astrocytes can induce gliotransmitter release®. Moreover, in vitro
experiments performed on mouse cortical astrocytes showed that activation of ChR2 triggered weak

and variable Ca?* elevations!31%,



8. Novel techniques for the study of astrocytes

Despite the advances in methodologies to study astroglial cells, the technology to allows us to
understand their communication with neurons and their role in many important roles such as
cognition is still lacking. Recently, the design and development of novel biomaterials and devices
such as bioelectronic and photonic devices capable of read-out and stimulate electrical and chemical
signals in the nervous system have created a unique opportunity to understand normal brain
functioning as well as to treat dysfunctions caused by disease or injury. Most of these technologies
have been validated with neurons, in vitro and in vivo but not enough attention has been paid to the

potential of this tools in the study of glia cells, specially astrocytes.

8.1 Biomaterials interface and interaction with astrocytes

Biomaterials are the materials targeted to the interaction with biological systems. They can be
implanted in the body as scaffold or as part of electronic devices, such as electrodes, diodes and
transistors. The malfunction of chronic neural implants is often related with the interface
biocompatibility, which cause a foreign body response of the neural tissue to the implanted device.
Studies performed in animal models with neural implants intended to make recordings, often
showed progressive losses in signal read-out a few weeks after implantation®€l. In most of the
cases this phenomenon occurs because of brain physiological response and astrocytes have a key
role in this response. The foreign-body response to brain implants is caused by glial encapsulation
of the device by forming a layered structure that can reach hundreds of micrometers of thickness
(Figure 15). The role of reactive astrocytes in this process is important for their effect in

connectivity of neural networks and function®*",
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Figure 15. Astrocytes response to implants. A) Scheme of foreign body response to brain implants. Before implant
(left) the tissue is undisrupted. Right after implant (grey) the acute inflammation phase starts (center), and astrocyte
(red) and microglia (green) activation occurs. In the chronic phase (right) takes place the encapsulation of the implant
impairing its performance. B) Confocal fluorescence images of 30-um striatal slices showing GFAP stained astrocytes
(red) and Ibal stained activated microglia (green) at the ventral tip of diverse implanted devices (dashed outline) at 2
and 4 weeks. Figure B reproduce from B8 with permission from the American Association for the Advancement of
Science.

Studies performed in this field suggest that chemical, physical and mechanical properties of
biomaterials are crucial factors for suppressing chronic tissue encapsulation®°l. A common
approach to modulate the inflammatory response and get a better integration of the implant on the
brain is the chemical modification of the material with adhesion proteins, bioactive molecules and
anti-inflammatory molecules®2-%23 Moreover, a recent study proved that rigid materials enhance
the activation of astrocytes and microglia when compared with softer materialst®4. In this context,
mechanical modifications of this property can significantly reduce glial scar formation and

inflammation responsel®2>271. Furthermore, reduced device dimensions may diminish gliosis by



being too small to allow cellular attachment[?8l, Nevertheless, diminished stiffness can make softer
and subcellular devices hard to be implanted without an insertion tool or soluble shuttle®'7, In
addition, electrode surface coating can also be a suitable option for reducing foreign-body response
in brain implants. In this view, hydrogel, bioactive anti-inflammatory surface molecules and
biodegradable polymers can be used in material coating to increase biocompatibility. Coatings can
be design to reduce inflammation through drug release, mask the surface of the implant from being
recognized as a foreign body, reduce impedance by increasing the fractal dimension and/or

diminished the concentration of cytokines in the site of implantationt®',

Among inorganic materials metals have been commonly used in neural devices. Silicon remains the
most frequently used material in primate studies and human clinical trialst®?*-%32, However, there
are limitations for their use in biomedical applications, such as their poor stability in biological
systems, the high electrical noise and stiffness that can damage the surrounding tissue inducing

foreign body reaction°],

8.1.1 Graphene

Graphene is a carbon-based two-dimensional layer of sp?-hybrid carbon atoms that form hexagons
(Figure 16A). Among its exceptional properties, graphene present remarkable thermal conductivity,
high elastic modulus, outstanding electrical conductivity and low resistivity!®'°l. Furthermore, its
structure allow easy functionalization making graphene a good candidate for biomedical
applications®3-2%1 Due to its remarkable electrical and mechanical properties, interfacing graphene
with brain cells could be extremely advantageous for neural engineering purposes. However, the
mechanisms of interaction of graphene and graphene-based materials with brain cells need to be
further investigated. Studies performed in neuronal-like cell lines like PC12 showed that graphene
induced a toxic responsel*3¥!. Besides, graphene oxide (GO) (Figure 16B and C) nanosheets did not

cause cytotoxicity at low concentration, but it was observed dose- and time-dependent cell death in



SH-SY5Y cell line of human neuroblastomal®¥”l. Nevertheless, in primary cultures, viability of
neurons and glial cells does not present any changes after graphene exposure, both in vivo and in
vitro (Figure 16D) but neuronal primary cultures exposed to GO nanosheets showed alterations in
physiological pathways, synaptic connectivity and plasticity!®3®3%° On the other hand, in vivo
studies showed that GO nanosheets accumulate in small amounts in the CNS of rodents after
intravenous injection°. The entry of graphene in the body and the dose was shown to affect the

biological effects1,

Figure 16. Structure of graphene (GR) and graphene oxide (GO) and interaction with neurons. A) Structure of
graphene. Reproduced from 3421 B) Structure of graphene oxide (GO). Reproduced from B4l published by the royal
society of chemistry. C) (a) Photo illustrating the self-assembly process of GO films. (b) GO film at the liquid-air
interface. (c) Photo of a flexible and semi-transparent GO film. (d) Photo showing a large-area GO film. Reproduced
from (341 D) Primary rat cortical neurons exposed to GR and GO flakes and immunostained for anti- III tubulin (Red)
and Hoechst 33342 (Blue). Reproduced from 391 published by ACS nano.

Functionalization of graphene surface could also be a promising strategy to alleviate the observed
drawbacks by tuning graphene properties to obtain a higher biocompatibility. Functionalization,
might allow graphene to act as a platform for delivery of biomolecules that are usually not passing
the BBBPB*1, Moreover, it is also possible to modify graphene chemical structure by adding
functional groups*®l. This approach could then satisfy the increasing demand of medical platforms

able to carry out diverse functions.



Data on the effect of graphene and graphene-based materials on astroglial cells is still limited. GO
nanosheets were proven to not affect astrocyte viability in vitro, but alter neuron-astrocyte
communication by affecting the release of microvesselsi®®l. Besides, astrocytes treated with
graphene and GO flakes in vitro showed that they internalized in the cell causing variations in
intracellular processes. Moreover, astrocytes exposed to graphene presented cytoskeletal
rearrangements while internalization of GO caused upregulation of K* channels and Na* glutamate
uptakel**’]. Graphene-based materials resulting from interaction of polymers and graphene have also
been under study. PEGylated rGO was shown to cause changes in astroglial cells morphology and
production of ROS, affecting astrocyte viability in vitro and in vivo. Furthermore, electrospun PCL
microfiber scaffolds coated with self-assembled colloidal graphene, showed a suppression of
microglia and astrocyte activation when implanted into striatum and subventricular zone of adult
rat, compared with non-functionalized graphene. Moreover, these implants prevented the formation

of glial scar in the brain, even after 7 weeks after implantation®*l.

8.1.2 Organic semiconductors and polymers

During the last few years the design and synthesis of new organic materials has grown to implant
them in electronic tools such as, transistors and light-emitting devices. Therefore, the research of
their structure and properties have been a matter of intense investigation. Among their interesting
properties, organic platforms include transparent thin-film materials that allow optical investigation
of cells and tissues in direct contact with them, polymers and small molecules that can be easily
tuned to achieve the desired properties for different applications, organic semiconductors that can
be self-assembled to mimic biological structures, organic substrates easy to functionalize to
promote cell viability and natural, cheap, bio-degradable and bioresorbable materials such as
SF[320:321.349-351] | the last decade organic electronics have been used in the field of bioelectronics

and the development of neural interfaces, specially based on organic semiconductors and



conductive polymers. Nevertheless, organic neural interfaces present some disadvantages such as,
poor electrochemical stability in water environments and organic devices often present lower

performances than their inorganic counterparts>2,

Perylene-derivates can be found in form of polymer and small molecules and they are one of the
best performing n-type materials for the building of filed-effect transistors*3l, Among them, N-N’-
ditridecylperylene-3,4,9,10-tetracarboxylic diimide (P13) has been shown to be a permissive
material to grow primary rat DRG neurons, where they can adhere, grow and differentiate
maintaining their electrophysiological properties even at long term!®*l. Perylene derivates can also
be functionalized to offer more advantageous properties. In this context, lysine substitution of
perylene diimide (PDI-Lys) enhancing the hydrophilicity of the material allowing an elevated
biocompatibility in vitro as well as differentiation of DRG neurons®2l, Lysine functionalization of
other organic material was reported. Lysine substitution of quaterthiophene (T4-Lys) increased
notably the number of DRG neurons adhered to the substrate. Furthermore, longer neurites were
found when compared with regular T4 and poly-L-Lysine control samplest®2%. However, studies on
glial cells and specially on astrocytes to understand the impact of these materials in brain implants

are needed as well as to understand the influence of this material on astrocyte physiology.

Polymers provide several advantages over other kind of materials for their wide range of chemical
structures and the possibility of tunability of their propertiest®®l. Synthetic polymers can be
commercially obtained and besides they are often cost-effective for fabrication. Among synthetic
polymers, conductive polymers (CPs) have receive much attention, in specially in the fabrication of
organic electronics. They present alternate single and double bonds that allows electron movement
providing the material with electronic conductivity after suitable doping (Figure 17A-D). Besides in
response of redox reactions they can change their properties, such as, wettability, color, and
conductivity®®l, They present a great amount of advantages for their use in biomedical
applications, that includes their ability to work as a drug release platform, capability of be



functionalized with bioactive molecules and the possibility of alter the chemical and physical
properties of the surface to induce a cellular responsel®4-3%1 Some of the better-known CPs are
poly(pyrrole) (Ppy), poly(aniline) (Figure 17E) (PANI) (Figure 17E), poly(thiophene) (PT) and
poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 17 E). For their great electrical conductivity

and their biocompatibility, they are excellent materials for neural interfacel31%371,
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Figure 17. Conductive polymers. A) The dopant removes or adds one electron from/to the polymer chain. B) The
charge delocalizes with a local distortion of the crystal lattice. C) The charge surrounded by the distortion is a polaron.
D) The polaron travels along the polymer chain conducting electricity. Reproduced from %1 published by Elsevier E)
Structures of PANI, PEDOT and PPy, three of the most commonly used conductive polymers. Modified from %
published by ACS publications.

Novel substrates based on CPs, like poly(ethylene terephthalate) (PET) nano-fibers coated with
PEDOT doped with toxylate showed that SH-SY5Y neuroblastoma cell line can attach well and
show a healthy morphology. Besides, electrical stimulation induced Ca?* signalingt%.
Furthermore, PEDOT doped with PSS was also show as a biocompatible substrate promoting neural
growth and synapses formation with reduce glial response in vitrot®l, Moreover, PPy fibers doped

with p-toluene sulfonate has been use to control growth direction of DRG neurons[¢2,

To what concern tissue engineering applications, biodegradable polymers that can decompose into
non-harmful biological molecules that can be remove from the body through natural pathways are
needed. Apart from the synthetic polymers discussed above, natural polymers such as proteins,

amides and polysaccharides can be used for this purpose. This kind of macromolecules are



completely recognized by the biological environment. Among natural polymers, several studies
have showed the great potential of SF in neural tissue engineering®®. SF can be process in divers
form, being SF films and hydrogels very promising for the results they showed in vitro and in vivo.
SF films show optical transparency and tunable mechanical properties thanks to surface
modification. On the contrary, hydrogels present diverse formulation for gelation and it can also be

easily delivered by injection[363364],
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Figure 18. Histological study of silk fibroin deposits over time after intracerebral injection. A) High magnification
images of SF deposits 72h, 2 weeks and 4 weeks after injection. Arrowheads show cellular hyperdensity (scale bar: 200
Im). B) Time-course of SF degradation after implantation. The data are shown as the means + the SEM of four
independent experiments with 24 mice in total; 8 mice per temporal point. The asterisks denote significant differences
between temporal points (one-way ANOVA; *p < 0.05). Reproduced from %! with permission from Elsevier.

In vitro and in vivo studies confirmed the use of SF substrates for peripheral nerve repair by using
this material as nerve guides. In vitro experiments performed on PC12 cells showed that SF guides
nerve conduits while increasing the differentiation and proliferation by delivering NGF6¢]. Besides
SF promoted DRG neurite growth while preserving their electrophysiological properties in
vitrol350367:3881 | vivo studies using SF scaffolds show promising results by filling the tissue gap
and delivering NSCs and neurotrophic factors like neurotrophin-3 (NT-3) while improving NSCs

differentiation to repair the lesion on rat spinal cord transection model®%°,

Regarding astrocytes interaction with SF in vitro studies showed that SF is a beneficial platform to

grow primary rat neocortical astrocytes without promoting glial fibrillary acidic protein (GFAP)E,



Besides, SF film matrix can target and drive ion channels by selected trophic and neuroprotective
factors®7%. These results open a path to study astrocyte interaction with SF-based materials.
Research focused on SF-astrocyte interface could certanly improve the efficientcy of NSCs
therapies that is currently the gold standard of of SF-brain interactio studies. Furthermore, studies
confirm SF hydrogels as a favorable substrate for in vivo experiments in adult male mice showing

low gliosis and inflammatory response that were often transitory¢°l.

8.2 Organic bioelectronics

Bioelectronics involve the development and study of electronic devices capable of operating as
translators between biological signals and electronic systems. They can be used to selectively
convert relevant parameters into electronic readouts as well as to regulate physiological processes.

The methodologies that are available nowadays to record neural activity includes intracellular
recording and stimulation by patch electrodes, extracellular stimulation and recording by
microelectrode arrays (MEAs) and optical imaging with fluorescent indicators or genetically
encoded molecular probes. Intracellular recording exhibits a great electrical coupling with the cell
and provide accurate information of the changes in voltages in the cell. Nevertheless, the use of
sharp microelectrodes is limited to individual cells and cause damage in cell membrane. On the
other hand, in vitro cell-non-invasive extracellular recordings with MEAs and in vivo recordings
performed with polytrodes shows an attenuated electrical signal, but it enables the simultaneous
recording of a big population of cells without causing mechanical damage to the plasma
membranel¥7*373 Great attention is paid in the improvement of MEAs to get better extracellular
recordings mainly by increasing the density and number of electrodes and by developing nano- and
micro- electrophysiological technologies. Research efforts are also made to use these technologies
to enable also simultaneous intracellular recording and stimulation of many cells in vitro and in

vivol¥74l,



A recent study reports an intracellular electrode platform based on vertical metal-coated silicon
nanowires that allows the interface with several rat cortical neurons simultaneously and intracellular
recordings of their activity®"®l. Promising results were obtained with an array of non-invasive gold-
mushroom-shaped microelectrode that maintain extracellular position but can provide intracellular
stimulation and recording of several neurons without damaging cell membrane. It allows the
recording of action potentials obtaining an improved signal-to-noise ration when compared with
intracellular sharp electrodes"®l,

One of the main disadvantages of conventional inorganic based devices is its high cost.
Nonetheless, inorganic materials have mechanical properties and biocompatibility issues that limit
the possibility of using them in devices for prolonged recording. Notably one of the main challenge
is the interaction of inorganic device with glial cellst],

Organic materials-based bioelectronics offer promising tools for the study and modulation of the
physiology of astroglial cells. Organic materials present an improved biocompatibility with brain
cells when compared with inorganic substrates, allowing them to preserve their
functionality®4%3%0:370 Fyrthermore, they present advantageous iono-electronic transport properties
combined with optical transparency®"). Moreover, organic bioelectronic devices capable of
recording and modulating neurons in vitro and in vivo were reported®783°l. Collectively, these
results show the potential of organic bioelectronics for fundamental studies in the field of

neuroscience as well as for their use in clinical neurology to treat brain pathologies.

Organic devices have also emerged as a low-cost alternative that can also be printed on flexible
substrates. Although in general they present lower performances and stability, they present a
decisive advantage that consist on the possibility of tailoring the organic material to modify its

propertiest=8%,
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Figure 18. Devices structure of A) Chemiresistor, B) organic light emitting diode (OLED), C) Organic field effect
transistor (OFET), D) lon sensitive organic field effect transistor (ISOFET), E) Electrolyte gated organic field effect
transistor (EGOFET), F) Organic electrochemical transistor (OECT). OSC represent organic semiconductor, LSO is
light sensitive organic, and CP is conducting polymer.

The simplest organic electronic structure is made by a thin organic layer connected by two
electrodes that provide the injection and collection of charges. This is the basic structure used for
resistors and chemiresistors (Figure 18A)8. On the contrary, when the organic layer is between
the two electrodes it is called diode. In this configuration electrons are injected by one of the
electrodes and holes by the other®¥, When the organic material is luminescent, this device can
produce electroluminescence forming an organic light emitting diode (OLED) (Figure 18B)[%83,
Studies showed that blue light between 450-460 nm can activate modified neurons expressing
channel rhodopsins (ChRs)[183841 A recent study showed an OLED capable of activate ChRs,
operating at 5V in vivo in drosophila melanogaster expressing ChR2 in motor neurons. Pulsed blue
and green illumination triggered contraction in the animal that was coupled to the timing of
illumination, giving blue OLEDs a better responsel3e],

When we combine the vertical electrode configuration of the diode with an extra lateral electrode,

to have one electrode to act as gate and two electrode to act as drain and source, and we include also



a gate insulator to separate it from the organic semiconductor we have the classical structure of a
field effect transistor (OFET) (Figure 18C)[%l. Different dielectric can be used as insulators such
as, vacuum, polymers and self-assembled monolaters. When the gate electrode is negatively
polarized in a device with a p-type semiconductor, free holes will place in the semiconductor-
insulator interface to compensate the negative charged gate-insulator interface. On the other hand,
when the device is based on an n-type semiconductor and the gate is positively polarized, free
electrons will place in the semiconductor-insulator interfacel®®°l. They have a voltage threshold
necessary to turn on the flow of current from source to drain and crate a conductor transistor
channel. As cells are in highly polarizable solution, this kind of transistors are ideal as they can also
operate in aqueous medium. When a potential difference is applied between the gate and the source,
a double electric layer forms in the solution-semiconductor interfacel®7]. A recent study showed the
interface of OFET and primary DRG neurons to provide bidirectional stimulation (Figure 19) and
recording. The device called organic cell stimulating and sensing transistor (O-CSTs), enabled not
only depolarization but also hyperpolarization of membrane potential. Besides the extracellular
recordings achieved by the O-CST device present a maxima amplitude-to-noise ratio 16 times better

than regular MEAE78],
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Figure 19. Neuronal stimulation by O-CST and patch-clamp detection. A) Schema of the experiment performed for
extracellular/intracellular stimulation and recording. B) Image of the patch-clamp set-up interfaced with the O-CST



device. C) O-CST signal recorded. Red stars represent detected spikes by performing data analysis off-line using
custom software. Modified from 78 with permission from Springer Nature.

On the contrary, when a reference electrode act as gate electrode and the electrolyte is in contact
with the insulator we obtain the structure of a ion-sensitive organic field effect transistor (ISOFET)
(Figure 18D)E®1. In this configuration, by making the insulator sensitive to a given analyte, it is
possible to detect a wide variety of biomolecules. A Poly(3-hexylthiophene-2,5-dyl) (P3HT) based
ISOFET with a layer of silicon nitride as insulator was shown capable of detecting changes in pH in
the range of 2-10 B389, These transistors can also be used to detect glucose by using a sensitive layer
made of an enzymatic layer immobilized in a Ta2Os layer. When the device gets in contact with a
solution containing glucose, an enzymatic reaction occurs mediated by glucose oxidase forming
gluconic acid allowing the transistor to sense the variations in the pHE,

Electrolyte-gated organic field effect transistor (EGOFET) structure is similar to the one of ISOFET
but in this case the semiconductor is in contact with the electrolyte (Figure 18E). When a voltage is
applied in the gate an electrical double layer appears at both the interface gate-electrolyte and
electrolyte-semiconductor!®, As the electrolyte acts as gate dielectric, this produce a drastic
lowering of operational potentials®®l. Interaction of murine neural stem cells and pentacene based
EGOFET was recently reported allowing in vitro recording and stimulation of neural activity. The
transistor showed good stability for nine days in cell culture conditionst®*?. EGOFETs have also
emerge in the field of biosensors thanks to the easy functionalization of gate/electrolyte and
semiconductor/electrolyte interface allowing the detection of biomolecules such as DNA and
proteinst3%3,

Organic electrochemical transistor (OECT) structure is very similar to EGOFET structure but
OECT but the working principle is different (Figure 18F). While EGOFET semiconducting channel
is modulated by changes in the electrolyte, OECT functioning relies on the doping and dedoping of

the polymer layer that modifies its conductivity!®, The most used conducting polymers used are



Ppy and PEDOT. Research performed in vivo with a PEDOT:PSS based OECT showed
electrophysiological recordings of brain surface of epileptiform models. This device showed a
superior signal-to-noise ratio when compared with surface electrodes thanks to local amplification.
Besides they were able to record surface low-amplitude brain activities that are often poorly
resolved with surface electrodest®”®l. The same group demonstrated that OECT can also be used in
depth probes to stimulate neurons. Devices tested in situ in mouse hippocampal preparations, were
only 4um thick reducing invasiveness in this way (Figure 20). Besides they showed that the induced
[Ca?*]i increase in pyramidal neurons in contact with the transistor were directly correlated with the
delivered stimuli®* (Figure 20 D). OECT have also shown promising result in their used as
biosensors. In this view, a PEDOT:PSS based OECT were used for the selective detection of
dopamine in the presence of interfering compounds such as ascorbic acid and uric acid while
obtaining sensitivities and limits of detection alike or even higher than the ones obtained by
differential pulse voltammetryt®®l, Recently, an PEDOT:PSS based OECT was also used for pH

sensing applications[61,
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Figure 20. Stimulating pyramidal neurons in hippocampal preparations. A) Pyramidal neurons from the section
CAL1 (dark blue) were recorded and stimulated using the OECT, as shown, starting from the section CA3 (lightest blue
to dark blue). B) Recorded response during stimulation at sites 1, 2 and 3. Physiological activity is evoked only when
the stimulation is applied in site 3. The five pulses shown in all three traces are typical stimulation artefacts. C) Selected
action potential from stimulation at site 3. D) (Left) Two-photon image of the OECT implanted in the hippocampus
preparation. Neurons are seen in green (OGB1-AM) and glial cells in red (SR-101). Cells are located 20 um above the
transistor channel. (Right) Averaged change in fluorescence, corresponding with rises in [Ca?*]; in neurons after
stimulation. The blue trace is the average response at 10 Hz and the red trace is the average response to single pulses.
Reproduced from %4 published by WILEY-VCH.



Organic bioelectronics are a promising tool for neuroscience research, nevertheless, available
studies till now are mainly focus on neuronal recording and stimulation while no attention is paid to
glial cells. In this context, studies of astrocytes interface with organic bioelectronics that can

stimulate and/or read out their bioelectrical activity are lacking.

8.3 Photostimulation

The electricity-centered view has been the gold standard in the development of brain-machine
interfaces due to the known electrical properties of neurons. However, the 3-dimensional
architecture of the brain difficult the implantation of foreign objects targeted to deeper areas of the
brain. Often, these implants cause a trauma that activates in turn a glial response that cause device
encapsulation compromising device functioning!®. Moreover, devices are till now unable to target
specific cells within the same region, increasing the chance of activating undesired neighboring
tissue. In this context, the study of optical methods as alternative to electrical stimulation has been
proposed. Light has also been investigated to modulate neural activity. This was first demonstrated
by using a 488nm Argon ion continuous wave laser to enhance the firing rate in Aplysia pleura
abdominal nerve preparation®®”l. On the other hand, studies also reported inhibition of neural signal
after long term laser exposure®®-4% These results paved the way to study the potential of light as a
tool for neuromodulation. Later, photochemical uncaging of free-floating neurotransmitter to excite
neurons in brain slices was studied showing that caged neurotransmitters can alter neuronal
activity®. This technique was adapted for several neurotransmitters as well as to multiphoton
formatl402.403],

Ultrafast femtosecond lasers have also been used for label-free neuronal activation. Experiments
performed in mice slices showed two different mechanisms depending on the intensity and
exposure time. While prolonged lower-intensity depolarization seemed to be resistant to sodium

channel blockers and susceptible to antioxidants suggesting the implication of reactive oxygen



species, the faster high-intensity mechanism of neuronal depolarization appeared to be related with
nonoperation*®l, However, this technique suits better for research applications than clinical used
due to high cost and the susceptibility to misalignment. In 2005 optogenetics first appeared as a
method that allows the elimination of wires and enables the stimulation of specific neuronal
subtypest®®l.  However, even if optogenetics has been successfully applied in rodents, relevant
results in non-human primates are still lacking. Moreover, it is still far from being used in humans
given the safety concerns.

An alternative technique using light to stimulate is based in pulsed infrared (IR) stimulation and

has been shown to elicit neural activity. It was first demonstrated in rat sciatic nerve using a free
electron lasert*®4%1 |nfrared neural stimulation (INS) present attractive clinical potential due to its
contact-free capacity, lack of electrical stimulation artifact, and label-free. The mechanism of INS is

based in transient and localized heating caused by the absorption of IR light by water moleculest ],

They observed that the ideal penetration depth was achieved when the used wavelength was close to
the first two absorption peaks of water or the valley at higher wavelength. They also showed that
the minimal energy necessary for INS to work was around 0.3 J/cm?“%]. Importantly, INS is a
label-free technique that does not require genetic manipulation as it occurs in optogenetics.
Additionally, it presents several advantages over electrical stimulation. For instance, it presents a
high spatial precision as the cells stimulated are the ones right in the illumination spot (Figure 21).
Moreover, the stimulation of upper cortical layers can be performed without penetration of the
tissue avoiding brain damagel“®®l. Furthermore, INS was shown not to interfere with electrical
recordings when electrodes are out of the illumination spot and it is also compatible with magnetic

resonance imaging (MRI1)[081,
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Figure 21. Comparison of electrical and INS-induced Ca?* signals. A) Top panel: Blood vessel map showing the
position of the electrode. Bottom panel: Activation map of Ca?* signal induced by electrical stimulation (Image shows
from 5 to 6 s and the stimulation protocol consisted of 0.3 mA, repetitionrate:200 Hz, pulse width 250 ps and pulse train
length 500 ms). B) Top panel: blood vessel map showing the location of the optic fiber. Bottom panel: Activation map
of Ca?* signal induced by INS in the same animal. (Image shows from 6 to 11 s and laser parameters were 1875nm,
repetition rate 200 Hz, pulse width 250 ps, pulse length 500 ms and radiant exposure 0,68J/cm? C) Timecourse of
electrical and INS-evoked Ca?* signals. Reproduced from 1% with permission from Elsevier.

The mechanism of transduction of thermal energy in alteration of membrane potential remains to be
elucidated. A recent studied proposed a capacitive mechanism by performing voltage-clamp in
Xenopus oocytes, human embryonic kidney cells and artificial bilayers to investigate INS mediated
membrane potential depolarization.[*:?l. On the other hand, the involvement of thermosensitive ion
channels was also proposed™. Members of the TRPV family are well known for being

thermosensitive and specially TRPV4 was proposed as the primary source of INS response in

retinal and vestibular ganglion neuronst 1,



INS has been successfully used to activate sciatic nerve in frogs and rats causing a control
contraction of isolated leg muscles [“%4%1 INS has also been successfully applied in the CNS. A
recent study showed by mean of calcium imaging experiments the viability of INS application in
the cortex of rodents“®®l. They observed that upon INS a wave-like propagation of Ca?* occurred
that consisted on a slow and fast component“®®l, These Ca?* transients were observed both in
neurons and astrocytes. These results paved the way for the study of the involvement of astroglial
cells in response to INS. Moreover, it is long-stablished that astrocytes express TRPV4[%H  that was

proposed as one of the possible translating mechanism of thermal increases.

Photostimulation mediated by photoactive organic materials has also been reported. In this context,
the prototype material for organic photovoltaics, called, regio-regular 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. This interface can be used to photostimulate neuronal activity by using
visible light and without using any externally applied electric field[**?._Interestingly, the same

approach can be used to photostimulate primary culture of astrocytes“*3l,



9. Aim of the thesis

Studies of the past four decades has moved the neurocentric attention of the neuroscientist towards
to non-excitable glial cells, called astrocytes. It has been well-established that the astroglial
syncytium is a key player in the process of maintenance of homeostatic equilibrium in the brain,
which is a condition essential for proper neuronal network function. Astrocytes control the
concentration of ions and water, through the selective transmembrane movement of inorganic and
organic molecules and the equilibration of osmotic gradients by means of transmembrane proteins
forming ion channels and aquaporins (AQPs)®2. Nonetheless, astrocytes’ ion channels and
aquaporins play a critical role in several physiological functions of the brain, including neuronal
synaptic communication, neurogenesis and differentiation of new-born neurons, brain fluid
exchange, regulation of cerebral blood flow[?°l. On this regard, physiological activity of astrocytes
relies on intracellular Ca?* signals that can occur locally or spread globally through the astrocytic
syncytium[®41,

Despite important knowledge and discoveries have been provided on the role of astrocytes there is a
need to uncover cellular and molecular mechanisms related to astrocytes function and disfunction.
Currently available tools to study and modulate astrocyte functions and studying
astrocytes/microglia interaction are facing technical issues such as spatio-temporal sensitivity, cell
selectivity and low throughput. In this context, new technologies capable to selectively alter
astrocytic functionality might open the view for selective analyses of the role of their ion channels
and Ca?* signalling.

In particular, the use of nanostructured biomaterials interface, based on carbon materials, and the

use of electrical stimulation by organic bioelectronics and photostimulation by Infrared Pulsed



Laser have been demonstrated to be successful for the spatially resolved stimulation of neuronal

electrical activity [347:378414]

Interestingly, an emerging literature is demonstrating that astrocytes can responds to electrical and
photo-stimulation [17:4094134151 - However, astrocytes have been for so long considered electrically
silent, and the study of the response of astrocytes to physical stimuli such as electrical and photonic
ones, have been so far largely neglected %1, Accordingly, at present, in vitro and in vivo studies
reporting on these topics are mainly phenomenological and there is a lack of a mechanistic

explanation of the observed responses, at molecular, biophysical and cellular level.

On this basis, the general aim of my PhD was to validate materials interface and advanced
biomedical device to alter astrocytes physiology and to unravel and understand the molecular and
cellular mechanisms beyond the response of astrocytes to electrical, photonic and topographical

stimulation.

In this view | developed my PhD research activities at the Laboratory for Bio Organic Interface at
the Institute for the study of Nanostructured Materials and at the Institute of Organic Synthesis and
at the Lab for Biology Photoreactivity of the National Research Council of Italy (CNR-ISMN and
CNR-ISOF), under the supervision of Dr Valentina Benfenati, with the aim to explore firstly the
potential of nanostructured carbon based-materials to fabricate device capable to modulate
astrocytic function and to uncover the molecular mechanisms underpinning the observed effect. My
research training program was supported and developed mainly in the framework of Marie Curie
Training Project called Olimpia project FP7-PEOPLE-212-1TN, GA 316832, where the Lab of Cell
Physiology of Dr Marco Caprini, FABIT Dept of the University of Bologna, was Associated
Partner. In collaboration with Dr Manuela Melucci and Dr Vincenzo Palermo, from CNR-ISOF, |
also had the chance to test the ability of Graphene Oxide and its bio-functionalized derivatives to be

used as substrates to grow astrocytes in vitro.



Moreover, during the last year of my PhD, | was developing the research activities related to an
International Grant supported by Air Force Office of Scientific Research (AFOSR) called
ASTRONIR (FA9550-17-1-0502), where we explore the use of Infrared Pulsed laser
photostimulation to evoke Ca?* signaling in astrocytes and to uncover the molecular and cellular
clues involve in the effect. The latter project involves Centre for Biphotonics of the University of

Vanderbilt, led by Prof Anita Mahadaven- Jansen, where | spent part of my PhD.

One of the goal of my training was also to develop multidisciplinary skills such as materials and
device characterization and devices fabrication that was allowed by the environment and the
excellence of the frameworks in which | worked, and by close collaboration with a highly
multidisciplinary team of researchers from CNR institutes (ISMN, ISOF, IMM) as well as national
and international Universities, Research Centers and Private Companies. Nonetheless soft skills
such as Intellectual Properties courses, Ethical Issues in Neuroscience as well as Gender issue in

Science were part of my training.



Chapter 2- Experimental Section

1. Astroglial cells preparation

Preparation of primary astroglia culture

Primary cortical astrocytes were prepared from Sprague Dawley pups (P0-P2)[“1¢l. Cerebral cortices
were removed and placed in cell culture flask after dissociation. Culture medium consisted in
DMEM-Glutamax medium supplemented with 15% of fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin. Astroglial cells were maintained in incubation at 37 °C and
5% of CO2 and proper humidity levels during three-four weeks before using them. Cell medium
was changed every three days and flasks were gently shaken if necessary, to detach undesired cells.
Cells were then seeded in samples or devices for experiments and maintained in medium with a
10% of FBS. Primary astroglial cultures were prepared at the University of Bologna and performed
in concordance with the Italian law of protection of laboratory animals (ethical protocol number no.

360/2017 PR).

Preparation of primary AQP4 (-/-) astrocytes

Mouse AQP4 (-/-) astrocyte primary cultures were kindly provided by Prof. Grazia Paola Nicchia
from the University of Bari from newborn pups as previously described 171, Cells were cultured in
DMEM-Glutamax medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin
and 100 mg/mL streptomycin and maintained at 37°C in a 5% CO incubator. All the cell culture

products were purchased from Thermoscientific.



siRNA and Transfection.

Stealth RNAI siRNA select RNAI (a set of three oligos: ID RSS330372, designated “ number 7”;
ID RSS330373, designated “number 9”; and ID RSS330374, designated “number 11) which
respectively target nucleotides 1322-1346, 1201-1225, and 1642-1666 of rat TRPV4 (GenBank
accession no. NM_023970.1) were purchased from Invitrogen. Transfection was performed on 2- to
4-weeks-old primary astrocytes using Lipofectamine RNAIMAX and Opti-MEM | reduced serum
medium according to the manufacturer’s instructions (Invitrogen). The final concentrations were 50
nM for the selected RNAI or negative control and 10 puL for Lipofectamine RNAIMAX in a T75
flask and cells were incubated for 6h. After this time cells were gently washed twice and DMEM
with 10% of FBS was added for 24h. After 24h the medium was replaced with complete 10% FBS

DMEM containing penicillin/streptomycin (100 U/mL and 100 ug/ mL, respectively) medium.

2. Biocompatibility assays

Fluorescein diacetate assay

Fluorescein diacetate (FDA) was used as fluorophore capable to stain viable cells. The FDA stock
solution (5 mg/mL) was diluted on phosphate buffered saline (PBS, Invitrogen). Astrocytes seeded
on the substrates and devices were incubated for 5 min at room temperature (RT) and washed with

PBS. Images were taken with a Nikon eclipse 80i microscope equipped with a 20X objective.

Alamar blue assay

Alamar blue (AB, Life Technologies) viability assay was used according to the manufacturer’s
protocol. AB assay enable to quantitatively measure the cell number and the proliferation rate of
living cells on the substrates at different time points. Moreover, since AB assay rely on the REDOX
reaction occurring in the cytoplasm of living cells by enzymatic activity related to aerobic

respirationt®®l it proves also information on cell metabolism. Cells plated on the different



substrates were incubated at 37 °C for 6 h with AB that was diluted in an amount equal to 10% of
the culture volume. Afterwards, 100 puL were taken and then placed into a 96 well plate for
fluorescence measurements in a microplate reader (Thermo Scientifict VVarioskan Flash Multimode
Reader) at by excitation at 570 nm respectively and emission at wavelength of 585 nm. Proliferation
rate was calculated as the increase in fluorescence, which is proportional to the number of cells,

between two successive days and it was expressed as a percentage.

3. Molecular, functional and morphological characterization of astroglial
cells

Immunofluorescence and confocal microscopy

GFAP immunostaining was performed with Mouse anti-GFAP (Sigma Aldrich, Milan, Italy) as
primary antibody and it was diluted to 1:300 in 3%BSA and 0.1% Triton X-100 in Phosphate
Buffer Saline. We used Alexa 488-conjugated goat anti-mouse as secondary antibody diluted
1:1000. Cultured astroglial cells, seeded on samples, were fixed in 4% paraformaldehyde and
washed in PBS. Unspecific sites were blocked with 3% Bovine Serum Albumine (BSA) in PBS and
permeabilized with 0.1% Triton X-100 in PBS. Afterwards, cells were incubated with the primary
antibody for 3 h at RT and washed in PBS. The incubation with the secondary antibody was of 1 h
at RT. Samples were mounted on slides, using ProLong Diamond Antifade Mounting with DAPI
and images were taken with a Nikon TE 2000 inverted confocal microscope equipped with a 40X

objective and a 400 nm diode, 488 nm Ar* and 543 nm He—Ne lasers as exciting sources.

Calcium microfluorometry

Changes in the intracellular free Ca?* concentration ([Ca®']i) were monitored by calcium
microfluorometry using the single-wavelength fluorescent Ca?* indicator Fluo4-AM (Life

Technologies, Milan, Italy). Before measurements, a high number of astrocytes were seeded on O-



CST devices pre-coated with Poly-D-lysine (PDL) were loaded with 10 uM Fluo-4 AM dissolved
in standard bath solution for 30 min plus 15 min at room temperature. Samples were next rinsed
with standard bath solution (see below). Measurements of [Ca®*]i were performed by using a
fluorescence microscope (Nikon Eclipse Ti-S) equipped with long-distance dry objective (40x) and
appropriate filters. The excitation wavelength was 470 nm with a light pulse duration of 200 ms and
a sampling rate of 1.5 Hz for electrical stimulation and 0.5 Hz for INS. Data acquisition was

controlled by MetaFluor software (Molecular Devices).

Electrical stimulation

Specific voltage protocols were applied to the O-CSTs and diodes by a custom-made 2612A Dual-
channel System Source Meter Instrument (Keithley).

Inhibitors were diluted in standard bath solution to their respective final concentration and added

after rinsing.[t54

Infrared neural stimulation (INS)

Infrared laser exposure of astrocyte cultures was performed with an electrically-pulsed 1875nm
diode laser (Capella; Aculight | Lockheed-Martin, Bothel, WA, USA) coupled to a 400-um
diameter low-OH optical fiber patch cable (Ocean Optics, Largo, FL, USA). To irradiate the cells,
one terminal of the fiber optic was cleaved to yield a bare fiber face, which was used to irradiate the
cells after a series of cleaning and polishing steps. The fiber optic was mounted into a ferrule and
attached to a micromanipulator head at a 45-degree angle for precise positioning over the cells
within the microscope’s field of view. The edge of the optical fiber was carefully place ~10-pum
from the surface of the coverslip for exposures. Applied radiant exposures (calculated ex-fiber)
spanned 2.42 to 29.95 J/cm?, with the primary radiant exposure used for pharmacological

experiments of 12.74 + 1.72 J/cm?. Based on positioning of the fiber around 240 microns from the



surface of the cells and assuming a ~31cm™ absorption coefficient at 1875nm and a ~500um spot
size at the sample, we estimate that the radiant exposure observed by the cells ~5J/cm? within the
microscopes field of view for pharmacological experiments. Single pulses delivered to the cells

were primarily delivered as an electrically-pulsed 8-millisecond exposure.

Calcein self-quenching method

Changes in Cell-volume were monitored by Calcein fluorescence self-quenching method.!*84 High-
density astrocytes were plated on O-CST devices coated with PDL 48h before experiments. Cells
were loaded with 10 uM Calcein-AM (Life Technologies, Milan, Italy) dissolved in standard bath
solution and they were incubated for 15 min at RT.'® Data acquisition was controlled by the
MetaFluor software. The excitation wavelength was 470 nm with a light pulse duration of 200 ms
and a sampling rate of 1.5 Hz. Specific voltage protocols were applied to the O-CST by a custom-

made 2612A Dual-channel System Source Meter Instrument (Keithley).

4. Material synthesis fabrication and characterization

Synthesis of GO-PL and Preparation of GO, rGO and GO-PL membranes

The synthesis of GO-PL was performed at from the group of Manuela Melucci and Vincenzo
Palermo CNR-1SO that were responsible for providing the graphene-based material and for all the
materials characterizations. 12-(Acryloyloxy)-1-dodecanol (1). Briefly, under N, atmosphere, 1,12-
Dodecandiol (3.6 g, 18 mmol) was solubilised in 40 ml of dry THF by stirring at about 35 °C.
Pyridine (0.57 ml, 7.15 mmol) was added and the solution was cooled to room temperature (r.t.).
Acryloyl chloride (0.4 ml, 5 mmol) dissolved in 3 ml of dry THF was slowly added dropwise and
the reaction was left under stirring overnight. The mixture was filtered to remove pyridine

hydrochloride. The filtrate was evaporated under reduced pressure and the crude was purified by



flash chromatography on silica gel (CH2Cl> : MeOH = 97 : 3). 700 mg of a clear oil were obtained

(Y = 62%).

GO and GP-PL membranes were fabricated at CNR-ISOF by filtration of GO or GO-PL dispersions
through an Anodisc™ membrane filter (Whatman, 47mm in diameter, 0.2um pore size), followed
by air drying and peeling from the filter. The rGO membrane was prepared by annealing of a GO
membrane at 200 °C for one hour under vacuum. The weight of the GO, rGO and GO-PL

membranes is around 15 mg and the diameter is = 3,7 cm.

Roughness measurements of GO, GO-PL and rGO

The average roughness (Ra) measurements of the membranes of GO, GO-PL and rGO were
performed with a profilometer (Tencor-Alpha Step 200). The roughness was measured respectively

in 12 different areas for GO and GO-PL membranes and in 6 different areas for rGO membrane.

Contact angle measurement of GO, rGO and GO-PL

Contact angles of water drops on GO, rGO and GO-PL were measured by the static sessile drop
method using a digidrop GBX Model DS. At least 6 drops were measured for each condition. The

droplets used for measurement had a volume of 1 pL.

5. Device fabrication

O-CST fabrication

O-CST devices were fabricated in top-contact and bottom-gate configuration by using P13 as
semiconducting and capping layer. An additional layer of organic semiconducting material was
deposited on top of the contacts as capping layer. The substrates consisted of glass substrates
covered with a 150 nm thick layer of Indium Tin Oxide (ITO). Substrates were cleaned by multiple
sonications in acetone 99.5% (Scharlau, Milan, Italy) and 2-propanol 99.5% (Sigma, Milan, Italy).

420 nm of PMMA (ALLRESIST GmbH, Strausberg, Germany) were spin-coated on top of the ITO



layer in air and annealed at 120 °C for 12h in vacuum. The 15 nm thick P13 thin film was deposited
by sublimation under high vacuum (10 mbar) in an Edwards 306 sublimation chamber at a rate of
0.1 A/s. Gold electrodes with a thickness of 30 nm were evaporated in high vacuum (3-4 x 10
mbar) at a growth rate of 0.1 nm/s. The channel length between two gold electrodes was set to 70
pm. Lastly, a 50 nm thick P13 capping layer was grown on top of the gold electrodes under the

same conditions as described before.
Diode fabrication

Diodes were fabricated on the same glass + ITO substrates used for the O-CST devices, following
the same cleaning protocol. 420 nm of PMMA were deposited on top of the glass through spin-
coating in air and annealed for 12h at 120°C in vacuum. The 15 nm thick P13 thin film was grown
by sublimation under high vacuum at a base (10 mbar) in an Edwards 306 sublimation chamber at
a rate of 0.1 A/s. 20 nm thick gold electrode was deposited in high vacuum at a pressure of 3-4 x 10"
® mbar at a growth rate of 0.1 nm s*. A 50 nm thick P13 capping layer was vacuum sublimed on top

of the gold electrode under the same conditions as described before.

6. Solutions and chemicals

Salts and other chemicals were the highest purity grade and were obtained from Sigma. The
standard bath solution was composed of (mM): 140 NaCl, 4 KCI, 2 MgCl», 2 CaCl,, 10 HEPES, 5
glucose, pH 7.4 with NaOH and osmolarity adjusted to ~318 mOsm with mannitol.

Ca?*-free extracellular solution (O[Ca?*]out) contained (mM) 140 NaCl, 4 KCI, 4MgCl,, 10 HEPES,
0.5 EGTA, pH 7.4 with NaOH and osmolarity adjusted to ~318 mOsm with mannitol.

Stock solutions of Gadolinium Chloride (Gd**, 30 mM) and Ruthenium Red (RR, 10 mM),
carbenoxolone (CBX, 50mM) and Brilliant Blue G (BBG, 10 mM) were prepared in water and

stored at -20°C. Aliquots of RN-1734 (14.7 mM) and HC-030031 (40 mM) were prepared by



dissolving in DMSO and stored at -20°C. Aliquots of TPEN (100 mM) were prepared in ethanol

and stored at -20 °C.

7. Statistical Analysis

Statistical analyses were performed with Origin 8.5. For calcium imaging experiments, the ratio of
the fluorescence intensity at each time point (Ft) and the initial fluorescence (Fiw), that directly
correlate with variation in [Ca?']i*18l, was continuously recorded during the experiment. The
percentage (%) of inhibition of fluorescence was calculated as follows [(Ftcontrol/Ftocontrol-
Ftolocker/ Ftoblocker)/Ftcontrol/ Ftocontrol X100, where  Ficontrol/Frocontror Was the fluorescence ratio Fi/Fio
recorded at the end of stimulation and 50 s after the end of the stimulation, 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 derived from at least 3

independent experiments performed at least in triplicate.

8. Image processing and analysis

Image processing and analysis was performed using the FIJI distribution of ImageJ with a custom
processing script. Images from the confocal imaging software (Nikon EZ-C1 2.10) were imported
into ImageJ, cropped and converted to greyscale TIFF format images. A binary mask was generated
to separate cellular fluorescence from the background. This mask was used to generate a region of
interest (ROI) covering all the cells in the image. An inverted version of the previous binary mask
was used to identify a ROI for the image background. The mean fluorescence, ROI area, and
integrated density values for the cellular fluorescence and background were measured for each

image. These values were used to calculate the corrected total cell fluorescence.



Chapter 3 — Electrical stimulation of calcium signaling in
astrocytes by an organic transistor architecture

1. General overview

Organic bioelectronics has a huge potential to generate interfaces and devices for the study of brain
functions and for the therapy of brain pathologies. In this context, increasing efforts are needed to
develop technologies for monitoring and stimulation of non-excitable brain cells, called astrocytes.
Astroglial Ca?* signalling play, indeed, a pivotal role in the physiology and pathophysiology of the
brain. In this work, we demonstrate the use of transparent Organic Cell Stimulating and Sensing
Transistor (O-CST) architecture, fabricated with N, N’-ditridecylperylene-3,4,9,10-tetracarboxylic
diimide (P13), to elicit and monitor [Ca?*]i in primary rat neocortical astrocytes. The transparency
of O-CST allowed performing calcium imaging experiments showing that extracellular electrical
stimulation of astrocytes induces a drastic increase in [Ca?']i. Pharmacological studies indicates that
Transient Receptor Potential (TRP) superfamily, are critical mediators of the [Ca2']i increase.
Experimental and computational analyses shows that [Ca2*]i response is enabled by the O-CST
device architecture. Noteworthy, the extracellular field application induces a slight but significant
increase in the cell volume. Collectively, we show that the O-CST is capable to selectively evoke
astrocytes [Ca'];, paving the way to the development of organic bioelectronic devices as glial

interfaces to excite and control physiology of non-neuronal brain cells.



2. P13 is a biocompatible substrate for the growth of primary astrocytes

The first step of our study was to test the biocompatibility of the O-CST device with primary
cortical astrocytes. We plated astrocytes on P13 coverslips, the material forming the capping layer
of the device. After 2, 7 and 15 days in vitro (DIV), we performed fluorescein diacetate (FDA) cell
viability assay. Single plane confocal images of astrocytes plated on Glass + PDL and P13 + PDL
are shown in Figure 22 A and B respectively. Morphological study showed that astrocytes presented
the typical polygonal shape observed when they are cultured in vitro on different
substratesl®704194201 - Analysis performed in confocal images is represented in the histogram plot in
figure 22C showed that, at 2 and 7 DIV, the viability of astrocytes plated on P13 + PDL was
significantly higher compared with the one observed in cells grown on Glass + PDL that was used
as control. At 15 DIV the number of astrocytes grown on the two substrates was comparable. The
result demonstrates the good biocompatibility of P13 for the adhesion and growth of primary
cortical astrocytes. Moreover, it supports the previously published data on P13 and DRG neurons,

confirming P13 as a suitable material for the culture of neural cellst®l.
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Figure 22. Biocompatibility study of P13. Single plane confocal image of astrocytes after 2 DIV stained with
fluorescein diacetate (FDA) on (A) Glass + PDL and (B) P13 + PDL; the P13 film is imaged by the red detection
channel. (C) Histogram plot shows the average of FDA positive cells/area counted on Glass + PDL and P13 + PDL,
after 2, 7 and 15 div. A statistical difference was observed after 2 and 7 div (**p<0.01, ANOVA one-way)“?4,

3. Extracellular electrical stimulation by O-CST elicits astrocytic
intracellular Ca?* increase

We next explore the effect of electric field application by operation of O-CST on the functionality

of primary cortical astrocytes of device. To assess if we could extracellularly stimulate astrocytic

[Ca?*]i, we performed calcium imaging experiments, enabled by the transparency of the device. We

loaded astrocytes plated on O-CST with Fluo-4-AM (Figure 23B) and we performed calcium

imaging experiments in external standard solution containing defined mM concentrations of salts



including Calcium Chloride. The electrical stimulation protocol used is reported in Figure 23C
inset. The gate Voltage (Vcs) was spanned from 0 to 1V in 85 s, while Drain-Source Voltage (Vps)
was kept at 0 V. The applied voltage was chosen to electrically stimulate astrocytes at the top
interface of the device avoiding the generation of detrimental Faradaic currentst®’8l, The total
duration of the experiments was 300 s and the O-CST stimulation was applied after 150 s from the
beginning of the recording. Figure 23C shows an average trace and SE reflecting the behaviour of
the dynamic of Fi/Fr, that is correlated to [Ca?'];, observed in the majority of the recorded cells
(Figure 23 E) (green trace). After electrical stimulation, Fi/Fw rises slowly but constantly. The
histogram plot in figure 23D reports the mean and SE of F/Fw recorded before (white column), at
the end of stimulation (green column) and 50s after the end of O-CST stimulation protocol (blue
column). The analyses revealed that, at the end of stimulation, fluorescence intensity increased of
the 30% with respect to the baseline recorded before stimulation. Moreover, the value of Fi/Fw 50 s
after the end of O-CST operation was 50% with respect to the baseline recorded before stimulation.

These data indicated that O-CST operation promoted an increase in astrocytic [Ca?*]i elevation.
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Figure 23. O-CST operation promotes [Ca®"]i increase in astrocytes. (A) Scheme representing the O-CST device.
(B) Fluorescent image of cells on O-CST device, labelled with Fluo4-AM. (C) Representative averaged trace of calcium
imaging experiment on O-CST device. The transfer stimulation protocol with Vgs = 0-1V and Vps = 0V with a duration
of 85s was applied after 150s of the beginning of the experiment. (Ft= fluorescence intensity at selected timepoint; Fto=
fluorescence intensity at time point = 0s), the grey, green and blue lines represent the timepoint at which the Fi/Fy was
considered for statistics calculations. (D) Histogram plot shows the averaged fluorescence intensity Fi/Fy (%) before the
stimulation (control, grey column), at the end of the stimulation (green column) and 50s after the stimulation (blue
column). The values are presented as mean with standard error (SE). Statistical difference was observed between Fi/Fy
(%) recorded before the stimulation (baseline) and at the end of the stimulation as well as 50s after the end of the
stimulation. (Control n=135, at the end of the stimulation n=106, 50s after stimulation n=106; *** p<0.001, One-way
ANOVA). Results represent at least eight independent experiments performed in triplicate. (E) Histogram plot shows
the percentage of cells responding (grey bar) and non-responding (red bar) to transfer stimulation. The values are
presented as mean with SE. Statistical significance can be observed between the number of responding and not
responding cells. (n=135, ** p<0.01. One-way ANOVA)21,



In order to verify the origin of the rise of cytosolic [Ca?*]; we repeated the experiment using Ca?*-
free external solution (0[Ca?*]out) (Figure 24). In comparison to the results obtained using standard
solution containing Ca?*, when we used a Ca?* free external solution (O[Ca®*Jout, Figure 24A, trace
8, dark blue) 90.58+3.19% of the [Ca?']i induced by O-CST was inhibited at the end of the
stimulation (Figure 24B, green column), while the inhibition was of the 94.02+7.335%, 50s after
the stimulus (Figure 24B, blue column). These data indicated that the increase in [Ca?']i was

mediated by an influx of Ca?* from the extracellular environment.

Several studies showed the implication of TRP channels in astrocyte Ca?" influx™11%4, To
investigate the contribution of TRP family in the observed effect, we applied 10 uM Ruthenium
Red (RR) (Figure 24A, trace 6, red) and Gadolinium Chloride (10 uM, Ga**, Figure 24A, trace 7,
violet), non-specific inhibitors of TRP channels!*®#22, In both cases, we observed a significant
decrease in the fluorescent intensity (83.604+2.91 % at the end of the stimulation (Figure 24B,
green column) and 85.50+6.56 % 50 seconds after the end (Figure 24B, blue column) for RR and
72.40+5.13 % (Figure 24B, green column) and 71.69+12.42 % (Figure 24B, blue column for Ga®*)
compared to the control condition when the experiment was performed without the blocker (Figure

24B, trace 1, black).
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Figure 24. TRPV4 mediates [Ca®]i increase in astrocytes elicited by O-CST device. A) Averaged traces
representative of calcium imaging experiments performed while stimulating cells on the O-CST channel using as bath: a
control extracellular solution (CTRL, trace 1) and Ca?* free external solution (O[Ca®*]ow, trace 8) or a control
extracellular solution added with Ruthenium Red (RR) (10 uM, B, trace 6), Gadolinium Chloride (Gd®*, 10 uM,C, trace
7), RN-1734 (10 puM, D, trace 5), HC-030031 (40 pM, E, trace 4), Brilliant Blue G (BBG, 10 pM, F, trace 2)
Carbenoxolone (50 uM , CBX, G, trace 3). H) Histogram plot showing the mean percentage inhibition of fluorescence
intensity of the analysed cells at the end of the stimulation (red bars) and 50s after the stimulation (blue bars)
normalized to the value recorded when the experiments were performed by using control solution containing Ca?*
(CTRL). (Ca?*_free external solution n=69, RR n=39, RN-1734 n=39, Gd** n=78, HC-030031 n=34, BBG n=76 and
CBX n=52). The values are presented as mean with SE. Statistical significance were calculated with respect to the value
recorded when the experiments were performed by using control solution (CTRL), considered as 100%. (** p<0.01.
One-way ANOVA). Results represent at least three independent experiments performed at least in triplicatel*23,



To explore the contribution of TRPV4, a member of the TRP family that is widely expressed in
astrocytes*®, we applied the selective TRPV4 antagonist RN-1734 (10 puM, Figure 24A, trace 5,
green)“®l. We observed that a diminution of the fluorescence intensity of 61.85+4.94% (Figure
24B, green column) at the end of the stimulation and 68.73+8.44 % (Figure 24B, blue column) 50s
after the end of the stimulus. Moreover, the application of HC 030031, a selective inhibitor of
TRPAL, another member of TRP family expressed in astrocytes, (40 uM, Figure 24A, trace 4,
purple)* diminished the fluorescence intensity of 64.77+7.60% at the end of stimulation (Figure
24B, green column) and 55.18+6.54 % of inhibition 50 seconds after the end of O-CST operation
(Figure 24B, blue column). Collectively, these evidences showed the role of TRPV4 and TRPAL in

the cytosolic [Ca?*] increase evoked by O-CST stimulation.

We next investigated the involvement of P2X7 receptor to the observed response by adding Brilliant
Blue G (BBG) to the external control solution 4?4 (10 uM, Figure 24A, trace 2, light blue). We
verified that a significant but smaller inhibition of fluorescence increase occurs (34.97+9.10%) at
the end of the stimulation (Figure 24B, green column) as well as 50s after the end of the stimulation
(47.35+7.89%, Figure 24B, blue column). Finally we used Carbenoxolone (CBX) 71 (50 uM,
Figure 23A, trace 3, orange), a non-selective inhibitor of gap junctional proteins, connexins (Cx)
and pannexins (Panx). The inhibition of fluorescence intensity for CBX was significant and it was
40.99+6.57 % at the end of the stimulation (Figure 24B, green column) and 50.82+12.76% 50 s

after gate off (Figure 24B, blue column).

The pharmacological analysis performed revealed that extracellular Ca** majorly contributed to the
observed response. Also, we observed that two members of the TRP superfamily, TRPV4 and
TRPAL1 are involved in the Ca?" increase mediated by O-CST operation. The implication of P2X7
and gap junctional proteins seems to be also to be involved in the stimulation-evoked signal.
TRPV4 is a non-selective cation channel that presents a high permeability for Ca?* and other

monovalent cations*®l, TRPV4 is activated by different stimuli, such as osmotic changes,



mechanical stimulation, changes in temperature and chemicals like 4a-phorbol 12,13-didecanoate,
40PDD?54%61  They were also shown to stimulate Ca?*-induced Ca®* release in astrocytic
endfeet™%, In astroglial cells, TRPV4 plays an important role in cell volume regulation by its
interaction with AQP4[51:427-4291  Meanwhile, TRPAL is also a non-selective cation channel
expressed in astrocytes™4. In hippocampal astrocytes, TRPA1 was recently demonstrated to be
implicated in the control of basal levels of [Ca®*]il*%l. It was also showed their implication in the
release and uptake of neurotransmitters, such as D-serine and GABA, Altogether, data shows
that our finding could be relevant for its application in neurophysiology. TRP channels are known
to undergo desentization, a phenomenon that set the basis of the study of drugs capable of
interacting with these channels as anti-inflammatory and anti-pain therapies“®l. Nevertheless, the
wide distribution of members of the TRP family increase enormously the cost of drugs to interact
selectively with specific members of this superfamily of channels. Moreover, TRPV4 is also known
to be implicated in other brain pathologies such as ischemia, where TRPV4 was found to be
upregulated in the hippocampus of a rat model of ischemial**®l. Furthermore, altered TRPV4
expression was also observed in autoptic samples of patients suffering from Focal cortical dysplasia
(FCD), a cause of epilepsy™4. In this view, O-CST stimulation might be a potential therapeutical
tool capable of desensitize TRPV4 to treat this neuropathologies and the bioelectronic approach we

present here could be a relevant alternative to the pharmacology.

We also observed that CBX and BBG were capable of reducing [Ca®']i response evoked by O-CST
stimulation. The effect of these molecules, suggested the involvement of Cx or Panx and P2X7 in
the observed increase in [Ca?*]i. Nevertheless, due to the low selectivity 71974321 of these

compounds the contribution of those protein channels needs further investigations.

Notably, the stimulation protocol used to stimulate astrocytes, failed to evoke action potential in

DRG neurons®78. Therefore, our data indicated that the proposed approach, based on O-CST



stimulation, could be used for selective stimulation of astroglial cells and neurons depending on the

need, by simply changing the stimulation protocol.

4. O-CST operation induces astrocytes swelling and preserves cell viability

Several work showed that the application of external electric fields induced cell swelling in several
cell typest*334361 that depended by the duration and the intensity of the stimulation[33-431 Qur
group previously demonstrated that TRPV4 mediates swelling induce [Ca®']i response by
extracellular Ca®* influx in astroglial cells5*4%"1, Therefore, we hypothesized that the electrical
stimulation, mediated by the O-CST operation, might evoke cell swelling and, in turn, activate the

observed [Ca?']; increase.

To verify this hypothesis, we performed Calcein self-quenching method[*84 to assess cell volume
changes in astroglial cells exposed to O-CST electrical stimulation. In response to O-CST
stimulation (Figure 25A), we observed an increase in Calcein fluorescence that reaches a maximum
value few minutes after the cell stimulation. Previous studies showed that the maximal increase in
fluorescence we observed (around 2%) corresponds to a significant increase in cell volumel84438],

Notably we observed cell swelling in the majority of cells analysed (74.40 + 9.02%, Figure 25B).
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Figure 25. O-CST operation induces astrocytes swelling. (A) Calcein self-quenching method for measurement of
volume changes in primary astroglial cells. Time course of the fluorescence intensity of calcein before, during and after



O-CST stimulation (inset reported above the graph). An increase in fluorescence intensity represents cell swelling.
Results are representative of at least five independent experiments. (B) Histogram plot shows the percentage of swollen
and non-swollen upon stimulation. The values are presented as mean with SE. Statistical significance can be reported
between the number of responding and not responding cells. (** p<0.01. One-way ANOVA. n=56)1“211,

A recent computational study showed that the application of external electric field can affect water
dipole orientation within the channel pore. They hypostasized that this change in water dipole could
in turn modify human AQP4 water permeability!*®®. In this context, we can hypothesize that the
electric field applied by the operation of the O-CST could induce AQP4 mediated cell swelling, that
in turn activate the molecular of functional partner of AQP4, i.e. TRPV4IS, However, further
studies on AQP4 KO models need to be performed to clarify this aspect. Moreover, as TRP
channels are polymodal channels, we cannot rule out the possibility that capacitive charging or

thermal dispersion at the interface caused the activation of TRPV4 and TRPAL activation.

Moreover, we performed FDA cell viability assay, 24h after stimulation, to evaluate cytotoxicity of
the stimulation. The analysis of confocal images of cells non-stimulated (Figure 26A) and
stimulated (Figure 26B) revealed that astrocytes are still viable 24h after device operation. Cell
counting showed that there was not significantly difference between stimulated and non-stimulated

cells (Figure 26C).



A Non-stimulated B Stimulated

Non-stimulated Stimulated

Figure 26. O-CST operation does not alter cell viability. (A-B) Fluorescence images showing FDA stained viable
cells on O-CST non-stimulated (A) and 24h after device operation (B). C) Histogram plot shows the average FDA
positive cells/area. Astrocytes were plated on the device and images were taken 24h after the stimulation (blue). The
second group of samples treated under the same condition was not stimulated and used as control (grey). No statistical
difference was observed. Results represent mean + SE collected from three independent experiments (n=30, p>0.05,
ANOVA one-way)[“#2],

5. O-CST device architecture enable calcium signalling

We next sought to verify the role of O-CST architecture in the observed increase of [Ca?*]i. We
performed calcium imaging experiments using a diode structure with one gold electrode and an
Ag/AgCI reference electrode submerged in the bath. The semiconductor and capping layers were
also made of P13 (Figure 27A). We observed that by operating the diode with the same linear ramp
stimulation we applied in the O-CST (0V to 1V applied to the gold electrode with respect to the
reference electrode) we failed to induce any response in the majority of cells (98.57 = 1.42%,
Figure 27B, D). In fact, the fluorescence intensity was the same before, during and 50 s after the

stimulation (Figure 27C).
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Figure 27. Cellular response in dependence of the device architecture. (A) Representation of the diode device structure
and voltage application protocol (Vpiege from 0 to 1V). (B) Representative averaged trace of calcium imaging
experiment performed on cells plated on a diode. A continuous stimulation protocol with a duration of 85 s was applied
at 150 s (red). The voltage between the electrode and the solution (Vdiode) goes from 0 to 1 V as depicted in the inset.
(C) Histogram plot depicting the mean fluorescence before stimulation (control, white column), end of the stimulation
(red column) and 50s after the end of the stimulation (blue column). Results represent at least ten independent
experiments. (D) Histogram plot showing the percentage of cells non-responding and responding to the stimulation. The
values are presented as mean with SE. A statistical difference can be reported between the number of responding and
non-responding cells (n=115, *** p<0.001. One-way ANOVA)“21,

We further investigated the impact of the O-CST structural integrity and device working
functionality on the astrocytic response. Figure 28 reports typical gate current of an undamaged O-
CST and of an O-CST with a leaking dielectric, recorded upon the stimulation protocol reported
above. The undamaged O-CST device has a maximum leakage current of 2 nA (Figure 28A, green
circle trace) whereas the device with leaking dielectric shows a thousand-fold higher leakage
current of about 2 pA (Figure 28A, blue squares trace). Calcium imaging experiments, applying the

protocol reported in Figure 23C, on an O-CST device with a gate leakage-current of 2 YA, revealed

that the leaking device failed to evoke [Ca?']i signal in astrocytes (Figure 28B, blue trace). These



results show that O-CST architecture and integrity are essential for evoking [Ca?*]i on astroglial
cells and confirm that the cell stimulation is due to a capacitive effect between the ITO electrode
and the organic-solution interface. Indeed, only the undamaged O-CST where the leakage current is
practically absent, and the field effect is preserved can evoke cell response (Figure 28B, green
trace), while the device with defective dielectric and resistive behaviour between the ITO electrode

and the organic-solution interface cannot (Figure 28, blue trace).
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Figure 28. O-CST architecture and structural integrity are essential for cellular response. (A) Gate current plots in an
O-CST with minimum leakage current of 2 nA (green circles trace) in comparison to a device with a high leakage of 2
MA (blue squares trace). (B) Representative calcium imaging experiment on O-CST device with a leakage current of 2
UA (blue) and 2nA (green). A continuous stimulation protocol with duration of 85 s was applied at 150 s 142,



Chapter 4- Biomimetic graphene for enhanced interaction
with the external membrane of astrocytes

1. General overview

We next sought to investigate the potential of a single sheet of another carbon-based material, i.e.
graphene and its derivative graphene oxide (GO) as material interface to interact with the membrane
of astrocyte. Indeed, graphene sheet is potentially another carbon-based material suitable to interact
with neural cells thanks to its 2-dimensional shape, flexibility, mechanical strength and, even more
important, tunable surface chemistry.

The interaction of graphene-based materials such as sheets, films and flakes with neurons was
previously studied®3°440441 Graphene-based materials were shown to present different purposes
such as drug delivery!®%, scaffolds for neuroregenerative medicinel*#?l and transistor and electrodes
to read-out and manipulate neurons’ functionality!* 441, A recent study showed that 2-dimensional
GO nanosheets do not alter glial viability, nor synaptic communication in primary hippocampal
neurons and cortical glial cultures®%l. Nevertheless, another study showed that GO nanosheets
disrupted lipid composition and altered Ca?* homeostasis and synaptic transmission in neuronst®,
These latter findings motivated us to explore the use of phospholipids (PL) to functionalize
graphene membranes to achieve a better interaction with cell membrane. A new type of GO
composites specifically designed and synthesized by the group of Vincenzo Palermo and Manuela
Melucci at CNR-ISOF for enhancing GO-neural cells interaction. A synthetic phospholipid (PL)
was tailored to bind to graphene oxide, to promote graphene oxide interactions with the cell’s
membrane (Figure 29). Indeed, PL-functionalized nanomaterials were already proposed for

studying the signaling pathways where PL are implicated.
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Figure 29. Outline of the rationale of the work. PLs were tailored to bind GO to improve interactions with cell
membrane. Reproduced from 2% published by The Royal Society of Chemistry.

Given the key role of astrocytes in brain function, dysfunction and in the response of the brain to

implants, we performed experiments where we plated primary rat cortical astrocytes.

GO-PL was processed in flat membranes (Figure 30). GO and reduce rGO membranes were also
prepared to verify the effect of chemical properties of the graphene derived materials in the
interaction with astroglial cells. Scanning Electron Microscopy (SEM) images of GO-PL showed
that the obtained composite presented the typical graphene-like structure. SEM images showed that
graphene sheets were tightly packed on each other (figure 30B and C). Membrane surface
roughness (Ra) was measured by using a profilometer. We observed a strong difference in surface
Ra between GO-PL (Ra= 550 + 130nm) and GO (Ra= 170 + 50nm). Contact angle measurements,
that indicate the hydrophobicity and hydrophilic properties of the material surface (Figure 30 D-F)
showed higher hydrophobicity for GO-PL (78 + 1) with respect to GO (41 + 1), but similar to rGO
(86 = 1.68) (Figure 30 D-F). These results suggest that PL moieties are arranged in such a way that

they do not expose their polar heads to the outer surface of the membrane.



Figure 30. A) GO and GO-PL membranes. B) SEM image of a cross section. C) SEM image of a top view of GO-PL.
(D-F) Shape of water droplet (1pL) on the surface of GO (D), rGO (E) and GO-PL (F). Reproduced from 333 published
by The Royal Society of Chemistry.

2. GO-PL promotes cell adhesion without inducing gliosis

We next sought to verify the biocompatibility of GO-PL membranes with primary rat astroglial
cells. We also plated on the state-of-the-art glass coverslip treated with Poly-D-lysine (PDL),
pristine GO and rGO. We performed fluorescein diacetate (FDA) assay to mark viable cells after 2
days in vitro (DIV). Micrographs reported in Figure 31 A-D shows the viable cells stained with
FDA (green) in the four different conditions. We observed that at this timepoint, the number of
viable cells was higher on GO-PL samples. In order to get a quantitative result of cell viability we
performed Alamar blue cell viability assay at 1, 2, 4 and 7 DIV (Figure 31 E). The histogram plot in

Figure 31 E shows the normalized fluorescence represented by the Fi/Fw ratio per area, that is



directly proportional to the number of cells that are viable per substrate?*?%l. The number of viable
cells on GO and rGO samples were comparable with those on Glass + PDL, while the number of
viable cells on GO-PL samples was more than doubled when the experiment was performed at DIV
1. The number of viable cells on GO-PL was also significantly higher at 2, 4 and 7 DIV. However,
the proliferation rate was comparable in all the conditions (Figure 31 F) suggesting that a gliotic
response is not the responsible for the higher number of viable cells observed. Altogether, these
data suggest that the higher number of cells in GO-PL could be explained by a higher adhesion of
astroglial cells to this substrate. The observed lower cell proliferation (in percentage) observed on
GO-PL for higher DIVs could be explain by contact inhibition of proliferation as the available area
for cell adhesion and proliferation was the same for all the samples and therefore astrocytes plated
on GO-PL reached confluency earlier (Figure 31F). Moreover, the significantly higher number of
cells that adhere to GO-PL when compared with rGO showed that astrocytes higher adhesion was
not increased by a difference in hydrophobicity or roughness as both samples present comparable
values for both properties. Thus, the higher adhesion observed on GO-PL suggest that surface
chemistry is crucial in this process. Indeed, contact angle values of GO-PL samples indicate that the
hydrophobic tails of PLs are exposed to the outer surface suggesting a possible direct interaction

between GO-PL and astroglial cell membrane through the aliphatic apolar tails.
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Figure 31. Biocompatibility study of GO, rGO and GO-PL. (a—d) Representative micrographs of FDA stained
astrocytes plated on glass + PDL as reference, GO, rGO and GO-PL taken at 2 DIV. (e) Histogram plot shows averaged
Fi/Fwo per area plated on GLASS + PDL (n = 18), GO (n = 17), rGO (n = 9) and GO-PL (n = 18), after 1, 2, 4 and 7
DIV. (*p o 0.05; **p o 0.01; ***p o 0.001, One-way ANOVA). Results represent at least three independent
experiments. (f) Cell proliferation on the 4 substrates at DIV2 and DIV 4, calculated as indicated in materials and
methods. The slope of the curve is identical, indicating that the proliferation rate was comparable for all substrates.
Reproduced from B33 published by The Royal Society of Chemistry.

Lastly, we performed GFAP immunostaining to investigate a possible gliotic reaction triggered by
GO, rGO or GO-PL. GFAP is a well-known marker of astrogliosis in vitro and in vivo[4],

Micrographs in Figure 32 A-D shows confocal images of GFAP immunostained astrocytes grown



on glass + PDL, GO, rGO and GO-PL respectively. Imaging and quantitative analysis of fluorescent
signal (Figure 32 E) showed that the levels of GFAP expressed were comparative on the four
different substrates. Collectively, proliferation study (Figure 32 E) and GFAP immunostaining

suggests that GO, rGO and GO-PL did not promote reactive gliosis in vitro.
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Figure 32. GFAP protein expression in astrocytes plated on PDL, GO, rGO and GO-PL. (A-D) Confocal imaging of
astrocytes stained with GFAP. (E) Quantification of GFAP immunofluorescent signal. The analyses revealed that the
immunofluorescent signal was comparable among different samples. Reproduced from 38 published by The Royal
Society of Chemistry.



Chapter 5- Astrocyte modulation of intracellular calcium
signaling by label-free pulsed infrared irradiation.

1. General overview

Label free tools enabling to investigate/modulate astrocytes protein channels and Ca?* signaling are
demanded to unravel biophysical mechanisms underpinning astrocytes physiology. Infrared neural
stimulation (INS) has been shown to be an efficient label-free optical method to
photostimulate/modulate neuronal firing. Nevertheless, the effect of INS on astrocytes have not
been deeply investigated. Here, we explore the effect of INS on intracellular Ca?* dynamics of
astrocytes. In particular, we study the effect of INS in primary cortical astrocytes when a single
pulse stimulation of 8 ms is applied in vitro. By performing microfluorimetric calcium imaging, we
study the effect of INS in intracellular Ca?* signaling. Furthermore, to dissect molecular clues
underpinning the observed response we performed pharmacological study, we used TRPV4 knock
down as well as AQP4 knock out astroglial cells. Lastly, we also study the influence of morphology
and ion channel expression by using a nanostructured material capable of inducing astrocyte

differentiation in vitrol#2%,

2. INS evoke intracellular Ca?* signaling in primary astrocytes in vitro

To assess the effect of INS in primary cortical rat astrocytes we performed Fluo 4-AM calcium
imaging in astroglial cells plated on glass + PDL substrates. Cells were stimulated with an optical

fiber connected to an IR diode laser (Figure 33 A).
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Figure 33. INS stimulate calcium imaging in cultured astrocytes. A) Schematic representation of the calcium imaging
experiment of astrocyte INS stimulation (1875 nm). B) Sequential images obtained from Fluo-4-AM loaded rat cortical
astrocytes plated on glass + PDL. Images depicts astrocytes fluorescence before the stimulation (t=0s), at the peak of
fluorescence after stimulation (t=40s) and 20s after stimulation (t=60) C) Representative trace of astrocytes plated on
glass + PDL depicting variation in cell fluorescence over time that reflects variation in [Ca?*]i. Red line marks INS
stimulation. D) Histogram plot shows the percentage of cells responding. (N=589 (***: P<0.001)

Astroglial intracellular Ca?* signaling was continuously monitored and after 30s from the beginning
of the experiment a single pulse of 1875 nm and a duration of 8ms was applied. Figure 33 B shows

time-lapse images of fluorescent astrocytes loaded with Fluo4-AM collected at t=0s, which
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corresponds to the fluorescence collected at the beginning of the experiment, t=40s that
corresponded to the timepoint at which we observed a maximal increase in fluorescence intensity
after INS application, and t=60s where we can observe that the fluorescence of the cell returns to
basal levels. The dynamics of Fi/F, that reflected variation in [Ca®']i typically observed during
experiments are reported in Figure 33 C. We observed that right after the photostimulation (Figure
33 C red line) a rapid increase in [Ca?*]i occurred followed by a slower recovery of the value to the
baseline (Figure 33 C). Here we prove for the first time that astrocytes calcium signaling can be
evoked by using INS. Previous studies used infrared lasers to asses thermal damage on astrocytes
without reporting the effect on calcium dynamics“4’l. Others showed how to evoke astrocytic
calcium response using near infrared light, only in the presence of conjugated nanoparticles“*®l. Our
method represents an easy, label-free and cost-effective approach to stimulate calcium signaling
sacrificing the genetic specificity offered by optogenetics. Given the importance of astrocytes on
brain physiology, the physiological modulation of astrocytes behavior by pulsed IR has an
enormous potential to impact on brain function not only at a basic research level but also in

neurological practice.

To explore the contribution of extracellular Ca?* influx as well as of calcium release from
intracellular stores, in the observed response, we performed experiments with a 0[Ca®*Jout Solution
or containing intracellular store Ca®* chelator named N,N,N’,N’-tetrakis (2-pyridylmethyl)ethylene
diamine (TPEN, 2mM)*41. By removing extracellular Ca?* we observed a significant reduction in
fluorescence (Figure 34 A, trace green, B, green bar). However, we observed that the response did
not disappear, suggesting the implication of intracellular Ca?* stores in the response. We also
observed a significant decrease in the number of cells responding to INS (Figure 34 C, green bar).
Moreover, by using TPEN, we observed an even higher decrease in fluorescence (Figure 34 A and
B, yellow, 34 A, yellow trace). The percentage of cells responding was also reduced (Figure 34 C,

yellow bar). However, experiments to determine the mechanisms of intracellular calcium release are
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needed. Despite direct evidence of involvement in the initiation of the observed response, we cannot
fully rule out the involvement of secondary messengers capable of inducing calcium release from
intracellular stores and hinder intercellular calcium wave propagation, affecting in this way the

percentage of cells responding.
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Figure 34. Pharmacological study of the response of astrocytes on Glass + PDL to INS. A) Representative trace of
experiment performed with extracellular standard solution (black), using extracellular solution non-containing Ca®
(O[Ca?*]ou, green trace) and by adding intracellular store chelator, TPEN (2mM, yellow trace). B) Histogram plot
depicting the maximal Fi/Fo value calculated for each condition: white bars represent control experiments performed in
external standard solution, green bar 0[Ca?*]ou solution and yellow bar is TPEN C) Percentage of cells responding in
experiments using 0[Ca?*]out solution (green bar) and TPEN (yellow bar). D) Representative trace of control condition in
extracellular standard solution (black), and external solution added with Ruthenium Red (RR, 10 pM, red trace),
RN1734 (10 pM, blue trace) and HC 030031 (40 pM, purple trace). Histogram plot depicting the averaged maximal
Fi/Fo value using a RR (10 pM, red bar), RN1734 (10 pM, blue bar) and HC 030031 (40 uM, purple bar). F) Percentage
of cells responding after using RR (red bar), RN1734 (blue bar) and HC 030031 (purple bar). N=90 for (0Ca?*)eu and
N= 145 for control for (0Ca?*)ou; N=72 for TPEN and N=59 for control for TPEN; N=210 for RR and N=129 for
control for RR; N=100 for RN-1734 and N= 140 for control for RN-1734; N=142 for HC-030031 and N=126 for
control for HC 030031 (ANOVA one-way *: P<0,05; **: P<0,01; ***: P<0,001).
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Previous works identified the role of TRPV4 channels in response to pulsed IR in sensory
neuronsi'. As TRPV4 is abundantly expressed in cortical astrocytes, we also performed a
pharmacological study to assess if this channel is the players implicated in the entry of Ca?* from
the extracellular space. We first used RR (10 uM, Figure 34 D, red trace), a general inhibitor of
most of the members of TRP family. We observed a statistically significant decrease in the maximal
recorded fluorescence intensity (Figure 34 E, red bar), while the number of cells responding was
comparable to control experiments performed in external standard solution (Figure 34 F, red bar).
We next applied a selective blocker of TRPV4, RN-1734 (10 uM). We observed that the response
observed in presence of RN-1734 was characterized by a dynamic and a maximal fluorescence
intensity resembling the one observed applying RR (Figure 34 D, blue trace). The number of cells

responding was comparable to control experiments (Figure 34 F, blue bar).

We also explore a possible implication of TRPA1L, another member of the TRP family, express in
astrocytes in vitro and in vivo. To this end we used the selective inhibitor HC030031 (40 pM).
While the dynamic of the response was similar to the one observed in control cells (Figure 29D,
purple trace) the variation of F¢/Fw was smaller compared to the one observed in control cells.
Moreover, the percentage of cells responding was not significantly different when compared with

control conditions (Figure 34F, purple bar).

Previous works demonstrated the role of TRPV4 in the Ca®* response elicited by INS in neurons.
Pharmacological characterization that we performed in cultured astrocytes is in agreement with a
major role of TRPV4 in the observed effect. However, we also observed a major influence of
intracellular Ca?* stores. In this context, a recent study of the effect of INS in glioma U-87 cell line
also showed the influence of intracellular PLC mediated Ca®* releasel**™. However, experiments to
conclude if both extracellular, TRP mediated, and intracellular mechanisms are related or initiate

independently are needed.
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3. TRPV4 and AQP4 expression are essential for the intensity and for the
dynamic of the INS evoked response in astrocytes
To confirm the involvement of TRPV4 in the INS evoked response, we performed experiments on
astrocytes treated with specific TRPV4-siRNA, that we have previously shown to knock down
TRPV4 154 \Western blot analyses confirmed the ability of TRPV4 to specifically Knock down
TRPV4 protein expression (not shown). Figure 35A shows representative traces of the calcium
imaging performed on TRPV4 siRNA (Green) and scrambed siRNA, used as control (Black). It
can be observed that the magnitude of the response was decreased when we knock-down TRPV4,
Moreover, we observed a decrease in the number of cells responding (Figure 35 C). Collectively,
these data confirmed that TRPV4 is a key player in the INS evoked response. However, they
underline that the INS evoked Ca?* response is still persistent when the TRPV4 protein was KD. In
this context, TRPV4 might be relevant for the amplification of the response but not for the

initiation, where instead the release from the intracellular stores might play a more important role.
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Figure 35. Study of the role of TRPV4 and AQP4 in the [Ca?"]; increase evoked by INS. A) Representative traces

of calcium fluorescence recorded in astrocytes transfected with scrambled siRNA (black trace) and TRPV4 siRNA
(green trace) after INS. Red line represents the stimulation. B) Histogram plot showing the maximal fluorescence
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amplitude FJ/Fo for astrocytes transfected with scrambled siRNA (white bar) and TRPV4 siRNA (green bar). C)
Percentage of cells responding to INS for astrocytes transfected with scrambled siRNA (white bar) and TRPV4 siRNA
(green bar). D) Representative traces of calcium fluorescence recorded in WT mouse astrocytes (black trace) and mouse
AQP4-KO () (red trace). Red vertical line represents the stimulation. B) Histogram plot showing the F/Fo maximal
value recorded for mouse WT (white bar) AQP4-KO (") astrocytes (red bar). C) Percentage of cells responding to INS
for WT mouse astrocytes (white bar) mouse AQP4-KO (/) (red bar). N= 81 for Scrambed siRNA, N=156 for TRPV4
siRNA, N=59 for WT and N=57 for AQP4-KO (). (ANOVA one-way *: P<0,05; **: P<0,01; ***: P<0,001).

A previous study indicated that INS evoke a thermal increase in cell capacitance*%. As the
increase in cell capacitance might reflect an increase in cell volume, we sought to explore the role
of a key molecular player in astrocytes water flux, namely AQP4. The latter hypothesis was also
prompted by the molecular and functional interplay we have previously demonstrated between
TRPV4 and AQP4 51, Thus, to investigate the involvement of AQP4 in the molecular and cellular
mechanism underlying INS, we performed experiments on AQP4 KO () mice to assess if there
was any difference in the observe effect. We observed that in AQP4 KO (7) the magnitude of the
response was (Red) decreased (Figure 35D). Moreover, the dynamic of the response of AQP4 KO (°
"y was characterized by a strongly delayed time to peak and by a longer duration of the response.
Interestingly, the number of cells responding was comparable with the number of cells responding

in the wild type (WT) (Figure 35F).

Collectively, results show the important role of TRPV4 and AQP4 in the increase in [Ca"];
mediated by pulse IR. Both AQP4 and TRPV4 play a pivotal role in the molecular mechanism
underlying astrocyte swelling, thus their proper expression and function is crucial for optimal brain
function, Indeed, the loss of AQP4 from astrocytic endfeet is found in several pathological
conditions such as traumatic brain injury®? and epilepsy[*®®l. On the other hand, overexpression of
AQP4 has been found in brain tumors**#l and hydrocephalus“®!. Furthermore, both AQP4 and
TRPV4 were shown to play a role in brain edemal*8l, However, experiments to elucidate a possible
modulation of water permeability through AQP4 by means of pulsed IR are still needed. Indeed,
tools for the modulation of astrocyte cell volume could represent a valuable instrument to fully

understand the role of astrocytes in the control of brain extracellular space and the correlation with
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proper brain functioning. Moreover, TRPV4 dysregulation was hypothesized to contribute to
neurovascular dysfunction by mediating calcium entry that in turn trigger pro-inflammatory
signalst*%8l. In this context, INS open a path for new tools to address the cross-talk between the

vasculature and other glial cells.
4. INS response in differentiated astrocytes

Our group previously demonstrated that a nanostructured interface based on hydrotalcite (HTlc)
nanoparticle films that allow to differentiate astrocytes, inducing a star-like shape morphology and
accompanied by a localized and polarized expression of AQP4 in the endfeet of the elongations of
the differentiated astrocytes?l, Considering the effect of AQP4 deletion in the evoked [Ca?*]i by
INS, we decided to perform calcium imaging experiments on differentiated astrocytes where AQP4
is over-expressed with respect to the control. Figure 36 A shows sequential images of a calcium
imaging experiment performed on rat cortical astrocytes plated on HTlc. A completely different
morphology can be observed when compared with polygonal astrocytes plated on Glass + PDL
(Figure 33 B). Indeed, we can observe long ramifications departing from the cell body, similarly to
what it is seen in in vivo astrocytes. It is evident that the response to INS induce a [Ca?']; increase
that spread from cell body to elongation to other cells. Calcium imaging analysis showed that
differentiated astrocytes presented higher increases in fluorescence intensity but also a faster
response with respect to the control. Given the higher expression of AQP4 of astrocytes in
differentiated astrocytes on HTIc (4?9 these data supports the role of AQP4 in [Ca?*]irises mediated
by INS. However, we cannot rule out that other differences of astrocytes plated on HTlIc, such as,
Kir 4.1 expression, morphological differentiation and ion channel polarization might also play an

important role in the evoked response by INS.
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Figure 36. INS response is different in differentiated astrocytes. A) Sequential fluorescent images obtained from
Fluo-4-AM loaded rat cortical astrocytes plated on HTIc. Images show cells at time 0 (t=0), at the peak of fluorescence
after stimulation (t=38) and few seconds after stimulation (t=60). B) Representative traces of calcium imaging
experiments performed on Glass + PDL (black trace) and HTIc (Blue trace). Red line represents the INS. C) Histogram
plot showing Fi/Fo in the peak of fluorescence for glass + PDL (white bar) and HTIc (Blue bar). N=356 for Glass + PDL
and N= 99 for HTIlc. ANOVA one-way (***: P<0,001).

Moreover, HTIc-cultured astrocytes serve as a unique in vitro model to study the effect of pulsed IR
on astrocytes offering a unique perspective into what we might expect to observe in vivo. In this
view, as we did on astrocytes plated on glass+PDL, we performed pharmacological studies to
elucidate the cellular and molecular mechanism underlying the response of INS in differentiated
astrocytes. Removal of extracellular Ca?* from the bath reduced the magnitude of the response as
previously observed. The use of TPEN (2mM) (Figure 37 A and B, yellow) also reduced
fluorescence intensity. However, no significant difference was observed in the percentage of cells
responding in both 0(Ca?*)out and TPEN. Experiments performed with the TRP family inhibitor RR
(10uM, red) induced a decrease in the fluorescence intensity (Figure 37 D and 37 E, red) and a
reduction in the percentage of cells responding to INS (Figure 37 F, red). Interestingly, the addition

of RN-1734 (10 puM) (Figure 37 D and E, dark blue) to selectively block TRPV4, produced a
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significant inhibition of fluorescence amplitude in response to INS (Figure 37 E, dark blue) while
the reduction in the number of cells responding to the stimulus was not significant. Lastly, by using
HC-030031 (40 uM) (Figure 37 D and E, purple) to block TRPALl we observed a significant
decrease in the magnitude of the response to INS accompanied by a slower dynamic compared with

control differentiated cells.
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Figure 37. Pharmacological study in differentiated astrocytes. A) Representative traces of the response recorded in
astrocytes exposed to extracellular solution non-containing Ca?* (0[Ca®*]ou, green trace) and TPEN (2mM, yellow
trace) on HTlc. Representative trace of control condition in extracellular standard solution in light blue. B) Histogram
plot depicting the F/Fo in the peak of fluorescence when using a 0[Ca?*]ou solution (green bar) and TPEN (2mM,
yellow bar) on HTlc. Light blue bars represent control experiments performed in external standard solution. C)
Percentage of cells responding after using O[Ca®**]out solution (green bar) and TPEN (yellow bar). D) Representative
traces of the response recorded in astrocytes exposed to ruthenium red (RR, 10 pM, red trace), RN1734 (10 uM, dark
blue trace) and HC 030031 (40 uM, purple trace). Representative trace of control condition in extracellular standard
solution light blue. Histogram plot depicting the F/Fo in the peak when using a RR (10 pM, red bar), RN1734 (10 pM,
dark blue bar) and HC 030031 (40 uM, purple bar). F) Percentage of cells responding after using RR (red bar), RN1734
(dark blue bar) and HC 030031 (purple bar). N=48 for 0Ca?* and N=29 for control for 0Ca?*; N=73 for TPEN and N=78
for control for TPEN; N=53 for RR and N=67 for control for RR; N=59 for HC-030031 and N=41 for control HC
030031; N=54 for RN-1734 and N=28 for control for RN1734. (*: P<0,05; **: P<0,01; ***: P<0,001). (ANOVA one-
way *: P<0,05; **: P<0,01; ***: P<0,001).

Although in general we can observe similar results when comparing the behavior of astrocytes

plated on Glass+PDL and HTlc, results suggest that there might be some differences in the
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mechanism prompting the response to INS, such as a lower implication in the response of Ca?* form
the intracellular stores observed by the use of TPEN as well as a more important role of TRPV4 as
suggested by the reduction in the number of cells responding using RR. Nevertheless, detailed
experiments to study these differences are needed. Indeed, differentiated astrocytes on HTIc give
also the possibility to study in depth the initiation in the response comparing soma versus endfeet
thanks to the ion channel polarization of astrocytes on these films. In this context, these experiments
open the path for the combination of nanostructured materials and biophotonic tools to modulate
astrocyte behavior to allow us to have a much better understanding of ion channel roles in

astrocytes in physiological conditions by using a reliable in-vivo-like-in-vitro model.
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Chapter 6- Conclusion

Neural engineering and biotechnologies for neuroscience investigation and neurology applications
has been essentially targeted to the study of neurons. 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 the brain physiology. Nonetheless the dysfunction of astrocytes ion
channels, water channels and Ca?* signaling is implicated, as cause and or effect, in acute and
chronic neuropathologies. On these bases, it becomes evident that, to unravel molecular and cellular
mechanisms underpinning brain function, there is a need of new tools targeting specific molecular,
functional players selectively expressed by brain astrocytes. In this context the main purpose of my
PhD research work was the study and the validation of advanced biomaterials and devices capable
to alter and modulate ion channels, Ca?* signaling and aquaporins functionality in astrocytes.
In particular we focused on devices based on carbon-based materials, such as organic
semiconductors and graphene, that combine materials properties such as improved biocompatibility
over a long term, softness and flexibility, with ion-electron conduction capability, optical
transparency and light adsorption and emission properties. These properties make them very
attractive for neuroscience applications targeted to stimulation of astrocytes functionality.
Moreover, we sought to use Infrared photo stimulation that was demonstrated to be effective label
free tool for excitation of neurons, but it has never been reported for stimulating astrocytes Ca®*
signaling.
A summary of the main result achieve is following:

e We demonstrate the use of transparent Organic Cell Stimulating and Sensing Transistor (O-

CST) architecture, fabricated with N, N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide

(P13), to elicit and monitor intracellular calcium concentration ([Ca?']) in primary rat

~ 110~



neocortical astrocytes. The transparency of O-CST allowed performing calcium imaging
experiments showing that extracellular electrical stimulation of astrocytes induces a drastic
increase in [Ca?*]i. Pharmacological studies indicate that Transient Receptor Potential (TRP)
superfamily, are critical mediators of the [Ca?*]i increase. Experimental and computational
analyses shows that [Ca2']i response is enabled by the O-CST device architecture.
Noteworthy, the extracellular field application induces a slight but significant increase in the
cell volume. Collectively, we show that the O-CST is capable to selectively evoke astrocytes
[Ca?*]i, paving the way to the development of organic bioelectronic devices as glial
interfaces to excite and control physiology of non-neuronal brain cells.

To fully exploit the functionality of another carbon-based materials, graphene, we
demonstrated the effectiveness of a biomimetic approach to enhance the adhesion of
astrocytes on graphene-oxide GO nanosheets, functionalizing the GO with a phospholipid
moiety highly affine to the main building block of the cellular membrane. The successful
grafting of the phospholipid to GO sheets was achieved we demonstrated a significant
enhancement in the adhesion of astrocytes on GO-PL with respect to GO or glass substrates
coated with PDL. The enhancement could not be ascribed to a change in roughness or
hydrophobicity of the substrates. Comparative tests also confirmed that the favorable
interaction of GO-PL with astrocytes did not cause an inflammatory response, which would
be associated to gliosis change in cell morphology, increased GFAP expression high
proliferation rate and hypertrophy.

Finally we evaluated and reported, for the first time, the effect of INS on astroglial cells
[Ca?*]i. We found that INS induce Ca?* signaling in astrocytes mediated by intra- and
extracellular Ca?*. TRP channels, specially TRPV4, account for extracellular CaZ*entry.
Results also suggest an implication of AQP4 in the observe effect, leading to intriguing

hypothesis that TRPV4 and AQP4 microdomains can be modulated by INS. Notably by
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using a polarized cell culture model of differentiated astrocytes in vitro “?%we showed that
INS evoked Ca?* rise occurs locally at astrocytes endfeet, where AQP4 microdomains is

enriched or spread as a wave from one astrocytes to another.

Taken together, we demonstrated that by using organic semiconductor based bioelectronic device as
well as with graphene-based materials, we developed glial interfaces that are capable to control and
to manipulate the cellular, molecular and functional properties of protein channel essential for
astrocytes physiology in vivo, such as TRPV4 and AQP4. Moreover, we firstly reported the ability
of photonic stimulation to excite Ca®* oscillations in astrocytes. Interestingly, the same proteins
observed for the response to electric field are also determinant in the mechanism of the response to
photostimulation. In this view, we provided insight on cellular and molecular clues underpinning
astrocyte response to bioelectronic and biphotonic approach, seed for further investigation on
extremely sensitive biosensing and transduction capability of astrocytes. The latter, if deeply
understood and tightly controlled, might be useful as a new pathway to dialogue with the brain and
to uncover its function. Nonetheless, considering the role of astrocytes in brain pathology, future in

vivo studies in pathophysiological mice model are foreseen.
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